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RESUMEN (en español) 
 

 

El objetivo de esta tesis consiste en la preparación y procesado, mediante 

métodos en fase líquida, de nanoláminas bidimensionales de grafeno y MoS2 para 

aplicaciones energéticas y medioambientales. 

Utilizando como cátodo piezas de grafito y MoS2 se obtuvieron, mediante 

exfoliación electroquímica en medio acuoso, grafeno y nanoláminas de MoS2, 

respectivamente.  

Se optimizaron diferentes parámetros del proceso, como los distintos tipos 

de grafito de partida o el electrolito utilizado (sales de amonio cuaternario), 

obteniendo rendimientos de cerca del 50%. El grafeno obtenido mediante este 

proceso posee un bajo grado de oxidación, una alta calidad estructural y una 

buena conductividad eléctrica. Siendo útil como electrodo para 

supercondensadores, fabricando un híbrido mediante la adición de una pequeña 

cantidad de óxido de cobalto en forma de nanoláminas verticalmente orientadas, y 

como adsorbente de contaminantes acuosos, tales como aceites y colorantes.  

La exfoliación electroquímica catódica de MoS2 se llevó a cabo utilizando 

como electrolitos sales comunes, como el KCl, en las condiciones adecuadas. La 

exfoliación no provoca cambio de fase (se conserva la fase 2H) ni oxidación del 

material. Las nanoláminas de MoS2 obtenidas se estudiaron como catalizador para 

la reducción de nitroarenos y como electrodo para supercondensadores. 

Además, se llevaron a cabo tratamientos de modificación (activación) de 

nanoláminas de MoS2 con vistas a mejorar su actividad como catalizadores en la 

reducción de nitroarenos y colorantes orgánicos en agua.  

 

usuario
Lápiz



                                                                

 
 

 

RESUMEN (en Inglés) 
 

 

The main aim of this thesis is the preparation by liquid-phase methods of 

two-dimensional materials, such as graphene and MoS2 nanosheets, as well as the 

exploration of their use in energy and environmental applications. 

Using bulk graphite and MoS2 pieces as the starting materials, two-

dimensional  graphene and MoS2 nanosheets were obtained, respectively, via 

cathodic exfoliation in aqueous medium.  

Different parameters of the process were optimized, such as the starting 

graphite and the electrolytes used (quaternary ammonium salts), affording 

graphene yields close to 50 wt% in optimal conditions. Graphene obtained by this 

process has a low content of oxygen, a high structural quality and a good 

electrical conductivity, so it was useful as an electrode for supercapacitors and as 

an absorbent of aqueous pollutants, such as oils and dyes. 

The cathodic exfoliation of bulk MoS2 was carried out using common 

salts, such as KCl, as the electrolyte in apropiate conditions. The resulting two-

dimensional MoS2 nanosheets retained the original 2H phase of the starting 

material and do not undergo oxidation at any substantial extent. The obtained 

material was studied as catalyst for the reduction of nitroarenes and as an 

electrode for supercapacitors.  

 Moreover, MoS2 nanosheets were subjected to activation treatments in 

order to improve their catalytic activity towards the reduction of nitroarenes and 

organic dyes in water. 

 
 
SR. PRESIDENTE DE LA COMISIÓN ACADÉMICA DEL PROGRAMA DE DOCTORADO  
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Resumen 

 
El objetivo de esta tesis consiste en la preparación y procesado, mediante 

métodos en fase líquida, de nanoláminas bidimensionales de grafeno y MoS2 para 

aplicaciones energéticas y medioambientales. 

Utilizando como cátodo piezas de grafito y MoS2 se obtuvieron, mediante 

exfoliación electroquímica en medio acuoso, grafeno y nanoláminas de MoS2, 

respectivamente. Se optimizaron diferentes parámetros del proceso.   

Entre los distintos tipos de grafito de partida utilizados para la producción de 

grafeno (grafito flexible, barras de grafito y grafito pirolítico altamente orientado), el 

grafito flexible es el que condujo a mayor rendimiento en producto expandido. En 

cuanto al electrolito, ciertas sales de amonio cuaternario de tamaño apropiado resultaron 

óptimas para maximizar la expansión del electrodo y el rendimiento en grafeno, 

alcanzándose valores de cerca del 50%. El grafeno obtenido mediante este proceso 

posee un bajo grado de oxidación, una alta calidad estructural y una buena 

conductividad eléctrica.  

Se empleó el grafeno obtenido por exfoliación catódica como electrodo para 

supercondensadores, fabricando un híbrido mediante la adición de una pequeña cantidad 

de óxido de cobalto en forma de nanoláminas verticalmente orientadas. Éstas últimas 

proporcionan pseudocapacitancia y funcionan como espaciador, impidiendo el 

reapilamiento del grafeno.  

El alto grado de hidrofobicidad del grafeno obtenido lo hace también útil como 

adsorbente de contaminantes acuosos, tales como aceites y colorantes. En este caso, se 

recubrió una esponja de melamina con el grafeno exfoliado, evitando así el 

reapilamiento de las láminas y la consecuente pérdida de superficie específica, 

obteniéndose una estructura macroscópica de baja densidad y fácilmente manejable, lo 

que a su vez facilitaba su regeneración tras el uso.  

 La exfoliación electroquímica catódica de MoS2 se llevó a cabo utilizando como 

electrolitos sales comunes, como el KCl, en las condiciones adecuadas. La exfoliación 

no provoca cambio de fase (se conserva la fase 2H) ni oxidación del material. Las 

nanoláminas de MoS2 obtenidas se estudiaron como catalizador para la reducción de 

nitroarenos y como electrodo para supercondensadores, formando híbridos con 

nanotubos de carbono de capa simple, que proporcionan conductividad eléctrica y 
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actúan como espaciadores. Los materiales resultaron competitivos en ambas 

aplicaciones, comparando con materiales similares preparados mediante otros métodos. 

Además, se llevaron a cabo tratamientos de modificación (activación) de 

nanoláminas de MoS2 con vistas a mejorar su actividad como catalizadores en la 

reducción de nitroarenos y colorantes orgánicos en agua. En este caso, se obtuvieron las 

nanoláminas mediante sonicación de MoS2 bulk en polvo en isopropanol y se generaron 

vacantes de azufre (centros activos) en ellas mediante tratamiento con hidracina. Las 

nanoláminas activadas mostraron valores de actividad catalítica hasta 3-4 veces mayores 

que los del material sin tratar. 
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Abstract 

 
The main aim of this thesis is the preparation by liquid-phase methods of two-

dimensional materials, such as graphene and MoS2 nanosheets, as well as the 

exploration of their use in energy and environmental applications. 

Using bulk graphite and MoS2 pieces as the starting materials, two-dimensional  

graphene and MoS2 nanosheets were obtained, respectively, via cathodic exfoliation in 

aqueous medium. Different parameters of the process were optimized. 

Among the different starting graphite materials used to produce graphene 

(graphite foil, graphite rod and highly oriented pyrolytic graphite), graphite foil shows 

the highest yields, while electrolytes comprising quaternary ammonium salts of 

intermediate size afford graphene yields close to 50 wt% in optimal conditions. 

Graphene obtained by this process has a low content of oxygen, a high structural quality 

and a good electrical conductivity. 

The cathodically exfoliated graphene was used as an electrode for 

supercapacitors in the form of a hybrid that incorporated a small amount of vertically 

oriented cobalt oxide nanosheets. The latter provide pseudocapacitance and act as a 

spacer, thus preventing the re-stacking of graphene. 

The hydrophobic graphene obtained by cathodic exfoliation was used as an 

absorbent of aqueous pollutants, such as oils and dyes. A low-density, easy-to-handle 

macroscopic structure was prepared by coating melamine foam with cathodic graphene. 

This strategy prevents the re-stacking of the nanosheets and thus a dramatic loss of 

specific surface area, thus facilitating the regeneration of the adsorbent. 

The cathodic exfoliation of bulk MoS2 was carried out using common salts, such 

as KCl, as the electrolyte in apropiate conditions. The resulting two-dimensional MoS2 

nanosheets retained the original 2H phase of the starting material and do not undergo 

oxidation at any substantial extent. The obtained material was studied as catalyst for the 

reduction of nitroarenes and as an electrode for supercapacitors. In the latter case, a 

hybrid made up of the exfoliated MoS2 nanosheets and single walled carbon nanotubes, 

which provide electrical conductivity and act as spacer, was used. Cathodic MoS2 

nanosheets were found to be very competitive for both applications in comparison with 

similar materials obtained through other methods. 
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 Moreover, MoS2 nanosheets were subjected to activation treatments in order to 

improve their catalytic activity towards the reduction of nitroarenes and organic dyes in 

water. Colloidal dispersions of nanosheets were first obtained by sonication of bulk 

MoS2 powder in isopropanol, and then treated with hydrazine to generate sulfur 

vacancies (active sites). The MoS2 nanosheets activated in such a way show catalytic 

activity values three o four times higher than those of their non-activated counterparts. 
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                                       ACRÓNIMOS 

 

 

Por orden alfabético: 

 

-2-NA: 2-nitroanilina 

-4-NA: 4-nitroanilina 

-4-NP: 4-nitrofenol 

-ACl: cloruro de amonio (ammonium chloride) 

-AFM: microscopía de fuerza atómica (atomic force microscopy) 

-AM: antimoneno (antimonene) 

-AMP: adenosín monofosfato 

-B NSs: nanoláminas de boro (boron nanosheets) 

-BP: fósforo negro (black phosphorous) 

-BzTMACl: cloruro de benciltrimetilamonio (benzyltrimethylammonium chloride) 

-CVD: depósito químico en fase vapor (chemical vapor deposition) 

-DDTMABr: bromuro de dodeciltrimetilamonio (dodecyltrimethylammonium bromide) 

-DMF: dimetilformamida 

-DMSO: dimetilsulfóxido 

-EDLC: condensadores de doble capa eléctrica (electrostatic double layer capacitors) 

-EIS: espectroscopía de impedancia electroquímica (electrochemical impedance 

spectroscopy) 

-EPR: resonancia paramagnética electrónica (electron paramagnetic resonance) 

-FMN: flavín mononucleótido 

-g-C3N4: nitruros de carbono grafíticos (graphitic carbon nitride) 

-GMP: guanosín monofosfato 

-GO: óxido de grafeno (graphene oxide) 

-h-BN: nitruro de boro hexagonal (hexagonal boron nitride) 

-HDTMABr: bromuro de hexadeciltrimetilamonio (hexadecyltrimethylammonium 

bromide) 

-HER: reacción de evolución de hidrógeno (hydrogen evolution reaction) 

-HOPG: grafito pirolítico altamente orientado (highly oriented pyrolitic graphite) 

-HR-TEM: microscopía electrónica de transmisión de alta resolución (high resolution 

transmission electron microscopy) 

-HTMABr: bromuro de hexiltrimetilamonio (hexyltrimethylammonium bromide) 

-IR: infrarrojo 

-IPA: isopropanol 

-LDHs: hidróxidos de  capa doble (Layered double hydroxides) 

-MB: azul de metileno (methylene blue) 

-MO: naranja de metilo (methyl orange) 

-NEP: N-etil-2-pirrolidona 

-NMP: N-metil-2-pirrolidona 

-NMR: resonancia magnética nuclear (nuclear magnetic resonance) 

-NSs: nanoláminas (nanosheets) 

-NVP: N-vinil-2-pirrolidona 

-ORR: reacción de reducción de oxígeno (oxygen reduction reaction) 

-OTMABr: bromuro de octiltrimetilamonio (octyltrimethylammonium bromide) 

-PhTMACl: cloruro de feniltrimetilamonio (phenyltrimethylammonium chloride) 

-rGO: óxido de grafeno reducido (reduced graphene oxide) 
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-SEM: microscopía electrónica de barrido (scanning electron microscopy) 

-SnTe NSs: nanoláminas de telururo de estaño (SnTe nanosheets) 

-STEM: microscopía electrónica de barrido por transmisión (scanning tranmission 

electron microscopy) 

-SWCNTs: nanotubos de carbono de capa simple (single-walled carbon nanotubes) 

-TBACl: cloruro de tetrabutilamonio (tetrabutylammonium chloride) 

-TBAHCl: cloruro de tributilamonio (tributylammonium chloride) 

-TBMACl: cloruro de tributilmetilamonio (tributylmethylammonium chloride) 

-TEACl: cloruro de tetraetilamonio (tetraethylammonium chloride) 

-TEM: microscopía electrónica de transmisión (transmission electron microscopy) 

-TMACl: cloruro tetrametilamonio (tetramethylammonium chloride) 

-TMAHCl: cloruro de trimetilamonio (trimethylammonium chloride) 

-TMDs: dicalcogenuros de metales de transición (transition metal dichalcogenides) 

-TMO: óxidos de metales de transición (transition metal oxides) 

-TPACl: cloruro de tetrapropilamonio (tetrapropylammonium chloride) 

-UV: ultravioleta 

-XPS: Espectroscopía fotoelectrónica de rayos X (XPS, X-ray photoemission 

spectroscopy
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1. Introducción 
 

1.1. Materiales bidimensionales (2D) 

Los materiales nanoestructurados son sólidos que presentan al menos una de sus 

dimensiones en la escala de los nanómetros. De esta forma, los materiales con 3 

dimensiones nanométricas se denominan cero-dimensionales (0D, como los puntos 

cuánticos), con dos de ellas nanométricas son materiales unidimensionales (1D, como 

los nanotubos) y bidimensionales (2D) son aquellos sólidos con una dimensión 

nanométrica, (como las nanoláminas) [1]. La estructura nanométrica que presentan estos 

materiales afecta a las propiedades de éstos, distinguiéndolos de los sólidos no 

nanoestructurados. Un ejemplo sería el grafito, que no presenta una alta dureza en su 

estado bulk, pero sí al ser exfoliado hasta monocapas de grafeno [2]. En muchas 

ocasiones, los materiales 2D están directamente relacionados con los materiales 

laminares, que son una familia de sólidos (naturales y artificiales) compuestos por capas 

apiladas, unidas entre sí por interacciones débiles tipo van der Waals y por fuertes 

enlaces (como los  covalentes) dentro del mismo plano [3]. A raíz del descubrimiento 

del grafeno, por Geim y Novoselov [4], se ha desatado una enorme actividad 

investigadora en torno a los materiales 2D (Figura 1), que continúa hasta el día de hoy.  
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 Figura 1: Ejemplos de materiales bidimensionales: Hidróxidos de  capa doble 

(Layered double hydroxides, LDHs), Arcillas (Clays), Nanoláminas de Boro (Boron 

nanosheets, B NSs), Nitruros de carbono grafíticos (Graphitic carbon nitride, g-C3N4), 

Nanoláminas de telururo de estaño (SnTe nanosheets, SnTe NSs), Óxidos de metales de 

transición (Transition metal oxides, TMO), Nitruro de boro hexagonal (Hexagonal 

boron nitride, h-BN), Grafeno (Graphene), Antimoneno (Antimonene, AM), Fósforo 

negro (Black phosphorous, BP), Dicalcogenuros de metales de transición (Transition 

metal dicalcogenides, TMDs) . Adaptado de [5]. 

 

A lo largo de esta tesis se ha trabajado fundamentalmente con materiales 2D, en 

especial el grafeno y nanoláminas de disulfuro de molibdeno. 

 

1.1.1. Grafeno 

El grafeno consiste, por definición, en una monocapa de átomos de carbono 

unidos covalentemente en estructura hexagonal, formando anillos de 6 átomos en 

hibridación sp
2
, cuyo espesor es 0.34 nm (Figura 2a). Sin embargo, se puede considerar 

también grafeno a láminas de entre 2 y 10 capas, debido a que las propiedades de éstas 

son diferentes a las del grafito bulk, generando por tanto, un gran interés práctico en 

diferentes aplicaciones [6-10].  



Introducción 

19 
 

 

 

Figura 2: Representación de una lámina (a), de la hibridación e interacción de 

los orbitales atómicos de los de carbono (b) y de la estructura de bandas (c) del grafeno 

[11]. 

 

A partir de esta estructura, podemos derivar y explicar varias propiedades importantes 

del grafeno, descritas a continuación:  

1.1.1.1. Propiedades electrónicas 

Los átomos de carbono interaccionan entre sí formando tres enlaces covalentes 

sencillos en el plano con 3 átomos de carbono vecinos debido a la hibridación sp
2
 de 

cada uno de ellos, a partir de orbitales atómicos 2s, 2px y 2py. Cada átomo de carbono 

tiene, además, un orbital 2pz perpendicular al plano que interacciona lateralmente con 

los mismos orbitales de los átomos vecinos, formando enlaces dobles que se conjugan a 

lo largo de la estructura en una nube electrónica π a ambos lados del plano basal (Figura 

2b). Esta deslocalización de los electrones permite una gran movilidad de cargas 

(2.5×10
5
 cm

2
 V

-1
 s

-1
) y una conductividad eléctrica un millón de veces superior a la del 

cobre [12]. Esta movilidad viene dada por su estructura de bandas, en la que la 

estructura de la celda unitaria del grafeno hace que las bandas de valencia y conducción 

intersecten en un punto (el punto de Dirac, Figura 2c), donde está situado el nivel de 

Fermi de los electrones, convirtiendo al grafeno en un semiconductor de gap de banda 

cero con características que pueden ser modificadas a través de su funcionalización [13]. 

a) 

b) 

c) 
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1.1.1.2. Efecto Hall cuántico 

Este fenómeno consiste en la aparición de una diferencia de potencial en un 

material sometido a una corriente eléctrica y un campo magnético perpendiculares. 

Clásicamente, existe una relación lineal entre el voltaje de Hall y el campo magnético 

aplicado, siendo escalonado en el fenómeno cuántico. Particularmente, para el caso del 

grafeno, está cuantizada en números semienteros [14,15].  

Debido a estas propiedades, y a su estabilidad química y las posibilidades de 

modificación y funcionalización, se han documentado aplicaciones del grafeno en 

baterías, condensadores de doble capa eléctrica (electrostatic double layer capacitors 

EDLC, denominados habitualmente supercondensadores), pilas de combustible, celdas 

solares, transistores y sensores electroquímicos y de efecto Hall [16-18]. 

1.1.1.3. Propiedades ópticas 

Una monocapa de grafeno posee una transmitancia del 97.7% de luz visible y 

una reflectancia del 0.1%, disminuyendo la primera linealmente con el espesor, hasta un 

70% para 10 nm [19]. El grafeno absorbe radiación en el espectro visible e infrarrojo 

(IR) cercano sin rasgos distintivos, de forma casi constante entre 300 y 2500 nm. Sin 

embargo, presenta una banda característica de absorción en el ultravioleta (UV) a ~270 

nm, correspondiente a transiciones π→π* [19]. Estas características, junto a la 

conductividad eléctrica mencionada antes, hacen que el grafeno sea un buen candidato 

como conductor transparente, un posible sustituto del óxido de indio y estaño (ITO, 

indium tin oxide), comúnmente utilizado a día de hoy en dispositivos electrónicos 

(pantallas táctiles) [20]. Por otro lado, modificando las dimensiones de las láminas de 

grafeno (para tener nanocintas o puntos cuánticos) o la estructura del plano basal, es 

posible modificar características como el gap de banda, permitiendo obtener materiales 

luminiscentes para la fabricación de sensores y visualizar tejidos vivos [21]. 

1.1.1.4. Propiedades mecánicas 

De entre las propiedades mecánicas del grafeno, destaca particularmente su 

excepcional rigidez, siendo el módulo de Young de este material de ~1 TPa, 5 veces 

superior al del acero estructural estándar. Además, su resistencia a la tracción es de 130 

GPa, muy superior a la de ese mismo acero (0.4 GPa) o la del kevlar (0.38 GPa) [22]. 
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Estas propiedades hacen que el grafeno sea un gran candidato como refuerzo de 

materiales compuestos con diferentes matrices (poliméricas, cerámicas, metálicas), lo 

que permitiría mejorar sus propiedades mecánicas con cargas de grafeno relativamente 

bajas [23]. 

1.1.1.5. Propiedades térmicas 

En su forma prístina, este material posee una conductividad térmica de ~5000 W 

m
-1

 K
-1

, siendo más de 10 veces superior a la del cobre [24], haciéndolo idóneo como 

componente disipador de calor en dispositivos electrónicos [25]. También es posible 

incorporarlo en materiales compuestos para mejorar su conductividad y estabilidad 

térmicas, además de modificar las temperaturas de transición de fase [26]. Por otro lado, 

estas propiedades térmicas y de absorción IR permiten la aplicación de dichas láminas 

en nanomedicina, siendo útil para la destrucción de células cancerígenas mediante 

calentamiento por láser (terapia fototérmica), reduciendo el daño a los tejidos 

colindantes en comparación con el uso de otros materiales [27]. 

1.1.1.6. Propiedades químicas 

Al tratarse el grafeno de láminas constituidas por carbono con enlaces saturados 

en su plano basal y por tanto con una baja energía superficial, podemos deducir el alto 

grado de hidrofobicidad que presenta dicho material. Esta propiedad hace que el grafeno 

sea muy útil para recubrimientos hidrofóbos o adsorción de aceites o hidrocarburos [28]. 

Sin embargo, el procesado del grafeno en fase líquida, para diferentes fines prácticos, 

requiere que el material sea estable coloidalmente en dispersión en disolventes orgánicos 

o en agua, siendo necesaria para ello, en general, su modificación superficial 

(funcionalización) con el objetivo de facilitar su estabilidad coloidal y modificar sus 

propiedades (hidrofobia/hidrofilia, gap de banda, superficie específica, actividad 

catalítica, almacenamiento de carga, etc.). 

1.1.2. Disulfuro de molibdeno (MoS2) 

Los dicalcogenuros de metales de transición (transition metal dichalcogenides 

TMDs) son compuestos cuya fórmula general es MX2, siendo M un metal de transición 

(Mo, W, Ti, Nb, etc.) y X un calcógeno (S, Se, Te). A raíz del auge del grafeno, ha 

surgido un gran interés en los últimos años en esta familia de materiales laminares 

dentro de la investigación de los materiales 2D, debido a que presentan una gran 
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Fase 2H Fase 1T 

 
Octaedro (Oh) 

variedad de combinaciones y diferentes características. Por ejemplo, existen TMDs 

semiconductores (MoS2, WS2, etc.), metálicos (p. e. NbS2 y VSe2), semimetálicos (p. e. 

WTe2 y TiSe2), magnéticos (CrSe2) y superconductores (PdTe2). De todos ellos, el MoS2 

es el material que más intensamente está siendo investigado, en parte debido a su mayor 

abundancia y disponibilidad pero también a sus propiedades químicas, ópticas, 

mecánicas y sus posibles aplicaciones [29-31]. 

El MoS2 bulk posee estructura tridimensional compuesta por láminas formadas 

por una monocapa de átomos de molibdeno situada entre dos monocapas de átomos de 

azufre, estando las láminas unidas débilmente entre sí por fuerzas de van der Waals. Los 

átomos de azufre pueden coordinarse alrededor del molibdeno en dos configuraciones 

diferentes (Figura 3), coordinación trigonal prismática (fase 2H, termodinámicamente 

estable) y octaédrica (fase 1T, metaestable) [32,33]. 

 

 

             

                Figura 3. Fases (a) 2H y (b) 1T del MoS2. Adaptado de [32]. 

 

Al igual que todos los materiales bidimensionales, las propiedades del material 

bulk cambian cuando reducimos de 3 a 2 sus dimensiones, siendo sensibles al número de 

capas que presenten. 

 

 
Mo 

 

Prisma trigonal (D3h) 
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1.1.2.1. Propiedades electrónicas y ópticas 

En su forma bulk este material es un semiconductor de gap de banda indirecto de 

1.29 eV, mientras que al ser exfoliado en monocapas el gap se hace directo y tiene un 

valor de ~1.9 eV [34], lo que lo hace interesante para su uso en dispositivos 

electrónicos, como transistores de efecto de campo [35], dispositivos bioelectrónicos 

[36] y sensores [37]. 

1.1.2.2. Propiedades mecánicas 

Su módulo de Young es comparable al del acero (270 frente a 400 GPa) [38], y 

los filmes de MoS2 2D son marcadamente elásticos, con deformaciones de 10 nm para 

espesores de 5 a 25 láminas [39], lo que lo hace apropiado para su uso en dispositivos 

electrónicos flexibles [40] y como refuerzo en materiales compuestos [41].  

1.1.2.3. Propiedades térmicas 

Su conductividad térmica a lo largo del plano es de ~ 18 W m
-1

 K
-1

, aunque varía 

con el grado de exfoliación [42]. Esto lo convierte en un relleno útil para mejorar tanto 

las propiedades térmicas como la estabilidad a altas temperaturas de materiales 

compuestos [43]. 

1.1.2.4. Propiedades químicas 

Los bordes en las láminas de MoS2 y las vacantes de azufre en su plano basal, 

éstas últimas relativamente abundantes debido a su baja energía de formación, son 

centros catalíticamente activos en reacciones como la evolución de hidrógeno (hydrogen 

evolution reaction, HER) [44], la hidrodesulfuración [45], la reducción de óxido de 

azufre [46] y la reducción de nitroarenos [47]. Al igual que el grafeno, el MoS2 prístino 

presenta un carácter hidrófobo, que impide su dispersión coloidal en agua en ausencia de 

surfactantes [48,49] o funcionalización. 
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1.2. Métodos de obtención de materiales 2D 

 
Debido a que las propiedades de los materiales 2D suelen ser sustancialmente 

diferentes de las de sus equivalentes bulk 3D y dependen del número de capas, resulta 

crucial controlar el grado de exfoliación en los materiales 2D obtenidos a partir de 

materiales laminares. No existe un único método de preparación de materiales 2D, sino 

que se han ido desarrollando técnicas basadas en diferentes estrategias y que tienen 

diferentes características en términos de coste, cantidad obtenida, rendimiento, 

escalabilidad, control de las características del material (espesor, tamaño lateral, 

oxidación, defectos, grupos funcionales, morfología, etc.), rapidez y subproductos 

contaminantes generados. Resulta, por tanto, importante conocer los requisitos 

necesarios para que el material sea útil para una determinada aplicación y así seleccionar 

en consecuencia el método apropiado de preparación de láminas 2D. En general, los 

métodos de obtención de materiales 2D se pueden clasificar en dos grandes familias: los 

métodos bottom-up o ascendentes y top-down o descendentes (Figura 4). 

 

 

Figura 4: Esquema de los procesos top-down y bottom-up. Adaptado de [50]. 

 

1.2.1. Métodos bottom-up  

Esta familia de métodos de preparación se basa en la síntesis de láminas 2D a 

partir de estructuras aún más pequeñas, como precursores atómicos o moleculares, que 

mediante reacciones químicas van formando el material con morfología 2D. De entre 

todos los métodos que componen esta familia, destacan la formación en fase líquida de 

TMDs y de óxidos metálicos a partir de precursores moleculares por vía solvotérmica, y 

de grafeno y TMDs en fase gas por medio de depósito químico en fase vapor. 
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1.2.1.1 Depósito químico en fase vapor (Chemical vapor deposition, CVD) 

Este método consiste en la descomposición y reacción de un precursor, que se 

encuentra en estado gaseoso, generándose un producto depositado sobre un sustrato, 

normalmente metálico, en una cámara de reacción [51,52], como se muestra en la Figura 

5. Mediante este método se obtienen generalmente materiales 2D, como grafeno y 

TMDs, con una alta calidad estructural, pero requiere utilizar equipos especializados y 

es lento. 

 

Figura 5: Representación esquemática de crecimiento de grafeno sobre Cu 

mediante CVD. Adaptado de [53]. 

 

1.2.1.2. Síntesis de TMDs a partir de precursores moleculares por vía solvotérmica 

Jugando con la ventaja de que su estructura en capas favorece el crecimiento en 

forma laminar, es posible sintetizar láminas 2D de TMDs, como MoS2, a partir de 

precursores moleculares en fase líquida y a temperatura moderadas [54]. Además, 

mediante este método se puede controlar la proporción de las fases 1T y 2H en función 

de las condiciones de síntesis [55], siendo una técnica muy versátil para la preparación 

de estos materiales. 

1.2.1.3. Síntesis de láminas 2D controlada por fases micelares 

Si los materiales 2D que se quieren sintetizar no presentan estructura laminar por 

naturaleza, como ocurre con muchos óxidos metálicos, es necesario modular el medio de 

síntesis para favorecer la formación de estructuras 2D. Esto se puede conseguir 

utilizando agentes directores de la estructura tipo surfactante que, en presencia de los 

precursores necesarios y por tratamiento solvotérmico, dan lugar a láminas nanométricas 

del material buscado [56]. Estos agentes directores forman fases micelares laminares en 
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las que tiene lugar la nucleación y crecimiento a partir de los precursores, de manera que 

los productos obtenidos son láminas 2D. Actualmente existen procedimientos generales 

para la preparación de óxidos metálicos 2D o laminares basados en el uso de estas fases 

micelares, utilizándose como agentes directores polímeros anfifílicos [56], surfactantes 

[57] u otros materiales 2D como óxido de grafeno [58]. Por este método se obtienen 

láminas que se han empleado como fotodetectores [56], catalizadores para la reacción de 

reducción de oxígeno (Oxygen reduction reaction, ORR) [57] y en almacenamiento de 

carga eléctrica [58]. 

 

1.2.2. Métodos top-down 

En esta estrategia, se parte de un material laminar bulk que es exfoliado para 

obtener láminas 2D, tanto monocapa como multicapa. Esto es posible al estar formados 

dichos materiales por láminas individuales unidas por interacciones débiles tipo van der 

Waals, lo que facilita su deslaminación mediante la aplicación de algún tipo de estímulo 

o fuerza externa, como cambios de temperatura, intercalación de especies químicas, 

ultrasonidos o fuerzas de cizalla, que aumentan el espaciado interlaminar. La exfoliación 

se ve facilitada por el hecho de que las interacciones interlaminares son proporcionales a 

1/d
6
 (siendo d la distancia interlaminar) y se vuelven despreciables por encima de 

distancias de ~5 Å [59].  

El primer método utilizado para aislar monocapas de un material 2D a partir de un 

material bulk fue el método de la cinta adhesiva (Scotch tape, o de forma general, 

exfoliación micromecánica), mediante el cual se obtuvieron láminas de grafeno pegando 

y despegando la cinta adhesiva de una pieza de HOPG en 2004 [2]. Aunque este proceso 

permite obtener grafeno de altísima calidad estructural y es aplicable a otros muchos 

materiales laminares (MoS2, WS2, NbSe2, fósforo negro, hBN, etc [60]), su 

productividad y rendimientos son muy bajos, por lo que ha sido necesario desarrollar 

otras estrategias que permiten producir mayores cantidades de materiales 2D. Los 

métodos más habituales son los que se llevan a cabo en fase líquida, ya que dan lugar 

con frecuencia a cantidades considerables del material 2D en dispersión coloidal, 

facilitando su procesado. Los métodos en fase líquida más relevantes se describen a 

continuación. 

file:///G:/Tesis/Tesis%20Jose%20Munuera.docx%23_bookmark0
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1.2.2.1. Exfoliación por ultrasonidos y por fuerzas de cizalla 

La exfoliación por ultrasonidos, una de las vías más extendidas para la 

preparación de dispersiones coloidales de láminas 2D, se realiza mediante la aplicación 

de fuerzas laterales y verticales a los planos basales, separando las capas del material 

bulk y provocando su exfoliación hasta obtener láminas 2D de pocas capas de espesor 

[49]. Al aplicar ultrasonidos en fase líquida, se generan burbujas de cavitación que 

provocan diversas fuerzas sobre el material que permiten su exfoliación (Figura 6). Por 

otro lado, puede producirse la exfoliación de un material mediante la aplicación de 

fuerzas de cizalla mediante un rotor que gira sumergido en un disolvente [61,62]. Para 

poder llevar a cabo ambos procesos, es necesario que el medio líquido en el que se 

encuentra el material tenga una energía superficial similar a la del plano basal del 

material a exfoliar, de tal forma que se minimice la energía requerida para la exfoliación 

y solvatación de las láminas 2D. Debido a esto, es común el uso de disolventes 

orgánicos como la N-metil-2-pirrolidona (NMP), el isopropanol (IPA) y la N,N-

dimetilformamida (DMF), tanto para la exfoliación de grafito [61] como de otros 

materiales laminares, como MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN, y 

Bi2Te3 [63]. También se pueden utilizar mezclas de agua y otras sustancias, como otros 

disolventes o moléculas anfifílicas, para minimizar la energía requerida en la 

exfoliación, usándose de esta forma mezclas agua/alcohol [64] así como surfactantes 

[65], polímeros [66] y biomoléculas [67]. 

Como resultado de estos procesos de exfoliación en fase líquida se obtienen 

dispersiones coloidales de láminas 2D formadas por pocas capas (entre 3 y 10 capas, en 

diferente proporción) aunque con un bajo rendimiento de exfoliación (en torno al 1% en 

peso) [61]. Por otro lado, la calidad estructural de estos materiales 2D es muy alta, ya 

que la exfoliación solo ocurre mediante fenómenos mecánicos que rasgan los planos 

basales pero que no implican una modificación química significativa de la estructura, 

siendo además las dispersiones obtenidas fácilmente procesables y útiles para preparar, 

entre otros, materiales compuestos [68], electrodos de supercondensadores [69] o 

transistores [70]. 
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Figura 6: Representación esquemática del proceso de exfoliación por ultrasonidos 

de un material laminar. Adaptado de [71]. 

 

 1.2.2.2. Ruta del óxido de grafeno  

Es posible obtener láminas 2D en dispersión coloidal a través de la modificación 

química del material laminar de partida. El ejemplo más conocido es la ruta del óxido de 

grafeno (graphene oxide, GO), el cual puede prepararse mediante oxidación de grafito 

por el método de Hummers o modificaciones del mismo [72,73]. En dicho método el 

grafito es expuesto a oxidantes fuertes, como KMnO4, en medio ácido. Los grupos 

oxigenados generados en el material resultante, denominado óxido de grafito, aumentan 

su espaciado interlaminar y disminuyen la energía requerida para separar unas capas de 

otras. Además, la presencia de grupos oxigenados capaces de desprotonarse hace que el 

material tenga buena dispersabilidad coloidal en agua, obteniéndose fácilmente 

suspensiones de láminas monocapa de GO mediante sonicación o fuerzas de cizalla 

[73,74]. A continuación, se lleva a cabo una reducción del GO para obtener el 

denominado óxido de grafeno reducido (reduced graphene oxide, rGO) con objeto de 

recuperar así la estructura y propiedades del grafeno prístino, siendo esto solo posible 

parcialmente, ya que para obtener una conversión completa a grafeno prístino es 

necesario normalmente alcanzar altas temperaturas [75]. Este proceso de reducción se 

puede llevar a cabo de diferentes formas, por ejemplo mediante el uso de reductores 
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químicos como la hidracina [76], vitamina C [77], hidrógeno [78] o biomoléculas [79], o 

con procesos de reducción térmica [80], electroquímica [81] o fotoquímica [82]. 

Se ha utilizado rGO preparado por estos métodos en materiales híbridos para 

aplicaciones como el almacenamiento y conversión de energía [83,84], electrocatálisis 

[81] y descontaminación de aguas [82]. 

1.2.2.3. Exfoliación química 

Este método se usa comúnmente en la exfoliación de MoS2 y otros TMDs y 

consiste en la intercalación de metales alcalinos en forma de compuestos, como el n-

butillitio, de manera que se obtienen compuestos de intercalación (p. e. LixMoS2) en los 

que tiene lugar una transferencia de electrones del litio al sólido y que en muchos casos 

induce un cambio de la fase original 2H (semiconductora) a la 1T (metálica) [85-87]. La 

formación de estos compuestos de intercalación tiene como objetivo aumentar el 

espaciado interlaminar y la reactividad del material, facilitando por tanto su exfoliación 

al debilitar las interacciones cohesivas [88]. En particular, estos compuestos de 

intercalación suelen ser altamente reactivos en medio acuoso, dando lugar a la 

formación de LiOH e hidrógeno gaseoso y favoreciendo así la exfoliación del material. 

Mediante este proceso se obtienen láminas 2D formadas por monocapas del TMD 

cargadas negativamente debido al exceso remanente de electrones, lo que les 

proporciona estabilidad coloidal en el medio acuoso, y las vuelve más reactivas, 

tendiendo a oxidarse por reacción con el agua, lo que les hace perder la carga eléctrica y 

precipitar irreversiblemente en cuestión de pocas semanas [89]. 

La obtención de TMDs en fase metálica 1T hace que estos materiales sean aptos 

en aplicaciones como el almacenamiento de energía en supercondensadores [86], 

catalizador de HER [87] y de reducción de nitroarenos [49]. 

1.2.2.4. Exfoliación electroquímica 

De entre todos los procesos existentes para la obtención de materiales 2D, la 

exfoliación electroquímica es uno de los métodos más recientes y prometedores para 

este fin de forma escalable [90,91]. Este método ha sido ampliamente utilizado para la 

obtención de grafeno, aunque no se limita a la producción de éste, sino que también 

puede ser aplicado en otros materiales laminares, como los TMDs. Mediante la 

aplicación de un potencial eléctrico a un electrodo (del material a exfoliar) sumergido en 

un electrolito en un medio líquido, las especies iónicas solvatadas son atraídas por el 

electrodo de carga opuesta, produciéndose la intercalación de dichas especies en la 
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estructura del material, aumentando el espaciado interlaminar y facilitando por tanto su 

deslaminación para obtener el material 2D, frecuentemente con la ayuda de reacciones 

electrolíticas adicionales que tienen lugar en los espacios interlaminares (Figura 7). Por 

su propia naturaleza, es posible realizar esta técnica en modos diferentes, en función del 

signo positivo o negativo del potencial aplicado al electrodo de trabajo. 

En la exfoliación anódica se aplica un potencial positivo a un electrodo de 

grafito (u otro material laminar), produciéndose la intercalación de los aniones presentes 

en el medio. En este modo se suele utilizar agua como disolvente y electrolitos como 

ácido sulfúrico [92], ácido fosfórico [93], sales de sulfato [94], sulfonatos orgánicos 

[95], o incluso líquidos iónicos [96]. Cuando se somete a un electrodo de grafito a un 

potencial positivo en medio acuoso (entre 4 y 30 V, siendo lo más común aplicar 10 V), 

se produce la oxidación de los bordes de grano y lámina del grafito, facilitando la 

intercalación de los aniones presentes en la disolución. Además, como el potencial 

aplicado es superior al de oxidación del agua, el proceso genera especies altamente 

reactivas, como el radical OH·, que oxida el ánodo de grafito no solo en los bordes sino 

también en el plano basal, y se generan especies gaseosas, como O2, que inducen una 

fuerte expansión del ánodo, dando lugar a un grafito deslaminado que puede terminar de 

ser exfoliado en láminas de grafeno mediante tratamiento de sonicación en medio 

líquido. Los materiales obtenidos mediante este proceso están compuestos generalmente 

por láminas muy delgadas (entre 1 y 3 monocapas en su mayoría) y con un alto 

contenido en oxígeno (entre el 10 y el 30%) [91]. 
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Figura 7: Esquema del proceso de exfoliación electroquímica anódica de grafito. 

Adaptado de [97]. 

 

En un proceso de exfoliación catódica se aplica un potencial negativo sobre un 

electrodo de grafito (típicamente de -2 a -10 V), produciéndose la atracción de los iones 

positivos presentes en el medio por parte de éste, que se intercalan en la estructura [98]. 

Este proceso se suele llevar a cabo empleando electrolitos de sales de Li
+
 [99], de 

alquilamonio [100,101] o líquidos iónicos [102], disueltos en disolventes orgánicos 

como dimetilsulfóxido (DMSO) o carbonato de propileno (PC). Posteriormente, y al 

igual que en la exfoliación anódica, el material expandido se somete a un proceso de 

sonicación para completar la exfoliación del material. En general, los materiales 

obtenidos están formados por láminas relativamente delgadas (entre 5 y 10 capas), y con 

un bajo contenido en defectos y oxígeno [98], ya que se obtienen en condiciones 

reductoras. Son utilizados en aplicaciones como el almacenamiento y la conversión de 

energía [97], sensores y LEDs [98]. 

 

1.3. Métodos de modificación de materiales 2D 

Puesto que los materiales 2D descritos en esta tesis poseen propiedades químicas 

que les permiten interaccionar con otras sustancias y modificar su estructura y 

propiedades, se ha estudiado una gran variedad de tratamientos de dichos materiales con 

el fin de modificar o mejorar sus prestaciones en diferentes aplicaciones, entre los que se 

encuentran los siguientes: 

1.3.1. Cambio de fase 

Para materiales que presentan más de una fase, puede resultar más interesante la 

presencia de una fase que otra debido a las diferentes propiedades que cada una presenta 

y a la aplicación en la que se vaya a utilizar. Para ello, puede ser necesario realizar una 

transformación de fase para acceder a la fase deseada. Esto ocurre, por ejemplo, cuando 

se transforma la fase 2H a la 1T del MoS2 mediante el proceso de intercalación de Li
+
. 

La fase 1T es eléctricamente conductora y estable en dispersión acuosa, resultando en 

principio, más útil para catálisis [47] o almacenamiento de energía [103]. 
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1.3.2. Modificación no covalente 

Se basa en la adsorción de especies químicas sobre la superficie de las láminas 

2D, como surfactantes, polímeros o biomoléculas. Por ejemplo los surfactantes, pueden 

mejorar la estabilidad coloidal de las láminas [32,48,49], mientras que con el uso de 

biomoléculas es posible mejorar su biocompatibilidad [104]. 

 

1.3.3. Modificación covalente 

Por un lado, es posible formar enlaces covalentes entre la superficie del material 

2D y determinadas especies químicas [28,29], haciendo al material más reactivo o 

estable coloidalmente. Por otro lado, es posible también realizar modificaciones en la 

propia estructura del material 2D mediante sustitución atómica, dopándolo con 

heteroátomos. Un ejemplo lo constituye el dopaje de MoS2 con Nb para para la 

fabricación de transistores y dispositivos optoelectrónicos [105], o la sustitución de 

átomos de C por N en el grafeno para aplicaciones de catalizador de la ORR, electrodos 

de baterías y de pilas de combustible [30,31]. También es posible la eliminación de 

átomos de la estructura del material 2D para generar vacantes atómicas, que 

generalmente están asociadas a una mayor reactividad química. Por ejemplo, la 

formación de vacantes de S en el MoS2 hace que el material sea más activo para la HER 

[33] (Figura 8). 

 

            

Figura 8: Esquema de un ejemplo de modificación superficial covalente de 

MoS2. Adaptado de [106]. 
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2. Objetivos 

 
Como se ha explicado en la introducción, debido a las atractivas propiedades de 

los materiales bidimensionales (térmicas, eléctricas, mecánicas, etc) y a sus múltiples 

aplicaciones potenciales (almacenamiento de energía, dispositivos electrónicos, 

recubrimientos, descontaminación de aguas, etc), y conocidas las limitaciones de los 

métodos disponibles para su preparación, se hace necesario desarrollar nuevos métodos 

de preparación que aborden dichos problemas y permitan además obtener materiales con 

alta calidad estructural. 

Por ello, se plantea como objetivo principal de esta tesis la obtención de 

materiales bidimensionales, como grafeno y nanoláminas de MoS2, mediante métodos 

potencialmente escalables llevados a cabo en fase líquida. Se ha utilizado 

principalmente la exfoliación electroquímica, ya que se trata de una técnica prometedora 

debido a su bajo coste, su escalabilidad y la corta duración del proceso. Se ha elegido la 

modalidad catódica frente a la anódica, ya que las características de la primera permiten 

evitar más fácilmente problemas como la oxidación del producto exfoliado, dando lugar 

a nanoláminas de mejor calidad estructural. Además, se ha llevado a cabo la 

modificación de MoS2 bidimensional para activarlo de cara a su uso como catalizador. 

Los objetivos específicos se detallan a continuación: 

 Preparación de grafeno por exfoliación electroquímica catódica de grafito bulk, 

concretamente utilizándose electrodos de grafito como cátodo en medio acuoso y 

optimizándose parámetros como la concentración y el tipo de electrolito, el potencial 

aplicado, la duración del proceso y el tipo de grafito de partida. 

 Caracterización del grafeno catódico obtenido y estudio del material en aplicaciones de 

almacenamiento de energía (supercondensadores) y medioambientales (absorción de 

contaminantes en agua). 

 Preparación de nanoláminas de MoS2 por exfoliación electroquímica catódica del 

correspondiente material bulk en medio acuoso y estudiando el efecto de las mismas 

variables de exfoliación que en el caso del grafeno catódico. 
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 Caracterización y estudio del MoS2 catódico obtenido con vistas a su aplicación como 

electrodo de supercondensador y catalizador de reacciones de reducción de nitroarenos y 

colorantes orgánicos. 

 Activación de nanoláminas bidimensionales de MoS2 para aplicaciones catalíticas en 

base a la generación de vacantes de azufre por tratamiento con hidracina, así como la 

optimización del proceso estudiando el efecto de parámetros como la concentración de 

hidracina y la temperatura del tratamiento. 
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                      3. Materiales y métodos 
 

3.1. Grafeno 

 

3.1.1. Exfoliación electroquímica catódica con sales de amonio 

cuaternario 

Se ha llevado a cabo la preparación de grafeno a través de la exfoliación 

electroquímica catódica de grafito. Dicho proceso requiere la utilización de una celda 

electroquímica con configuración de dos electrodos, en la que se emplea grafito como 

cátodo, una placa de platino como ánodo y una disolución acuosa de una sal de amonio 

cuaternario como electrolito. 

Se usaron piezas tanto de grafito flexible, de 55×30×0.5 mm
3
 (Papyex I980, 

Mersen), como de HOPG, de 10×5×0.5 mm
3
 (grado ZYH, Advanced Ceramics) y de 

grafito en barra, de diámetro 3.05 mm y densidad 1.7 g cm
-3

 (Alfa Aesar). Las piezas de 

grafito se conectan a través de pinzas de cocodrilo a la fuente de corriente (Agilent 

6614C DC power supply) y se sigue el mismo procedimiento para la placa de platino, de 

25×25×0.025 mm
3
, como ánodo.  

Los electrodos se preparan disolviendo diferentes sales de amonio cuaternario a 

concentraciones de 0.02, 0.1 y 0.3 M, en 80 mL de agua Milli-Q (resistividad: 18.2 MΩ 

cm, Millipore Corporation). Se usaron las siguientes sales: cloruro de amonio (ACl, 

ammonium chloride), cloruro de trimetilamonio (TMAHCl, trimethylammonium 

chloride), cloruro de tetrametilamonio (TMACl, tetramethylammonium chloride), 

cloruro de tetraetilamonio (TEACl, tetraethylammonium chloride), cloruro de 

tetrapropilamonio (TPACl, tetrapropylammonium chloride), cloruro de tributilamonio 

(TBAHCl, tributylammonium chloride), cloruro de tributilmetilamonio (TBMACl, 

tributylmethylammonium chloride), cloruro de tetrabutilamonio (TBACl, 

tetrabutylammonium chloride), bromuro de hexiltrimetilamonio (HTMABr, 

hexyltrimethylammonium bromide), bromuro de octiltrimetilamonio (OTMABr, 

octyltrimethylammonium bromide), bromuro de dodeciltrimetilamonio (DDTMABr, 

dodecyltrimethylammonium bromide), bromuro de hexadeciltrimetilamono (HDTMABr, 

hexadecyltrimethylammonium bromide), cloruro de feniltrimetilamonio (PhTMACl, 

phenyltrimethylammonium chloride) y cloruro de benciltrimetilamonio (BzTMACl, 
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benzyltrimethylammonium chloride) (todas de Sigma Aldrich). En el caso del 

HDTMABr no ha sido posible la preparación de la disolución a 0.3 M debido a 

limitaciones de solubilidad. Debido a los mayores rendimientos de grafeno catódico 

obtenidos, se ha usado HTMABr y TPACl, a una concentración de 0.3 M, como 

electrolitos estándar para usos posteriores de este material. 

Los electrodos se sumergen en cada una de las disoluciones anteriores, paralelos 

entre sí a una distancia de aproximadamente 2 cm y se aplica un potencial de -10 V con 

una densidad de corriente máxima de 0.5 A durante 2 h. Durante este tiempo se observa 

como el grafito flexible se hincha progresivamente a la vez que se desprenden algunas 

partículas del mismo. La magnitud del hinchamiento varía en función del electrolito 

utilizado. 

Tras el proceso electrolítico, se separa el grafito expandido del resto rascando la 

superficie con una espátula. Este grafito expandido se lava por filtración, utilizando 1.5 

L de agua Milli-Q y se seca posteriormente a vacío a 60 ºC durante 18 h. 

Para extraer láminas de grafeno del grafito expandido catódicamente, se toma el 

producto expandido, lavado y seco, se le añade un disolvente orgánico, tal como NMP, 

N-etil-2-pirrolidona (NEP), N-vinil-2-pirrolidona (NVP), DMF, dimetilsulfóxido 

(DMSO), 1,3-dioxolano y piridina, o agua con el surfactante no iónico Pluronic P-123 

(0.7 mg mL
-1

) y se le realiza un proceso de sonicación durante 3 h usando un baño de 

ultrasonidos (JP Selecta Ultrasons, 40 kHz). La dispersión resultante se deja reposar 24 

h o se centrifuga a 100 g durante 20 min (microcentrífuga Eppendorf 5424 y 5430) con 

el fin de sedimentar todo aquel material que no ha quedado bien exfoliado.  

La concentración de grafeno en dispersión fue estimada utilizando 

espectroscopía de absorción UV-Vis en base a la ley de Lambert-Beer: A= ɛ
 
l
 
c, siendo 

A la absorbancia medida a una longitud de onda de 660 nm, l el camino óptico que debe 

seguir el haz de luz (1 cm), ɛ el coeficiente de extinción a esa longitud de onda (2440 

mL mg
-1

 m
-1

) y c la concentración de grafeno en dispersión. 
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3.1.2. Híbrido de grafeno con óxido de cobalto 

El procedimiento de preparación del híbrido de grafeno con óxido de cobalto se 

realizó a través de una síntesis solvotérmica de láminas 2D de óxido de cobalto 

contralado por fases micelares (apartado 1.2.1.3 de la introducción), en la que se añade 

el grafito exfoliado catódicamente en un determinado paso del proceso. En primer lugar, 

se disuelven 200 mg de Pluronic P-123 en 17.5 mL de una mezcla etanol/agua (33/2 v/v) 

con ayuda de agitación magnética. A continuación, se añaden a la disolución resultante 

250 mg de acetato de cobalto (II) tetrahidratado, 70 mg de hexametilentetramina y 50 

mg de grafito exfoliado catódicamente. Tras dejar mezclar durante 15 min, se añaden 13 

mL de etilenglicol, se agita la mezcla durante 30 min y se deja envejecer 24 h. Se 

transfiere la suspensión a un autoclave de Teflón y se calienta a 170 ºC durante 2 h. El 

producto sólido obtenido se lava mediante repetidos ciclos de centrifugación a 2000 g 

durante 20 min (J.P. Selecta Meditronic), eliminación de sobrenadante y resuspensión en 

agua y, posteriormente, en etanol. 

 

3.2. MoS2 

 

3.2.1. Exfoliación electroquímica con iones alcalinos 

El procedimiento de exfoliación electroquímica del disulfuro de molibdeno es 

similar al de grafeno descrito anteriormente, salvo algunas particularidades. La pieza de 

MoS2 (SPI Supplies) utilizada como cátodo en la celda electroquímica de dos electrodos 

tiene unas dimensiones de 5×5×0.5 mm
3
. Como electrolitos se emplean 20 mL de 

disoluciones de KCl y NaCl, a concentraciones de 0.1, 0.5, 1, 2 y 4 M, de LiCl a 4 M y 

de TEACl, TPACl y TBACl a 0.3 M. Se aplica una diferencia de potencial de -10 V 

para todas las concentraciones de las sales alcalinas y también -20 V para la 

concentración 4 M de cada una de ellas. Para las sales de amonio cuaternario se aplica 

una diferencia de potencial de  -20 V. En todos los casos el tiempo de aplicación del 

voltaje es de 30 min, durante el cual se observa cómo se abre la pieza de MoS2 desde el 

extremo sumergido en el electrolito hasta el extremo sujetado por la pinza en forma de 

abanico. Se utiliza como electrolito KCl 4 M y diferencia de potencial de -20 V como 

condiciones estándar para preparar este material, debido al mayor rendimiento en 

producto expandido del proceso. 
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El secado a vacío del producto expandido tiene lugar a temperatura ambiente y 

posteriormente la pieza expandida se trocea con la ayuda de un bisturí. Se toma una 

parte de este material y se transfiere a una disolución (inicialmente 0.3-0.4 mg mL
-1

 del 

MoS2 troceado) utilizando como estabilizantes adenosín monofosfato (AMP) o guanosín 

monofosfato (GMP) (5 mg mL
-1

) en IPA, agua, DMF o NMP y se introduce en un baño 

ultrasonidos durante 3 h. La dispersión resultante se centrifuga (microcentrífuga 

Eppendorf 5424 y 5430) a 20000 g durante 20 min, eliminando el sobrenadante y 

añadiendo nuevo disolvente, repitiendo este proceso 2 veces para eliminar el exceso de 

estabilizante. 

La concentración de MoS2 en dispersión fue estimada utilizando espectroscopía 

de absorción UV-Vis en base a la ley de Lambert-Beer: A= ɛ
 
l
 
c, siendo A la absorbancia 

medida a una longitud de onda de 345 nm, l el camino óptico que debe seguir el haz de 

luz (1 cm), ɛ el coeficiente de extinción a esa longitud de onda (6900 mL mg
-1

 m
-1

) y c 

la concentración de MoS2 en dispersión. 

 

3.2.2. Formación de vacantes por tratamiento con hidracina 

En primer lugar, se toman 3 g de MoS2 en polvo (Sigma Aldrich) y se añaden a 

200 mL de IPA, sonicándose la mezcla resultante durante 5 h en un baño de 

ultrasonidos. La dispersión resultante se centrifuga (2000 g, 20 min), tomando el 

sobrenadante, y determinando su concentración por espectroscopía de absorción UV-

Vis. 

A continuación, se añade un volumen de hidracina monohidratada (Sigma 

Aldrich), 1, 2, 4, 6, 8 y 10 % v/v,  a una dispersión de MoS2 de concentración 0.1 mg 

mL
-1

 en IPA, obtenida como se explica en el apartado anterior. Esta mezcla se somete a 

una temperatura dada (70º C, 150º C o temperatura ambiente) durante 2 h, realizando un 

proceso de lavado posterior consistente en 2 ciclos de centrifugación a 20000 g durante 

20 min, eliminación del sobrenadante y redispersión en el mismo volumen de IPA. Para 

utilizar el material en forma de polvo seco, el sedimento de la última centrifugación se 

recoge y se seca a vacío a temperatura ambiente durante una noche. 
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3.3. Preparación de electrodos para estudios como 

supercondensadores 

 

3.3.1. Electrodos de grafeno catódico, híbrido de grafeno catódico 

con óxido de cobalto 

Ambos electrodos se prepararon prensando (1 t durante 10 s) el material a 

estudiar (grafeno catódico con y sin óxido de cobalto) sobre una pieza circular (1 cm de 

diámetro) de grafito flexible (sin tratar), utilizando una prensa hidráulica. La cantidad de 

material activo en el electrodo es de aproximadamente 1 mg cm
-2

. 

Las medidas electroquímicas se llevaron a cabo en una celda tipo Swagelok de 3 

electrodos, donde el electrodo de trabajo y el contraelectrodo están separados por un 

filtro de membrana de Nylon circular (~1.3 cm de diámetro, 0.45 µm de tamaño de poro, 

Whatman), utilizando el material de grafeno como electrodo de trabajo, una pasta 

formada por una mezcla de fibra de carbón activo, politetrafluoroetileno (como 

aglomerante) y negro de carbono (como aditivo conductor) en proporción másica 90:5:5 

como contraelectrodo, un electrodo de referencia de Hg/HgO y KOH 6 M como 

electrolito. Previamente, los electrodos y el separador de Nylon se sumergen por 

separado en el electrolito y la celda es desgasificada en la estufa a vacío durante 1 min. 

Las medidas se llevan a cabo con un potenciostato VSP (Biologic). 

 

3.3.2. Electrodos de MoS2 exfoliado catódicamente 

Se prepararon los electrodos de MoS2 descritos a continuación prensando los 

correspondientes materiales sobre una pieza circular (1 cm de diámetro) de grafito 

flexible (sin tratar), utilizando una prensa hidráulica (1 t durante 10 s). La cantidad de 

material activo en el electrodo es de aproximadamente 1-1.3 mg cm
-2

. 

1) MoS2 expandido catódicamente utilizando KCl 4 M a -20 V, sin tratamiento posterior. 

Lavado por filtración con abundante agua destilada y secado a vacío a 60 ºC durante una 

noche. 

2) MoS2 expandido catódicamente utilizando KCl 4 M a -20 V, agitado en una disolución 

de GMP (5 mg mL
-1

) y secado a vacío a 60 ºC durante una noche. 
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3) Láminas de MoS2 obtenidas por exfoliación catódica y posterior sonicación en una 

disolución de GMP en IPA (5 mg mL
-1

). El material se sedimenta por centrifugación 

(20000 g, 20 min) y el precipitado se seca a vacío a 60º C durante una noche. 

4) Láminas de MoS2 combinadas con con nanotubos de carbono de capa simple (SWCNTs, 

single-walled carbon nanotubes) en proporción másica 2:1. Las láminas de MoS2 se 

preparan como se ha descrito en el punto anterior. Los SWCNTs se preparan por 

sonicación del material comercial (1 mg mL
-1

, 0.7-1.3 nm de diámetro, de Sigma-

Aldrich) en una disolución acuosa de flavín mononucleótido (FMN) (1 mg mL
-1

) y 

posterior centrifugación (20000 g, 40 min). El sobrenadante se mezcla con una pequeña 

cantidad de etanol y el aglomerado se recoge y se seca a vacío a 60º C durante una 

noche. Finalmente, ambos polvos se mezclan físicamente en la proporción deseada en 

un mortero hasta homogeneidad. 

5) Láminas de MoS2 combinadas con SWCNTs en proporción másica 7:1, siguiendo el 

protocolo descrito en el punto anterior. 

6) SWCNTs en ausencia de MoS2, preparado de igual forma que en el punto 4. 

Las medidas electroquímicas de 3 electrodos se llevan a cabo realizando el 

mismo montaje descrito para los electrodos de grafito.  

Además, se usaron las láminas de MoS2 combinadas con SWCNTs en proporción 

másica 2:1 (punto 4) como electrodo positivo en un sistema de 2 electrodos asimétrico, 

utilizando como electrodo negativo una pasta formada por carbón activo comercial (YP-

50F, de Kuraray), politetrafluoroetileno (como aglomerante) y negro de carbono (como 

aditivo conductor) en proporción másica 90:5:5, y KOH 6 M como electrolito. 

 

3.4. Preparación de esponjas para estudios de absorción y 

catálisis 

 

3.4.1. Esponja de melamina recubierta con grafeno 

Se utiliza una esponja de melamina comercial de forma cúbica (1 cm
3
), que se 

sumerge repetidamente (3 o 4 veces durante 1 min) en una dispersión (sonicada 3 h) de 

grafeno obtenido por exfoliación catódica (con TPACl 0.3 M) en piridina (0.25 mg mL
-

1
), calentándose posteriormente durante 5 min para eliminar el disolvente. Dicha esponja 

se utilizará para los estudios de absorción de aceites y disolventes orgánicos. 
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3.4.2. Esponja de melamina recubierta con MoS2 

Se corta una esponja de melamina comercial en forma cúbica (1 cm
3
), se 

sumerge en una dispersión en IPA de MoS2 tratado con hidracina (0.1 mg mL
-1

) y se 

deja secar a temperatura ambiente y presión reducida. Este proceso se repite varias veces 

(normalmente 3) hasta que la esponja cambia de color blanco a un color verdoso, 

indicativo de la presencia de MoS2. Esta esponja se utilizará en estudios cinéticos de 

catálisis. 

 

3.5. Evaluación de la actividad catalítica en reacciones de 

reducción de nitroarenos y colorantes 

 

Se han realizado estudios de actividad catalítica tanto de MoS2 obtenido 

catódicamente como de MoS2 tratado con hidracina para generar vacantes. Para ello, se 

ha estudiado la reacción de reducción de nitroarenos con NaBH4, así como la reducción 

de colorantes (para el caso del MoS2 con vacantes). Estas reacciones se han seguido 

mediante espectroscopía de absorción UV-Vis, ya que dichos reactivos presentan una 

absorbancia característica a una determinada longitud de onda que es distinta de la de 

los productos, de modo que la variación (disminución) de dicha absorbancia puede 

relacionarse con el consumo de los reactivos a medida que la reacción avanza. Los 

experimentos se llevaron a cabo tomando una cantidad fija de reactivo y de catalizador 

(MoS2), con un exceso de NaBH4. Se midió la absorbancia a la longitud de onda 

característica del reactivo en función del tiempo de reacción. La actividad catalítica del 

catalizador se calculó a partir del tiempo de reacción y las cantidades de reactivo y 

catalizador presentes. En la sección de espectroscopía UV-vis del capítulo de técnicas de 

caracterización se describe detalladamente el protocolo utilizado y se muestra un 

ejemplo de estas cinéticas en la Figura 10. 
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3.6. Evaluación como absorbentes de aceites y disolventes 

orgánicos 

 

Se realizaron estudios de absorción de aceites y disolventes orgánicos sobre 

grafeno, tanto del material expandido, utilizando TPACl 0.3M y HxTMABr 0.3M como 

electrolitos (sin un proceso de sonicación posterior) y lavando posteriormente para 

eliminar los restos de dichos electrolitos, como del material exfoliado (tras sonicación)  

y depositado sobre una esponja de melamina, tal y como se describe en el apartado 

3.4.2. 

Para realizar dicho estudio, se toma una cierta masa de polvo de material 

expandido (entre 10 y 15 mg) y se introduce en un vial de 1.5 mL. A continuación, se 

añaden pequeñas cantidades del aceite o disolvente orgánico en cuestión, unos 50 µL, de 

manera sucesiva hasta que el material queda saturado, observándose que el líquido 

sobresale del material. Determinándose en este punto la masa de aceite o disolvente 

orgánico absorbido por una cierta cantidad de material expandido, teniendo en cuenta el 

volumen absorbido y la densidad de cada aceite o disolvente. De la misma forma se 

procede con la esponja, sin ser necesaria su introducción en un vial. 

Los aceites y disolventes orgánicos utilizados en este estudio fueron: tolueno, n-

hexano, dodecano, tetrahidrofurano, acetona, cloroformo, aceite de oliva y aceite de 

bomba. 

Además, se realizaron estudios de reusabilidad del grafeno depositado sobre 

sobre la esponja de melamina, en los que la esponja se presionaba manualmente para 

extraer el líquido absorbido y se volvía a reutilizar para un nuevo proceso de absorción, 

repitiendo este proceso hasta 10 veces. 



Técnicas de Caracterización 

55 
 

 

4. Técnicas de Caracterización 
 

4.1. Espectroscopías 

La disciplina que se encarga del estudio del intercambio de energía producido 

por interacciones de la radiación electromagnética con la materia se denomina 

espectroscopía. Esta interacción es posible debido a que los estados energéticos de la 

materia se encuentran cuantizados, pudiendo solo absorberse o emitirse radiación con 

determinados valores de energía [1], tal y como se expresa en la ecuación de Plank-

Einstein:  

                                           Esuperior – Einferior = ΔE = hʋ                                               (1) 

 

siendo Esuperior la energía del estado más alto, Einferior, la energía del estado más bajo, h la 

constante de Plank y ʋ la frecuencia de la radiación emitida o absorbida. Cada material 

posee frecuencias de radiación específicas, y por tanto, características de cada uno de 

ellos, siendo útil esta técnica para la obtención de información cualitativa. Por otro lado, 

se puede relacionar la absorción de radiación de un material a cualquier frecuencia dada 

con su concentración en un medio según la ley de Lambert-Beer [2]:  

 

                                                                A= ɛ l c                                                          (2) 

 

representando A la absorbancia a una determinada frecuencia o longitud de onda, ɛ el 

coeficiente de extinción molar a dicha longitud de onda, l la longitud de paso óptico y c 

la concentración. De esta forma, es posible cuantificar la concentración de un material a 

partir de la medida de la absorbancia, siempre y cuando la medida se realice dentro del 

rango lineal de aplicación de la ecuación.  
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4.1.1 Espectroscopía de absorción ultravioleta-visible (UV-Vis)  

En esta tesis, se ha realizado caracterización por espectroscopía de absorción 

UV-Vis mediante un espectrofotómetro dispersivo de doble haz Heλios α (Thermo 

Spectronic). Tal y como se muestra en la Figura 9, el equipo funciona midiendo al 

mismo tiempo el haz que atraviesa la muestra de referencia (P0) y el haz que atraviesa la 

muestra de interés (P), permitiendo calcular la absorbancia a través de la ecuación A=-

log (P/P0). Para realizar las medidas de absorbancia, hay que diluir las dispersiones 

coloidales hasta alcanzar el rango lineal de la ecuación de Lambert-Beer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 9. Esquema de funcionamiento de un espectrofotómetro UV-Vis de doble 

haz. 

 

Con este tipo de equipos se suele medir la absorbancia de radiación en longitudes 

de onda entre 200 y 1100 nm, correspondiéndose a energías comprendidas entre ~1 y 6 

eV. Estas energías comprenden transiciones electrónicas entre niveles energéticos 

próximos en energía, tales como los orbitales moleculares tipo π insaturados, pares de 

electrones no enlazantes u orbitales d y f [3].  

Estos niveles energéticos electrónicos, a su vez, se combinan con diferentes 

estados vibracionales y rotacionales, habiendo por tanto, para cada salto energético, 

diferentes transiciones entre dichos estados. Esto se traduce en que los espectros de 

absorción obtenidos de las especies que poseen niveles vibracionales y rotacionales no 
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muestren longitudes de onda de absorción perfectamente definidas, sino bandas 

ensanchadas debido a las diferentes combinaciones de transiciones [4]. Además, debido 

a la interacción de los materiales con el medio, por ejemplo, con el disolvente en fase 

líquida, se producen modificaciones en los niveles energéticos, produciendo también un 

ensanchamiento en la señal obtenida [1,5]. Todo esto hace que la técnica tenga una 

resolución limitada, haciendo que por sí sola sea insuficiente para identificar 

unívocamente una sustancia. Es, sin embargo, una técnica ampliamente utilizada para 

detectar la presencia de ciertos grupos funcionales [6,7], complejos organometálicos 

[8,9] o nanoestructuras [10,11], teniendo en cuenta la forma y posición de las bandas del 

espectro de absorción. En esta tesis se han realizado los siguientes estudios cualitativos 

de materiales bidimensionales obtenidos en dispersión coloidal utilizando la 

espectroscopía UV-Vis:  

 Observación del pico característico a 270 nm de las transiciones π → π* para 

dispersiones de grafeno obtenidas por exfoliación electroquímica catódica (Figura 10a). 

Esta transición se produce a 270 nm cuando el material posee amplios dominios 

conjugados, es decir, cuando el grafeno tiene un bajo grado de oxidación. 

 Determinación de la fase, 2H o 1T, tanto de dispersiones de MoS2 exfoliado 

electroquímicamente, como de las de MoS2 tratado con hidracina. Dado que estas dos 

fases implican diferentes coordinaciones de los átomos de azufre alrededor del 

molibdeno en la estructura (trigonal prismática en 2H (Figura 10b) y octaédrica en 1T 

(Figura 10c), se originan diferentes niveles energéticos para cada estructura, dando lugar 

a diferentes transiciones posibles y obteniéndose diferentes espectros.          

                                                                                                                                                                  



Técnicas de Caracterización 

58 
 

                                                                                

                        

 

Figura 10: Espectros UV-Vis de una dispersión de grafeno en agua con Pluronic  

P-123 (a), de una dispersión de MoS2 de fase 2H en IPA (b), en el que se identifican los 

picos característicos de la fase 2H (A, B, C y D), ambos obtenidos por exfoliación 

electroquímica catódica y de una dispersión de MoS2 1T en agua (c). 

 

Por otro lado, debido a su alta sensibilidad, esta técnica resulta muy apropiada 

para la cuantificación de especies adsorbentes, utilizándose, por tanto, para cuantificar:  

 

 La concentración de grafeno y MoS2 en dispersión coloidal obtenidos por exfoliación 

electroquímica, así como el MoS2 tratado con hidracina. Dicha concentración puede ser 

calculada en base a la ecuación de Lambert-Beer y utilizando los coeficientes de 

extinción molar documentados en la literatura a diferentes longitudes de onda [12,13]. 

 

 Seguimiento de reacciones en las cuales alguno de los reactivos o productos tienen un 

espectro característico. En concreto, se siguió la reducción catalítica de de diferentes 

nitroarenos, específicamente 4-nitrofenol (4-NP), 4-nitroanilina (4-NA), 4-nitrobenceno 
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y 2-nitroanilina (2-NA), que poseen bandas características de absorción a ~400, ~380, 

~270 y ~410 nm respectivamente. Dichas bandas son diferentes de las bandas de 

absorción características de las especies reducidas, permitiendo por tanto realizar un 

seguimiento cinético de la reacción [6], tal y como se ejemplifica en la Figura 11. Por el 

mismo método se realizó el seguimiento catalítico de la reducción de algunos colorantes 

orgánicos, como el naranja de metilo (MO, methyl orange) y azul de metileno (MB, 

methylene blue) y cuyas bandas de absorción características aparecen a ~460 y ~675 nm, 

respectivamente. 

 

 

 

Figura 11: Espectros de absorción UV-Vis del (a) 4-NP (negro), ión 4-

nitrofenóxido (verde) y su forma reducida, el ión 4-nitrofenóxido (violeta); (b) 4-NA 

(naranja) y su forma reducida, p-fenilendiamina (gris). (c) Perfiles cinéticos típicos para 

la reducción del 4-NP (azul) y 4-NA (rojo) con nanoláminas de MoS2 catódicamente 

exfoliadas y estabilizadas con GMP. 

 

 

4.1.2. Espectroscopía Raman  

La espectroscopía Raman estudia las transiciones entre niveles vibracionales en 

la materia [1,5,14] al hacer incidir radiación de energía de la región del espectro visible 

sobre la muestra y midiendo la radiación dispersada inelásticamente. En este proceso, al 

no producirse transición energética electrónica debido a la relativa baja energía de la 

radiación electromagnética incidente, la mayoría de los fotones incidentes serán 

dispersados elásticamente (sin cambio en su frecuencia), constituyendo la dispersión 

Rayleigh (Figura 12). Por otro lado, una pequeña fracción de la radiación incidente 

experimenta dispersión inelástica, constituyendo la dispersión Raman, la cual puede 
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producir fotones de menor energía que la luz incidente (transición Stokes) o, si la 

población de estados excitados vibracionales es alta, puede dar lugar a fotones de mayor 

energía (anti-Stokes). Estas transiciones solo pueden ocurrir, y por tanto observarse, 

cuando el modo de vibración indicado produce un cambio en la polarizabilidad de la 

muestra.  

 

Figura 12: Transiciones entre niveles energéticos que dan lugar a los fenómenos 

Rayleigh, Stokes y anti-Stokes. 

 

Esta técnica se usa habitualmente para caracterizar las propiedades de materiales 

carbonosos [15-19] y materiales bidimensionales como el grafeno [18,20], donde las 

bandas del espectro Raman corresponden a modos de vibración colectivos o fonones. 

Las medidas de espectroscopía Raman en esta tesis fueron realizadas en un 

espectrómetro Horiba Jobin-Yvon LabRam con radiación incidente generada por una 

fuente láser de 532 nm y 2 mW de potencia para las muestras de grafeno, y 0.2-0.5 mW 

para las muestras de MoS2. Se utilizaron muestras depositadas a partir de dispersiones 

coloidales mediante la evaporación del disolvente sobre discos de acero inoxidable 

calentados previamente a 50–60 ºC (para las muestras de grafeno) o sin calentar (para 

las muestras de MoS2 tratadas con hidracina) y secados posteriormente a temperatura 

ambiente, o bien en forma de filmes preparados mediante filtración de las dispersiones 

(para las muestras de MoS2 exfoliadas catódicamente).  

En esta tesis, la espectroscopía Raman se ha utilizado para:  

 

Estados virtuales 
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 Evaluar la calidad estructural de las láminas de grafeno midiendo la relación de 

intensidades integradas de las bandas denominadas G (característica de materiales 

grafito/grafeno) y D (asociada a defectos), las cuales aparecen en números de onda en 

torno a 1582 cm
-1

 y 1350 cm
-1

, respectivamente. Se toma la relación entre las 

intensidades de ambas bandas (ID/IG) como medida del desorden estructural presente en 

el material [21-27].   

 Identificar las bandas E
1

2g y A1g, características de la fase 2H del MoS2, que aparecen a 

~383 y 408 cm
-1

 respectivamente, así como la ausencia de las bandas características de 

la fase 1T (~150, 200, 280 y 320 cm
-1

) y de los óxidos de molibdeno (~285-295 cm
-1

), 

indicando de esta forma la pureza de dicha fase.  

 

 

 

 

 

 

 

Figura 13: Espectros Raman de grafenos (a) preparados por exfoliación catódica 

con TPACl 0.3 M (verde) y HxTMABr 0.3 M (rojo) como electrolitos y del MoS2 (b) de 

partida (negro) y exfoliado catódicamente con KCl 4 M (verde). 

 

4.1.3. Espectroscopía fotoelectrónica de rayos X (XPS, X-ray 

photoemission spectroscopy)  

La espectroscopía fotoelectrónica de rayos X (XPS), mide la energía necesaria 

para arrancar electrones desde niveles internos del átomo debido al efecto fotoeléctrico 

[1,5,28]. Este efecto se consigue cuando se irradia la muestra con fotones de energía 

superior a la suma de la energía de ligadura del electrón al átomo (binding energy, BE) y 

la función de trabajo del equipo (Φ, la energía necesaria para llevar el electrón al nivel 

de Fermi del vacío cercano a la muestra), transfiriéndose el resto de la energía al 
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electrón en forma de energía cinética (kinetic energy, KE). Todo ello puede ser 

expresado según la ecuación de Plank-Einstein:  

                                                      ∆E = h = BE + Φ + KE                                                                  (3) 

 

A partir de esta ecuación, se obtiene la energía de ligadura de un electrón de una 

capa interna a través de la medida de su energía cinética, al ser conocida la energía h de 

los fotones de rayos X que expulsan a dicho electrón. En el espectro XPS se representa la 

intensidad de la señal (número de electrones emitidos) en función de la energía de 

ligadura, pudiendo solo estudiarse aquellos electrones procedentes de átomos situados 

en las capas más superficiales de la muestra, es decir, aquellos que abandonan el 

material sin sufrir colisiones y, por tanto, sin perder energía cinética. Los generados a 

mayores profundidades pierden energía al sufrir colisiones inelásticas y pasan a formar 

parte del background o incluso pueden ser reabsorbidos por la muestra. Esto implica que 

los espectros de XPS solamente proporcionan información de la superficie de la 

muestra, con un espesor de análisis de unos pocos nanómetros. Además, esta técnica 

también es útil para obtener información acerca de los estados de oxidación y los 

enlaces entre átomos a partir de la forma detallada del espectro correspondiente a cada 

elemento, puesto que la energía de ligadura de los electrones internos se ve afectada por 

el entorno químico de los átomos.  

Para esta tesis, se ha utilizado un espectrómetro XPS de la casa SPECS que 

utiliza fuentes de rayos X tanto Al Kα monocromática como Mg Kα no monocromática. 

El equipo se opera a presiones inferiores a 10
-7

 Pa durante las medidas, y las muestras 

analizadas fueron preparadas de la misma manera que las utilizadas para análisis por 

espectroscopía Raman. En esta tesis se ha empleado XPS para:  

 Estudiar el contenido en oxígeno de los grafenos preparados mediante exfoliación 

catódica, para determinar el grado de oxidación de éstos, así como el contenido en 

nitrógeno, para determinar la presencia de electrolito de amonio cuaternario adsorbido 

durante el proceso de exfoliación electroquímica (Figura 14a).  

 Determinar la presencia de las fases 2H y 1T del MoS2 exfoliado catódicamente, así 

como del tratado con hidracina (Figura 14b y 14c), pudiendo estimarse la presencia y 

proporción de ambas mediante el análisis del espectro de alta resolución del Mo 3d [29].  
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Figura 14: Espectro de alta resolución de XPS de C 1s  para el grafeno obtenido 

catódicamente con HTMABr 0.3 M (rojo) y TPACl 0.3 M (verde) (a) y de Mo 3d (b) y 

S 2p (c) del MoS2 de partida (negro) y MoS2 exfoliado catódicamente con KCl 4 M 

(verde) 

 

4.1.4. Resonancia paramagnética electrónica (EPR, electron paramagnetic 

resonance) 

La resonancia paramagnética electrónica (EPR, electron paramagnetic 

resonance) es una técnica espectroscópica basada en la detección de la absorción de 

radiación en el rango de microondas, que puede ser producida cuando se aplica un 

intenso campo magnético externo a una sustancia o material que contenga radicales o 

electrones desapareados. A diferencia de la resonancia magnética nuclear (NMR, 

nuclear magnetic resonance), ésta no se basa en el carácter magnético de los núcleos 

atómicos, sino en el de los electrones no apareados.  

Mientras que en NMR se pueden producir diferentes desdoblamientos en la señal 

debido a los diferentes valores que pueda mostrar el spín nuclear, en EPR, al tratarse de 

spin electrónico, solo se tiene el número cuántico de spín (½) y solo puede haber, por 

tanto, un desdoblamiento en dos niveles energéticos en presencia de un campo 

magnético. 

Asimismo, mientras que en NMR se mide directamente un campo magnético, en 

EPR se aplica un gradiente magnético y se mide la primera derivada del campo 

magnético. 

Los resultados obtenidos por esta técnica aportan información sobre el número y 

tipo de radicales o electrones desapareados de la muestra analizada. 
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En esta tesis, se ha utilizado un espectómetro Bruker EMX equipado con un 

puente de microondas de banda X (frecuencia ~9 GHz) EMX premium X. Los espectros 

se tomaron con una amplitud de modulación del campo magnético de 1.86 G, una 

frecuencia de modulación de 100 kHz y una potencia de microondas de ~20 mW. El 

tratamiento de los datos de EPR se llevó a cabo con el software Bruker WinEPR 

Processing. 

Se ha utilizado el EPR para determinar la presencia de vacantes de azufre en 

MoS2 tratado con hidracina. Esto es posible debido a que el molibdeno no enlazado a 

azufre en MoS2 presenta electrones desapareados, dando lugar a una señal a un campo 

magnético de ~3500 G, siendo en principio más pronunciada dicha señal cuanto mayor 

sea el número de átomos de molibdeno no enlazados, y por tanto cuanto mayor sea el 

número de vacantes de azufre en la red del MoS2 [30,31]. Puede observarse dicho efecto 

en la Figura 15. 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 15: Espectro EPR del MoS2 2D inicial (negro), MoS2 4% hidracina 

(rojo), MoS2 10% hidracina (azul) y MoS2 sin exfoliar (gris). 
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4.2. Microscopías  

 

4.2.1. Microscopía electrónica de transmisión (TEM, transmission electron 

microscopy)  

Debido a que la microscopía óptica presenta limitaciones significativas en 

términos de resolución (resolución del orden de la longitud de onda de la luz visible, 

~400 nm), se hace necesario disponer de una técnica con un mayor poder de resolución 

para el estudio de materiales nanoestructurados. Esto se puede conseguir sustituyendo 

los fotones por electrones como elementos sonda que interaccionan con la materia, ya 

que los electrones pueden comportarse de manera similar a los fotones cuando son 

emitidos por un filamento y acelerados por un campo electromagnético (a voltajes de 

100-1000 kV), constituyendo así la base de la microscopía electrónica [1]. Los 

electrones pueden ser transmitidos a través de láminas delgadas (espesor menor de 200 

nm) de igual forma que ocurre con los fotones en microscopía óptica, lo cual permite 

obtener imágenes con mucha mayor resolución que dicha técnica. En la Figura 16 se 

representa, de manera esquemática, los componentes de un equipo de microscopía 

electrónica de transmisión (transmission electron microscopy, TEM). En la parte 

superior se encuentra la fuente de electrones, que son enfocados sobre la muestra 

mediante el uso de lentes electromagnéticas. Tras atravesar la muestra, los electrones 

transmitidos pasan por otro juego de lentes que los dirigen al detector, donde se 

registran. El equipo utilizado en las medidas para esta tesis es un microscopio de alta 

resolución (HR-TEM, High resolution transmission electron microscopy) JEM-2100F 

system (JEOL) con un voltaje de 200 kV y condiciones criogénicas (-180 ºC) para evitar 

el daño causado por el bombardeo de electrones de alta energía sobre la muestra. Para 

realizar las medidas, las muestras se preparan depositando 40 μL de dispersión coloidal 

del material a estudiar, en este caso en IPA, sobre rejillas de cobre recubiertas de un 

filme delgado de carbono (Electron Microscopy Sciences), dejando evaporar el 

disolvente a temperatura ambiente.  
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Figura 16: Esquema de un microscopio electrónico de transmisión 

 

En esta tesis se han realizado análisis mediante TEM de las láminas de MoS2 

obtenidas por exfoliación catódica y las tratadas con hidracina. Las imágenes obtenidas 

para ambas muestras permiten observar la morfología de las láminas, así como la 

presencia y distribución de defectos estructurales. Algunos ejemplos de las muestras 

tratadas con hidracina pueden verse en la Figura 17. 

 

 

 

 

 

 

 

 

Figura 17: Imágenes de HR-TEM del MoS2 exfoliado (a), del tratado con un 4 

% de hidracina (b) y del tratado con un 10 % de hidracina (c). 
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4.2.2. Microscopía electrónica de barrido (SEM, scanning electron 

microscopy)  

Al igual que un microscopio TEM, un equipo de microscopía electrónica de 

barrido (SEM, scanning electron microscopy) utiliza una fuente de electrones 

(acelerados en este caso por voltajes menores, de ~40 kV) que son concentrados 

mediante lentes electromagnéticas sobre la muestra [1,32]. Los detectores recogen 

diferentes señales, sean electrones o fotones, y construyen la imagen de la superficie de 

la muestra punto por punto. Debido a su capacidad para enfocar superficies de tamaños 

muy diferentes (desde pocas decenas de nm a varios mm), esta técnica es 

tremendamente útil para estudiar la morfología de materiales a distintas escalas. Los 

electrones que inciden sobre la muestra pueden:  

 

 Experimentar choques elásticos, es decir, “rebotar” en la superficie de la muestra sin 

perder energía. Estos son los llamados electrones retrodispersados.  

 Interaccionar con los electrones de la banda de conducción de la muestra, produciendo 

su expulsión (electrones secundarios). Estos electrones secundarios tienen mucha menor 

energía que los retrodispersados, siendo por tanto solo detectables los que proceden de 

la superficie, permitiendo obtener imágenes de la superficie de sólidos.  

 Excitar electrones de capas internas de los átomos de la muestra, que se relajan mediante 

su vuelta a los niveles internos produciendo la emisión de fotones de rayos X. Éstos, al 

sufrir menos interacciones con la materia que los electrones, salen de la muestra sin ser 

alterados desde profundidades mayores.  

 

Cuando el equipo SEM incorpora un detector de electrones situado bajo la 

muestra, es decir, del otro lado de la fuente de electrones, y la muestra es 

suficientemente delgada como para permitir la transmisión de electrones (como en el 

caso de láminas de materiales bidimensionales), es posible registrar imágenes de 

microscopía electrónica de barrido por transmisión (STEM, scanning tranmission 

electron microscopy,) con muy alta resolución [33]. Este estudio ha sido posible con el 

microscopio SEM del que se disponía y para las nanoláminas obtenidas en esta tesis. 

Para tomar las imágenes de SEM de esta tesis se ha utilizado un microscopio 

Quanta FEG 650 (FEI Company), operado a 25 kV y utilizando la señal de electrones 
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secundarios. Los materiales sólidos utilizados, tanto grafito como MoS2, no requieren 

ninguna preparación especial para su estudio por STEM. Las muestras de dispersiones 

coloidales se prepararon de la misma manera que aquellas medidas en TEM, salvo las de 

grafeno, en cuyo caso se depositaron 150 µL de una dispersión del material en una 

mezcla agua-IPA en proporción 2:1. 

Se ha estudiado por SEM la morfología de:  

 Diferentes tipos de grafito (HOPG y grafito flexible) (Figura 18a), así como las piezas 

de MoS2 utilizadas como material de partida en la exfoliación catódica.  

 Los mismos materiales después del tratamiento electroquímico, es decir, expandidos 

(Figura 18b).  

También se ha estudiado por STEM la morfología de: 

 Ambos materiales obtenidos en dispersión coloidal a partir de los materiales anteriores, 

tras un proceso de sonicación (Figura 18c).  

 Láminas MoS2 en dispersión, tras un proceso de sonicación partiendo del polvo 

comercial. 

 Láminas anteriores tras ser tratadas con hidracina (Figura 18d).  
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Figura 18: Imágenes de SEM de grafito flexible antes (a) y después del 

tratamiento electroquímico (b), imágenes de STEM de láminas de grafeno obtenidas tras 

sonicar el grafito expandido catódicamente (c) y láminas de MoS2 tratadas con hidracina 

(d). 

4.2.3. Microscopía de fuerza atómica (AFM, atomic force 

microscopy)  

Se denominan microscopías de proximidad a aquellas técnicas microscópicas 

que permiten obtener imágenes de una superficie al medir las interacciones que resultan 

de acercar una punta afilada (sonda) a la muestra a distancias de nanómetros o 

angstroms. En el caso de la microscopía de fuerza atómica (AFM, atomic force 

microscopy), se detecta la fuerza que experimenta una punta al interactuar con la 

superficie de la muestra en función de la distancia que las separa, tal y como se 

representa en la Figura 19a [1]. La punta se encuentra situada de manera perpendicular 

al final de una palanca flexible (cantilever), pudiendo oscilar verticalmente. Sobre el 

cantilever se hace incidir un haz láser que se refleja sobre un fotodetector dividido en 4 

secciones, de manera que el movimiento de flexión del cantilever en cualquier dirección 

como consecuencia de la interacción de la punta con la superficie de la muestra queda 

registrado y puede ser representado en un mapa topográfico al hacer barridos sobre la 

superficie de una muestra (Figura 19b). 

 

 

 

 

 

 

 

 

 

 

 

Figura 19: (a) Perfil típico de la interacción punta-muestra en función de la 

distancia de separación entre ambas. (b) Esquema de operación de un microscopio 

AFM. 
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Esta técnica se utiliza para el estudio de superficies de materiales y, debido a que 

la interacción de fuerzas puede darse con cualquier sólido, es aplicable a cualquier 

muestra con una superficie relativamente plana [34-37]. La interacción punta-muestra 

medida en AFM puede ser repulsiva, cuando la distancia es extremadamente pequeña, o 

atractiva, cuando la distancia es mayor. Por ello, en esta técnica se puede trabajar en 

modo de contacto, donde la interacción punta-muestra es repulsiva, o en modo de 

contacto intermitente (tapping) [38], donde el contacto es mucho menos agresivo con la 

superficie de la muestra al hacer oscilar periódicamente al cantilever (y, por tanto, a la 

punta con él) de manera vertical sobre la superficie de la muestra. El AFM es muy útil 

para estudiar materiales bidimensionales depositados sobre sustratos planos, como 

grafeno sobre HOPG [39]. En el modo tapping, se aplica un voltaje a un elemento 

piezoeléctrico situado en el extremo del cantilever que lo hace oscilar con una amplitud 

de ~100-200 nm. Cuando la distancia entre la punta y la superficie de la muestra es 

inferior a esta oscilación, se produce una reducción de la amplitud de ésta. Si 

mantenemos la amplitud de oscilación constante y registramos los cambios en la 

posición vertical del cantilever sobre la muestra necesarios para mantener constante 

dicha amplitud de oscilación, esta variante permite generar mapas topográficos de la 

superficie de la muestra mediante barridos lineales.  

A diferencia de las microscopías TEM y SEM, la microscopía AFM posee un 

gran poder de resolución en la dirección perpendicular a la superficie de la muestra, lo 

que permite determinar el espesor de láminas 2D de grosor atómico, además de su 

morfología y tamaño lateral [39]. 

En esta tesis se ha utilizado un microscopio Nanoscope IIIa Multimode de Veeco 

Instruments, utilizando cantilevers de silicio de constante de fuerza ~40 N
 
m

-1
 y 

frecuencia de resonancia ~250–300 kHz (Bruker Corporation). Para la preparación de 

muestras, se depositaron pequeños volúmenes (10 µL) de una dispersión acuosa diluida 

(~0.05 mg
.
mL

−1
) del material sobre un sustrato de HOPG, mica o silicio recubierto de 

SiO2 (300 nm de espesor) precalentado a 50-60 ºC.  

En esta tesis se ha utilizado el AFM para obtener imágenes de láminas de 

materiales bidimensionales (grafeno y MoS2) depositadas a partir de una dispersión 

coloidal, para de esta manera determinar su grosor, número de capas y dimensiones 

laterales, como se aprecia en la Figura 20. 
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Figura 20: Imágenes de AFM de grafeno obtenido catódicamente sobre HOPG 

(a), MoS2 obtenido catódicamente sobre mica (b) y MoS2 tratado con hidracina sobre 

SiO2/Si (c). 

 

4.3. Técnicas electroquímicas  
 

4.3.1. Espectroscopía de impedancia electroquímica (EIS, 

electrochemical impedance spectroscopy)  

En la espectroscopía de impedancia electroquímica (EIS, electrochemical 

impedance spectroscopy) se somete una muestra en el interior de una celda a un 

potencial que varía sinusoidalmente en un rango de frecuencias, registrándose la 

corriente que circula por dicha celda y calculando el cociente entre el potencial aplicado 

V y la corriente I que circula (Z= V/I) [40,41].  Como el valor de la impedancia depende 

da la frecuencia de la onda sinusoidal, se puede obtener diferente información en 

función de la región de la frecuencia estudiada de los procesos de transferencia de carga 

y masa que puedan tener lugar en el electrodo. En esta tesis se usó la EIS para 

caracterizar los procesos que tienen lugar en los dispositivos de almacenamiento de 

energía de manera complementaria a las otras técnicas electroquímicas que se 

comentarán posteriormente. Se utilizó un potenciostato VSP, de Bio-Logic Science 

Instruments, y celdas preparadas en configuración de dos electrodos simétricos y 

asimétricos, así como de tres electrodos. Para la configuración de tres electrodos, se 

usaron electrodos de trabajo con el material activo, contraelectrodos de pasta de carbón 

activado y electrodos de referencia de Hg/HgO en medio básico (KOH 6 M). Los 

materiales utilizados como electrodos de trabajo se utilizaron en estado sólido (polvo) 
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presionados contra grafito flexible a 1 t durante 10 s. En la Figura 21 se representan 

espectros típicos de EIS de muestras de MoS2. 

 

 

 

 

 

 

 

 

 

 

 

Figura 21: Estudios de EIS para diferentes muestras de MoS2 obtenido por 

exfoliación catódica. En negro: híbrido de nanoláminas de MoS2 estabilizado en GMP 

con SWCNTs estabilizados en FMN en proporción 2:1, en azul: SWCNTs por separado, 

en rojo: nanoláminas de MoS2 por separado y en verde: MoS2 expandido.  

 

4.3.2. Voltamperometría  

La voltamperometría consiste en medir la intensidad de corriente (I) que se 

genera al aplicar un potencial (V), que varía de manera constante con el tiempo entre 

dos valores fijos n entre un electrodo de trabajo y un contraelectrodo sumergidos en una 

disolución con un electrolito. Al representarse I en función de V, se obtiene lo que se 

denomina voltamperograma [40,41]. La voltamperometría puede ser lineal, si se realiza 

un proceso de barrido en sentido creciente o decreciente de potencial, o cíclica, si se 

realizan ciclos de barrido en ambos sentidos, permitiendo explorar la evolución de las 

curvas con el tiempo debido a procesos que pueden ocurrir por acción del potencial 

aplicado. Esta técnica constituye la base del análisis electroquímico, ya que permite, 

entre otras cosas, estudiar procesos rédox, adsorción sobre superficies, intercalación de 

iones, procesos catalíticos, cinéticas de reacción y almacenamiento de energía [40,41], 

siendo además muy versátil debido a la facilidad con la que se pueden modificar sus 

parámetros. 
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Las medidas de voltamperometría cíclica se realizaron en el mismo equipo que el 

usado para las medidas de impedancia. 

En esta tesis la voltamperometría se utilizó para caracterizar la respuesta 

electroquímica y la capacidad de almacenamiento de energía de materiales de grafeno y 

MoS2 obtenidos catódicamente, así como sus híbridos con óxido de cobalto y SWCNTs, 

respectivamente, tal y como se ilustra en la Figura 22. 

 

 

 

 

 

 

 

 

 

Figura 22: Voltamperometrías cíclicas de grafeno catódico con óxido de cobalto 

(a) y de MoS2-SWCNTs a una relación 2:1 en masa (b). 

 

4.3.3. Carga-descarga galvanostática  

Al contrario que en la voltamperometría, una curva de carga-descarga 

galvanostática se obtiene al aplicar al electrodo de trabajo una intensidad de corriente 

constante (habitualmente entre 0.1 y 20 A g
-1

), midiendo el voltaje de la celda en 

función del tiempo. Durante este proceso tienen lugar procesos de adsorción del 

electrolito y/o rédox que implican el almacenamiento de carga eléctrica en el material 

(procesos denominados capacitivos y pseudocapacitivos, respectivamente), los cuales 

dependen de las características químicas, morfológicas y superficiales del electrodo 

[40,41]. El análisis de estas curvas de carga y descarga permite caracterizar el tipo de 

procesos que tienen lugar en el electrodo, así como evaluar su capacitancia bajo 

diferentes condiciones.  

Estos experimentos fueron llevados a cabo utilizando el mismo potenciostato y 

las mismas condiciones que las usadas para las voltamperometrías cíclicas, siendo útiles 

para determinar la capacitancia de los materiales preparados en esta tesis (grafeno y 

MoS2), así como sus híbridos (Figura 23). 
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Figura 23: Carga/descarga galvanostática del híbrido de grafeno-óxido de 

cobalto (a) y de la mezcla MoS2-SWCNTs a una relación 2:1 en masa (b). Estudio de la 

variación de la capacitancia con el número de ciclos (c). 

 

 

4.4. Medida de conductividad eléctrica de filmes  

Se define la conductividad eléctrica de un material como la facilidad que tiene 

este para dejar fluir la corriente eléctrica a través de él cuando está sometido a un 

potencial eléctrico externo. Es, por tanto, dependiente de su composición y morfología. 

De entre todos los métodos existentes para medir la conductividad de materiales, en esta 

tesis se ha utilizado el de van der Pauw, ya que es de gran utilidad para medidas precisas 

de muestras altamente conductoras, puesto que su diseño minimiza la influencia de la 

resistencia de los puntos de contacto del equipo con la muestra [42]. Con este método, 

se ha determinado la conductividad eléctrica de filmes de grafeno obtenidos 

catódicamente (12×12 mm
2
, con espesores del orden de micras), utilizando como fuente 

de corriente continua un equipo Agilent 6614C y un multímetro Fluke 45 para medir 

voltajes, tal y como se describe en la Figura 24. 
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Figura 24: Esquema para la medida de la conductividad eléctrica de filmes 

mediante el método de Van der Pauw. 

 

Utilizando la configuración representada en la Figura 24, se aplica una corriente 

entre los puntos 1 y 2 y se mide el voltaje inducido (por el efecto Hall) entre los puntos 

3 y 4. A continuación, se aplica corriente entre los puntos 1 y 3, y se mide el voltaje 

entre 2 y 4. De esta forma, se obtienen los valores RA=V43/I12 y RB=V42/I13, y se puede 

obtener la resistencia del material (Rs) según la siguiente ecuación:  

 

                                                   𝑒−𝜋.𝑅𝐴/𝑅𝑠 + 𝑒−𝜋.𝑅𝐵/𝑅𝑠 = 1                                                    (4) 

 

Calculada la resistencia y conocidas la longitud (L) y el área de la sección (A) 

del filme es posible calcular la conductividad σ según la siguiente ecuación: 

 

                                                              𝜎 = 𝐿/(𝑅𝑠.𝐴)                                                       (5)  

 

 

 

 

 

 

 

 



Técnicas de Caracterización 

76 
 

Bibliografía 
 

[1] Faraldos, M.; Goberna C. Técnicas de análisis y caracterización de materiales. 

Madrid: Consejo Superior de Investigaciones Científicas, 2011. 

[2] Beer, A. Determination of the absorption of red light in colored liquids, Annalen der 

Physik und Chemie, 1852, 86, 78–88. 

[3] Jentoft, F. C. Characterization of solid materials and heterogeneous catalysts: from 

structure to surface reactivity. Wiley-VCH, 2012, Volume 1. 

[4] Pino, F.; Pérez, M. D., Análisis de elementos-traza por espectrofotometría de 

absorción molecular ultravioleta-visible. Universidad de Sevilla. 1983. 

[5] Skoog, D. A.; Holler, F. J.; Nieman, T. A. Principles of instrumental analysis. 

Belmont (USA): Thomson Brooks/cole. 2007. 

[6] Hervés, P.; Pérez-Lorenzo, M.; Liz-Marzán, L.M.; Dzubiella, J.; Lu, Y.; Ballauff, M. 

Catalysis by metallic nanoparticles in aqueous solution: Model reactions. Chem. Soc. 

Rev., 2012, 41, 5577-5587. 

[7] Preat, J.; Michaux, C.; Jacquemin, D.; Perpèt, E. A. Enhanced efficiency of organic 

dye- sensitized solar cells: triphenylamine derivatives. J. Phys. Chem. C, 2009, 113, 

16821-16833. 

[8] Liu, M.; Wang, L.; Meng, Y.; Chen, Q.; Li, H.; Zhang, Y.; Yao, S. (4-

Ferrocenylethyne) phenylamine functionalized graphene oxide modified electrode for 

sensitive nitrite sensing. Electrochim. Acta, 2014, 116, 504-51. 

[9] Deka, M. J.; Chowdhury, D. Tuning electrical properties of graphene with different 

π- stacking organic molecules. J. Phys. Chem. C, 2016, 120, 4121-4129. 
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La exfoliación electroquímica en medio acuoso es un método de preparación de 

grafeno y otros materiales bidimensionales, que posee una serie de características 

atractivas, como la escalabilidad, bajo coste, simplicidad y bajo impacto medioambiental y 

que permite la producción de este material para su uso en diferentes aplicaciones. En 

particular, la exfoliación catódica en agua permitiría obtener un grafeno de alta calidad 

estructural y bajo grado de oxidación, características que no se consiguen fácilmente con 

la exfoliación anódica. Sin embargo, en los estudios previos, la intercalación de cationes 

acuosos y, por tanto, la eficiencia de la exfoliación catódica era muy pobre. En 

consecuencia, uno de los objetivos principales de esta tesis fue la mejora de dicha 

eficiencia, lo que constituyó el tema central de estudio del artículo I. 

La exfoliación catódica acuosa resulta interesante no solo para la obtención de 

grafeno, sino también para la preparación de otros materiales bidimensionales de gran 

interés, como el MoS2 nanoestructurado. Hasta el presente, la preparación por exfoliación 

electroquímica de este material ha conllevado el uso de disolventes orgánicos o sales 

orgánicas sintéticas, o ha implicado la oxidación del material durante el proceso. Por ello, 

en el artículo II se realiza el estudio de obtención de MoS2 2D mediante exfoliación 

electroquímica catódica en agua, estudiando variables como el tipo de electrolito y su 

concentración, el potencial y el tiempo aplicados. 

Estudios previos han demostrado que la exfoliación anódica de grafito en medio 

acuoso tiene lugar por un mecanismo mediante el que se produce la oxidación inicial del 

material en los bordes, límites de grano y otros tipos de defectos, debido a la formación de 

radicales altamente reactivos (p. e., ∙OH) por la oxidación anódica del agua. La oxidación 

local del grafito provoca un aumento en el espaciado interlaminar y la consecuente 

intercalación de aniones hidratados procedentes del electrolito. La oxidación de las 

moléculas del agua co- intercaladas con los aniones genera oxígeno molecular que 

favorece la expansión y delaminación del grafito. Esto hace que la exfoliación anódica 

tenga un buen rendimiento. Sin embargo, cabe esperar que este mecanismo no ocurra al 

aplicar potenciales negativos en una exfoliación catódica, bajo los que el grafito se 

mantiene en condiciones intrínsecamente reductoras, que no facilitan por tanto ni la 

oxidación ni la expansión interlaminar y en consecuencia, tampoco la intercalación de 

cationes hidratados. 
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Por ello, en el artículo I la primera variable a estudiar es el tipo de grafito de 

partida (HOPG, barra de grafito o grafito flexible), con el fin de evaluar cómo afecta la 

estructura del grafito a la exfoliación catódica. Por microscopía SEM se observó que, al 

contrario que el HOPG, el grafito flexible presenta de entrada muchos bordes y huecos 

interlaminares que, a priori, facilitarían la penetración del electrolito y del agua sin 

necesidad de oxidar el material, permitiendo a su vez su expansión. Los resultados 

demostraron que sólo cuando se utiliza grafito flexible como material de partida se obtiene 

un grafito deslaminado, siendo por tanto la elección del grafito de partida una variable 

crucial en el proceso de exfoliación catódica en medio acuoso. 

La segunda variable a estudiar es el electrolito, tanto el tipo como la concentración 

utilizada. Para ello, se estudió una amplia variedad de iones de amonio cuaternario como 

electrolito. Otros estudios han demostrado que, al menos en disolventes orgánicos, estos 

iones son capaces de intercalarse entre las láminas de grafito, produciendo su exfoliación 

en condiciones catódicas. Aplicando un potencial de -10 V durante 2 h, y usando una placa 

de Pt como ánodo y el grafito flexible como cátodo, se utilizaron como electrolito tanto 

sales de amonio con grupos alquilo (ACl, TMAHCl, TMACl, TEACl, TPACl, TBAHCl, 

TBMACl, TBACl, HTMABr, OTMABr, DDTMABr, HDTMABr), como arilo (PhTMACl 

y BzTMACl) a concentraciones de 0.02, 0.1 y 0.3 M. 

Se observa que durante el tratamiento catódico el electrodo de grafito se va 

hinchando progresivamente en diferente medida dependiendo del electrolito concreto y su 

concentración. El material deslaminado obtenido se recoge y se lava por filtración, se seca 

a vacío a 60 ºC durante 18 h, se pesa para determinar el rendimiento (en comparación con 

la masa inicial de grafito) y se analiza por SEM, observando que el grafito expandido 

presenta una morfología tipo “acordeón”, característica de procesos eficientes de 

exfoliación electroquímica, con muchas láminas parcialmente separadas y con huecos 

entre ellas en su superficie. 

Para entender por qué unos iones funcionan mejor que otros en el proceso de 

exfoliación electroquímica acuosa debemos tener en cuenta varias consideraciones. Por un 

lado, la presencia de átomos de hidrógeno directamente enlazados con el átomo de 

nitrógeno hace que estos iones tengan un rendimiento prácticamente nulo. Ello es debido a 

que, al entrar en contacto con el electrodo de grafito cargado negativamente, son 

fácilmente reducibles, formando un producto eléctricamente neutro e hidrógeno molecular 
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(p. e., 2 NH4
+
 + 2 e

−
 → 2 NH3 + H2 en el caso del ACl), y perdiendo por tanto la carga que 

les permite ser atraídos hacia el interior del electrodo, evitándose la intercalación. Por otro 

lado, el diferente rendimiento obtenido cuando se utilizan iones de amonio que no 

presentan ningún átomo de hidrógeno directamente enlazado al átomo de nitrógeno 

(amonio cuaternario) puede explicarse por la combinación del efecto de la movilidad 

electroforética y del tamaño/masa molecular. En principio, los electrolitos con grupos 

orgánicos enlazados al nitrógeno que poseen un mayor número de átomos de carbono y, 

por tanto, mayores dimensiones permitirían una mayor eficiencia en la separación de las 

láminas, pero también dificultarían su entrada en los espacios interlaminares. Por un lado, 

su mayor tamaño conllevaría efectos estéricos. Por otro, dado que todos poseen la misma 

carga eléctrica, una masa molecular mayor implica una menor movilidad electroforética. 

Por tanto, debe alcanzarse un compromiso entre ambos efectos, consiguiéndose 

rendimiento máximo utilizando iones de tamaño intermedio. Ello puede observarse 

claramente al comparar el rendimiento en producto deslaminado de una serie de sales de 

cloruros de alquilamonio con grupos alquilo de longitud creciente (TMACl, TEACl, 

TPACl y TBACl). Efectivamente, el rendimiento aumenta inicialmente con la longitud de 

la cadena de aquilo (TMACl < TEACl < TPACl), pero disminuye cuando el ión  es 

demasiado grande (TPACl > TBACl). Un comportamiento similar puede observarse 

cuando se aumenta la longitud de solo uno de los cuatro grupos alquilo unidos al nitrógeno 

(TMACl, HTMABr, OTMABr, DDTMABr, HDTMABr). Para los electrolitos que 

permiten deslaminar el grafito el rendimiento aumenta con la concentración, hasta alcanzar 

un valor máximo (0.3 M) consiguiéndose, un rendimiento de casi el 50% en dichas 

condiciones, utilizando como electrolito HTMABr. Por último, al utilizar grupos arilo 

(PhTMACl y BzTMACl) en lugar de grupos alquilo con el mismo número de átomos de 

carbono (HTMABr), se observa cómo disminuye el rendimiento del proceso. Esto se 

interpreta en base al hecho de que los iones con grupos arilo adoptan una conformación 

plana con la que interaccionan mejor con la superficie del grafito, pero que es menos 

eficiente en el proceso de expansión. 

Tras el tratamiento catódico, se toma una cierta cantidad del material expandido 

lavado y secado y se sonica utilizando un disolvente adecuado (NMP, NEP, NVP, DMF, 

DMSO, 1,3- dioxolano, piridina, o agua con Pluronic P-123) para obtener el grafeno 

exfoliado en dispersión. Se realizaron estudios de caracterización para conocer las 
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características y propiedades del material obtenido. Con espectroscopía de absorción UV-

Vis de la dispersión de grafeno, se observa la banda característica a 270 nm de las 

transiciones π → π*, posición que indica la presencia de dominios conjugados 

relativamente grandes y asociados a un bajo grado de oxidación. Las imágenes de STEM y 

AFM demuestran que efectivamente se ha producido la exfoliación, al observarse láminas 

de grafeno con un tamaño lateral de varios cientos de nm y un grosor de unos 4–5 nm. Los 

resultados de XPS muestran una pequeña cantidad de N (<1% at.), lo que indica la 

presencia de moléculas de electrolito adsorbidas sobre el grafeno. Además, la relación 

atómica O/C es de 0.05–0.08, similar a los valores documentados para la exfoliación 

catódica en medio orgánico. Los espectros de alta resolución del C 1s para los grafenos 

obtenidos con TPACl y HTMABr, que fueron los electrolitos más eficientes en cuanto a 

rendimiento de grafeno, indican que no hay diferencias significativas en cuanto a su grado 

de oxidación entre ambos. Se midió la calidad estructural del grafeno mediante 

espectroscopía Raman, a través de la relación de las intensidades de las señales D y G 

(dando valores de ID/IG en el rango de 0.2–0.3), similar a los de grafenos obtenidos por 

exfoliación directa en fase líquida por ultrasonidos. También se realizaron estudios de 

conductividad eléctrica de filmes obtenidos por filtración, arrojando valores de 1.5∙10
4
 

S∙m
−1

, superiores a la mayoría de valores documentados para exfoliación directa en fase 

líquida (∼2∙10
2
–5∙10

4
 S∙m

−1
) y muy similares a los de grafenos de alta calidad y bajo 

grado de oxidación obtenidos por exfoliación anódica con electrolitos que previenen la 

oxidación (∼1∙10
4
–4.6∙10

4
 S∙m

−1
). 

Debido a su alta calidad estructural, bajo grado de oxidación y buena conductividad 

eléctrica, este material ha sido estudiado para aplicaciones de absorción de aceites y como 

electrodo para supercondensador. 

Para la absorción de aceites, es necesario que el material no sólo tenga carácter 

hidrófobo, sino que además tenga baja densidad, con el fin de maximizar la cantidad 

absorbida por unidad de masa. Por ello, el material exfoliado si es procesado en estructuras 

tridimensionales de baja densidad es en principio más útil para este propósito. Una manera 

de conseguir esto es utilizar una estructura tridimensional preformada de baja densidad 

sobre la que depositar las láminas. Concretamente en este trabajo se usó una esponja de 

melamina como soporte para depositar el grafeno exfoliado. Se observa que la esponja 

recubierta con grafeno se vuelve hidrófoba y presenta buena capacidad de absorción (60–
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150 g/g). 

Para usar como electrodo de supercondensador, se estudió el grafito expandido 

catódicamente como electrodo de trabajo en un sistema de tres electrodos. Las curvas 

obtenidas en voltametría cíclica muestran una forma rectangular sin ningún pico redox, 

indicando el almacenamiento de carga sobre el electrodo al formarse una doble capa 

eléctrica, sin procesos faradaicos (pseudocapacitancia). Este es el comportamiento 

esperable para materiales carbonosos sin heteroátomos ni especies electroactivas (grupos 

funcionales). Las curvas de carga/descarga galvanostáticas muestran perfiles casi 

simétricos y lineales, y dan unos valores de capacitancia de ~25 F/g a 0.3 A/g de densidad 

de corriente, siendo un valor bajo en comparación con lo que se encuentra en la literatura 

para materiales de grafeno. Este comportamiento tiene su origen muy posiblemente en la 

preparación del electrodo para su estudio electroquímico, que implica un prensado del 

grafito expandido y por tanto un reapilamiento de las láminas, lo que hace disminuir por 

tanto la superficie expuesta. 

Para mejorar los valores de capacitancia, el grafito expandido catódicamente se 

combina con una pequeña cantidad de óxido de cobalto (∼5%), crecido vertical y 

laminarmente sobre su superficie. El óxido aporta pseudocapacitancia (característica de 

este material) y evita el reapilamiento del grafito durante el prensado para formar el 

electrodo. Las imágenes de SEM de la superficie así como el análisis elemental corroboran 

la presencia del óxido de cobalto en la superficie. Los procesos redox son claramente 

visibles tanto en la voltametría cíclica como en los perfiles de carga/descarga 

galvanostática, viéndose incrementada la capacitancia hasta 140 F/g a 0.3 A/g de densidad 

de corriente. 

En el caso del MoS2, material de trabajo en el artículo II, no se disponía de 

distintos tipos de MoS2 de partida apropiados para su uso como electrodos en exfoliación 

catódica, por lo que no se realizó un estudio de la influencia del material de partida, 

utilizándose cristales naturales de MoS2 como cátodos. Se estudiaron otras variables, como 

el tipo de electrolito y su concentración, el tiempo del tratamiento y el potencial aplicado. 

En primer lugar, se utilizó el mismo tipo de electrolito que dió buen resultado en la 

exfoliación catódica de grafito, es decir, sales de amonio cuaternario, concretamente 

TEACl, TPACl y TBACl. Estos electrolitos permitieron expandir el material y obtener 
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MoS2 exfoliado en dispersión coloidal con un rendimiento de hasta un 18 % usando 

TPACl. Sin embargo, también se probaron electrolitos de sales de cloruros alcalinos, 

debido a su alta disponibilidad, bajo coste y solubilidad en agua, tales como LiCl, NaCl y 

KCl, logrando un rendimiento de hasta el 30% con KCl. 

El uso de estos electrolitos fue optimizado utilizando concentraciones de hasta 4 M 

en el caso de los cloruros alcalinos y 0.3 M para las sales de amonio, aplicando un 

potencial de -20 V durante 30 min. Durante el proceso se observa cómo la pieza de MoS2 

se va hinchando progresivamente desde el extremo sumergido en el electrolito hasta el 

extremo sujetado por la pinza, en forma de abanico. 

Al igual que con el grafito, el proceso de expansión del MoS2 puede ser explicado 

debido a una intercalación de cationes hidratados del electrolito, en una primera etapa, 

seguida de la reducción de las moléculas de agua cointercaladas para dar lugar a gas 

hidrógeno, produciendo así la expansión del material. Esta explicación es corroborada por 

el hecho de que en ausencia de electrolito no se produce expansión, ya que el agua no se 

intercala y se reduce solo en la superficie del electrodo, así como por el seguimiento del 

proceso que se realizó por voltametría en un potenciostato. Se observó un pico abrupto 

solo en el primer ciclo del proceso y no en los siguientes, lo que indica que inicialmente 

tiene lugar la intercalación del electrolito, la expansión del material por reducción del agua 

y posteriormente solo la reducción del agua en el material ya deslaminado. 

Para explicar por qué con KCl se consigue un mayor rendimiento que con LiCl y 

NaCl, hay que tener en cuenta que estas especies iónicas se encuentran hidratadas en 

medio acuoso, siendo necesario tener en cuenta el tamaño de su esfera de hidratación. Se 

sabe que el tamaño de los cationes alcalinos hidratados disminuye en el orden Li
+
 > Na

+
 > 

K
+
, deduciéndose que los iones K

+
 tendrán mayor movilidad en medio acuoso en presencia 

de un campo eléctrico externo. Además, la conductividad molar de las disoluciones de 

estos iones en agua (25º C) es de 38.69, 50.11 y 73.5 S cm
2
 mol

-1
, respectivamente. Por 

tanto, es de esperar que los iones K
+
 en medio acuoso con mayor movilidad y 

conductividad se intercalen entre las láminas de MoS2 de manera más eficiente. 

El MoS2 expandido catódicamente fue caracterizado por SEM, observándose 

láminas o conjuntos de ellas separadas por pequeños huecos y espacios de menos de 1 µm, 

tal y como ocurría con el grafito expandido catódicamente. También se caracterizaron las 
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láminas extraídas posteriormente por sonicación, utilizando GMP en IPA, por STEM, 

AFM y TEM, en las que se observaban láminas de pocos cientos de nanómetros de tamaño 

lateral y entre 5 y 8 nm de grosor, indicando que obtenemos un MoS2 de entre 6 y 11 

monocapas. Por otro lado, los resultados de XPS, espectroscopía Raman y espectroscopía 

UV-Vis muestran los picos característicos de MoS2 en fase 2H, lo que demuestra que la 

exfoliación catódica no indujo un cambio de fase. 

Debido a su alta área superficial y a su capacidad para intercalar iones, se estudia el 

MoS2 exfoliado catódicamente como electrodo para supercondensadores. Sin embargo, el 

MoS2 2H es un semiconductor y, por tanto, presenta una conductividad eléctrica limitada, 

lo que hace necesario usar este material en combinación con un material conductor, como 

los nanotubos de carbono. Se realizaron estudios preliminares en ausencia de nanotubos de 

carbono para el MoS2 expandido, MoS2 expandido y agitado en una disolución de GMP, 

así como para láminas de MoS2 extraídas por sonicación en isopropanol con GMP, dando 

éste último los mejores resultados con una capacitancia de ~145 F/g a 1 A/g y ~50 F/g a 20 

A/g. Por ello, se combina éste último con diferentes proporciones de nanotubos de 

carbono, produciendo un incremento en la capacitancia hasta ~175 F/g a 1 A/g y ~75 F/g a 

20 A/g. Se estudia también el comportamiento de una celda asimétrica formada por un 

electrodo positivo de MoS2 combinado con nanotubos de carbono y carbón activo 

comercial (Kurarai YP-50F) como electrodo negativo. La densidad de energía máxima que 

es capaz de almacenar esta celda es de 26 W h kg
-1

, demostrando ser un material 

razonablemente competitivo en el almacenamiento de energía en comparación con los 

resultados obtenidos hasta la fecha utilizando MoS2 2D obtenido por otros métodos. 

También se estudian las láminas de MoS2 exfoliadas catódicamente y dispersadas 

en agua con GMP como catalizador para la reducción de nitroarenos (4-NP y 4-NA). 

Como el GMP adsorbido sobre las láminas puede competir por los centros catalíticos 

activos del MoS2 y degradar por tanto su actividad catalítica, se realizan los estudios 

cinéticos tras sucesivos lavados de la dispersión acuosa de MoS2, con el fin reducir la 

cantidad de GMP adsorbido. Se observa que la actividad catalítica aumenta tras realizar un 

primer lavado, obteniéndose valores de actividad competitivos, pero ésta disminuye 

radicalmente al hacer posteriores lavados, ya que se elimina gran parte del GMP adsorbido 

impidiendo la estabilización  coloidal del MoS2 en el medio de reducción acuoso. 
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Abstract 

 
The electrochemical exfoliation of graphite in aqueous medium stands out as an attractive, 

scalable approach for the production of graphenes for different applications, due to its 

simplicity, cost-effectiveness and environmental friendliness. In particular, cathodic 

exfoliation in water should allow access to high quality, non-oxidized graphene flakes, as 

it avoids the intrinsic oxidizing conditions that typically plague the anodic route, but this 

possibility has been limited by a poor intercalation ability of aqueous cations. Here, we 

demonstrate that with a proper choice of starting graphite and electrolyte, high quality 

graphene flakes can be obtained in substantial yields via cathodic delamination in water. 

Graphites having some pre-expanded edges and interlayer voids (e.g., graphite foil) were 

found to be critical for a successful exfoliation. Large differences in the efficiency of a 

range of aqueous quaternary ammonium-based electrolytes were observed, quantitatively 

compared and rationalized on the basis of their chemical structure. Graphene yields up to 

40–50 wt% were attained with the most efficient cations (tetrapropylammonium and 

hexyltrimethylammonium). Hydrophobic sponges made up of cathodic graphene-coated 

melamine foam exhibited a notable capacity towards the sorption of oils and organic 

solvents from water with good re-usability. Hybrids comprised of cathodically exfoliated 

graphite and a small amount of vertically oriented cobalt oxide nanosheets displayed good 

electrochemical charge storage behavior. Overall, the ability to access graphene flakes in 

considerable yields by the aqueous cathodic route disclosed here should raise the prospects 

of cathodic exfoliation as a competitive method for the industrial manufacturing of high 

quality graphene for practical applications. 

 
Keywords: two-dimensional (2D) material, graphene, cobalt oxide, electrochemical 

exfoliation, cathodic exfoliation, water remediation, energy storage. 

 
1. Introduction 

More than a decade after it was first isolated and its outstanding physical properties 

uncovered, graphene still retains a broad appeal to the research community worldwide and 

continues to be one of the most intensively investigated materials.
1–3

 Different to the early 

days of this two-dimensional form of carbon, which were dominated by fundamental 

enquiry, current efforts are mostly focused on translating its attractive features to a 
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plethora of relevant technological applications. Indeed, the areas where graphene and 

graphene-derived materials have a strong potential to contribute incremental or disruptive 

advances are wide-ranging, encompassing the fields of energy conversion and storage,
4–6

 

electronics,
7
 photonics,

8
 biomedicine

9,10
 and chemical sensing/biosensing,

11
 among others. 

An obvious pre-requisite for the fulfillment of these prospects, however, is the availability 

of graphenes in large quantities, obtained by cost-effective means and having 

characteristics (lateral size, thickness, presence of defects or functional groups, doping, 

etc) that can be specifically adjusted to meet the needs of each intended use of the 

material. 

Although great progress has been made over the last years in the development of 

scalable technologies for the production of graphenes, it is also true that most of the 

currently known approaches, if not all, suffer from their own limitations and 

shortcomings.
3,12,13

 Thus, the idea of resorting to a single, versatile method for the 

manufacture of graphenes with virtually any specification that could be demanded in real-

life applications remains at present an unrealistic option. Instead, researchers are pushing 

to advance and improve a pool of very different top- down and bottom-up production 

strategies to choose from when a certain type of graphene will be required in large 

amounts under industrially competitive conditions. 
3
 Among such strategies, those based 

on the electrochemical exfoliation of graphite have received considerable attention in 

recent years.
14–18

 This top-down approach relies on the delamination of a graphite 

electrode triggered by intercalation of ions from an electrolytic medium upon application 

of a DC bias voltage, and boasts a number of alluring qualities, such as simplicity and 

speed of operation, cost-effectiveness and scalability. 

By its own nature, the electrochemical exfoliation method can be implemented under 

two distinct operation modes, namely, the anodic mode and the cathodic mode. The former 

is typically carried out in aqueous electrolytes of common inorganic acids (e.g., H2SO4) or 

their salts [(NH4)2SO4, Na2SO4, etc], and generally affords well exfoliated graphene 

nanosheets (< 5 monolayers thick) in high yields.
16,17

 Nonetheless, these electrolytes tend 

to give anodically exfoliated graphene that is substantially oxidized due to attack by highly 

reactive oxygen radicals (e.g., ·OH) generated from the anodic oxidation of water 

molecules, thus compromising its utility in applications that demand high quality 

materials. Although recent work has demonstrated that such an oxidative attack can be 

avoided to a considerable degree, it normally requires resorting to more complex and 
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expensive electrolytes and/or electrolyte additives, which act as oxygen radical 

scavengers,
19–21

 but this strategy can also risk a lower efficiency of the 

intercalation/exfoliation process itself.
20,22 

On the other hand, extensive oxidation of 

graphene is inherently averted in cathodic exfoliation due to the fact that the graphite 

electrode is subjected to reducing conditions (negative potential). This delamination mode 

has been demonstrated to yield high quality, largely defect-free graphenes using 

electrolytic media that are typically based on lithium,
23,24

 sodium,
25

 alkylammonium,
26–28

 

alkylimidazolium
29,30

 or alkylpyrrolidinium
29,31,32

 salts in such organic solvents as 

propylene carbonate, acetonitrile, dimethyl sulfoxide or N,N- dimethylformamide. 

However, carrying out cathodic exfoliation in aqueous (rather than organic) electrolytic 

media would be highly desirable, as it would make the production process easier to scale-

up as well as more environmentally friendly and affordable, but unfortunately this 

possibility has been seldom reported.
33

 A likely reason behind this state of affairs is that 

because the graphite electrode does not oxidize under the applied cathodic potential, its 

hydrophobic interlayer spaces cannot be efficiently intercalated by the hydrated cations 

from the electrolyte (as opposed to the case of the hydrated anions in anodic exfoliation). 

As a result, only “naked”, de-hydrated cations will be probably able to intercalate the 

graphite cathode, and if they cannot enter in sufficient numbers and/or they do not have 

the right molecular size, the graphite layers will not be pushed apart from each other to an 

extent enough to allow exfoliation. 

When cathodic exfoliation is accomplished in organic solvents, the efficiency of 

graphite delamination is known to depend not only on the specific type of intercalating 

cation used, but also on the organic solvent itself, i.e., the success of exfoliation is 

determined by the choice of a proper cation/organic solvent combination.
34,35

 We 

hypothesized that a similar situation could be in place for aqueous electrolytes, implying 

that, among other possible factors, the selection of the intercalating cation should be 

crucial for an effective exfoliation in water. Indeed, there is some evidence in the recent 

literature suggesting that this hypothesis is correct.
36

 More specifically, aqueous 

tetrabutylammonium cations were shown to increase the delamination yield of graphite 

electrodes in conjunction with sulfate anions in a combined anodic/cathodic process, 

whereas such an effect was much weaker or even not present at all with other tested 

cations (i.e., tetramethylammonium and ammonium). However, to the best of our 

knowledge a thorough survey aimed at identifying the most efficient cations in purely 
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cathodic exfoliation processes has not yet been undertaken. 

We have investigated a broad range of ammonium-based cations as prospective 

intercalating/exfoliating agents for the cathodic delamination of graphite into graphene in 

aqueous medium, the results of which are reported here. Very large differences in the 

ability of these chemical species to intercalate and expand the graphite electrode were 

observed, quantitatively compared and rationalized on the basis of their chemical make-up. 

More significantly, the tested cations that turned out to be the most efficient in terms of 

their expanding power were shown to afford graphene nanosheets in competitive yields, 

which should facilitate the future industrial implementation of the cathodic route as a 

method of choice for the manufacturing of high quality graphenes. We demonstrate the 

potential of this type of graphene nanosheets in practical applications with two specific 

examples, namely, (1) the sorption of oils and organic solvents either using the as-

prepared, stand-alone graphene material directly obtained from the cathodic process or 

using melamine foam coated with the cathodically exfoliated nanosheets, and (2) the use 

of the cathodic graphene in combination with cobalt oxide nanosheets as an electrode for 

electrochemical charge storage. 

 
2. Results and discussion 

2.1. Screening of efficient electrolytes for the cathodic exfoliation of graphite in water 

The electrochemical exfoliation of graphite in aqueous medium to afford graphene 

nanosheets is usually accomplished under anodic conditions, whereby the graphite 

electrode is efficiently delaminated upon application of a positive voltage in the presence 

of a proper electrolyte (typically, a sulfate-based one).
16,17

 This process is believed to be 

driven, at least in its early stages, by the oxidation of graphite at edges, grain boundaries 

and other defects, which in turn is induced by highly reactive oxygen radicals generated 

from the oxidation of water molecules at the graphite anode.
37,38

 In particular, the 

oxidative attack of graphite edges and their subsequent decoration with hydrophilic 

oxygen functional groups can be expected to lead to a local increase in the interlayer 

spacing, thus facilitating the intercalation of hydrated anions from the electrolyte (i.e., 

anions surrounded by a bound shell of water molecules) into the interlayer galleries of the 

material. These intercalated species could then act as a sort of molecular wedge to trigger 

the separation of the constituting graphene sheets from one another (i.e., to trigger their 

exfoliation), probably assisted by the electrolytic decomposition of the water molecules 
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into gaseous products (e.g., O2). 

On the other hand, such a course of events is not expected to occur in a prospective 

cathodic exfoliation with an aqueous electrolyte, because in this case water-derived 

oxygen radicals will not be generated at the graphite cathode under the applied reducing 

conditions. As a result of the lack of oxidative attack, the graphite edges will remain 

unexpanded and hydrophobic, therefore hindering the intercalation of hydrated cations and 

so the electrode exfoliation. A possible way to circumvent this issue and allow cathodic 

exfoliation in water could be to use graphite materials with pre-expanded edges and 

interlayer voids, which would expedite the entrance of ionic species from the electrolyte 

without the need to resort to oxidation processes. To this end, graphite foil appeared to be 

a good candidate.
39

 Indeed, prior studies have indicated that anodic intercalation and 

exfoliation processes are promoted in graphite foil compared to other graphite types, such 

as highly oriented pyrolytic graphite (HOPG) or graphite rod, powder and flakes,
22,39

 

suggesting that similar effects could be in place for cathodic processes. As will be 

discussed and rationalized below, the choice of graphite foil as the electrode material 

turned out to be one of the critical factors for the success of cathodic exfoliation in water. 

As potential electrolytes for the exfoliation experiments, we selected a number of 

ammonium-based salts, where the ammonium cation was derivatized with different alkyl 

or phenyl groups and the counterion was typically a halide (Cl
-
 or Br

-
). We note that at 

least in organic solvents, several ammonium-based cations are known to intercalate and 

exfoliate graphite efficiently under cathodic potentials.
26–28,34,40

 Table 1 lists the names, 

acronyms used and chemical structures of the tested species. To provide an initial, 

quantitative proxy for the ability of these electrolytes to intercalate/exfoliate the graphite 

electrode, we carried out benchmark experiments whereby a piece of graphite foil of fixed 

dimensions (55 × 30 × 0.5 mm
3
) was subjected to cathodic treatment (bias voltage: -10 V) 

for 2 h in a two-electrode setup using Pt foil as the counter electrode in an aqueous 

solution of a given electrolyte at a certain molar concentration (see Experimental section 

for details of the treatment and Table 1 for the molar concentrations tested with each 

electrolyte). In many cases, the graphite cathode was seen to progressively swell and 

expand upon application of the negative potential, to an extent that depended on the 

particular electrolyte and electrolyte concentration tested. To illustrate this point, Fig. 1a 

shows digital photographs of the cross-section of graphite foil pieces before (left) as well 

as after cathodic treatment in 0.3 M PhTMACl (middle) and 0.3 M HTMABr (right). Upon 
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completion of the electrolytic step, the expanded products were collected, thoroughly 

washed with water to remove remnants of the ammonium-based salt, dried under reduced 

pressure and finally the resulting fluffy, low density (30–45 mg cm
-3

) powders were 

weighed to estimate the efficiency (yield) of the expansion process. Comparison of field-

emission scanning electron microscopy (FE-SEM) images of the starting graphite foil, 

which appeared mostly planar and featureless on the millimeter scale (Fig. 1b), with those 

recorded for the expanded material obtained with an efficient electrolyte, such as 0.3 M 

HTMABr (Fig. 1c and d), revealed that the cathodic treatment led to a dramatic expansion 

of micrometer-sized graphite particles (presumably along the c axis of their atomic lattice) 

to give worm-like objects (Fig. 1c). Closer inspection of the latter indicated that they were 

made up of thin, corrugated sheets separated by micrometer- to nanometer-wide voids 

(Fig. 1d). Such a morphology was very similar to that previously reported in efficient 

processes of anodic
19,22,37,41,42

 and cathodic (in organic solvent)
23,26,28

 delamination of 

graphite to give graphene nanosheets, suggesting that a satisfactory exfoliation can also be 

attained in aqueous medium under cathodic conditions. This point will be corroborated 

further below. 

Table 1. Name, acronym, chemical structure and the different molar concentrations 

assayed for each ammonium-based salt tested as an electrolyte in the cathodic exfoliation 

of graphite. The corresponding yields of expanded graphite obtained after 2 h of 

electrochemical treatment, calculated as the weight of expanded graphite relative to the 

weight of the starting graphite foil piece, are also indicated. 
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Electrolyte  

(acronym) 

 

 

Structure 

 

 

Conc 

 

Yield  

of 

expanded 

graphite 

  (M) (wt%) 

    

Ammonium chloride  

(ACl) 

 

0.02 0 

0.1 0 

0.3 0 

    

Trimethylamine hydrochloride  

(TMAHCl) 

 0.02 0 

0.1 0 

0.3 0.5 

    

Tetramethylammonium chloride  

(TMACl) 
 

0.02 2.0 

0.1 8.7 

0.3 15 

    

Tetraethylammonium chloride  

(TEACl) 

 

0.02 3.3 

0.1 12 

0.3 28 

    

Tetrapropylammonium chloride  

(TPACl) 

 

0.02 7.0 

0.1 13 

0.3 44 

    

Tributylamine hydrochloride  

(TBAHCl) 

 

0.02 0 

0.1 0 

0.3 0 
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Tributylmethylammonium 

chloride  

(TBMACl) 

 0.02 5.3 

0.1 12 

0.3 25 

    

Tetrabutylammonium chloride  

(TBACl) 

 

0.02 5.7 

0.1 13 

0.3 33 

    

Hexyltrimethylammonium 

bromide  

(HTMABr) 

 0.02 0.4 

0.1 18 

0.3 46 

    

Octyltrimethylammonium 

bromide  

(OTMABr)  

0.02 1.8 

0.1 13 

0.3 26 

    

Dodecyltrimethylammonium 

bromide  

(DDTMABr)  

0.02 2.9 

0.1 8.0 

0.3 13 

    

Hexadecyltrimethylammonium 

bromide  

(HDTMABr) 

 

0.02 0 

0.1 4.6 

    

Phenyltrimethylammonium 

chloride  

(PhTMACl) 
 

0.02 2.2 

0.1 2.8 

0.3 14 
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 b 

1 mm 

 

1 mm 

d 

10 m 

Benzyltrimethylammonium 

chloride 

(BzTMACl)  

0.02 0.7 

0.1 7.5 

0.3 25 

    

 

 

 
 

 

 

 

 

Figure 1. (a) Digital photographs of the cross-section of graphite foil pieces before 

(left) and after cathodic treatment in 0.3 M PhTMACl (middle) and 0.3 M HTMABr 

(right). (b-d) Typical FE-SEM images of (b) the starting graphite foil and (c,d) the 

cathodically expanded material obtained from it after cathodic treatment for 2 h using 0.3 

M HTMABr as the electrolyte. 

 
The yield of expanded product, calculated as its weight relative to the weight of the 

starting graphite foil piece, was taken as a quantitative measure of the efficiency of the 

cathodic treatment, and the values determined for the tested electrolytes at different 

concentrations are given in Table 1. First of all, we note that for almost any given 

electrolyte the yield of expanded material tended to increase with the electrolyte 

concentration, which was a clear indication of the central role played by these ionic 

species in the expansion of the material. Second, large differences in yield values were 
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noticed between the different electrolytes. In particular, some of the tested species, i.e. 

ACl, TMAHCl and TBAHCl, gave very small or even virtually negligible yields. We 

interpret this result to be related to the fact that one or more hydrogen atoms were directly 

connected to the N
+
 site in the corresponding cation. This type of cation should be readily 

reduced at the graphite cathode to afford a stable, electrically neutral product and 

molecular hydrogen (e.g., 2NH4
+
 + 2e

-
  2NH3 + H2 in the case of ACl).

43,44
 If the cation 

is reduced promptly to a neutral species after contacting the electrode, it will lose its 

electrophoretic mobility and hence most of its ability to intercalate the graphite material. 

As a result, no or very little expansion of the latter should take place.  On the other hand, 

the electroreduction of cations without bound hydrogen atoms (i.e., with only alkyl or 

phenyl moieties bound to the N
+
 site) can be expected to be a less likely event, so that their 

intercalation into the graphite electrode would not be so much hampered by the loss of 

electrophoretic mobility. Such an interpretation was supported by the observation that 

when the TMAHCl and TBAHCl electrolytes were replaced by TMACl and TBMACl, 

respectively, which only differ from the former in the substitution of a methyl group for 

the N
+
-bound hydrogen, very substantial yields of expanded product could be attained. 

The results collected in Table 1 also provided some insight into the effect that the size 

of the alkyl groups appended to the N
+
 site of the electrolyte has on its ability to induce 

expansion of the graphite cathode. In principle, larger alkyl chains should be more 

conducive to an efficient separation of neighboring sheets in the graphite electrode upon 

cation intercalation, as a stronger wedge effect can be expected for bulkier species. 

However, the ability of cations from the electrolyte to enter the interlayer space of graphite 

in the first instance should be limited by their size, both in a direct way (i.e., if the cations 

are too large, steric effects should prevent them from penetrating the interlayer spaces) and 

indirectly through constraints on their electrophoretic mobility, which is largely 

determined by their charge/mass ratio.
21

 For instance, the mobility of tetraalkylammonium 

cations in water is known to decrease with the alkyl chain length (i.e., methyl > ethyl > 

propyl > butyl).
45,46

 Based on these considerations, it can be anticipated that the 

intercalation and expansion of the graphite cathode should be most effective with 

ammonium-based cations of a certain intermediate size. This conclusion was substantiated 

by comparing the yields of expanded material within specific sets of the electrolytes from 

Table 1. More specifically, for the case of the tetraalkylammonium-based electrolytes with 

the four alkyl chains in the cation being identical (i.e., TMACl, TEACl, TPACl and 
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TBACl), the measured yields clearly increased in the order TMACl < TEACl < TPACl, 

but the performance of their butyl-based counterpart (TBACl) was similar or even lower 

(at the higher electrolyte concentration) than that of TPACl. Indeed, TPACl turned out to 

be a very efficient electrolyte, boasting yields up to 44 wt% (i.e., almost half of the 

graphite foil piece was converted to expanded product). 

A similar behavior was noticed for the series of electrolytes with the cation 

comprising three methyl groups and a fourth alkyl chain of variable length, namely, 

methyl, hexyl, octyl, dodecyl or hexadecyl (i.e., TMACl, HTMABr, OTMABr, 

DDTMABr and HDTMABr). For these alkyltrimethylammonium species, the highest 

expansion efficiency was attained with  the hexyl-based cation and was similar to that of 

TPACl (e.g., a yield of 46 wt% at 0.3 M HTMABr), declining significantly for cations 

with longer chains. Likewise, replacing the alkyl group in the ammonium cation with an 

aryl moiety was detrimental to its ability to intercalate and expand the graphite cathode. 

This can be seen by comparing the yields of expanded product obtained with HTMABr 

(hexyl group) to those afforded by PhTMACl (phenyl group), where both groups possess 

the same number of carbon atoms (and thus the cations have very similar molecular 

weights) but the latter gave substantially lower yields. As a tentative explanation for such a 

result, it can be argued that the phenyl moiety forces the cation to take on a relatively flat 

conformation upon intercalation into graphite, in order to maximize its interaction with the 

carbon surface. With a flat configuration, the ability of the intercalated cation to act as a 

molecular wedge and expand the graphite cathode would be decreased. This interpretation 

was supported by the observation that when the phenyl group was replaced by a benzyl 

moiety (i.e., the BzTMACl electrolyte), which can be expected to hinder the adoption of 

flat configurations by the cation, higher yields of expanded material were attained. 

Nevertheless, we note that the ability of some of the alkyltrimethyl-based electrolytes 

to intercalate and expand the graphite cathode could be affected by their tendency to form 

micelles above a certain concentration (referred to as the critical micelle concentration, or 

cmc), giving rise to more complex behaviors. This should be particularly the case for the 

two longer-chain species (DDTMABr and HDTMABr), which are broadly used cationic 

surfactants and have cmc values lying below the range of concentrations tested here for the 

cathodic expansion experiments.
47,48

 More specifically, at concentrations above the cmc 

threshold, the number of surfactant monomers in the solution (i.e., those molecules that 

remain as stand-alone, non-associated entities) is known to be approximately invariant 
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with respect to surfactant concentration, whereas the number of molecules associated in 

micelles increases monotonically with surfactant concentration.
47

 It is reasonable to 

assume that the monomeric entities contribute most effectively to the expansion of the 

graphite cathode, as they are readily available cations for intercalation. On the other hand, 

the actual contribution of surfactant cations assembled into micelles to the graphite 

expansion is much less obvious: while surfactant micelles are dynamic objects, with 

individual molecules continuously incorporating to and detaching from the assembly, 

intercalation of a molecule (cation) from a micelle into graphite should involve 

overcoming first a certain barrier associated to its detachment from the micelle. As a 

result, the micelle-assembled cations should be less available for intercalation than their 

stand-alone, monomeric counterparts. Consequently, at least part of the mediocre to poor 

performance of DDTMABr and HDTMABr as electrolytes for the cathodic expansion of 

graphite (Table 1) should be ascribed to this effect. Such a situation was not believed to be 

in place in the case of the shorter chain alkyltrimethyl- ammonium cations (octyl, hexyl 

and methyl), since their corresponding cmc values were above the tested range of 

electrolyte concentrations.
48

 Nonetheless, the extent to which micellization of DDTMABr 

and HDTMABr limited their ability to intercalate and expand the graphite cathode is 

currently unknown and its determination lies beyond the scope of the present work. 

 

 

2.2.Physicochemical characteristics of the cathodically exfoliated graphenes 

While some of the tested aqueous electrolytes (e.g., HTMABr and TPACl) 

demonstrated a good ability to intercalate the graphite cathode and give high yields of 

expanded product,  the actual amount as well as the characteristics of graphene nanosheets 

that could be extracted from the latter were a priori unknown and needed to be determined. 

Nanosheet extraction from electrochemically exfoliated graphites is typically 

accomplished through a sonication step in proper solvents.
16,49

 To this end, a certain 

amount of expanded material was transferred to a solvent medium, where it was subjected 

to mild sonication to separate loosely attached, thin nanosheets from poorly exfoliated, 

relatively thick platelets, and finally either centrifuged at 50 g for 20 min or allowed to 

stand undisturbed overnight, with the resulting supernatant (dispersion) being collected for 

further studies and the sediment being discarded (see Experimental section for details). 

Fig. 2a shows a digital photograph of several successful dispersing solvents, where the 
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supernatant material could be stably suspended for days to weeks, as denoted by their dark 

grey or black tone. These solvents included N-methyl-2- pyrrolidone, N-vinyl-2-

pyrrolidone, N-ethyl-2-pyrrolidone, N,N-dimethylformamide, pyridine, 1,3-dioxolane, 

dimethyl sulfoxide, ethlylene glycol and water with the non-ionic surfactant Pluronic P123 

(triblock copolymer). Other tested solvents that turned out to be ineffective for dispersion 

comprised pure water (as could be expected for low-oxidized nanosheets), 

water/isopropanol mixtures and ethanol. A representative UV-vis absorption spectrum of 

the material suspended in water/P123 is presented in Fig. 2b. It is dominated by a strong 

absorption peak located at about ~270 nm, together with substantial, slowly decreasing 

absorbance at longer wavelengths. These features are known to be characteristic of 

graphitic, sp
2
-based carbon nanostructures with limited oxidation, including pristine 

graphene and well reduced graphene oxide nanosheets, but not (unreduced) graphene 

oxide.
39,50,51

 In particular, the peak at ~270 nm has been ascribed to 
*
 transitions in 

electronically conjugated domains of carbon materials with sizes larger than those typical 

of the conjugated domains in graphene oxide (i.e., larger than a couple of nanometers).
39,52
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Figure 2. Physicochemical characterization of the cathodically exfoliated 

graphenes isolated by ultrasonication of the expanded product in solvent media: (a) 

Digital picture of graphene dispersions in different solvents. From left to right: N-

methyl-2-pyrrolidone, N-vinyl-2- pyrrolidone, N-ethyl-2-pyrrolidone, N,N-

dimethylformamide, pyridine, 1,3-dioxolane, dimethyl sulfoxide, ethylene glycol and 

water with the non-ionic surfactant Pluronic P123 (0.5 wt%). (b) UV-vis absorption 

spectrum of a water/P123 dispersion of cathodic graphene obtained with 0.3 M 

HTMABr. (c-e) Representative STEM images recorded for cathodic graphene flakes. (f) 

Typical AFM image of graphene flakes deposited onto HOPG substrate from their 

dispersion. A representative line profile (black line) taken along the marked white line is 

shown overlaid on the image. (g) High resolution XPS C 1s core level spectra recorded 

for graphene obtained with 0.3 M HTMABr (red trace) and 0.3 M TPACl (green 

trace). The spectrum of the starting graphite foil has been added as a reference (black 

trace). (h) Raman spectra of graphene obtained with 0.3 M HTMABr (red trace) and 

with 0.3 M TPACl (green trace). 

 
The physicochemical characteristics of the solvent-dispersed objects (e.g., lateral 

size and thickness, presence of structural defects and chemical composition) were 

analyzed by both microscopic and spectroscopic techniques. Direct evidence of the 

efficient generation of graphene nanosheets from the aqueous cathodic process was 

gathered by scanning transmission electron microscopy (STEM) and atomic force 

microscopy (AFM). Figure 2c-e shows typical STEM images recorded for graphene 

flakes obtained using 0.3 M HTMABr as. In all cases, the observed flakes exhibited an 

irregular polygonal shape with typical lateral sizes between several hundreds of 

nanometers and a few micrometers. The apparent thickness of the flakes derived from 

representative AFM height profiles was ~3–5 nm (Fig. 2f). However, detailed 

inspection of the AFM images revealed that the flakes were decorated by discrete 

features about 1 nm high, which could be ascribed to remnants of electrolyte and/or 

organic solvent molecules that remain adsorbed on the graphene surface despite the 

washing. The detection of small amounts of nitrogen (<1 at%) by X-ray photoelectron 

spectroscopy (XPS) analysis of paper-like films prepared by filtration of the graphene 

dispersions (see Fig. S1 of the Supporting Information) provided further evidence of the 

presence of electrolyte and/or organic solvent molecules adsorbed on their surface. 
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Indeed, this effect has been previously reported for cathodically exfoliated graphite 

obtained with ammonium-based salts in organic medium.
26

 It was thus reasonable to 

assume that the measured  apparent thickness of the flakes included a contribution of up 

to about 2 nm (i. e., ~1 nm from each face of the flake) from adsorbed 

electrolyte/organic solvent. Consequently, the actual thickness of the flakes would be 

~1–3 nm, thus typically comprising between 3 and 10 layers. Chemical analysis by XPS 

of the graphene flakes processed into films revealed that carbon was the dominant 

element, although some amount of oxygen and nitrogen, as mentioned above, was also 

found (see Fig. S1 of the Supporting Information). The O/C atomic ratio was 0.05–0.08, 

similar to the values reported for prior cathodically exfoliated graphenes obtained in 

organic media.
24,26

 Fig. 2g shows high resolution C 1s core level spectra for graphene 

obtained with 

0.3 M HTMABr (red trace) and 0.3 M TPACl (green trace). For comparison purposes, 

the corresponding spectrum for the starting graphite foil is also shown (black trace). The 

C 1s band for the cathodically exfoliated graphenes was sharp and centered at 

~284.6 eV (C=C structures in non-oxidized graphitic domains), and displayed only a 

minor contribution from oxidized species (e. g., hydroxyl or epoxide C-O groups) 

centered at ~286.5 eV.
39

 These results corroborated that the cathodic graphenes 

obtained in aqueous medium were oxidized only to a rather limited extent. 

The structural quality of the cathodic graphenes was evaluated by Raman 

spectroscopy, as illustrated in Fig. 2h for materials obtained with 0.3 M HTMABr (red 

trace) and 0.3 M TPACl (green trace) as electrolytes. The spectra were dominated by 

three bands: the G band characteristic of graphite/graphene materials (~1582 cm
-1

), the 

defect-related D band (~1350 cm
-1

) and its overtone, the 2D band (~2700 cm
-1

).
53

 The 

integrated intensity ratio of the D and G bands (ID/IG ratio), which is widely adopted as 

a quantitative measure of the amount of defects present in graphitic structures,
53

 yielded 

values of 0.2–0.3 for the cathodically exfoliated graphenes. These values are 

comparable to, or even lower than, those usually reported for graphenes obtained by 

direct liquid-phase exfoliation of graphite. Although such ID/IG ratios were significantly 

larger than that of the starting graphite foil (~0.03), they are not thought to arise from a 

greater number of basal plane defects in the exfoliated graphene flakes, but from the 

relatively small lateral dimensions of the flakes. Given that the diameter of the Raman 

laser spot (a few micrometers) was larger than the typical flake size (see Fig. 2c–f and 
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discussion above), the flake edges must have contributed substantially to the intensity of 

the defect-related D band.
54,55

 

Taken together, the characterization results allow concluding that the dispersions 

obtained via aqueous cathodic exfoliation were comprised of few- to several-layer 

graphene flakes that largely retained the chemical and structural integrity of their parent 

material. Such high structural quality and limited oxidation was expected to imply the 

retention of high electrical conductivity. Indeed, the conductivity of films obtained by 

vacuum-filtration of the present cathodic graphene dispersions obtained using, e. g., 0.3 

M HTMABr as the electrolyte was 1.5×10
4
 S m

-1
. This figure compared favorably with 

the values previously reported for graphene films obtained by direct exfoliation of 

graphite via ultrasonication in organic solvents or water-surfactant systems (~2×10
2
–

5×10
4
 S m

-1
)
54–58

 and was similar to the values obtained beforehand for films of high-

quality, low-oxidized anodic graphene obtained with oxidation-preventing electrolytes 

or electrolyte additives (~1×10
4
 –4.6×10

4
 S m

-1
).

20,21,38
 

 

 

 
2.3. Overall yield of the exfoliation process and relevance of the starting graphite type 

The overall yield of graphene nanosheets produced with the best-performing 

aqueous electrolytes (i.e., the mass of graphene extracted from the expanded material 

relative to the mass of the starting graphite foil piece) was estimated by determining the 

concentration of the corresponding dispersions in a good solvent such as N-methyl-2-

pyroolidone. Dispersion concentrations were assessed following previously reported 

protocols based on the use of UV- vis absorption spectroscopy (Lambert-Beer law).
21,56

 

For many electrolytes, roughly one third to one half of the mass of the expanded product 

could be extracted as graphene nanosheets, implying that the overall graphene yield was 

about one third to one half of the corresponding yield of expanded material. This was 

particularly the case of the best electrolytes, namely, TPACl and HTMABr, which 

boasted overall yields of ~15–20 wt%. It is important to note that the yield of expanded 

product and thus the overall graphene yield were highly dependent on the thickness of 

the graphite foil piece used in the experiments, thinner foils affording higher yields of 

expanded material. The yields of expanded product collected in Table 1 were obtained 

with ~500 m thick graphite foil, whereas in many instances in the literature 
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substantially thinner foils (e.g., between 100 and 250 m) have been used for 

electrochemical exfoliation experiments (both anodic and cathodic).
20,24,30,36,37,59

 Indeed, 

carrying out the cathodic treatment in 0.3 M TPACl or HTMABr with ~70 m thick foil 

pieces led to yields of expanded product close to 100 wt%, and thus to overall graphene 

yields of ~40–50 wt%. These overall yields were commensurate with, or even better 

than, the graphene yields previously reported for the cathodic exfoliation of different 

types of graphite (foil, rod, powder, etc) in organic solvents,
23,29,31,32,60–62

 indicating that 

the present water-based cathodic approach is competitive with those implemented in 

non-aqueous media. 

As briefly noted above, a critical issue for the successful attainment of graphene 

through cathodic exfoliation in water was a proper choice of the graphite type to be used 

as an electrode. While substantial amounts of expanded product and then graphene 

nanosheets could be generated with certain electrolytes and graphite foil as the cathode 

(Table 1), the same was not true when graphite foil was replaced by other types of 

graphite, such as graphite rod or HOPG. In these cases, almost no expansion of the 

cathode was observed even if using the best-performing electrolytes (for HOPG, a very 

slight expansion could be noticed), so that graphene nanosheets could not be extracted 

in any significant quantities. We believe the ultimate origin of such a discrepancy 

between graphite foil and other graphite types to be in the different packing 

configurations of the graphene layers in the materials. For HOPG, graphite rod and 

other graphite varieties (powder, flakes), the graphene layers are very tightly stacked 

onto each other, leaving essentially no interlayer voids or openings.
39

 In the absence of 

oxidation processes at the graphite electrode during the electrolytic treatment, which are 

only expected to occur under anodic conditions, the interlayer spaces adjacent to the 

graphite edges should remain mostly hydrophobic and unexpanded, thus preventing the 

entry of hydrated cations from the electrolyte and thus the electrode expansion (Fig. 3a). 
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Figure 3. Schematic of the cathodic exfoliation process for (a) graphite with 

tightly stacked graphene layers, such as graphite powder, flakes, rod, etc. and (b) 

graphite containing local areas with expanded interlayer spacing, such as graphite foil. 

In (a), hydrated cations from the electrolyte are not able to enter the interlayer spaces, as 

the latter remain hydrophobic and unexpanded due to the absence of oxidizing 

conditions in the electrolytic treatment. As a result, no expansion and exfoliation of the 

material is attained. In (b), pre-formed interlayer openings and voids in the graphite 

material facilitate the entry of hydrated cations, then triggering its expansion and 

exfoliation. 

 
On the other hand, graphite foil is known to possess a large number of nanometer-

sized interlayer voids and packing imperfections, i.e., local areas with expanded 

interlayer spacing, which arise from its production process (roll compaction of 

expanded graphite particles).
39

 In particular, the interlayer voids located adjacent to 

graphite edges should act as selective entry points and facilitate the initial intercalation 

of a number of hydrated cations from the electrolyte (Fig. 3b). The latter would then 

behave as a sort of advance party, playing the role of a molecular wedge and triggering 

a further expansion of the interlayer spacing at increasing distances from the edges into 

the graphite particle. In turn, this process should favor the subsequent intercalation of 

more hydrated cations, which would continue cleaving the layers to finally give 

expanded products from which graphene nanosheets can be readily extracted. Overall, it 

b 

= 

hydrated cation from the electrolyte 
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can be concluded that a pre-requisite for the successful exfoliation of graphite in water 

under both anodic and cathodic conditions is the presence of expanded edges that 

facilitate the intercalation of hydrated ions. However, whereas expanded edges can be 

generated in situ under anodic conditions as a result of built-in oxidation processes,
17,37

 

they have to be pre-formed by some means for cathodic exfoliation, for instance, by 

applying a proper pre-expansion step to the graphite material, as was the case of 

graphite foil. We also note that the need to use this type of graphite should not 

constitute a significant problem with a view to the industrial implementation of cathodic 

exfoliation in water for the production of high quality graphene. Graphite foil is 

manufactured annually by the ton as a modestly priced commodity (less than U.S. $0.1 

per gram, compared to about U.S. $100 per gram for HOPG), which should contribute 

to the affordability of the aqueous cathodic route. 

 
2.4. Application of cathodically exfoliated graphene as sorbent in oil absorption 

and electrochemical energy storage 

The high-quality, low-oxidized, and electrically conductive graphene obtained here 

by aqueous cathodic exfoliation could find use, e. g., as a sorbent in water/oil 

remediation, where hydrophobicity is a requisite, or as an electrode for energy storage, 

where a high electrical conductivity is needed. A large specific surface area would be an 

additional requirement for both applications that graphene-based materials could in 

principle fulfill. Among our materials, those subjected to sonication after cathodic 

expansion would in principle display higher exposed surface areas in liquid media. 

However, when these well-separated graphene nanosheets are removed from their 

dispersing solvent or when the (non-sonicated) cathodically expanded graphite materials 

are removed from their electrolytic and washing media to handle them as bulk solid 

products for practical uses, they tend to re-stack into more compact configurations, with 

the subsequent decrease in surface area and performance in such uses.
63

 To alleviate this 

issue, proper assembling strategies must be put in place, which frequently involve the 

construction of three-dimensional structures with the aid of components other than 

graphene.
64

 Here, we have investigated two such protocols for the present cathodic 

graphene in the context of its use as a sorbent for oils/organic solvents and as an 

electrode for energy storage (supercapacitors). Fig. 4a shows the sorption capacity of as- 

expanded (non-sonicated) materials obtained via cathodic exfoliation of graphite using 
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0.3 M HTMABr (red bars) and 0.3 M TPACl (green bars) towards several organic 

solvents and oils, namely, toluene, heptane, dodecane, tetrahydrofuran, acetone, 

chloroform, olive oil and pump oil. As expected from their hydrophobic nature, these 

materials were good sorbents for such liquids, with measured sorption capacities 

ranging between ~8 and 20 g/g, comparable to those reported for light weight graphene-

based sorbents of similar density (30–45 mg cm
-3

)
22

 (see Table S1 in the Supporting 

Information for a comparative list). Nevertheless, it is noteworthy that the much simpler 

and faster preparation of the present materials constitutes  an asset over those prior 

graphene-based sorbents. To improve these sorption figures with cathodic graphene, 

though, it is clear that macroscopic structures of a lower density must be used. To this 

end, we resorted to commercial melamine foam (density: ~8–10 mg cm
-3

) as a scaffold 

that was coated with a thin layer of graphene nanosheets.
65

 Coating was accomplished 

by repeatedly soaking the foam into a (sonicated) dispersion of cathodic graphene 

nanosheets in pyridine and drying at moderate temperature, giving rise to graphene 

loadings on the foam of up to 4 mg cm
-3

 (see Experimental section for details). Fig. 4b 

shows digital photographs of the starting melamime foam (white dices) and the 

graphene-coated one (blackish dices) after casting droplets of acetone and water with 

yellow and magenta dye, respectively, to facilitate observation of their fate. The neat, 

non-coated melamine foam, which was originally both hydrophilic and oleophilic, 

became highly hydrophobic after coating with graphene. Indeed, the water contact angle 

for the graphene-coated material was determined to be ~120° (inset to bottom panel of 

Fig. 4b). FE-SEM imaging provided insight into the structural origin of the observed 

change: the starting (hydrophilic) surface of the foam (Fig. 4c) became largely covered 

with the (hydrophobic) graphene nanosheets after dip- coating (Fig. 4d). These results 

indicate that the graphene-coated foam can be used as a selective sorbent for, e. g., 

removing oil spills from water, as illustrated by the series of successive (from left to 

right) digital photographs shown in Fig. 4e, where the oil phase originally floating on 

water was removed by dipping the graphene-coated foam. The measured sorption 

capacities of the graphene-coated foam towards the different solvents ans oils are given 

in Fig. 4f, with typical values ranging between 60 and 150 g/g, i. e., 3 to 10 times larger 

than those determined for by the as-expanded material (compare Figs. 4a and f). This 

improvement must come from the lower density (~12–14 mg cm
-3

) of the former 

sorbent. Another advantage of the graphene-coated foam over the as-obtained powdery 
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solid lies in its easier handling. Indeed, as seen in the digital photographs in Fig. 4e, oil 

contamination could readily be removed from water just by dipping the coated foam 

sorbent into the liquid for a few seconds. The regeneration of the foam could be 

performed very conveniently as well, just by squeezing it and gathering the desorbed 

liquid on absorbent paper. Furthermore, the sorption capacity for the oils after ten 

sorption/desorption cycles was retained to a large extent, as indicated by the re-usability 

tests gathered in Fig. 4g. We note that the ability of the cathodic graphene-coated foam 

to retain its oil sorption capacity after repeated use was much better than that of 

previously reported melamine foam coated with graphene derived from chemically 

expanded graphite, where an ~80% decrease in oil sorption capacity was measured 

during the first few cycles,
65

 thus highlighting the practical advantage of the present 

materials.
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Figure 4. (a) Sorption capacity for different organic solvents and oils of as-

expanded graphite materials obtained via cathodic exfoliation of graphite foil using 0.3 

M HTMABr (red bars) or 0.3 M TPACl (green bars) as the electrolyte. (b) Digital 

pictures of droplets of acetone (top) and water (bottom) deposited on the surface of 

melamine foam (white dice) and graphene- coated melamine foam (blackish dice). A 

dye (yellow for acetone and magenta for water) has been added to the droplets to render 

them more readily visible. Inset: magnified photograph of a water droplet on the surface 

of graphene-coated melamine foam. (c,d) FE-SEM images of the neat, non-coated 
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melamine foam (c) and melamine foam coated with graphene (d). (e) Digital 

photographs of: olive oil floating on water (left), a graphene-coated melamine foam 

adsorbing the oil phase (middle), and the final oil-free water after extraction of the 

sorbent (right). (f) Sorption capacity of graphene-coated melamine foam towards 

different organic solvents and oils. (g) Histogram for the re-usability of the graphene-

coated foam for the sorption of oils. 

 
The cathodically exfoliated material was also tested as an electrode for capacitive 

energy storage. Again in this case, the dried, as-expanded non-sonicated graphite 

material (0.3 M HTMABr) was preferred to the its solvent-sonicated counterpart for 

direct use as the electrode material, due to its easier processing and handling. The 

electrochemical charge storage experiments were carried out in a three-electrode 

configuration with aqueous 6M KOH as the electrolyte (see Experimental Section for 

details). Fig. 5a shows the cyclic voltammetry (CV) curves recorded for the as-

expanded material at different potential scan rates. The voltammograms exhibited 

nearly rectangular shape with no redox peaks, indicating that charge storage in the 

electrode was dominated by the formation of an electric double layer, with no 

significant contribution from Faradaic processes (i. e., pseudocapacitance). This is the 

expected behavior for carbon materials with low heteroatom content (including the 

present cathodic graphene), and thus low amounts of electroactive species (e.g., certain 

oxygen- containing functional groups).
63

 Fig. 5b shows typical galvanostatic 

charge/discharge curves recorded at different current densities for the as-expanded 

material. The curves displayed nearly symmetrical shapes and linear slopes, which is 

again consistent with electrochemical double-layer capacitive processes as the 

prevailing charge storage mechanism. As displayed in Fig. 5e (red squares), the 

gravimetric capacitance values calculated from the discharge curves for this material 

were ~25 F g
-1

 at 0.3 A g
-1

 and decreased down to ~5 F g
-1

 at a current density of 20 A 

g
-1

. These figures were rather low in comparison with those reported for other graphene 

materials previously tested as electrodes for capacitive energy storage (see Table S2 in 

the Supporting Information for a comparative list). We interpret such a poor 

performance  to be the result of significant re-stacking taking place in the material 

during its processing to form the electrodes. More specifically, re-stacking could readily 

arise from the drying and pressing of the cathodically expanded graphite. This re-
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stacking, together with the hydrophobic nature of the low-oxidized cathodic graphene 

layers, should prevent an effective wetting of interlayer spaces by the electrolyte, hence 

seriously limiting the capacitance of the electrode. 

 

Figure 5. Electrode performance tests for catodically exfoliated graphite both 

alone and in combination with cobalt oxide nanosheets. Cyclic voltamograms recorded 

at potential scan rates between 1 and 500 mV/s for cathodic graphene alone (a) and 

cathodic graphene combined with cobalt oxide (c). Galvanostatic charge/discharge 

curves recorded at current densities between 0.3 and 20 A/g for cathodic graphene alone 

(b) and cathodic graphene combined with cobalt oxide (d). (e) Gravimetric capacitance 

values determined at different current densities from the discharge curves in b (red 

squares) and d (black squares). Inset to e: capacitance retention (in percentage) 

measured at a current density of 2 A/g for consecutive charge/discharge cycles (up to 

10000) of the electrodes prepared from cathodic graphene alone (red trace), and 

cathodic graphene in combination with cobalt oxide (black trace). (f) Electrochemical 

impedance spectra of cathodic graphene alone (red trace) and cathodic graphene 

combined with cobalt oxide (black trace). Inset to f: detailed view of the high frequency 

region of the spectra. 
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To improve the capacitive performance of the cathodically expanded material, we 

combined it with a small amount of an electroactive material (cobalt oxide) in nanosheet 

morphology, which could provide a two-fold benefit: (1) to contribute 

pseudocapacitance to the hybrid electrode, and (2) to act as a spacer material within the 

expanded graphite, thus alleviating to some extent the issue of re-stacking during the 

electrode processing.
63,66

 We synthesized cobalt oxide nanosheets following the general 

solvothermal method originally proposed by Sun et al for the preparation of stand-alone 

transition metal oxide nanosheets,
67

 but with the novelty that here the wet synthesis was 

performed in the presence of cathodically expanded graphite (see Experimental Section 

for details). The fact that the originally grey material acquired a slightly greenish tone 

after the process pointed to the successful generation of cobalt oxide.
68

 Indeed, the 

amount of metal oxide present in the hybrid structure was determined to be ~5 wt% by 

elemental analysis. By comparison of the FE-SEM images of the surface of the as-

expanded graphite before (Fig. 6a and c) and after (Fig. 6b and d) the solvothermal 

synthesis, we inferred that the small elongated features that uniformly decorated the 

surface of the latter correspond to cobalt oxide lamellae. Indeed, the nanosheets were 

seen to be attached sideways on to the expanded graphite plane, instead of lying flat on 

its surface. This morphology should be beneficial for the use of the material for 

capacitive energy storage, as it should increase the surface exposed to the electrolyte 

and improve accessibility of the ions. The presence of cobalt oxide on the expanded 

graphite was confirmed by XPS. Indeed, the recorded high resolution Co 2p3/2 core level 

spectrum (Fig. 6d) was that expected for cobalt in an oxidation state of +2.
69

 Indeed, the 

Co 2p3/2 band comprised a main peak located at a binding energy of ~781 eV, and a 

second, less intense satellite band at ~786 eV typical of cobalt (II) species. 
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Figure 6. FE-SEM images of cathodically espanded graphite alone (a,c) and the same 

material coated with cobalt oxide nanosheets (b,d). (e) High resolution Co 2p3/2 XPS 

spectrum of the expanded graphite-cobalt oxide hybrid. The background (dashed line), 

and the two components obtained upon peak-fitting of the spectrum (dotted lines) are 

also indicated. 

 
The performance of the cathodicaly expanded graphite as an electrode was 

significantly improved by the small amount of cobalt oxide nanosheets, both in terms of 

delivered current (see Fig. 5c) and gravimetric capacitance values (Fig. 5e), the latter 

being 50–140 F g
-1

 for current densities ranging between 20 and 0.3 A g
-1

. The 

occurrence of Faradaic redox reactions, in addition to purely capacitive processes, was 

confirmed by the appearance of oxidation and reduction humps visible in the CVs 

recorded at low potential scan rates (Fig. 5c) at potentials of ~0.45 V and ~0.3 V vs 

Hg/HgO, respectively. The corresponding galvanostatic charge/discharge curves (Fig. 

5d) were less symmetrical than those of its cobalt oxide-free counterpart (Fig. 5b), 

which was expected from the fact that some of the charge will be stored by ionic 

intercalation (pseudocapacitance) into the electrode and not just by the formation of an 

electrical double layer on its surface. This hybrid electrode was also stable, retaining its 

capacitance after 10,000 consecutive charge/discharge cycles at 2 A g
-1

 (black trace in 

the inset to Fig. 5e). 
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Information on ionic diffusion and electronic conductivity of the tested electrodes 

(with and without cobalt oxide), was obtained by electrochemical impedance 

spectroscopy. Fig. 5f shows Nyquist plots of the two electrodes. At high frequencies 

(inset to Fig. 5f) both  materials behaved similarly, showing a negligible equivalent 

series resistance (i. e., a high conductivity), as indicated by the absence of a semicircle 

in that region. In the case of the cobalt oxide-containing materials, there was a short 

segment at 45° phase angle related to diffusion-controlled Faradaic reactions, followed 

by a nearly vertical line, indicative of an almost ideal capacitive behavior. However, the 

curve for the cobalt oxide-free material (red trace) exhibited a lower, similar phase 

angle largely independent of the frequency. This behavior has been previously observed 

for some porous carbon-based double-layer capacitors and is thought to have a non-

diffusional origin related to the presence of a distributed resistor- capacitor network due 

to the porous nature of the electrode, where slit- and/or wedge-shaped pores lead to the 

kind of curve envelope observed here. Indeed, such types of pore shape are the ones 

expected for graphenes obtained through electrochemical exfoliation (see Fig. 3). 

3. Conclusions 

We have demonstrated that high quality graphene nanosheets can be obtained in 

substantial yields (up to ~40-50 wt%) through cathodic exfoliation of graphite in water-

based electrolytes. Two aspects were found to be critical for a successful and efficient 

aqueous cathodic exfoliation, namely, the type of starting graphite and the electrolyte. 

In the absence of oxidizing conditions during the electrolytic treatment such as those 

typically found in anodic exfoliation processes, the use of graphite materials having pre-

expanded edges and interlayer voids (e.g., graphite foil) was seen to be essential for an 

effective intercalation of the material by aqueous cations. As for the electrolyte, 

quaternary ammonium-based cations of a certain intermediate size (e.g., 

tetrapropylammonium or hexyltrimethylammonium) exhibited an optimum ability to 

expand the graphite cathode and give graphene nanosheets in competitive yields. The 

exfoliated material could be colloidally dispersed in different media and was made up of 

few- to several-layer nanosheets with low defect content and limited oxidation. 

Melamine foam coated with cathodic graphene nanosheets was tested as a hydrophobic 

sorbent for the removal of oils and organic solvents from water, exhibiting good 

sorption capacities and a high re-usability. Likewise, combination of the cathodically 

exfoliated material with a small amount of vertically oriented cobalt oxide nanosheets 
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afforded hybrids with good capacitive charge storage characteristics. Overall, we 

believe that the water-based route developed here should raise the prospects of cathodic 

exfoliation as a competitive approach in the efforts to industrialize the production of 

high quality graphene for use in different practical applications. 

 
4.1. Experimental section 

4.1.  Materials and reagents 

Three types of high-purity graphite were used in the electrochemical exfoliation 

experiments, namely, graphite foil, graphite rod and highly oriented pyrolytic graphite 

(HOPG). Graphite foil (Papyex I980) with a thickness and mass density of ~500 m and 

1.1 g cm
-3

, respectively, was acquired from Mersen. Graphite rod (diameter: 3.05 mm; 

density: 1.7 g cm
-3

) was purchased from Alfa Aesar, whereas HOPG (grade ZYH, 

density: 2.25 g cm
-3

) was obtained from Advanced Ceramics. Unless stated otherwise, 

all the chemicals used throughout the study (salts, organic solvents, reagents, etc) were 

received from Sigma- Aldrich. The following salts were used for the preparation of the 

aqueous electrolytic media for cathodic exfoliation: ammonium chloride (ACl), 

trimethylamine hydrochloride (TMAHCl), tetramethylammonium chloride (TMACl), 

tetraethylammonium chloride (TEACl), tetrapropylammonium chloride (TPACl), 

tributylamine hydrochloride (TBAHCl), tributylmethylammonium chloride (TBMACl), 

tetrabutylammonium chloride (TBACl), hexyltrimethylammonium bromide (HTMABr), 

octyltrimethylammonium bromide (OTMABr), dodecyltrimethylammonium

 bromide (DDTMABr), hexadecyltrimethylammonium bromide 

(HDTMABr), phenyltrimethylammonium chloride (PhTMACl) and 

benzyltrimethylammonium chloride (BzTMACl). Organic solvents for colloidal 

dispersion of the cathodic graphene nanosheets: N-methyl-2-pyrrolidone (NMP), N- 

ethyl-2-pyrrolidone (NEP), N-vinyl-2-pyrrolidone (NVP), N,N-dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), 1,3-dioxolane and pyridine. Organic liquids for 

sorption tests: toluene, heptane, dodecane, tetrahydrofuran, acetone and chloroform. 

Oils for sorption tests: Commercial olive oil, commercial rotary vane pump. 

Commercial melamine foam (density 

~8–10 mg cm
-3

) was used as a scaffold for graphene in sorption tests. Other 

chemical reagents, surfactants and salts for synthesis: cobalt (II) acetate tetrahydrate, 

hexamethylenetetramine and Pluronic P123 (block copolymer surfactant). Milli-Q 
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deionized water (resistivity: 18.2 M·cm; Millipore Corporation) was used in all the 

experiments. 

 
4.2. Cathodic exfoliation experiments 

The cathodic exfoliation tests were undertaken in a two-electrode configuration, 

using a graphite piece as the cathode, platinum foil (dimensions: 25 × 25 × 0.025 mm
3
) 

as the anode, and an aqueous solution of a given ammonium-based salt as the 

electrolytic medium. Most of the experiments were carried out with graphite foil (55 × 

30 × 0.5 mm
3
), although for comparative purposes HOPG (10 × 5 × 0.5 mm

3
) and 

graphite rod (diameter: 3.05 mm; length: 40 mm) were also employed. The graphite 

cathode and platinum foil were immersed in the electrolytic solution (80 mL) at a 

distance of ~2 cm from each other and connected to the current source (Agilent 6614C 

DC power supply) through crocodile clips. A negative potential (typically -10 V) was 

subsequently applied to the graphite electrode for 2 h, during which the material was 

generally seen to swell and expand in different proportions depending on the specific 

salt used as an electrolyte, with some expanded graphite fragments of millimeter 

dimensions detaching from the cathode and being left to float on the aqueous 

solution. After the electrolytic treatment, the fraction of the graphite foil that was 

expanded was gently scraped from the cathode with a spatula and collected together 

with the detached graphite fragments. This product was then extensively washed with 

water (1.5 L) through filter paper to remove remnants of the ammonium-based salt, and 

finally allowed to dry at room temperature in air for one day and overnight under 

reduced pressure at 60 °C. To extract individual graphene nanosheets from the 

expanded product, the latter product was transferred to a certain organic solvent (NMP, 

NEP, NVP, DMF, DMSO, 1,3-dioxolane or pyridine) or to an aqueous solution of the 

surfactant Pluronic P123 (0.7 mg mL
-1

) and sonicated for 3 h in an ultrasound bath 

cleaner (J.P. Selecta Ultrasons system, 40 kHz). The resulting suspension was left to 

stand undisturbed for 24 h or, alternatively, centrifuged at 100g for 20 min, after which 

the supernatant was collected and stored for further use, with the sediment being 

discarded. Following previously reported procedures,
56

 the concentration of graphene 

nanosheets in the supernatant dispersion was estimated by means of UV-vis absorption 

spectroscopy on the basis of the Lambert-Beer law, measuring the absorbance of the 

dispersion at a wavelength of 660 nm and using an extinction coefficient value of 660 = 
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2440 mL mg
-1

 m
-1

. 

 
4.3. Characterization techniques 

The samples were characterized by UV-vis absorption spectroscopy, field-emission 

scanning electron microscopy (FE-SEM), scanning transmission electron microscopy 

(STEM), atomic force microscopy (AFM), Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS). UV-vis absorption spectra were obtained with a 

double-beam Heios  spectrophotometer (Thermo Spectronic). FE-SEM and STEM 

images were recorded on a Quanta FEG 650 apparatus (FEI Company) working at a 

voltage of 20–25 kV. Specimens for FE-SEM were directly mounted onto metallic 

sample holders using double-sided carbon adhesive tape, whereas for STEM the 

samples were first dispersed in a water/isopropanol mixture (50/50, v/v) by bath-

sonication for 3 h (J.P. Selecta Ultrasons system, 40 kHz, power 

~20 W L
-1

) and then drop-cast (~150 L) onto a copper grid (200 square mesh) 

covered with a thin, continuous carbon film (Electron Microscopy Sciences). AFM 

imaging was carried out in the tapping mode of operation with a Nanoscope IIIa 

Multimode microscope (Veeco), using silicon cantilevers with nominal spring constant 

and resonance frequency of ~40 N m
-1

 and 250–300 kHz, respectively. HOPG was 

employed as a supporting substrate for AFM, onto which an aqueous dispersion of the 

sample (prepared by bath-sonication) was deposited by drop-casting. Raman 

spectroscopy was conducted in a LabRam apparatus (Horiba Jobin Yvon) with a laser 

excitation wavelength of 532 nm. For XPS, a SPECS apparatus working at a pressure of 

10
-7

 Pa and using a non-monochromatic Mg K X-ray source (11.81 kV, 100 W) was 

employed. Specimens for both Raman and XPS analysis were prepared by drop-casting 

graphene dispersions onto a metallic sample-holder pre-heated at ~50–60 ºC and 

allowing them to dry under ambient conditions until a uniform film was seen to cover 

the substrate. For the measurement of electrical conductivity, free-standing paper-like 

films were prepared by vacuum-filtration of graphene dispersions in NMP through a 

hydrophilic PTFE membrane filter (47 mm in diameter and 0.1 m of pore size, from 

Merck Millipore). Then, 12 × 12 mm
2
 square pieces were cut from the film and their 

conductivity determined by the van der Pauw method using a homemade setup (Agilent 

6614C DC power source and Fluke 45 digital multimeter). The thickness of the films 

was estimated by FE-SEM and independently with a digital micrometer. 
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4.4. Testing of cathodically exfoliated graphene as a sorbent for oils/organic 

solvents and as an electrode for capacitive energy storage 

The cathodic graphenes were tested as sorbents for organic solvents and oils, and as 

electrodes for electrochemical charge storage. Two types of graphene-based materials 

were tested as sorbents: (i) the as-expanded materials obtained with 0.3 M TPACl and 

0.3 M HTMABr, i. e., the products directly obtained from the cathodic delamination 

process without a subsequent sonication step (only washed with water to remove 

remnants of the electrolyte), and (ii) cathodic graphene nanosheets extracted from the 

as-expanded product (0.3 M TPACl) through sonication and coated onto melamine 

foam. To prepare the graphene-coated melamine foam, a graphene dispersion at a 

concentration of ~0.25 mg mL
-1

 was first prepared by bath sonication of the as-

expanded graphite in pyridine for 3 h. Then, a ~1 cm
3
 cube of commercial melamine 

foam was soaked into the dispersion for 1 min and subsequently heated on a hot plate 

for 5 min to evaporate the solvent. The soaking/evaporation process was repeated three 

or four times up to graphene loadings of 4 mg cm
-3

 onto the foam. For the sorption of 

oils and organic solvents, a certain mass of powdery, expanded material (typically 10–

15 mg) was first put in a 1.5 mL vial. Then, small known volumes of a given oil/solvent 

(usually ~50 L) were successively dropped on the material, which took them up until a 

point was reached where the sorbent became saturated and the liquid was seen to 

overflow the powder by the naked eye. Such a saturation point allowed estimating the 

total volume of oil/solvent retained by the solvent. Similarly, the sorption capacity of 

the graphene-coated foams was calculated from the maximum volume of liquid taht 

they were seen to absorb without dripping, using the following densities for each liquid: 

toluene (0.865 g cm
-3

), n- hexane (0.63 g cm
-3

), dodecane (0.75 g cm
-3

), tetrahydrofuran 

(0.886 g cm
-3

), acetone (0.79 g cm
-3

), chloroform (1.492 g cm
-3

), olive oil (0.91 g cm
-3

) 

and pump oil (0.86 g cm
-3

). For the reusability tests, the foams were regenerated 

through extraction of the absorbed liquid by squeezing the foam between the handles of 

a pair of tweezers and gathering the desorbed liquid on absorbent paper. 

The electrochemical energy storage experiments were carried out in a three-electrode 

configuration with a Swagelok-type cell, using either as obtained expanded graphite or 

cobalt oxide-coated expanded graphite as the working electrode, a commercial activated 

carbon fiber as the counter electrode, Hg/HgO (1 M NaOH) as the reference electrode 

and aqueous 6 M KOH as the electrolyte. Cobalt oxide-coated cathodically expanded 
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graphite was prepared by synthesizing cobalt oxide nanosheets in the confined 2D space 

of lamellar reverse micelles as reported elsewhere
67

 but here in the presence of the 

cathodically expanded graphite. Specifically, 200 mg of Pluronic P123 were dissolved 

in 17.5 mL of a mixed ethanol/water (33/2, v/v) solvent under stirring. Subsequently, 

250 mg of cobalt (II) acetate tetrahydrate, 70 mg of hexamethylenetetramine and 50 mg 

of cathodically expanded graphite were added to the resulting mixture. After 15 min, 13 

mL of ethylene glycol were poured into the suspension. After 30 min of continuous 

stirring, the mixture was allowed to statically age for 24 h. The aged suspension was 

then transferred to a Teflon-lined autoclave (capacity: 40 mL) and heat-treated at 170 ºC 

for 2 h. The resulting slightly greenish solid product was thoroughly washed by repeated 

cycles of centrifugation (2000 g for 20 min, J.P. Selecta Meditronic centrifuge in 30 mL 

tubes) and re-suspension first in water and then in ethanol (3 cycles for each solvent), 

and finally dried at room temperature under a vacuum. The amount of cobalt oxide 

incorporated to the cathodically expanded graphite was determined from the difference 

between the elemental analyses of expanded graphite alone and combined with cobalt 

oxide (LECO Truspec Micro CHN microanalyses apparatus with a LECO Truspec 

Micro O accessory for direct O determination). For the electrochemical charge storage 

tests, the working electrode was prepared by pressing uncoated or cobalt oxide-coated 

expanded graphite powder onto circular graphite foil pieces (~1 cm in diameter). 

Typical loadings onto the graphite foil support were ~1 mg cm
-2

. The counter electrode 

was obtained in the form of a paste that incorporated, in addition to the activated carbon 

fiber, polytetrafluoroethylene as a binder and carbon black as a conductive additive, in a 

weight ratio of 90:5:5. A circular piece (~1.3 cm in diameter) of nylon membrane filter 

(0.45 m of pore size, from Whatman) was used as the electrode separator. Before the 

cell was assembled, the working and counter electrodes as well as the separator were 

individually soaked in 6 M KOH and vacuum- degassed. Prior to the measurements, the 

assembled cell with the electrolyte was also vacuum-degassed. The measurements were 

carried out in a VSP potentiostat (Bio-Logic Science Instruments), recording cyclic 

voltammograms at different voltage scan rates, and galvanostatic charge/discharge 

curves at different current densities. Electrochemical impedance spectra were also 

recorded for the fully discharged cell in the frequency region between 100 kHz and 10 

mHz at a voltage amplitude of 10 mV. 
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Supporting Information. Additional XPS characterization of the materials; tables 

gathering a comparison of the sorption capacity and gravimetric capacitance values of 

the materials prepared in this work with those previously reported for other graphene-

based materials. 
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S1. Additional XPS characterization of cathodic graphene 
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Figure S1. (a) Survey X-ray photoelectron (XPS) spectra for graphene paper-like films 

prepared from graphene dispersions obtained by sonication of graphite cathodically 

expanded with 0.3 M HTMABr (red trace) and 0.3 M TPACl (green trace). The 

detected XPS and Auger bands have been labeled for clarity. (b) High resolution C 1s 

difference spectra between 0.3 M HTMABr (red trace) and 0.3 M TPACl (green trace) 

and the starting graphite foil. The spectra are background-substracted and normalized. 

From the span of the y scale, the differences between cathodically expanded graphene 

and the starting graphite are seen to be minor. 

 

S2. FE-SEM characterization of graphite foil and HOPG 

 

Figure S2. Representative FE-SEM micrographs at different magnifications of the 

surface of (a–c) HOPG, and (d–f) graphite foil observed at an angle of 45° in respect to 

the basal plane. 

 

S3. Sorption capacities of graphene-based sorbents and other hydrophobic 

sorbents with similar densities 

 

Table S1. Range of sorption capacities of different graphene-based sorbents and other 

hydrophobic sorbents with similar densities towards oils and organic solvents. 
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Material Density 

 

(mg/cm
3
) 

Sorption 

capacity 

(g/g) 

Reference 

 

Graphene oxide (GO) foam 30 5–40 S1 

GO 3D assembly 11 60–165 S2 

Carbon nanotubes (CNT) 5–10 80–180 S3 

GO and CNT 7 80–140 S4 

N-doped graphene aerogel 10–20 40–110 S5 

Poly(melamine formaldehyde) 8 –10 71–158 S6 

Glucose 10 51–139 S7 

Raw cotton 12 50–192 S8 

As-expanded anodic graphene 30–40 15–30 S9 

As-expanded cathodic graphene 30–45 8–20 This work 

Graphene-coated melamine foam 12–14 60–150 This work 

 

S4. Gravimetric capacitances of graphene-based electrodes 

 

Table S2. Gravimetric capacitance values of a range of graphene-based electrodes determined 

with a three-electrode system at different current densities 

Material Current 

density 

(A/g) 

Capacity 

(F/g) 

Reference 

 

Reduced graphene oxide (RGO) 1 276 S10 

RGO 1 238 S11 

Ruthenium oxide/RGO nanocomposite 0.5 82 S12 

RGO/polyaniline noanocomposite 1 116 S13 

RGO foam 5 125 S14 

Highly crumpled N-doped graphene 

nanosheets 

1 246 S15 

As- expanded anodic graphene 0.3 105 S¡Error! Marcador no definido. 

As-expanded anodic graphene 1 94 S¡Error! Marcador no definido. 
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As- expanded cathodic graphene 0.3 26 This work 

As-expanded cathodic graphene 1 19 This work 

As- expanded cathodic graphene 

combined with 5 wt% cobalt oxide 

nanosheets 

0.3 140 This work 

As-expanded cathodic graphene 

combined with 5 wt% cobalt oxide 

nanosheets 

1 129 This work 

As- expanded cathodic graphene 

combined with 5 wt% cobalt oxide 

nanosheets 

5 94 This work 
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Abstract 

The production of MoS2 nanosheets by electrochemical exfoliation routes holds great 

promise as a means to access this two-dimensional material in large quantities for different 

practical applications. Yet, the use of electrolytes based on synthetic organic salts and 

solvents, as well as issues related to the unwanted oxidation and/or phase transformation 

of the exfoliated nanosheets, constitute significant obstacles that hinder the industrial 

adoption of the electrochemical approach. Here, we introduce a safe and sustainable 

method for the cathodic delamination of MoS2 that makes use of aqueous solutions of very 

simple and widely available salts, mainly KCl, as the electrolyte. Combined with an 

appropriate biomolecule- based solvent transfer protocol, such an electrolytic exfoliation 

route is shown to afford colloidally dispersed, oxide-free and phase-preserved MoS2 

nanosheets of a high structural quality in considerable yields. The mechanisms behind the 

efficient aqueous delamination of the bulk MoS2 cathode are also discussed and 

rationalized on the basis of the penetration of hydrated cations from the electrolyte 

between its layers and the immediate reduction of the accompanying water molecules. An 

asymmetric supercapacitor assembled with a cathodic MoS2 nanosheet-single walled 

carbon nanotube hybrid as the positive electrode and activated carbon as the negative 

electrode delivered energy densities (e.g., 26 W h kg
-1

 at 750 W kg
-1

 in 6 M KOH) that 

were competitive with those of other MoS2-based asymmetric devices. When used as a 

catalyst for the reduction of nitroarenes, the present cathodically exfoliated nanosheets 

exhibited one of the highest activities reported so far with MoS2 nanostructures, the origin 

of which is accounted for as well. Overall, by facilitating access to this two- dimensional 

material through a particularly simple, efficient and cost-effective technique, these results 

should expedite the practical implementation of MoS2 nanosheets in energy, catalysis and 

beyond. 

 
Keywords: Two-dimensional (2D) material; transition metal dichalcogenides (TMDs); 

MoS2; electrochemical exfoliation; energy storage; catalysis 



Artículo II  

138 
 

1. Introduction 

The experimental isolation of graphene in 2004 and the subsequent discovery of 

its exceptional physical properties heralded a new era in materials research that to this 

day has been increasingly dominated by the broader family of two-dimensional (2D) 

solids.
1
 In  these materials, the spatial confinement of electrons and the large surface 

area available for interaction with the surrounding environment are the main drivers of 

novel and emerging characteristics that are generally absent from their three-

dimensional counterparts, thus constituting the basis for their prospective use in many 

relevant technological applications.
1
 While most research efforts on 2D materials were 

originally focused on graphene and its derivatives (e.g., graphene oxide), in recent 

years other members from this family have gained prominence on their own merit. 

This is particularly the case of layered transition metal dichalcogenides (TMDs), with 

MoS2 being their most archetypal example.
2,3

 Similar to graphite, bulk MoS2 can be 

downsized to the 2D level to give single- or few-layer sheets that boast distinct and 

attractive properties, as well as a strong application potential in, e.g., electronics and 

optoelectronics,
4
 energy conversion and storage,

5
 catalysis

6
 and photocatalysis,

7
 

chemical sensing
8
 or biomedicine.

9
 

As is usually the case with any novel material, the actual prospects of 

implementing 2D MoS2 (as well as other TMDs) in real-life applications will critically 

depend on the availability of efficient and affordable strategies for the production of 

such a material in sufficient quantities and with targeted characteristics. Drawing again 

a parallel to the case of graphite/graphene, we note that both bottom-up and top-down 

(i.e., exfoliation) approaches have been explored for the preparation of different types 

of 2D MoS2.
1,3,10

 The former mostly include chemical vapor deposition and epitaxial 

growth methods that yield large-area, high quality wafers of 2D MoS2 useful in 

(opto)electronic applications.
11

 However, the need of costly (high temperature/high 

vacuum) equipment, suitable growth substrates and the relatively complex steps for the 

transfer of the 2D MoS2 from the growth to the target substrate limits the potential of 

such methods towards large-scale implementation. On the other hand, strategies based 

on the exfoliation of the bulk layered solid are probably a better option when 

micrometer- and submicrometer-sized nanosheets (NSs) of MoS2 are required in 

considerable amounts (e.g., in many energy-, catalysis- and biomedicine-related 

applications).
12,13 
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So far, two main exfoliation routes have been extensively investigated to access 

2D MoS2 nanosheets in large quantities: (1) exfoliation induced by ultrasound or shear 

forces in organic solvents or water/surfactant solutions,
12–14

 and (2) exfoliation 

triggered by lithium intercalation using organolithium compounds (e.g., n-

butyllithium).
3,13,15,16

 Nonetheless, both techniques are not without their own 

limitations. For example, while ultrasound- and shear force-induced methods are easy 

to implement and give few- and several-layer thick NSs of a high structural quality, 

they generally suffer from low exfoliation yields (< 5 wt%). By contrast, the lithium 

intercalation approach usually affords single-layer NSs in high yields (> 50 wt%), but 

it has to be carried out under stringent conditions (i.e., in the absence of oxygen and 

humidity). Also, such an intercalation causes a frequently unwanted transition from the 

original semiconducting 2H phase of MoS2 to the metallic 1T´ phase. Although this 

transition can be reversed by different means,
15,16

 it is usually associated to the 

generation of large numbers of defects and imperfections in the lattice (tears, pinholes, 

vacancies, etc) that cannot be readily healed. 

Recently, electrochemical exfoliation has emerged as an alternative top-down 

approach for the production of MoS2 NSs towards different applications.
17,18

 Such an 

approach boasts the merits of simplicity and ease of operation, alacrity and scalability, 

and it is based on the application of a DC bias voltage to a bulk MoS2 sample (working 

electrode) in an electrolytic solution to drive the intercalation of either cations 

(cathodic exfoliation) or anions (anodic exfoliation) and thus trigger the expansion and 

delamination of the electrode. Cathodic exfoliation has been typically accomplished 

using lithium salts (e.g., LiPF6, LiClO4 or LiCl) in organic solvents (ethyl/dimethyl 

carbonate mixtures or dimethylsulfoxide) as the electrolytic medium,
19–22

 but the 

electrochemical intercalation of lithium also induces at least a partial 2H to 1T´ phase 

transition in MoS2. This issue has been very recently circumvented by replacing 

lithium by tetraalkylammonium salts.
23,24

 Still, the use of organic solvents (as opposed 

to water) as well as of relatively complex and expensive organic salts constitute a 

barrier for this method to become a competitive option in the industrial  production of 

MoS2 NSs. On the other hand, anodic exfoliation (or a combination of anodic and 

cathodic treatment) has been carried out in aqueous electrolytes using simple, sulfate- 

based salts (e.g., Na2SO4).
25,26

 However, the exfoliation yields tend to be low to 

moderate (5–9 wt%)
25

 and the generation of highly reactive oxygen species that is 

associated to such operating conditions promotes a substantial oxidation of the 
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resulting NSs, thus  compromising their attractive properties and performance in 

applications. 

To overcome the current drawbacks and limitations of electrochemical exfoliation 

and make this method truly competitive and viable for the large-scale fabrication of 2D 

MoS2 NSs, electrolytic routes that are particularly simple, efficient, affordable and 

sustainable will be needed. More specifically, such routes should fulfill a number of 

important requirements: 

(1) For safety, sustainability and economic reasons, exfoliation should be performed in 

water with readily available and inexpensive electrolytes. (2) To preserve the structural 

integrity of the lattice, and hence the properties of the corresponding 2D material, the 

electrolytic process should be able to avert any oxidation or phase transformation of 

the MoS2 material. (3) For efficiency and processability reasons, substantial exfoliation 

yields should be attained and the exfoliated products should be easy to disperse in 

proper solvents, thus facilitating the preparation of MoS2-based materials and devices. 

At present, none of the state-of-the-art electrochemical exfoliation strategies satisfies 

all these conditions. 

Here, we report an electrochemical exfoliation route for MoS2 that meets the 

above- mentioned requirements. More to the point, we demonstrate that using aqueous 

KCl solutions as the electrolytic medium, a fast and efficient cathodic delamination of 

bulk MoS2 is possible. Furthermore, by way of a simple biomolecule-based protocol, 

the as-exfoliated products can be transferred to appropriate solvents (isopropanol, 

water, etc) with considerable yields (up to ~30 wt%), giving colloidal dispersions of 

oxide-free NSs of a high structural quality and retained phase that are readily 

processable for different practical purposes. These cathodically exfoliated MoS2 NSs 

exhibit a competitive performance when used as an electrode material for asymmetric 

supercapacitors (e. g., energy density of 26 W h kg
-1

 at a power density of 750 W kg
-1

) 

and also demonstrate an enhanced catalytic activity in the reduction of nitroarenes. 

Overall, by tackling several limitations associated to the known methods for 

electrochemical exfoliation of MoS2, we believe that the present results will lower the 

barriers of industrial access to this 2D material for use in energy, catalysis and beyond. 
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2. Results and discussion 

2.1.Cathodic exfoliation of MoS2 in water with alkali metal ions: general aspects 

and exfoliation yields 

In the search of an electrochemical exfoliation protocol for MoS2 that can be 

potentially up-scaled, a number of stringent requirements should be met, which include 

working with readily available and inexpensive aqueous electrolytes, avoiding any 

substantial oxidation, phase transformation or structural degradation of the lattice, and 

attaining processable 2D NSs in competitive yields. Due to the propensity of MoS2 to 

oxidize under varied conditions,
27,28 

the application of anodic potentials toward 

exfoliation in water should be ruled out. Such conditions are expected to generate 

highly reactive oxygen species (e.g., ·OH radicals) from the anodic oxidation of water 

molecules, which would readily attack the MoS2 electrode and lead eventually to the 

formation of molybdenum oxide particles and to etching of the material.
29

 Oxidation 

issues are avoided in the intrinsically reductive environment associated to cathodic 

exfoliation, but in this case structural (phase) transformations of the MoS2  material 

could be also of concern due to an excessive injection of electrons into the lattice, as it 

is the case when using lithium salts in organic solvents as the electrolyte.
19,21,24

 It is 

then apparent that the selection of a suitable salt for cathodic exfoliation in water (i.e., 

a suitable intercalating cation) will be a critical aspect in the way of fulfilling the 

above-mentioned requirements. Working with organic ammonium salts (e.g., 

tetraalkylammonium halides) could offer a solution to the problem of phase 

transformation,
24

 but their synthetic nature and relatively limited availability could be 

an obstacle to their widespread implementation. 

As an alternative to lithium- and alkylammonium-based salts, we hypothesized 

that common salts of heavier alkali metals, such as NaCl or KCl, could be effective 

electrolytes for aqueous cathodic exfoliation. Both NaCl and KCl are widely available 

and inexpensive commodities (used as, e.g., table salt for human consumption), as well 

as highly soluble in water. Furthermore, the larger size of the Na
+
 and K

+
 cations 

(~0.19 and 0.26 nm, respectively) compared to Li
+
 (~0.12 nm)

30
 could in principle 

limit the number of such ions that get packed in the host MoS2 lattice by intercalation, 

and so the number of electrons injected. As a result, the use of Na- or K-based 

electrolytes could be less conducive to phase transformations of the lattice.
24

 To probe 

this hypothesis, we carried out cathodic exfoliation tests in a two-electrode 

configuration, using MoS2 pieces (~5×5×0.5 mm
3
 in size) as the working electrode, 
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platinum foil as the counter electrode and aqueous KCl solutions as the electrolytic 

medium [Fig. 1a; see Supporting Information (SI) for details on the experimental 

procedure]. Upon application of a negative voltage to the MoS2 working electrode, the 

latter was seen to progressively swell and fan out starting from its free, submerged end. 

Visually, the extent of swelling and expansion of the MoS2 piece clearly depended on 

both the magnitude of the applied cathodic voltage and the electrolyte concentration. 

Voltages of -10  V and below were required to induce substantial expansion of the 

cathode. At KCl concentrations in the 0.1–1 M range, such an expansion was relatively 

moderate, but it became much stronger at 2 and 4 M KCl, thus indicating the key role 

of the K
+
 ion in the delamination process [see Fig. 1b and c for examples of initial (b) 

and expanded (c) MoS2 pieces]. The expansion of the MoS2 cathode was rather fast 

and it was completed after about 15–20 min. A control experiment in pure water, in the 

absence of any electrolyte, did not induce any expansion, as could be expected. Fig. 1d 

shows an overall field-emission scanning electron microscopy (FE-SEM) image of a 

well expanded sample, where an accordion-like structure of separated lamellae was 

already apparent. More detailed inspection (Fig. 1e) revealed that the lamellae were 

made up of very thin, wrinkled and/or rippled layers separated by micrometer- or 

submicrometer-sized voids. Such a morphology was very similar to that previously 

reported in, e.g., successful processes of anodic exfoliation of graphite,
31,32

 suggesting 

that an efficient delamination was also attained in the present case for the cathodically 

treated MoS2. For comparison, a FE-SEM image of a starting, untreated MoS2 piece is 

presented in Fig. S1 of the SI, the morphology of which was dominated by non- 

expanded and close-packed layers. 
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Figure 1. (a) Schematic of the cathodic exfoliation of MoS2 using aqueous 

solutions of alkali metal salts (e. g., KCl) as the electrolytic medium. (b, c) Digital 

photographs of the initial (b) and cathodically expanded (c) MoS2 piece using aqueous 

4 M KCl solution as the electrolytic medium. (d, e) Representative FE-SEM images of 

the cathodically expanded MoS2 piece at low (d) and high (e) magnification. 

 
Individual, stand-alone MoS2 NSs could be readily extracted from the cathodically 

exfoliated material by transferring it to the liquid phase followed by sonication. 

Different solvents were tested for this purpose, but the best results in terms of amount 

of extracted NSs were attained with solutions of the RNA nucleotides adenosine 

monophosphate (AMP) and guanosine monophosphate (GMP) in isopropanol (details 

of the liquid-phase dispersion protocol are given in the SI). As an example, Fig. 2a 

(left vial) shows a digital photograph of  a 0.1 mg mL
-1

 MoS2 dispersion in isopropanol 

assisted by GMP, where the greenish tone characteristic of nanostructured 

semiconducting MoS2 could be noticed. Indeed, the UV-vis absorption spectrum of the 

dispersion (Fig. 2b) exhibited the four well-known exciton peaks of semiconducting 

2H MoS2, i.e, the A and B (C and D) peaks located in the 600–700 (400– 

500) nm wavelength range,
33

 thus providing a first indication that the cathodic 

treatment largely preserved the original phase of the material (1T´-phase MoS2 has  

featureless  absorption in the visible range).
15,21,34

 The UV-vis absorption spectra also 

allowed  to estimate the MoS2 concentration in the suspensions, and thus the amount of 

extracted NSs, on the basis of the Lambert-Beer law and using the extinction 
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coefficient () previously determined for this material at the wavelength of 345 nm ( ≈ 

6900 mL mg
-1

 m
-1

).
35

 Values up to ~2–3 mg mL
-1

 in isopropanol with AMP and GMP 

could be attained by concentrating the as-extracted dispersions through consecutive 

cycles of sedimentation of the MoS2 fraction via centrifugation and re-dispersion in 

smaller, 0.5 mg mL
-1

 AMP/GMP-containing isopropanol volumes. 

 

Figure 2. (a) Digital photograph of MoS2 dispersions extracted from the 

cathodically exfoliated material with the assistance of GMP in different solvents (from 

left to right): isopropanol, DMF and NMP. (b) UV-vis absorption spectrum of a MoS2 

dispersion in isopropanol with GMP. The excitonic peaks A, B, C and D, characteristic 

of 2H-phase MoS2 are indicated. 

 
NS extraction with AMP or GMP was also possible in aqueous medium. However, 

while previous work has demonstrated that such nucleotides are efficient colloidal 

dispersants of MoS2 and other TMD NSs in water,
36

 here we found their performance 

towards the extraction of MoS2 NSs from the cathodically exfoliated electrode to be 

higher (by a factor of ~10) in isopropanol. To rationalize such a result, we note that 

the colloidal stabilization of MoS2 NSs by these biomolecules relies on the robust 

adsorption of the latter onto the NS surface, which in turn is thought to be driven by 

specific interactions of acid-base type between acidic sites on MoS2 (e.g., sulfur 
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vacancies that are present in most MoS2 materials) and the weakly basic nucleobases 

of the nucleotides.
36

 It is thus reasonable to assume that in a solvent with a 

substantially protic character such as water, its conjugate base and acid (i.e., the OH
-
 

and H3O
+
 ions, respectively) would partially screen (and hence weaken) the acid-base 

interaction between the nucleotide molecules and the MoS2 surface, thus decreasing 

the ability of the biomolecule to transfer NSs from the cathodically exfoliated 

electrode to the olvent. Such a situation would not apply in aprotic or weakly protic 

solvents, e.g., isopropanol, where a more efficient extraction of NSs would therefore 

be expected. Indeed, the aprotic solvents N,N-dimethylformamide (DMF) and N-

methyl-2-pyrrolidone (NMP) also boasted a considerable extracting ability with the 

assistance of AMP and GMP (second and third cuvettes from the left in Fig. 2a), 

although it was somewhat lower (about one half) than that of isopropanol. In the 

absence of the nucleotides, however, the amount of extracted NSs was much lower (by 

a factor of ~6–12) in any of these solvents, thus highlighting their critical role in the 

process. Other stabilizers were tested for NS extraction both in water and isopropanol, 

including polyvinylpyrrolidone and the Pluronic copolymer P123, as well as the 

anionic surfactants sodium deoxycholate and sodium dodecylbenzene sulfonate. In 

these cases, though, only weak dispersion interactions between the stabilizers and the 

MoS2 surface were expected, and so their performance was much lower compared to 

that of AMP and GMP. 

To provide quantitative estimates of the efficiency of the present cathodic 

exfoliation protocol, we determined the amount of NSs that could be extracted in 

isopropanol with GMP relative to the mass of cathodically expanded MoS2 material, 

which was taken as a measure of the exfoliation yield (in weight percentage). Table 1 

collects the results obtained with KCl  and other electrolytes at different molar 

concentrations and applied cathodic voltages. For comparison, the exfoliation yield for 

the non-expanded material, i.e., for MoS2 that was not subjected to any cathodic 

treatment but only to solvent sonication, is also given. As could be anticipated, a very 

low yield (~1 wt%) was attained in this case. The same result was obtained when the 

cathodic treatment was performed in the absence of any salt, i. e., in pure water. By 

contrast, cathodic treatment in aqueous KCl afforded a substantial amount of 

exfoliated product, thus highlighting the benefits of such an electrolytic delamination. 

Even at low to moderate electrolyte concentrations (i.e., 0.1–1 M KCl) and an applied 

voltage of -10 V, exfoliation yields around 10 wt% were achieved. These values could 
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be progressively improved up to a maximum of ~30 wt% by increasing the KCl 

concentration to 4 M and decreasing the cathodic voltage to -20 V. Qualitatively 

similar trends were observed with NaCl electrolyte, although the exfoliation yields 

were generally lower than those of their KCl counterparts (e.g., ~19 wt% at 4 M and -

20 V). Only a slightly lower yield (~18 wt%) was attained with 4 M LiCl at -20 V, 

even though very little expansion of the MoS2 cathode could be visually noticed with 

this electrolyte. On the other hand, tetraalkylammonium-based electrolytes [i.e., 

tetraethylammonium chloride (TEACl), tetrapropylammonium chloride (TPACl) and 

tetrabutylammonium chloride (TBACl)] gave good yields (~13–18 wt%) at the 

relatively limited concentrations that can be achieved in water with these salts 

(typically not much higher than 0.3 M). These results indicated that while such organic 

salts are efficient electrolytes for the cathodic exfoliation of MoS2 not only in organic 

solvents
94

 but also in water, a competitive alternative can be offered by much more 

affordable and widely available substances such as KCl, with a view to industrialize 

the production of 2D MoS2 NSs. 

Table 1. MoS2 exfoliation yields calculated as the amount of NSs extracted in 

isopropanol with GMP by sonication of MoS2 cathodically expanded under the 

indicated experimental conditions (applied voltage, type and concentration of 

electrolyte). The exfoliation yield for MoS2 that was not subjected to any cathodic 

treatment but only to solvent sonication is given as a reference value. 

 
 

  Electrolyte  Concentration  Voltage  MoS2 exfoliation 
yield  

  none  -  -  1  

KCl 0.1 -10 13 
 0.5 -10 10 
 1 -10 13 
 2 -10 15 
 4 -10 22 
  -20 30 

NaCl 0.1 -10 2 
 0.5 -10 9 
 1 -10 8 
 2 -10 11 
 4 -10 7 
  -20 19 

  LiCl  4  -20  18  

  TEACl  0.3  -20  17  

  TPACl  0.3  -20  18  
  TBACl  0.3  -20  13  
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2.2. Physicochemical characterization of the cathodically exfoliated products 

Microscopic and spectroscopic analysis was carried out to confirm that the 

solvent- extracted material consisted of exfoliated, 2H MoS2 NSs of a high structural 

quality. Fig. 3a–c shows representative scanning transmission electron microscopy 

(STEM) images of the product cathodically exfoliated in 4 M KCl (-20 V) and 

extracted in isopropanol with GMP, which was seen to be comprised of thin objects 

(NSs) having irregular polygonal profiles and typical lateral dimensions between a few 

and several hundreds of nanometers. Further STEM images of samples exfoliated in 

other electrolytes (NaCl, TPACl) can be found in Fig. S2  (SI). Atomic force 

microscopy (AFM, Fig. 3d) corroborated the STEM observations, but also revealed 

that the NSs were ~5–8 nm in (apparent) thickness. Taking into account that the 

thickness of a MoS2 monolayer is about 0.7 nm and that a height offset of ~0.5 nm is 

usually present in AFM images of MoS2 NSs on hydrophilic substrates,
37

 we conclude 

the exfoliated NSs to be typically between 6 and 11 monolayers thick. This result was 

consistent with the average number of monolayers per NS (typical values ~7–10) that 

was determined from the position of the A exciton peak in the UV-vis absorption 

spectra using the formula previously derived by Coleman and co-workers.
35

 In general, 

the exfoliated NSs possessed a high crystallinity, as evidenced by high resolution 

transmission electron microscopy (HR- TEM) in Fig. 3e and f, with the hexagonal 

symmetry of the MoS2 lattice being made apparent in the selected-area electron 

diffraction patterns (SAED, inset to Fig. 3f).
24

 However, point defects of the type 

marked by green arrows in Fig. 3e were frequently found in the images, although their 

density was not very high. Such defects were ascribed to sulfur vacancies, which are 

rather common in MoS2 because they possess a low formation energy, and thus are 

present as an intrinsic feature of both natural and synthetic samples.
38

 In our case, it is 

quite likely that the generation of sulfur vacancies was promoted by the intrinsically 

reductive conditions of the cathodic process.
39

 Energy dispersive X-ray (EDX) analysis 

provided confirmation that the chemical composition of the observed NSs comprised 

Mo and S (see Fig. S3 in the SI). 
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Figure 3. Microscopic characterization of MoS2 cathodically exfoliated in 4 M 

KCl aqueous solution and extracted in isopropanol with the assistance of GMP. (a–c) 

Typical STEM images. (d) Typical AFM image of MoS2 nanosheets deposited onto a 

mica substrate from their dispersion. A representative line profile (green line) taken 

along the marked white line is shown overlaid on the image. (e,f) Representative HR-

TEM images of MoS2 nanosheets. The green arrows in (e) mark some point defects in 

the MoS2 lattice. The parallel lines in (f) assist in visualizing a and b cell parameters of 

the hexagonal unit cell in the MoS2 crystal lattice. Inset to f: SAED pattern of the 

MoS2 lattice with indication of the crystal planes involved in the observed diffractions. 

 

The Raman spectra recorded at a laser wavelength of 532 nm (Fig. 4a, green trace) 

displayed two intense peaks at ~383 and 408 cm
-1

, which correspond to the well-

known E
1

2g and A1g bands of 2H MoS2.
40

 Such spectra were essentially identical to that 

of the starting, bulk MoS2 material (black trace), suggesting that any phase 

transformation or oxidation of the MoS2 lattice was avoided during the cathodic 

exfoliation step. More specifically, no Raman peaks characteristic of 1T´ MoS2 (i.e., at 

~150, 200, 280 and 320 cm
-1

)
15

 or molybdenum oxides (e.g., an intense doublet/broad 

band at ~285–295 cm
-1

)
41

 could be detected. Likewise, the E
1

2g and A1g bands retained 

their symmetrical shape and no substantial defect- related bands (mainly the LA(M) 

band at ~230 cm
-1

) appeared after exfoliation, implying that defects were not 

introduced in large numbers in the lattice during the preparation of the MoS2 NSs,112 

in agreement with the HR-TEM results. The fact that a very weak and rather broad 

band appeared in the spectra of the extracted NSs at ~230 cm
-1

 (green trace in Fig. 4a), 

d 5 nm  

10 nm 
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which could therefore be ascribed to the defect-related LA(M) band, but was absent 

from the cathodically delaminated material before solvent extraction (spectrum not 

shown) suggested that such a band was associated to the presence of abundant edges 

due to the limited lateral size of the NSs (Fig. 3) rather than to basal plane lattice 

defects. Preservation of the 2H phase upon exfoliation was confirmed by X-ray 

photoelectron spectroscopy (XPS). Fig. 4b and c (green traces) shows high resolution 

Mo 3d (b) and S 2p (c) core level spectra of the exfoliated NSs. The corresponding 

spectra of the starting, bulk MoS2 material (black traces) were mostly indistinguishable 

from those of the NSs. Regarding the Mo 3d doublet band, the symmetrical shape and 

position of its 3d5/2 and 3d3/2 components (~229.5 and 232.5 eV, respectively) 

indicated that only the 2H phase was present in both samples (for the 1T´ phase, a 

downshift of ~0.8 eV in the position of the two components should be 

expected).
15,24,34 

Similarly, the shape and position of the S 2p doublet band was 

consistent with 2H phase-only materials.
15,36

 For comparison, the spectra of chemically 

exfoliated MoS2 NSs obtained by the n-butyllithium intercalation route, which possess 

a mixture of 2H and 1T´ phases (with predominance of the latter), are presented in Fig. 

S4 (SI). 

 

 

Figure 4. Spectroscopic characterization of cathodically exfoliated MoS2 NSs. 

(a) Typical Raman spectra of the starting MoS2 bulk material (black trace) and MoS2 

NSs cathodically exfoliated in 4 M KCl aqueous solution and extracted in isopropanol 

with the assistance of GMP (green trace). The main bands have been labeled for 

clarity. (b, c) Typical XPS spectra of (b) Mo 3d and (c) S 2p core levels for bulk MoS2 

(black trace) and cathodically exfoliated (green trace) MoS2 NSs. 
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2.3. Rationalizing the cathodic exfoliation process of MoS2 with aqueous alkali metal 

ions 

Having demonstrated aqueous cathodic exfoliation with a very simple salt like 

KCl to be an efficient strategy for accessing high quality, 2H MoS2 NSs in 

considerable yields, it is pertinent to examine the mechanisms that make such an 

exfoliation possible. First, it is apparent that exfoliation was largely due to 

intercalation of the MoS2 electrode by K
+
 ions, as the amount of exfoliated NSs tended 

to increase with increasing KCl concentration and magnitude of the cathodic potential 

(see Table 1). Second, as could be expected, intercalation was initiated at the edges of 

the MoS2 crystal: this could be concluded from the fact that expansion of the cathode 

was seen to start from its free end (i.e., the one immersed in the electrolytic solution) 

and then progressed towards its opposite (non-immersed) end. Indeed, while recent 

work has demonstrated that intercalation of the smallest alkali metal ions (Li
+
, Na

+
) 

can take place through the basal surface of MoS2 via lattice defects (e.g., sulfur 

vacancies), such a possibility was ruled out in the case of larger alkali ions (K
+
), for 

which only intercalation through edges is feasible.
43

 We note that, although it could be 

argued that just generation of hydrogen gas from water reduction in the external 

surface of the cathode, without the need of potassium intercalation, could explain the 

cathodic exfoliation of MoS2, all the experimental facts suggested that this was not the 

case: (i) in a control experiment where the voltage was applied in pure water, water 

reduction was indeed detected by the bubbling of hydrogen but no expansion of the 

MoS2 electrode was observed; (ii) the MoS2 piece was seen to fan out in the presence 

of KCl (and with increasing extension with its concentration), i. e., the piece did not 

break down into small fragments but it expanded from the edges to the interior of the 

piece, as expected from the intercalation of the cations; (iii) when cathodic exfoliation 

of MoS2 in 4 M KCl was carried out in a potentiostat in order to study the 

electrochemical processes involved (see Fig. S5 and the corresponding explanatory 

text in the SI), an abrupt reduction peak appeared only in the first voltage scan, during 

whose development the swelling of the MoS2 cathode became apparent by bare eye. 

We interpret that this abrupt peak was originated by the intercalation of a large amount 

of hydrated potassium cations between the lamellae followed by the reduction of co-

intercalated water. No reduction peaks were observed in subsequent cycles (grey 

traces), where just reaction of water on the surface could take place and, 
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correspondingly, no further swelling of the cathode occurred either. 

In order to rationalize the distinct efficiencies of the alkali metal-based electrolytes 

towards exfoliation (in the order KCl > NaCl > LiCl), the actual nature of the ionic 

species that participate in the intercalation process needs to be considered. To this end, 

we note that in an aqueous medium, rather than existing as naked, stand-alone entities, 

ionic species are surrounded by a bound shell of water molecules (hydrated ions). For 

alkali metal-based salts, the hydrated cation would take the form [M·n(H2O)]
+
, where 

M is the alkali metal (Li, Na, K) and n is the average number of bound water 

molecules that make up the hydrated cation. It is therefore reasonable to assume that 

the ability of the aqueous electrolyte to intercalate and expand the MoS2 cathode 

efficiently will be dictated to a large extent by the characteristics of the [M·n(H2O)]
+
 

species, and not just by those of their naked M
+
 counterparts. In particular, the value of 

n and thus the average size and mass of the hydrated cation decreases as the atomic 

weight of the alkali metal is increased, i.e., n has been estimated to be ~5.2, 3.5 and 

2.6 for Li, Na and K, respectively,
44

 and the corresponding hydrated cation diameters 

are 0.76, 0.72 and 0.66 nm.
30

 As a result, the mobility of the hydrated cation under the 

applied electric field of an electrolytic cell should be larger for K and smaller for Li. 

Indeed, the molar conductivity of these alkali metal ions in water (at 25 ºC) has been 

determined to be 38.69, 50.11 and 73.5 S cm
2
 mol

-1
 for Li, Na and K, respectively.

45
 

With a higher electrophoretic mobility and a smaller size, the hydrated K
+
 ion will be 

expected to both reach and intercalate the MoS2 cathode in larger numbers compared 

to their Na
+
 and Li

+
 counterparts, thus providing the basis for its higher exfoliation 

efficiency, as experimentally observed here. 

The initial intercalation of the MoS2 cathode can be assumed to take place at 

locally expanded sites (out-of-plane lattice distortions) that most likely exist at the very 

edges of the MoS2 crystal due to the localized stress fields associated to such type of 

structural defect (see schematic representation in Fig. 5).
46

 These expanded interlayer 

spaces at the MoS2 edges should facilitate the incipient access of a number of hydrated 

cations, probably after some deformation of their hydration shells to allow 

accommodation into such constricted spaces.
47

 Alternatively, an advance party of 

(partially) dehydrated cations could first intercalate at the edges, inducing a local 

increase in the interlayer distance and facilitating the subsequent entry of water 

molecules and/or fully hydrated cations.
48

 We note that dehydration is a well-known 

phenomenon that can occur during the insertion of ionic species into spatially confined 
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pores of sub-nanometric dimensions.
49

 For the latter scenario, the energy barrier to ion 

intercalation would be dictated, at least in part, by the binding energy of its hydration 

shell (hydration enthalpy), which is smaller for K
+
 and larger for Li

+
.
50

 This suggests 

again a higher intercalation propensity for K
+
 relative to Na

+
 and Li

+
, which would 

also contribute to its better exfoliation efficiency. 

 

 

 

Figure 5. Squematic illustration of the cathodic delamination of MoS2 in 

aqueous alkali metal-based electrolytes. Step 1: initial intercalation of hydrated cations 

at the edges of the negatively biased MoS2 electrode. Step 2: hydrogen gas generated 

by co-intercalated water reduction pushes MoS2 layers apart creating new accessible 

space for intercalation of additional hydrated cations. Step 3: progressive expansion of 

the MoS2 crystal cathode starting from its edges and advancing towards inner regions 

by further intercalation of hydrated cations and reduction of co-intercalated water. 
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In either case, the hydrated cations will first intercalate in the edges of the MoS2 

crystal (step 1 in Fig. 5) and then the co-intercalated water molecules will reduce give 

hydrogen gas (step 2 in Fig. 5). These two steps can be condensed in the following 

electrochemical reaction (specified for the case of K
+
)51

 

x[K·n(H2O)]
+
 + MoS2 + xe

-
  MoS2 + xKOH + (x/2)H2 + x(n-1)H2O        (1) 

 

, where x is the number of hydrated cations inserted per unit formula of MoS2 (step 1 

in Fig. 5). Similar expressions can be written for Na
+
 and Li

+
, but with different values 

of x. 

 
In turn, the pressure generated within the interlayer spaces by the accumulation of 

hydrogen gas should contribute to push the MoS2 layers apart, thus creating new 

accessible space for the intercalation of additional hydrated cations further away from 

the edges and into the MoS2 crystal (step 2 in Fig. 5). Iteration of steps 1 and 2 should 

then lead to the progressive expansion and delamination of the cathode starting from 

its edges and advancing towards its inner regions (step 3 in Fig. 5), as it was indeed 

observed in the experiments (Fig. 1). Moreover, because the hydrated K
+
 ion is 

expected to reach and intercalate the MoS2 cathode in larger numbers compared to Na
+
 

and Li
+
, a more vigorous delamination of the crystal and hence a higher yield of 

extracted NSs should be attained with the former ion, which was also in agreement 

with the results reported here (Table 1). Finally, the fact that the cathodic intercalation 

process was able to fully retain the original 2H crystal phase of the material, avoiding 

its transformation to the 1T´ phase, usual when working in non-aqueous media, can be 

put down, at least in part, to the continuous transfer of electron charge from the 

negatively biased MoS2 electrode to the co-intercalated water molecules.
48

 Indeed, 

similar to the present case, A. Zak et al observed a lack of metallic behavior (an 

absence of 1T´ phase) in MoS2 intercalated by exposure to potassium vapor, which 

was attributed to neutralization of part of the free carriers by water inserted during or 

after metal intercalation.
48

 Thus, in addition to promoting electrode expansion and 

delamination as described above, this electron transfer would contribute to keeping the 

concentration of excess electron charge at the MoS2 cathode below the critical 

threshold required to trigger the phase transformation. 
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2.4. Use of cathodically exfoliated MoS2 as an electrode material for supercapacitors 

Owing to their high surface area and propensity to ion adsorption/intercalation, 2D 

MoS2 NSs are considered attractive candidates for electrochemical energy storage 

applications, including their use as electrodes for supercapacitors.
51

 However, the 

relatively low electrical conductivity of the thermodynamically stable 2H phase of 

MoS2 constitutes an obstacle in the path of high performance supercapacitor devices 

based on this material. Such an issue can be circumvented by using its metallic 1T-

phase variant, which can be accessed either by lithium intercalation/exfoliation of bulk 

2H-phase MoS2 or by bottom-up (solvothermal) synthesis methods.
52

 In addition to 

their high electrical conductivity, 1T-phase MoS2 NSs are intrinsically hydrophilic, 

which favors a more extensive wetting of the electrode when using aqueous 

electrolytes. Unfortunately, the 1T phase is metastable, so that MoS2 NSs having this 

polytype readily transform to the 2H phase under ambient conditions in a matter of 

weeks to months (or much faster under certain stimuli),
52

 thus compromising the long-

term workability of the corresponding MoS2-based electrodes. 

As an alternative, structurally stable 2H-phase MoS2 NSs can be combined with 

highly conductive materials (e.g., carbon nanostructures such as graphene and carbon 

nanotubes) to give hybrid electrodes with improved electrical conductivity.
53

 The 

present cathodically exfoliated MoS2 NSs are good candidates for use as electrodes by 

this approach. Specifically, NSs derived from GMP-stabilized dispersions were mixed 

with single-walled carbon nanotubes (SWCNTs) that had been previously debundled 

by sonication in water with flavin mononucleotide (FMN) as a dispersant
54

 (AMP and 

GMP were seen to be poor dispersants for SWCNTs). Details of electrode preparation 

and measurement can be found in the SI. Fig. 6a and b shows FE-SEM images of a 

hybrid electrode prepared with a MoS2 to SWCNT weight ratio of 2:1, where the MoS2 

NSs were seen to be covered by a layer of intermingled SWCNTs. Thus, besides 

providing efficient conductive paths throughout the hybrid material, the nanotubes 

acted as spacers between the MoS2 NSs, which should facilitate electrolyte access to 

inner regions of the electrode. Furthermore, the polar nature associated to the 

phosphate group in the GMP and FMN nucleotides adsorbed on MoS2 and SWCNTs, 

respectively, should facilitate wetting of the electrode by aqueous electrolytes. Indeed, 

the contact angle of aqueous 6 M KOH solutions (i.e., the electrolyte used here) 

measured on vacuum-filtered films of bare MoS2 NSs and GMP-adsorbed MoS2 NSs 
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was ~130º and 110º, respectively (see Fig. S6 in the SI), which confirmed the 

increased wettability of the latter. 

 

    

 

Figure 6. Microscopic and electrochemical characterization of a hybrid made 

up of cathodically exfoliated MoS2 NSs and SWCNTs in a weight ratio of 2:1. (a,b) 

Representative FE-SEM images. (c) Cyclic voltammograms recorded in a three-

electrode configuration at potential scan rates between 1 and 500 mV s
-1

. (d) 

Galvanostatic charge/discharge profiles obtained at current densities between 1 and 20 

A g
-1

. (e) Capacitance values for (1) the product directly obtained from the cathodic 

treatment of MoS2 without any post-processing (sample designated as “as-expanded 

MoS2”); (2) as-expanded MoS2 combined with GMP (sample denoted as “as-expanded 

MoS2/GMP”); (3) MoS2 NSs extracted from the as- expanded material by sonication 

with GMP (sample “MoS2 NS/GMP”); (4) SWCNTs; GMP- adsorbed NSs mixed with 

SWCNTs at MoS2 to SWCNT weight ratio of (5) 7:1 (sample “MoS2 NS/GMP + 

SWCNT/FMN 7:1”) and (6) 2:1 (sample “MoS2 NS/GMP + SWCNT/FMN 2:1”). (f) 

Nyquist plots for the some of the materials in (e). Inset to f: detailed view of the high 

frequency region of the plots. 
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Fig. 6c shows cyclic voltammograms recorded in a three-electrode configuration 

with the hybrid material (MoS2 to SWCNT weight ratio of 2:1) as the working 

electrode in 6 M KOH electrolyte at potential scan rates between 1 and 500 mV s
-1

. 

Overall, the voltammograms tended to be rectangular (or quasi-rectangular) in shape, 

although broad redox peaks were observed at ~0.15–0.35 V vs Hg/HgO when scanning 

at the lowest rates (e.g., Fig. S7a in theI for 5 mV s
-1

). Such peaks were ascribed to 

redox processes in the GMP and/or FMN molecules.
55,56

 Despite the rectangular shape 

of the voltammograms, we note that the charge storage mechanism in these materials 

was not (pseudo)capacitive, but of a hybrid nature instead. More to the point, when 

writing the current measured at a given potential, i, as a function of the potential scan 

rate, in the form: 

 
i = ab                                                                    (2) 

 

, and fitting the actual current values for the present material to this equation (see Fig. 

S7b in the SI for anodic current values at 0.4 V vs Hg/HgO), the b exponent was 

neither 1, as would be the case of purely capacitive and pseudocapacitive processes, 

nor 0.5, which would indicate a pure battery-type behavior based on diffusion-

controlled redox processes.
57

 Rather, an intermediate b value was obtained (b ≈ 0.68), 

indicating that both (pseudo)capacitive and battery-type mechanisms were at play. 

Furthermore, similar to the case of, e.g., orthorhombic Nb2O5, which exhibits a hybrid 

charge storage mechanism,
58

 the current response was highly linear at scan rates below 

30 mV s
-1

, consistent with dominant (pseudo)capacitive processes, whereas it 

displayed a b exponent of ~0.66 in the 50–500 mV s
-1  

range that revealed a 

substantial battery-type behavior. We believe this mixed response arises from 

different contributions by the diverse components and characteristics of the hybrid 

electrode. On one hand, the relatively high surface area of the MoS2 NSs and SWCNTs 

should afford capacitive processes through direct ion adsorption, whereas the redox-

active nucleotides should deliver pseudocapacitance to the system. On the other hand, 

diffusion- limited intercalation and deintercalation of electrolyte ions into and out of 

the several-layer MoS2 NSs can be expected to give a battery-type contribution to 

charge storage. 
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Typical galvanostatic charge/discharge profiles recorded for the hybrid electrode 

at current densities between 1 and 20 A g
-1

 are presented in Fig. 6d, which exhibited 

essentially triangular and symmetrical shapes. The corresponding capacitance values 

are plotted in Fig. 6e, together with those of other electrodes obtained from 

cathodically treated MoS2 that was subjected to different post-processing conditions, as 

well as of SWCNTs without any MoS2, which are shown for comparative purposes. 

First, we note that the as-expanded MoS2 material, i.e., the product directly obtained 

from the cathodic treatment that was not post- processed in any form (only pressed 

under 1 ton to prepare the electrodes for measurement; sample denoted as “as-

expanded MoS2” in Fig. 6e), possessed limited capacitance values (e.g., 65 F g
-1

 at 

1 A g
-1

) and a poor rate capability (~15% of capacitance retention at 10 A g
-1

). To a 

large extent, such a result was probably due to the hydrophobic nature of bare MoS2 

and to the particular morphology of this electrode (comprised of long and narrow 2D 

passages between large, re-stacked MoS2 layers), which should hinder access of the 

electrolyte to the 

bulk of the material.
59

 Indeed, the Nyquist plot recorded for this sample by 

electrochemical impedance spectroscopy (EIS) and shown in Fig. 6e consisted of just 

an essentially straight line with a slope close to 45º (Warburg region), suggesting a 

very slow mass transfer into the electrode.
57,60

 

The capacitance values improved significantly, mainly at low current densities, 

when the as-expanded MoS2 was combined with GMP (sample denoted as “as-

expanded MoS2/GMP”), most likely owing to the improved wettability of the electrode 

and to the pseudocapacitance contribution of the GMP nucleotide. Some further 

improvement in capacitance was attained with electrodes made up of MoS2 NSs 

extracted from the as-expanded material by sonication with GMP (sample “MoS2 

NS/GMP”), which can be ascribed to better electrolyte access through the larger 

number of voids and interstices present between the (sub)micrometer-sized NSs. This 

interpretation was consistent with the corresponding Nyquist plot for this sample (Fig. 

6f), which exhibited a shorter Warburg region and a steeper line at lower frequencies 

compared to the case of as-expanded MoS2, indicative of improved mass transfer into 

the electrode.
57,60

 When the GMP-adsorbed NSs were mixed with a limited amount of 

SWCNTs (MoS2 to SWCNT weight ratio of 7:1; sample “MoS2 NS/GMP + 

SWCNT/FMN 7:1”), larger capacitance values were measured at low current densities, 

but not at high densities. By contrast, better results in the whole current density range 
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could be achieved with a MoS2 to SWCNT weight ratio of 2:1 (sample “MoS2 

NS/GMP + SWCNT/FMN 2:1”), e.g., a capacitance of 170 F g
-1

 at 1 A g
-1

 with a 

~53% retention at 10 A g
-1

 was measured, while the use of SWCNTs without any 

MoS2 led to a poorer performance (see Table S1 in the SI for a comparison with the 

capacitances of other MoS2-based electrodes reported in the literature) . Again, this 

behavior was reflected in the Nyquist plots of Fig. 6e. The hybrid electrode (weight 

ratio of 2:1) boasted the shortest Warburg region of all samples and a relatively steep 

profile at low frequencies, which was indicative of mass transfer processes with fewer 

restrictions, probably as a result of the SWCNTs acting as spacers between the NSs. 

We also notice from the high frequency region of the Nyquist plots (inset to Fig. 6f) 

that the semi- circular pattern commonly found in this region for many materials was 

only apparent in the SWCNT electrode (without MoS2). Such an observation could 

again be related to the morphological features of the electrodes, as the absence of a 

semi-circle has been sometimes associated to electrodes with slit- and/or wedge-

shaped pores/voids,
60

 and this is the dominant type of void expected when using 2D 

materials. 

To evaluate the performance of the cathodic MoS2-based electrodes in practical 

energy storage applications, an asymmetric supercapacitor was assembled using the 

best-performing sample (i.e., the MoS2-SWCNT hybrid prepared with a weight ratio of 

2:1) as the positive electrode and a commercial activated carbon (Kurarai YP-50F) as 

the negative electrode, in aqueous 6 M KOH electrolyte. Fig. 7a shows cyclic 

voltammograms (potential scan rate: 50 mV s
-1

) for both materials in the three-

electrode configuration to illustrate the complementarity of their voltage windows. 

Stable scan windows between -1.1 and 0.0 V and between -0.2 and 0.6 V (vs Hg/HgO) 

were recorded for the activated carbon and the MoS2- SWCNT hybrid, respectively. 

Cyclic voltammograms for the asymmetric, two-electrode cell could thus be reliably 

obtained in the 0–1.55 V range (Fig. 7b), the shape of which was reasonably well 

preserved up to potential scan rates of 500 mV s
-1

, thus indicating that the device was 

able to cope with fast mass and electron transfer rates. The non-ideal rectangular shape 

of these voltammograms is believed to reflect the contribution of the diverse charge 

storage mechanisms that were discussed above. Galvanostatic charge/discharge curves 

for the asymmetric device at current densities between 1 and 10 A g
-1

 are presented in 

Fig. 7c, with the corresponding gravimetric capacitance values ranging between 83.3 

and 26.7 F g
-1

 (at 1 and 10 A g
-1

, respectively). Furthermore, the charge storage 
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capability of the supercapacitor remained essentially unaltered upon repeated cycling 

of the device, as demonstrated in the inset to Fig. 7c for 6000 consecutive 

charge/discharge cycles recorded at 3 A g
-1

. From these results, the maximum energy 

density delivered by the cell was determined to be 26 W h kg
-1

 at a power density of 

750 W kg
-1

, and it was still 8.3 Wh kg
-1

 at 7500 W kg
-1

. As can be noticed from Table 

S2 in the SI, these figures were competitive with those recently reported in the 

literature for a variety of asymmetric supercapacitors having MoS2-based electrodes 

(typically the anode). We note that in most of these prior cases, the MoS2 materials 

were obtained through hydrothermal synthesis at relatively low temperatures 

(generally < 200 ºC). However, MoS2 prepared under such conditions tends to be of a 

limited crystalline quality and is particularly prone to oxidize under ambient conditions 

(especially in humid environments), which compromises its electrochemical and 

catalytic performance. 62 Oxidation issues, on the other hand, should be less severe 

when using MoS2 samples with good crystallinity, such as those produced here by 

cathodic exfoliation. 

 

 

Figure 7. (a) Potential windows of cathodically exfoliated MoS2 NS-SWCNT 

hybrid (positive electrode, blue trace) and activated carbon (negative electrode, red 

trace) at 50 mV s
-1

. (b) Cyclic voltammograms recorded for the asymmetric two-

electrode  cell at potential scan rates between 1 and 500 mV s
-1

. (c) Galvanostatic 

charge/discharge profiles obtained at current densities between 1 and 10 A g
-1

. Inset to 

c: percentage of capacitance retention of the asymmetric cell measured at a current 

density of 3 A g
-1

 for consecutive charge/discharge cycles (up to 6000). 
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2.5 Use of cathodically exfoliated MoS2 as a catalyst for the reduction of nitroarenes 

Finally, we investigated the performance of the cathodic MoS2 NSs as catalysts for 

the reduction of the nitroarenes 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) with 

NaBH4 in aqueous medium. These reactions are of practical relevance in a number of 

industrial processes, such as the synthesis of certain antipyretic drugs (e.g., 

paracetamol), dyes or polymers, and while both are thermodynamically feasible, 

catalysts are typically required to circumvent significant kinetic barriers.
61

 Noble metal 

(Pt, Pd, Au, etc) nanoparticles have been extensively employed to this end, but in 

recent years a shift in emphasis towards the exploration of more earth-abundant 

alternatives, i.e., non-noble metal132 or even metal-free catalysts (e.g, nitrogen-doped 

graphene),
63,64

 has taken place. Different types of MoS2 NSs are also effective catalysts 

for nitroarene reduction,
36,67

 in particular 1T´-phase NSs produced by the lithium 

intercalation route, which exhibited a substantial activity that probably resulted from 

their metallic character.
67

 However, the metastability of the 1T´ NSs and their 

tendency to irreversibly agglomerate in water compromise their long-term catalytic 

performance. These issues could be avoided with 2H- phase NSs produced in 

water/GMP solutions by direct ultrasound exfoliation, but at the expense of a 

considerable decrease in catalytic activities (for 2H MoS2, catalytic sites are only 

located at edges and basal plane defects).
6,36

 Here we show that the 2H-phase NSs 

produced by cathodic exfoliation and colloidally stabilized with GMP boast catalytic 

activities for nitroarene reduction that are comparable to those of 1T´ NSs, thus 

incorporating the best features of the two previously studied types of MoS2 NSs. 

The kinetics of both 4-NP and 4-NA reduction was followed with UV-vis 

absorption spectroscopy by recording the evolution of specific absorption peaks that 

are distinctive of the nitroarene molecules, but are absent from their reduced 

counterparts, so that their intensity reflects the nitroarene reactant concentration (see SI 

for details on the catalytic experiments). In the case of 4-NP, a peak at ~400 nm was 

monitored, which corresponded to the deprotonated form of the molecule, i.e, the 4-

nitrophenoxide ion generated in the basic medium of the NaBH4 reductant (Fig. 8a). 

For 4-NA, the peak at ~380 nm was recorded (Fig. 8b). Fig. 8c shows typical kinetic 

profiles for the reduction of 4-NP (blue trace) and 4-NA (red trace) with the 

cathodically exfoliated, GMP-stabilized MoS2 NSs. An initial induction period of a 

few minutes was observed for the reduction of 4-NP, during which essentially no 
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change in the intensity of the absorption peak was measured even though the reducing 

agent and the catalyst were both present in the reaction medium. Such a behavior was 

probably related to the presence of oxygen dissolved in the solution, which was 

consumed during the induction period by oxidizing the reaction product back to its 

original unreduced form (i.e, the reactant and product molecules were in dynamic 

equilibrium).
68

 Under this scenario, shorter induction periods were to be expected for 

faster reactions, such as the reduction of 4-NA, and this was indeed the case to the 

point that no induction period could be measured for 4-NA. After the induction period, 

if present, a steep and continuous decrease in absorbance was seen to occur, indicating 

that the forward (reduction) reaction became dominant. The absorbance does not drop 

down to zero but rather to a constant, finite value after the end of the reaction (see Fig. 

8c), as the catalyst itself absorbs at the monitored wavelengths (see Fig. 2b). Similar to 

previous instances with MoS2 NSs,
36,67

 the kinetic profiles could be fitted to 

exponential decay functions, which was consistent with the reactions being pseudo- 

first-order with respect to nitroarene concentration (NaBH4 was used in large excess 

and thus its concentration remained essentially constant throughout the reaction). 

 

        
 

Figure 8. UV-vis absorption spectra of (a) 4-NP (black trace), 4-

nitrophenoxide ion (dark yellow), and its reduced form, 4-aminophenoxide ion 

(violet); (b) 4-NA (orange) and its reduced form, p-phenylenediamine (gray). (c) 

Typical kinetic profiles for the reduction of 4- NP (blue trace) and 4-NA (red trace) 

with the cathodically exfoliated GMP-stabilized MoS2 NSs as the catalyst. 

 
To quantify the performance of the cathodically exfoliated NSs and compare it 

with that of other catalysts previously reported in the literature, their catalytic activity 

was calculated as the number of moles of reactant (4-NP or 4-NA) converted per unit 
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time per mole of MoS2 used. Table S3 in the SI collects the results obtained for 

different types of MoS2 NSs as well as some materials derived from graphene oxide. 

We note that the GMP molecules adsorbed on the MoS2 surface had a significant effect 

on the catalytic activity of the nucleotide- stabilized NSs (both cathodically and 

ultrasound exfoliated), and therefore their amount had to be carefully optimized to 

obtain best results (see SI). If the amount of adsorbed GMP was too large, poor 

catalytic activities were attained, probably due to obstructed access of the 4- NP and 4-

NA molecules to the catalytically active sites of the material, similar to the effect that 

the organic ligand shell has on the general catalytic activity of colloidal metal 

nanoparticles.
69

 On the other hand, the colloidal stability of the NSs in the reaction 

medium was compromised when the amount of adsorbed GMP was too low, which 

also impacted negatively on the measured catalytic activities as a result of NS 

agglomeration. 

The activity of the present GMP-stabilized, cathodic MoS2 NSs was comparable to 

that measured for 1T´ NSs prepared by the lithium intercalation route, but several 

times higher than that of NSs produced by direct ultrasound exfoliation of bulk MoS2 

with GMP, even though 2H-phase NSs with similar lateral sizes and thicknesses were 

used for the two types of GMP-stabilized catalysts. We believe this result to be related 

to the particular processing history of the cathodically exfoliated product: (i) as 

discussed above, the reductive conditions of the cathodic treatment should be 

especially conducive to the generation of a certain amount of (catalytically active) 

sulfur vacancies in the NSs,
39

 and (ii) the electrolytic delamination of the MoS2 

cathode introduces substantial strain in the expanded layers in the form of, e.g., 

wrinkles and ripples (see Fig. 1e), which is also expected to enhance the catalytic 

activity of the material.
70

 Furthermore, the present catalytic activities were found to be 

~2 orders of magnitude larger than those typical of graphene oxide-derived catalysts 

(Table S3 in the SI) and also compared favorably with those reported in recent years 

for catalysts based on non- noble metals, such as Cu, Ni or Co (Table S4 in the SI), 

indicating that the cathodic MoS2 NSs developed here can be competitive catalysts for 

this application. 
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Conclusions 

An efficient approach for the cathodic delamination of bulk MoS2 into two-

dimensional nanosheets has been demonstrated by resorting to aqueous solutions of 

very simple and widely available salts (most notably, KCl) as the electrolytic medium. 

In addition to its inherently safe and sustainable character associated to the use of such 

an electrolyte, this electrochemical route is able to avert any oxidation or phase 

transformation of the exfoliated products and, combined with a proper biomolecule-

based solvent transfer protocol, affords colloidally dispersed MoS2 nanosheets of a 

high structural quality in substantial yields that are suitable for further processing 

towards practical applications. The cathodically exfoliated MoS2 nanosheets exhibited 

a competitive performance when used as the positive electrode for asymmetric 

supercapacitors and as a catalyst for the reduction of nitroarenes. Other prospective 

applications in the energy and catalysis realms where these cathodic MoS2 nanosheets 

possess a strong potential include their use in different types of rechargeable batteries 

and as hydrogen evolution reaction electrocatalysts, which will be explored in the near 

future. Finally, it is also envisaged that the present cathodic exfoliation strategy can be 

extended to other transition metal dichalcogenides as well as other layered materials of 

current interest (e.g., black phosphorus). 
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S1. Experimental section 

S1.1. Materials and reagents 

Pieces of MoS2 crystals (approximate dimensions: ~10×10×0.5 mm
3
) were  obtained from SPI 

Supplies and used throughout the study. Platinum foil (25×25×0.025 mm3) was purchased 

from Sigma-Aldrich. The inorganic salts KCl, NaCl and LiCl (purity >99.5%), the 

alkylammonium salts tetraethylammonium chloride (TEACl), tetrapropylammonium chloride 

(TPACl) and tetrabutylammonium chloride (TBACl), the nucleotides adenosine 5´-

monophosphate disodium salt (AMP) and guanosine 5´monophosphate disodium salt (GMP), 

the nitroarenes 4-nitrophenol (4-NP) and 4- nitroaniline (4-NA) as well as the solvents 

isopropanol, N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) were also 

obtained from Sigma-Aldrich and used as received. Milli-Q deionized water (Millipore 

Corporation; resistivity: 18.2 M·cm) was employed in all the experiments. 

 
S1.2. Electrochemical exfoliation experiments 

The electrochemical exfoliation of TMDs was carried out in a two-electrode setup under 

cathodic conditions, using a piece of the TMD crystal and platinum foil as the working and 

counter electrodes, respectively, and an aqueous solution of a given salt as the electrolytic 

medium. MoS2 was the TMD of choice in most of the experiments, although MoSe2 and WS2 

were also probed to demonstrate the suitability of the present exfoliation approach to other 

layered TMDs. Likewise, although KCl-based electrolytes yielded the best results in terms of 

efficiency of delamination, other salts (namely, NaCl, LiCl, TEACl, TPACl and TBACl) were 

tested for comparative purposes. In a typical cathodic exfoliation experiment, a ~5×5×0.5 

mm
3
 piece of MoS2 was cut from the as-received crystal and immersed, together with the 

platinum foil piece, in an aqueous KCl solution (20 mL). Both electrodes were connected to a 

dc power supply (Agilent 6614C) using crocodile clips and kept at a distance of ~2 cm from 

each other in the solution. In this configuration, about two-thirds of the MoS2 electrode were 

immersed in the electrolyte. A negative voltage was then applied to the MoS2 electrode for 30 

min, during which the MoS2 piece was generally seen to swell and fan out starting from the 

free (non-clipped) end of the electrode. The extent of expansion and thus the efficiency of 

delamination depended on both the electrolyte molar concentration and the magnitude of the 

cathodic voltage, with the yield of exfoliated MoS2 NSs being maximized at 4 M and -20 V, 

respectively. After the electrochemical
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treatment, the most expanded part of the cathode, which roughly corresponded to the lower 

half of the MoS2 piece, was recovered, thoroughly washed with water, dried overnight at room 

temperature under reduced pressure and finally stored in glass vials for subsequent use. 

In order to gain insight into the exfoliation process, it was also carried out in a VSP 

potentiostat (Bio-Logic Science Instruments) in a three-electrode configuration, using the 

MoS2 piece as the working electrode, Pt foil as the counter electrode, and Hg/HgO (1 M 

NaOH) as the reference electrode, with either pure water or 4 M KCl as electrolytic medium. 

Cyclic voltammograms (CVs) were recorded at voltage scan rate of 10 mV s-1. 

S1.3. Post-processing of the as-exfoliated products: nanosheet extraction and dispersion in 

solvents 

To obtain individualized MoS2 NSs from the as-exfoliated material, the latter was first cut into 

smaller pieces with the aid of a scalpel and then transferred to a solution of the nucleotides 

AMP or GMP (5 mg mL-1) in isopropanol, where it was bath-sonicated (J.P. Selecta Ultrasons 

system, 40 kHz) for 3 h. The starting concentration of the as- exfoliated material in the 

isopropanol-nucleotide solution was 0.3-0.4 mg mL-1. The nucleotides played the role of 

efficient dispersing agents to aid in the colloidal stabilization of MoS2 NSs in the liquid phase. 

After standing undisturbed for 24 h to allow sedimentation of the poorly exfoliated fraction of 

the material, the upper ~75% of the supernatant volume was collected from the sonicated 

dispersion and kept for subsequent use. The retained supernatant was a solution (suspension) 

containing MoS2 NSs colloidally stabilized by adsorbed nucleotides (AMP or GMP) as well 

as free (non- adsorbed) nucleotide molecules. To remove a majority of the latter, the 

dispersion was subjected to two cycles of sedimentation of the MoS2 fraction via 

centrifugation (20000 g, 20 min; Eppendorf 5424 and 5430 microcentrifuges), removal of the 

upper supernatant liquid containing the free nucleotides, and re-dispersion of the MoS2 

sediment in neat isopropanol with the help of a brief sonication step. Using this protocol, NS 

dispersions with concentrations up to ~0.1 mg mL-1 were obtained, but suspensions of 

increasing concentration could be procured by consecutive cycles of sedimentation through 

centrifugation and re-dispersion in smaller isopropanol volumes. MoS2 dispersions in other 

solvents, such as water, DMF or NMP, could also be obtained by using these solvents instead 

of isopropanol in the aforementioned protocol. Alternatively, NS extraction from the 

cathodically exfoliated electrode could be made in isopropanol, as described above, but in the 

final process of removal of the free nucleotides the target solvent was used to re-disperse the 

MoS2 sediments instead of neat isopropanol. The concentration of NSs in the dispersions was 
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estimated through UV-vis absorption spectroscopy on the basis of the Lambert-Beer law by 

measuring the extinction of the dispersion at a wavelength of 345 nm and using the extinction 

coefficient [(345 nm) ≈ 6900 mL mg
-1

 m
-1

] previously derived for MoS2 by Coleman and co-

workers [1]. 

 
S1.4. Characterization techniques 

The materials were analyzed by UV-vis absorption spectroscopy, field-emission scanning 

electron microscopy (FE-SEM), scanning transmission electron microscopy (STEM), high 

resolution transmission electron microscopy (HR-TEM), selected-area electron diffraction 

(SAED), atomic force microscopy (AFM), Raman spectroscopy, X- ray photoelectron 

spectroscopy (XPS), as well as by measurement of contact angles. UV-vis absorption spectra 

were obtained for colloidal dispersions of the exfoliated MoS2 material on a double-beam 

Heios  spectrophotometer (Thermo Spectronic) using quartz cuvettes with an optical path 

length of 1 cm. FE-SEM and STEM images were recorded on a Quanta FEG apparatus (FEI 

Company) operated at 30 kV, whereas HR-TEM and SAED were accomplished in a JEM‐

2100F system (JEOL) working at an acceleration voltage of 200 kV. The HR-TEM was also 

equipped with STEM and energy dispersive X-ray (EDX) detector (Oxford Instruments, 

silicon drift detector (SDD) 80 mm2), which allowed chemical mapping. Specimens for FE-

SEM were directly mounted on the sample holder using double-sided carbon adhesive tape, 

while for imaging exfoliated NSs by STEM and HR-TEM, their dispersion in isopropanol was 

drop-cast (~40 L) onto copper grids (200 mesh) covered with either a lacey or a continuous 

carbon film (acquired from EMS and SPI Supplies, respectively). To avoid damage by high 

energy electron bombardment, the HR-TEM measurements were performed under cryogenic 

conditions, using a double tilt cooling sample holder (GATAN model 636) maintained at -180 

°C. AFM measurements were carried out with a Nanoscope IIIa Multimode apparatus (Veeco 

Instruments) in the tapping mode of operation, using silicon cantilevers with nominal spring 

constant and resonance frequency of ~40 N m-1 and 250–300 kHz, respectively. Samples for 

AFM were prepared by drop-casting a small volume (~20 L) of a low-concentration MoS2 

NS dispersion in isopropanol (~0.01–0.03 mg mL
-1

) onto SiO2(300 nm)/Si wafers and 

allowing it to dry under ambient conditions. Raman spectra were recorded on a Horiba Jobin-

Yvon LabRam instrument at a laser excitation wavelength of 532 nm (green line). A low 

incident laser power (~0.5 mW) was employed to avoid damage to the NSs. XPS was 

accomplished on a SPECS system, working at a pressure of 10-7 Pa with a monochromatic Al 
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K X-ray source (1486.7 eV) operated at 14.00 kV and 150 W. For both Raman spectroscopy 

and XPS, specimens were prepared in the form of thin films by vacuum-filtering MoS2 NS 

dispersions in isopropanol through silver membrane filters (diameter: 25 mm in diameter; 

pore size: 0.2 m; acquired from Whatman). Contact angles were measured on vacuum-

filtered films by dropping 2 L of 6 M KOH solution with a pipette and immediately taking 

images of the droplet with a standard digital camera, which had a macro lens attached. 

Analysis of the recorded images with ImageJ software was then carried out to determine 

contact angle values. 

 
S1.5. Testing of cathodically exfoliated MoS2 as an electrode material for energy storage 

The performance of different samples derived from the cathodically treated MoS2 material 

was evaluated in their role as electrodes for electrochemical energy storage in 6 M KOH 

electrolyte. Three-electrode tests were carried out using a commercial activated carbon fiber 

(ACF A20) as the counter electrode [paste consisting of a mixture of ACF A20, 

polytetrafluoroethylene (PTFE) as a binder and carbon black as a conducting additive in a 

weight ratio of 90:5:5] and Hg/HgO (1 M NaOH) as the reference electrode. The following 

materials were tested as working electrodes: (1) As-expanded MoS2, which was directly 

obtained from the cathodic treatment (4 M KCl, -20 V) without any further processing. (2) 

As-expanded MoS2 combined with guanosine 5´- monophosphate disodium salt (GMP), 

which was prepared by first stirring the as- expanded material in an aqueous GMP solution (5 

mg mL-1) and then drying the resulting product under a vacuum at 60 ºC overnight. (3) MoS2 

nanosheets extracted from the as-expanded material in isopropanol with GMP as described in 

section S1.3. The GMP-stabilized MoS2 dispersion in isopropanol was sedimented via 

centrifugation (20000 g, 20 min) and then the precipitate was dried under a vacuum at 60 ºC 

overnight to finally obtain a loose powder. (4) MoS2 NSs combined with single walled-carbon 

nanotubes (SWCNTs) in a weight ratio of 2:1. The MoS2 component was prepared as 

described for sample no. 3. The carbon nanotube component was prepared by first debundling 

commercial SWCNTs (0.7–1.3 nm in diameter, from Sigma-Aldrich) in an aqueous flavin 

mononucleotide (FMN) solution (1 mg mL-1 SWCNT, 1 mg mL-1 FMN) via sonication and 

subsequent centrifugation (20000 g, 40 min). The resulting supernatant (a dispersion of 

debundled SWCNTs) was mixed with an equal volume of ethanol to colloidally destabilize 

the nanotubes, which agglomerated at the air-liquid interface. The agglomerated nanotubes 

were then collected and dried under a vacuum at 60 ºC overnight to give a loose powder. 
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Finally, the MoS2 nanosheet and SWCNT powders were combined in the desired proportion 

and hand-ground with a mortar and pestle until a visually homogenous powder was attained. 

(5) MoS2 nanosheets combined with SWCNTs in a weight ratio of 7:1, obtained using the 

same protocol as described for sample no. 4. (6) SWCNTs in the absence of any MoS2 

material, obtained in powder form as described in the case of sample no. 4. For the 

electrochemical measurements, the working electrode materials were pressed (1 ton for 10 s) 

at typical mass loadings of 1.0-1.3 mg cm-2 onto a graphite foil support (Papyex I980, from 

Mersen) by means of a hydraulic press. The electrodes were assembled in a Swagelok-type 

cell, using a piece of nylon membrane filter (0.45 m of pore size, from Whatman) as the 

electrode separator. Before mounting the cell, the working electrode, counter electrode and 

separator were soaked in the electrolytic solution and vacuum-degassed. The measurements 

were conducted in a Biologic VSP potentiostat, recording both cyclic voltammograms and 

different potential scan rates and galvanostatic charge/discharge curves at different current 

densities. The best-performing sample (MoS2-SWCNT hybrid in a weight ratio of 2:1) was 

also tested in a two-electrode, asymmetric supercapacitor configuration. To this end, a 

commercial powdered activated carbon (YP-50F, from Kuraray) was used in the form of a 

paste (mixture of YP-50F, PTFE and carbon black in a weight ratio of 90:5:5) as the negative 

electrode, whereas the MoS2- SWCNT hybrid was used as the positive electrode, with 6 M 

KOH as the electrolyte. 

 
S1.6. Testing of cathodically exfoliated MoS2 as a catalyst for nitroarene reduction 

The catalytic activity of the cathodically exfoliated MoS2 NSs was tested for the reduction of 

4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) to 4-aminophenol (4-AP) and p-

phenylenediamine (p-PDA), respectively, in aqueous medium at room temperature and using 

NaBH4 as the reducing agent. To this end, GMP-stabilized NSs dispersed in water by the 

procedure described above were used. Nevertheless, for best results the as-obtained aqueous 

dispersions were subjected first to a centrifugation step (5000 g, 20 min) to retain in the 

supernatant those NSs with smaller mean lateral size (< 200 nm) and then to an additional 

step of free GMP removal by sedimentation (20000 g, 20 min) and re-dispersion in water. 

Omitting the latter step led to lower catalytic activities, likely as a result of an excessive 

amount of nucleotide adsorbed on the MoS2 NSs, while additional washing steps caused 

agglomeration of the dispersed NS and hence also a decrease in the measured catalytic 

activities. Following previously reported procedures [2], the catalytic tests were carried out by 
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preparing aqueous solutions (2.5 mL) containing a small amount of the MoS2 NSs (~5–10 g 

mL
-1

), either 4-NP (0.12 mM) or 4-NA (0.11 mM), as well as NaBH4 [72 (110) mM when 

testing 4-NP (4-NA)]. Right after their preparation, the solutions were loaded onto an UV-vis 

absorption spectrophotometer and the progress of the reaction was recorded by monitoring the 

intensity of an absorption peak characteristic of the reactant molecule, i.e., the peak located at 

~400 nm for 4-NP and at ~382 nm for 4-NA. 

S2. Additional microscopic characterization 
 

 
 

 
 

Figure S1. Representative FE-SEM image of a starting, untreated MoS2 crystal. 

 

 
 

 

 
Figure S2. Representative STEM images of MoS2 exfoliated in (a) 4 M NaCl and (b) 

0.3 M TPACl. 
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Figure S3. (a) STEM image of MoS2 exfoliated in 4 M KCl and (b,c) the 

corresponding energy dispersive X-ray (EDX) area mapping of (b) sulfur and (c) 

molybdenum. 

 

S3. Additional spectroscopic characterization 
 

 

 
 

Figure S4. Typical XPS spectra of (a) Mo 3d (and S 2s, black dotted line), and (b) S 

2p core levels of chemically exfoliated MoS2 nanosheets obtained by the n-butyllithium 

intercalation route as reported in Paredes et al. [3] (top), and MoS2 cathodically exfoliated in 

4 M KCl and extracted with isopropanol (bottom). Mo 3d and S 2p XPS core level doublet 

bands are deconvoluted into two components assigned to the 2H (green dotted line) and 1T 

phases (red dotted line). For this comparison, the XPS  spectra of the present cathodically 

exfoliated materials were acquired under the same conditions used in [3], i. e., with a non–

monochromatic Mg Kα X-ray source operated at a power of 100 W. The high resolution 

spectra were taken at a pass energy of 10 eV with an energy step of 0.1 eV. The binding 

energy scale of all spectra was referenced to the maximum of the C 1s band for adventitious 

carbon. 
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S4. Electrochemical study of the cathodic exfoliation of MoS2 

Cathodic exfoliation of MoS2 was carried out in a potentiostat in order to study the 

electrochemical processes involved. Fig. S5 shows four consecutive CVs recorded at a 

potential scan rate of 10 mV s-1 in the widest potential range available in the current 

equipment (8 V), using pure water (blue trace) and 4 M KCl (black trace: first cycle; grey 

traces: following cycles) as electrolytic medium. When the potential range from 0 to -8 V 

was swept using pure water as electrolytic medium, the current remained near 0 A (blue 

trace) and no change was observed in the MoS2 cathode morphology. However, when the 

same process was carried out in 4 M KCl, an abrupt reduction peak was observed in the 

first CV cycle (black trace). Throughout the few minutes during which this peak 

developed, the progressive swelling of the MoS2 cathode became apparent by bare eye. We 

interpret that this abrupt peak was originated by the intercalation of a large amount of 

hydrated potassium cations followed by the reduction of co-intercalated water between the 

lamellae. As explained in the main text, the pressure exerted by the hydrogen generated 

upon water reduction separated the layers. No reduction peaks were observed in 

subsequent cycles (grey traces), and no further swelling of the cathode occurred either. 

Intercalation and expansion having already taken place, only water reduction on the 

surface remained. The noise observed in the CVs came from the variation of the surface of 

the cathode during the measurement, which in turn originated in the lack of rigidity of the 

exfoliated MoS2 layers. 

 

Figure S5. Cyclic voltammograms recorded in a three-electrode configuration, using 

an MoS2 piece as the working electrode, Pt foil as the counter electrode, and Hg/HgO (1 M 

NaOH) as the reference electrode with either pure water (blue trace) or 4 M KCl (black trace: 
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first cycle; grey traces: following cycles) as electrolytic medium (potential scan rate:10 mV s-

1). 

S5. Additional information related to the electrochemical characterization of 

cathodically exfoliated MoS2 

 

 

 
Figure S6. Digital pictures of droplets of electrolyte (aqueous 6 M KOH solution) 

deposited on (a) the surface of vacuum-filtered films of bare MoS2 nanosheets and (b) GMP-

adsorbed MoS2 nanosheets, with indication of the contact angle. 

 

Figure S7. (a) Cyclic voltammogram recorded in a three-electrode configuration 

with the hybrid material (MoS2 to SWCNT weight ratio of 2:1) as the working electrode 

in 6 M KOH electrolyte at a potential scan rate of 5 mV s-1. (b) Fitting of the anodic 

current, i, measures at a potential of 0.4 V vs Hg/HgO as a function of the potential scan 

rate, , to the equation i = a b. 
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Table S1. Gravimetric capacitance values of a range of MoS2-based electrodes determined 

with a three-electrode system at current density of 1 A g-1. 

Material Electrolyte Capacitance 
(F g-1) 

Ref. 

Li-intercalated 1T’ MoS2 NSs Phosphate buffer 
solution 

10–15 4 

Hydrothermally synthesized MoS2 NSs 1 M Na2SO4 129.2 5 

Hydrothermally synthesized 2H MoS2 NSs 1 M Na2SO4 194 6 

Hydrothermally   synthesized 2H MoS2 

NSs/carbon nanotube hybrid 
1 M Na2SO4 402 6 

Hydrothermally synthesized flower-like 
MoS2 

1M KCl 235 7 

Hydrothermally synthesized flower-like 
2H MoS2 NSs 

1M KCl 168 8 

Hydrothermally synthesized few-layer 
MoS2 NSs embedded in porous carbon 
matrix 

1 M H2SO4 472 9 

1 T’ MoS2 NSs confined on TiO2 nanotube 
arrays 

1 M Na2SO4 345 10 

1 T’ MoS2 NSs 0.5 M 
Li2SO4/Na2SO4/ 
K2SO4 

100 11 

Li-exfoliated MoS2 NSs 2 M Na2SO4 117 12 

Li-exfoliated MoS2 

NSs/poly(ethyleneimine)-modified 
graphene oxide hybrid 

2 M Na2SO4 154 12 

Reduced graphene oxide (RGO)-ultrafine 
2H MoS2 powder aerogel 

1M NaCl 69 13 

Hydrothermally synthesized 1T-2H mixed 
phase MoS2 sheet-RGO aerogel 

1M NaCl 416 13 

Low-temperature deposited MoS2 thin 
films 

1 M Na2SO4 180 14 

Hydrothermally synthesized 
MoS2/RGO@polyaniline hybrid 

1 M H2SO4 216 15 

Hydrothermally synthesized porous 
tubular carbon/MoS2 nanocomposite 

3 M KOH 210 16 

Hydrothermally synthesized, interlayer 
expanded MoS2 NSs 

1 M Na2SO4 231 17 
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Table S2. Maximum energy densities reported in the literature for a variety of asymmetric 

supercapacitors having MoS2-based electrodes (except for the case of a MoSe2-based 

electrode). 
 

Positive electrode Negative electrode Electrolyte Maximum energy

 density, 

in W h kg-1 ( 

power density, in 

W kg-1) 

Ref. 

Li-exfoliated MoS2/reduced 

graphene oxide (RGO) 
Reduced graphene 

oxide (RGO) 

1 M Na2SO4 23 19 

Hollow carbon spheres decorated with 

hydrothermally synthesized MoS2 NSs 

RGO 3 M KOH 13.7 (61.6) 20 

Hydrothermally synthesized MoS2 

NSs on graphene foam 

Activated carbon 

(AC) 

6 M KOH 16 (758) 21 

Solvent-exfoliated MoS2 NSs on 
graphene foam 

AC 3 M KOH 36.4 (400) 22 

Solvent-exfoliated MoS2 NSs-NiO 

hybrid 

Solvent-exfoliated 

MoS2 NSs-Fe2O3 

hybrid 

6 M KOH 39.6 (807) 23 

Hydrothermally synthesized nickel 

sulfide/MoS2 NSs on carbon nanotubes 

AC 3 M KOH 40 (400) 24 

Hydrothermally synthesized 

MoS2/NiS yolk–shell Microspheres 

AC 6 M KOH 31 (156) 25 

AC Hydrothermally 

synthesized and di- 

exfoliated 

MoS2/graphene 

oxide hybrid 

2 M Na2SO4 19.3 (450) 26 

Hydrothermally synthesized MoS2- 

carbon-NiCo2S4 hybrid 

AC 6 M KOH 27.7 (400) 27 

Hydrothermally synthesized 

V2O3@MoS2 composite tubes 

AC 1 M Na2SO4 31.8 (370) 28 

Thermally synthesized MoS2-WS2- 
RGO hetrostructure 

RGO 3 M KOH 15 (373) 29 

MnO2 on carbon fiber Hydrothermally 

synthesized MoS2 

NSs on carbon fiber 

1 M Na2SO4 22.5 (750) 30 

Ultrasound-exfoliated MoSe2-RGO 

hybrid 

AC 6 M KOH 26.6 (800) 31 

Cathodically exfoliated MoS2 NSs- 

SWCNT hybrid 

AC 6 M KOH 26 (750) This 

work 
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S6. Comparison of the catalytic activity of GMP-stabilized cathodically exfoliated 

MoS2 NSs towards the reduction of nitroarenes with NaBH4 with those reported  for 

other catalysts in the literature 

 
Table S3. Catalytic activity (defined as number of moles of reactant converted per mole of 

catalyst used per unit time) of GMP-stabilized cathodically exfoliated MoS2 NSs towards 

the reduction of 4-NP and 4-NA compared with that of different types of MoS2 NSs and 

graphene-derived materials reported in the literature. 

 
 

Catalytic system Catalytic 

activity 

(h-1) 

Ref. 

Reduction of 4- NP   

GMP-stabilized cathodically exfoliated MoS2 NSs 21.4 Present 
work 

GMP-stabilized sonicated MoS2 NSs 2.6–7.8 32 

Li-exfoliated 1T’-phase MoS2 NSs 44.4 33 

Hydrothermally synthesized MoS2 NSs supported onto Fe3O4 particles 2.4 34 

Co-doped MoS2 NSs 8.4 35 

Hydrothermally synthesized MoS2 NSs intercalated in pillared 
montomorillonite 

24 36 

RGO NSs capped with poly(diallyldimethylammonium chloride) 0.10 37 

N-doped RGO foam 0.07 38 

Reduction of 4-NA 
  

GMP-stabilized cathodically exfoliated MoS2 NSs 140 Present 
work 

GMP-stabilized sonicated MoS2 NSs 3.4–14.4 32 

Li-exfoliated 1T’-phase MoS2 NSs 83.4 33 

Co-doped MoS2 NSs 3.2 35 

N-doped RGO NSs 0.08 33 
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Table S4. Catalytic activity (defined as number of moles of substrate converted per mole of 

catalyst used) of catalysts based on non-noble metals towards the reduction of 4-NP with 

NaBH4. 

 
 

Catalytic system Catalytic 

activity 

(h-1) 

Ref. 

Cu and Sn sponges/dendrites 1.2–1.8 39 

Cu nanoparticles on carbon microspheres 0.2 40 

Graphene stabilized CuNi nanocomposite 12 41 

MOF-derived Ni based N-doped mesoporous carbon 2.4 42 

Co nanoparticles embedded in hierarchically porous N-doped carbon 

frameworks 

18 43 

Co nanocrystals on RGO 0.6 44 

Hexagonal Ni plates on RGO 0.44 45 

Hollow porous Cu particles from silica-encapsulated Cu2O 

nanoparticle aggregates 

3 46 

Co@BN core–shell nanoparticles 0.38 47 

Co nanoparticles embedded into ordered mesoporous 

Carbon 

7.8 48 

 

Ni nanoparticles on silica nanotubes 

 

1.8 

 

49 

Ultrafine Cu2O nanoparticles on cubic mesoporous carbon 9.6 50 

Cu nanoparticles on oxidized boron nitride 27 51 

NiO hollow nanospheres 4.2 52 
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5.2. Activación de MoS2 mediante formación de vacantes 
 

Artículo III 
 

Activation of two-dimensional MoS2 nanosheets by wet-chemical sulfur vacancy 

engineering for the catalytic reduction of nitroarenes and organic dyes, S. García-Dalí, J.I. 

Paredes, B. Caridad, S. Villar-Rodil, M. Díaz-González, C. Fernández-Sánchez, A. 

Adawy, A. Martínez- Alonso, J.M.D. Tascón, Applied Materials Today, 2020, 20, 100678. 



Artículo III   

195 
 

Las láminas de MoS2 2D en fase 2H pueden ser utilizadas como catalizador para la 

reducción de nitroarenos y colorantes orgánicos. Sin embargo, su superficie basal es 

mayormente inerte, lo que supone una seria limitación en su actividad catalítica. Se sabe 

que las vacantes de azufre en la superficie basal del MoS2 son centros químicamente 

reactivos que facilitan determinadas reacciones catalíticas. Por ello, el objetivo de este 

trabajo consiste en la generación de vacantes de azufre en la superficie que provoquen un 

aumento en su actividad catalítica para la reducción de nitroarenos y colorantes 

manteniendo, además, la estabilidad de dichas láminas en dispersión acuosa, medio en el 

que se realizan los estudios catalíticos. 

Para ello, se descartan procesos de generación de vacantes de azufre que requieran 

que el MoS2 esté soportado sobre un sustrato (tratamiento por plasma, radiación iónica, 

etc) y tratamientos con agentes reductores (NaBH4 o hidracina) en condiciones muy 

agresivas (alta temperatura e intensa sonicación). En su lugar, se realiza el tratamiento de 

generación de vacantes de azufre en MoS2 en dispersión en IPA con hidracina a 

temperatura moderada (70 ºC). La dispersión original de MoS2 se obtiene mediante 

sonicación del material bulk en polvo en IPA. 

La caracterización mediante espectroscopías UV-Vis, XPS y Raman muestra que 

solo se encuentra presente la fase 2H, indicando que no ha habido cambio de fase durante 

el tratamiento con hidracina. Mediante STEM se observan láminas de apariencia y 

dimensiones similares a las del MoS2 sin tratar, lo que indica que dicho tratamiento no ha 

provocado ningún cambio morfológico ni estructural radical a la muestra. 

Por otro lado, las imágenes obtenidas por TEM de alta resolución muestran una 

clara diferencia entre la conformación atómica del MoS2 tratado con hidracina y sin tratar. 

Mientras que en el MoS2 sin tratar se observa un patrón triangular ordenado a largo 

alcance, indicativo de la ausencia de defectos atómicos significativos, en el MoS2 tratado 

con hidracina el patrón se vuelve más irregular y discontinuo, observándose huecos que 

sugieren la ausencia de átomos de azufre. Esta idea queda reforzada con los valores de la 

relación atómica S/Mo obtenidos por XPS, donde se observa una disminución desde ~2 

(MoS2 inicial) hasta ~1.7 para MoS2 tratado con la mayor cantidad de hidracina. 

Sin embargo, la presencia de un mayor número de vacantes de azufre en una 

muestra no significa necesariamente que tenga que ser más activa catalíticamente, ya que 

la distribución espacial de esas vacantes puede tener un efecto importante. No tiene por 

qué tener el mismo efecto que las vacantes sean monoatómicas a que sean multiatómicas o 
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que las vacantes estén distribuidas homogéneamente por la superficie del material a que 

estén agrupadas en determinadas zonas. Esto es así en el caso de la reacción de evolución 

de hidrogeno, en el que la catálisis mejora con la presencia de vacantes de azufre solo 

hasta una cierta densidad. Para los estudios cinéticos realizados, los centros no saturados 

de molibdeno asociados a vacantes de azufre son centros donde se puede estabilizar el 

anión hidruro que permite reducir al nitroareno, favoreciendo la catálisis. En base a los 

resultados de EPR, parece que esos centros son más abundantes en muestras con un 

número moderado de vacantes de azufre que en muestras con números altos de vacantes, 

teniendo a quedar más sitios donde estabilizar el hidruro y por tanto más sitios donde 

propiciar la catálisis. De hecho, los estudios cinéticos de reducción de nitroarenos y 

colorantes orgánicos muestran una clara mejora en la actividad catalítica de los materiales 

con número moderado de vacantes de azufre, corroborando así la hipótesis establecida 

previamente de que no sólo es importante el número de vacantes, sino también la 

distribución de éstas. 



Artículo III   

197 
 

ARTÍCULO III 

 

Activation of two-dimensional MoS2 nanosheets by wet-chemical sulfur vacancy 

engineering for the catalytic reduction of nitroarenes and organic dyes 

 
 

S. García-Dalí
a
, J.I. Paredes

a,*
, B. Caridad

a
, S. Villar-Rodil

a,*
, M. Díaz-González

b
, C. 

 

Fernández-Sánchez
b
, A. Adawy

c
, A. Martínez-Alonso

a
, J.M.D. Tascón

a
 

 

 
a
Instituto Nacional de Ciencia y Tecnología del Carbono, C/Francisco Pintado Fe 26, 

33011 Oviedo, Spain 

b
Instituto de Microelectrónica de Barcelona, IMB-CNM (CSIC), Campus UAB, 08193 

 

Bellaterra, Barcelona, Spain 
 

c
Laboratory of High-Resolution Transmission Electron Microscopy, Institute for Scientific 

and Technological Resources, University of Oviedo, 33006 Oviedo, Spain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Corresponding authors: 

 

E-mail addresses: 

 

paredes@incar.csic.es (J. I. Paredes), silvia@incar.csic.es (S. Villar-Rodil). 

mailto:paredes@incar.csic.es
mailto:silvia@incar.csic.es


198 

Artículo III   

 

Abstract 

Two-dimensional 2H-phase MoS2 nanosheets can be used as a non-noble metal-based 

catalyst for nitroarene and organic dye reduction, thus being of potential utility towards the 

treatment of industrial wastewater. However, their activity is severely limited by the 

inertness of their pristine basal surface. We report here a simple approach for the catalytic 

activation of solvent-dispersed MoS2 nanosheets based on the introduction of sulfur 

vacancies by  hydrazine treatment. MoS2 nanosheets boasting markedly improved catalytic 

activities in the reduction of 4-nitrophenol, 4-nitroaniline, methyl orange and methylene 

blue by NaBH4 could be obtained, outperforming many prior non-noble metal-based 

catalysts developed for such reactions. Notably, the improvement in catalytic activity was 

not compromised by the use of a proper dispersant to colloidally stabilize the activated 

nanosheets in the aqueous reaction medium. Substrate-supported catalysts could be 

prepared by immobilizing the nanosheets on melamine foam, facilitating their handling 

and reutilization. The chemical processes taking place between the investigated reagents 

and the MoS2 catalyst were also discussed and rationalized, based on which a mechanism 

for nitroarene/dye reduction mediated by the sulfur vacancies was proposed. 

 
 

Keywords: 

 

Two-dimensional material, MoS2, catalytic reduction, 4-nitrophenol, organic dye 

degradation. 

 

 

1. Introduction 

 

Transition metal dichalcogenides (TMDs) in two-dimensional (2D) form, such as 

MoS2, MoSe2 or WS2, have in recent years become the focus of intensive research 

endeavors due to their strong potential for application in many technological fields,
1,2
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including that of catalysis
3-5

. Although bulk layered TMDs, especially MoS2, have long 

been known to be catalytically active towards certain reactions of industrial interest 

(mainly, hydrodesulfurization reactions),
6,7

 their downsizing into 2D nanosheets (NSs) can 

bring a number of benefits when used in catalysis.
3,4

 First, the large surface-to- volume 

ratio of 2D TMDs provides a greatly increased density of catalytic active sites (either 

native or intentionally generated) that are accessible to reactants. Second, the electronic 

structure of TMDs undergoes considerable changes when their dimensionality is reduced 

to the single-/few-layer level, which can be exploited to modulate the reactivity of their 

catalytic sites. Third, while not acting as catalysts themselves, TMD nanosheets supported 

onto catalytic substrates afford two-dimensionally confined spaces where the rate of 

chemical reactions may be accelerated, a phenomenon referred to as “catalysis under 

cover”.
8
 

To this day, most efforts on the application of 2D TMDs in catalysis have been 

directed to the area of electrochemical energy conversion, where they have been mainly 

explored as electrocatalysts for the hydrogen evolution reaction (HER) and, to a lesser 

extent, the oxygen reduction/evolution reactions.
4,5,9

 In the meantime, however, a number 

of studies have disclosed the high catalytic activity of 2D and nanostructured TMDs 

towards other, environmentally relevant chemical processes, such as CO2 methanation
10

 

and the reduction of nitroarenes and organic dyes.
11

 In particular, the reduction of 

nitroarenes/dyes is carried out in the liquid phase (mainly water)
11–19

 and bears a 

considerable practical relevance in addition to its interest as model reaction for the testing 

of catalytic systems.
20-23

 For example, nitrophenols and their derivatives are highly toxic 

and recalcitrant pollutants generated as by-products by many chemical industries (e.g., 

those manufacturing pesticides, herbicides or dyes). Therefore, they need to be degraded 

before they are discharged to the aquatic environment. The reduction of nitrophenols into 



200 

Artículo III   

 

biodegradable and much less toxic anilines is one of the possible solutions.
22,24,25

 

Similarly, the degradation of organic dyes found in industrial wastewater effluents, 

such as methyl orange and methylene blue,
26

 by reduction processes is also relevant from 

an environmental remediation perspective.
25,27,28

 In addition, the reduction of nitrophenols 

into their corresponding anilines is an essential step in the synthesis of certain 

pharmaceutical compounds (e.g., antipyretic and analgesic drugs) and polymers.
21

 

Though the reduction of nitroarenes and other aromatic compounds has been 

traditionally accomplished with precious metal (Pt, Pd, Au, etc) nanoparticles as the 

catalyst,
29,30

 the high cost and scarcity of the latter has driven a search for more affordable 

alternatives based on the use of non-noble metals (e.g., Co, Ni and Cu).
22,31,32

 Metal 

compounds such as transition metal oxides and sulfides, including 2D MoS2, are also 

being explored.
21

 Indeed, early work demonstrated that 1T-phase MoS2 NSs produced via 

the Li intercalation/exfoliation route are efficient catalysts in the reduction of a number of 

nitroarenes and dyes by NaBH4 in water.
11,14

 The metallic character of the 1T phase was 

believed to be largely responsible for the good catalytic behavior of the NSs; indeed, their 

activity decreased markedly when the 1T phase was converted to the semiconducting 2H 

phase.
11

 Unfortunately, 1T phase is metastable and reverts to the thermodynamically stable 

2H phase in a matter of weeks to months,
33,34

 and is also prone to environmental 

oxidation.
35,36

 Such instability compromises the practical use of the 1T-phase material in 

catalysis and beyond. While this problem can be alleviated through covalent 

functionalization of the 1T NSs,
37

 both the chemical derivatization and the Li intercalation 

process itself require long reaction times (days) and/or inert atmospheres, which 

challenges the feasibility of this route for the industrial production of 2D MoS2-based 

catalysts. 

Alternatively, 2H-phase NSs can be easily prepared in large quantities by direct, 
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ultrasound- or shear force-induced exfoliation of bulk MoS2 in the liquid phase.
38-40

 This 

solvent-exfoliated MoS2 is also catalytically active towards the reduction of nitroarenes, 

but its activity is substantially lower than that of 1T-phase NSs derived from Li 

intercalation.
41

 Such a comparatively meager performance can be attributed to the fact 

that, similar to other MoS2-catalyzed processes (e.g., HER),
4,5,9

 the catalytic active sites for 

these reduction reactions are located for the most part at the edges of the 2H NSs, their 

basal planes being largely inert.
41

 Finding simple and efficient ways to activate the basal 

plane of 2H NSs for these catalytic reactions would thus be highly desirable to foster their 

industrial use, but such an issue is yet to be addressed. We hypothesized that introducing 

sulfur vacancies on the surface of 2H MoS2 NSs could be an effective way to activate their 

basal planes toward the reduction of nitroarenes and organic dyes. Although this type of 

lattice defect has in recent years been demonstrated to be catalytically very active for the 

electrochemical HER,
42

 it is currently unknown whether the same holds true for the 

abovementioned reduction reactions. However, since the latter are essentially electron 

transfer processes
11,19

 and sulfur vacancies in MoS2 are known to behave as electron 

donors,
43

 it is quite likely that such defects will also be catalytically active in this case. 

Very recent and limited evidence seems to support this idea,
44 

but the question has not yet 

been systematically investigated and demonstrated. 

Here, we investigate a simple wet chemical method based on hydrazine treatment for 

the controlled generation of sulfur vacancies in solvent-exfoliated MoS2 NSs, which is 

shown to activate them for the catalytic reduction of nitroarenes and organic dyes. 

Through proper adjustment of the treatment conditions, the catalytic activity of the 

material can be markedly increased, becoming comparable or even higher than that of 

metallic 1T MoS2 and other catalysts based on non-noble metals. The central role played 

by the introduced sulfur vacancies in the enhanced catalytic performance is 
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mechanistically discussed and substantiated through experiments whereby these defects 

are deactivated by well-known vacancy passivation methods, as well as through 

comparison with the activity of the NSs as electrocatalysts for HER. Likewise, easily 

recoverable and reusable catalysts based on the vacancy-decorated MoS2 NSs are obtained 

by resorting to melamine foam as a supporting scaffold for the NSs. Overall, the present 

results may provide a viable route to implement activated 2D MoS2 in industrial catalytic 

processes of environmental relevance. 

 

2. Materials and methods 

 

2.1. Materials and reagents 

 

The following materials and chemicals were acquired from Sigma-Aldrich and used as 

received: MoS2 powder, isopropanol, hydrazine monohydrate, NaBH4, 4-nitrophenol (4-

NP), 4-nitroaniline (4-NA), methyl orange (MO), methylene blue (MB), guanosine 

monophosphate (GMP) and 1-pentanethiol. Milli-Q deionized water (Millipore 

Corporation; resistivity: 18.2 M cm) was used throughout the experiments. 

 

2.2.Preparation and hydrazine treatment of 2D MoS2 nanosheets 

 

MoS2 NSs were obtained from the direct exfoliation of bulk MoS2 powder in 

isopropanol with the assistance of sonication. In a typical procedure, 3 g of MoS2 powder 

were added to 100 mL of isopropanol in a vial and bath-sonicated (J.P. Selecta Ultrasons 

system, 40 kHz) for 5 h. The resulting mixture was then centrifuged (Eppendorf 5424 

microcentrifuge) at 2000 g for 20 min to retain only the thinnest (i.e., few/several-layer) 

exfoliated NSs in the supernatant, which was collected for further use, while the rest of the 

MoS2 material (i.e., thicker exfoliated NSs as well as poorly and non-exfoliated particles) 

was sedimented. The average lateral size and thickness of the dispersed NSs along with 
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their concentration in the supernatant suspension were estimated by means of UV-vis 

absorption (extinction) spectroscopy using the metrics developed by Backes et al 

specifically for this 2D material.
45

 These MoS2 suspensions were used in all the 

subsequent experiments. To generate sulfur vacancies in the exfoliated MoS2 NSs, their 

colloidal dispersions in isopropanol were subjected to hydrazine treatment, which was 

carried out as follows: in a test tube, a given volume of hydrazine monohydrate was added 

to 20 mL of MoS2 dispersion with a concentration of 0.1 mg mL
-1

. The test tube was then 

capped with a rubber septum having a small perforated orifice to allow gas release and 

heated at 70 ºC for 2 h. The reacted product was then washed to remove any hydrazine 

monohydrate remaining in the solution by applying three consecutive cycles of MoS2 NS 

sedimentation via centrifugation (20000 g, 20 min), replacement of all the supernatant 

volume by neat isopropanol and re-dispersion of the NSs  by a brief (2 min) sonication 

step. When the MoS2 material was required in a dry state, the sediment from the last 

centrifugation cycle was collected and dried overnight at room temperature under reduced 

pressure. Different samples of hydrazine-treated MoS2 NSs were obtained depending on 

the amount of hydrazine monohydrate used for the treatment. These samples were denoted 

as MoS2-x%, where x% stands for the volume percentage of hydrazine monohydrate added 

relative to the volume of MoS2 dispersion used (e.g., MoS2-2% indicates that 0.4 mL of 

hydrazine monohydrate were added to 20 mL of the MoS2 dispersion in isopropanol). For 

comparison purposes, hydrazine treatments at room temperature (~20 ºC) and 150 ºC were 

also carried out. The reaction at 150 ºC was not conducted in a capped test tube. A Teflon-

lined autoclave heated in a conventional laboratory oven was used instead. 
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2.3. Catalytic reduction of nitroarenes and organic dyes with activated MoS2 

nanosheets 

 

The hydrazine-treated MoS2 NSs were investigated as catalysts for the reduction of 

the nitroarenes 4-NP and 4-NA as well as the organic dyes MO and MB in aqueous 

medium at room temperature, using NaBH4 as the reducing agent. Two main sets of 

catalysts were tested: (1) bare, uncapped 2D MoS2, i.e., NSs that were transferred from 

their original isopropanol dispersion to the aqueous reaction medium without resorting to 

any stabilizer or surfactant, and (2) GMP-stabilized 2D MoS2, i.e., NSs that were 

transferred to the aqueous medium with the aid of the GMP nucleotide as a colloidal 

stabilizer. For the bare NSs, solvent transfer was accomplished by two cycles of 

sedimentation of their original dispersion in isopropanol via centrifugation (20000 g, 20 

min), replacement of the supernatant liquid by water and re-dispersion by a brief 

sonication treatment (2 min). The colloidal stability of the resulting aqueous dispersions of 

bare MoS2 was limited to several hours. For this reason, the corresponding catalytic tests 

were carried out immediately after the solvent transfer step. For the GMP-stabilized NSs, 

the solvent transfer protocol was similar, with the exception that, in the second cycle, the 

sedimented NSs were re-dispersed in an aqueous solution of the nucleotide (GMP 

concentration: 2 mg mL
-1

). This gave a mixed solution containing MoS2 NSs colloidally 

stabilized by adsorbed GMP molecules together with free, non-adsorbed GMP. To remove 

the free molecules and retain only the GMP-adsorbed NSs, the latter were sedimented by 2 

iterative cycles of centrifugation (20000 g, 20 min), replacement of ~75% of the 

supernatant volume by pure water and re-dispersion of the sedimented NSs by a brief (2 

min) sonication step. The different hydrazine-treated, GMP-stabilized MoS2 samples were 

denoted as GMP-MoS2-x%, where x% has the same meaning as that defined for their bare 

MoS2 counterparts. 
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For the catalytic tests, aqueous aliquots (2.5 mL) containing a given MoS2 catalyst (~7 

g mL
-1

), the substrate molecule, i.e., either 4-NP (0.12 mM), 4-NA (0.11 mM), MO (0.07 

mM) or MB (0.06 mM), as well as NaBH4 at a concentration of 72, 110, 180 and 100 mM 

for 4- NP, 4-NA, MO and MB, respectively, were prepared in quartz cuvettes with an 

optical path length of 1 cm. Immediately after preparation, the cuvettes were transferred to 

a double-beam Heios  UV-vis absorption spectrophotometer (Thermo Spectronic) and 

the reaction progress  was  monitored  by  recording  the  corresponding  kinetic  profiles.  

The  latter were obtained  by  measuring  the  temporal  evolution  of  absorbance  at  

the  wavelength  of  a characteristic peak of the substrate molecule, namely, at 400 (4-

NP), 382 (4-NA), 461 (MO) and 675 nm (MB). 

Catalyst deactivation tests were carried out by reaction of the hydrazine-treated MoS2 

NSs with alkanethiol molecules. Specifically, 0.1 mg mL
-1

 MoS2 dispersion in isopropanol 

that had been previously treated with 4% hydrazine monohydrate (i.e., sample MoS2-4%) 

was mixed with 1-pentanethiol. The concentration of the alkanethiol in the dispersion was 

set to 5 mM. After the mixture was allowed to stand at room temperature for 24 hours, the 

excess thiol was removed from the reacted MoS2 NSs through three consecutive cycles of 

sedimentation via centrifugation (20000 g, 20 min), replacement of the supernatant liquid 

by neat isopropanol and re-suspension of the NSs through a brief (2 min) sonication step. 

To examine their catalytic activity, the resulting alkanethiol- and hydrazine-treated MoS2 

NSs were transferred to the aqueous phase with the assistance of GMP, following the 

procedure described above. 

To facilitate their recovery and re-use, the activated MoS2 NSs were immobilized onto 

commercial melamine foam. To this end, the foam was first cut into ~1 cm edge cubes and 

cleaned by bath-sonication in ethanol and acetone (15 min in each solvent). After drying 

under ambient conditions, the melamine foam cubes were soaked into a 0.1 mg mL
-1

 MoS2 
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dispersion in isopropanol and then dried at room temperature under reduced pressure. To 

increase the amount of loaded NSs, the soaking/drying process was carried out several 

times (typically three), after which the original white color of the melamine foam turned 

into an olive green tone. For the catalytic tests, the MoS2-loaded foam cubes were simply 

immersed into the substrate/NaBH4 reaction mixture and then 0.25 mL aliquots were taken 

from the mixture at specific intervals for measurement in the UV-vis spectrophotometer. 

After reaction completion, the cubes were removed from the solution, rinsed with water 

and allowed to dry before being used in the next catalytic cycle. 

2.4. Characterization of the 2D MoS2 nanosheets 

 

The materials were analyzed by UV-vis absorption spectroscopy, field-emission 

scanning electron microscopy (FE-SEM), scanning transmission electron microscopy 

(STEM), high resolution transmission electron microscopy (HR-TEM), atomic force 

microscopy (AFM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and 

electron paramagnetic resonance (EPR). UV-vis absorption spectra were obtained in the 

same equipment used for the catalytic tests. FE-SEM and STEM images were recorded on 

a Quanta FEG apparatus (FEI Company) operated at 25 kV, whereas HR-TEM was 

accomplished in a JEM‐2100F system (JEOL) working at an acceleration voltage of 200 

kV. For the preparation of specimens for STEM and HR-TEM, their dispersion in 

isopropanol was drop-cast (~40 L) onto copper grids (200 mesh) covered with either 

continuous or lacey carbon film (acquired from SPI supplies and EMS, respectively). To 

avoid damage by high energy electron bombardment, the HR-TEM measurements were 

performed under cryogenic conditions (-180 °C), using a double tilt, cooled sample holder 

(GATAN model 636). AFM measurements were carried out with a Nanoscope IIIa 

Multimode apparatus (Veeco Instruments) in the tapping mode of operation, using silicon 
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cantilevers with nominal spring constant and resonance frequency of ~40 N m
-1

 and 250–

300 kHz, respectively. Samples for AFM were prepared by drop-casting a small volume 

(~20 L) of a low-concentration MoS2 NS dispersion in isopropanol (~0.01–0.03 mg mL
-

1
) onto SiO2 (300 nm)/Si wafers and allowing it to dry under ambient conditions. Raman 

spectra were recorded on a Horiba Jobin-Yvon LabRam instrument at a laser excitation 

wavelength of 532 nm (green line). A low incident laser power (~0.2 mW) was employed 

to avoid damage to the NSs. XPS was accomplished on a SPECS system, working at a 

pressure of 10
-7

 Pa with a non-monochromatic Mg K X-ray source operated at 11.81 kV 

and 150 W. For both Raman spectroscopy and XPS, specimens were prepared by drop-

casting MoS2 NS dispersions in isopropanol onto stainless steel disks until a thin, 

continuous film became visible to the naked eye. EPR spectra were collected at room 

temperature using a Bruker EMX spectrometer equipped with a EMX premium X 

microwave bridge with X band frequency of ~9 GHz. Spectra were recorded with a 

magnetic field modulation amplitude of 1.86 G, a modulation frequency of 100 kHz and a 

microwave power of ~20 mW. EPR data treatment was carried out with Bruker WinEPR 

Procesing software. 
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Fig. 1. Schematic of the generation of sulfur vacancies in MoS2 nanosheets by a 

wet-chemical route. Isopropanol-dispersed MoS2 nanosheets are reacted with hydrazine at 

70 °C to generate sulfur vacancies on their surface. 

 

3. Results and discussion 

 

3.1. Preparation and characterization of MoS2 nanosheets activated by hydrazine 

treatment 

 

 

Our aim was to activate the basal plane of MoS2 NSs suspended in solution toward the 

catalytic reduction of nitroarenes and organic dyes by the removal of sulfur atoms from 

their surface. The strategies proposed in recent years for generating sulfur vacancies in 2D 

MoS2, e.g., plasma treatment,
42,46,47

 ion irradiation,
48,49

 vacuum annealing
50

 or 

electrochemical reduction,
51

 were only applicable for NSs supported onto substrates. A 

wet-chemical treatment appeared as a more suitable option for MoS2 NSs dispersed in 

solution. Specifically, a reduction treatment with a sufficiently strong reducing agent 

seemed appropriate given that the removal of a sulfur atom from the MoS2 lattice is 

formally a reduction process (to give MoS2-x). Indeed, a few recent reports on the liquid-

phase exfoliation of bulk MoS2 through treatment with well-known reductants (hydrazine 

and its derivatives, NaBH4) under harsh conditions (e.g., high temperatures or intensive 

sonication) have revealed the formation of sulfur vacancies or even holes in the resulting 

exfoliated NSs.
52-54

 However, such aggressive treatments easily led to an extensive 

structural modification of the 2D NSs,
52-54

 making it difficult to fine-tune the introduction 

of defects in their lattice, and thus to control and optimize their performance as electron 

transfer catalysts. For our purpose, the implementation of milder treatments appeared as a 

more attractive alternative. Fig. 1 shows a schematic representation of the strategy 

followed here for generating sulfur vacancies in solution-dispersed MoS2 NSs, which 
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relied on reacting them with hydrazine in isopropanol solvent at a moderate temperature 

(70 ºC). 

First of all, we obtained (non-activated) MoS2 dispersions in isopropanol from the 

MoS2 bulk powder by a sonication/centrifugation procedure (see Materials and Methods 

for details and Fig. 2a for a photograph of an as-prepared dispersion). UV-vis absorption 

spectroscopy (Fig. 2b) revealed features that were typical of semiconducting 2H MoS2.
55

 

Both XPS (Fig. 2g) and Raman spectroscopy (Fig. 2h) confirmed that the structural phase 

of the MoS2 NSs was exclusively 2H, with no sign of the metallic 1T phase.
56,57

 

Quantitative analysis of the UV-vis spectrum (Fig. 2b) afforded estimates of the 

concentration (~0.1 mg mL
-1

) as well as average lateral size (~190–200 nm) and layer 

number (~7–8) of the suspended NSs.
45

 Such results agreed with those obtained from the 

direct observation of the solvent-dispersed objects by scanning transmission electron 

microscopy (STEM; Fig. 2c) and atomic force microscopy (AFM; Fig. 2d), and 

summarized in the histograms of Fig. 2e (distribution of NS lateral size) and f (distribution 

of NS layer number). 

Then, MoS2 dispersions in isopropanol at a concentration of 0.1 mg mL
-1

 were treated 

with hydrazine monohydrate in capped test tubes at a moderate temperature (70 ºC) to 

generate sulfur vacancies in their lattice (details of the procedure are given in the Materials 

and Methods). Different treated samples were obtained by adding different hydrazine 

monohydrate volumes to the MoS2 dispersion, resulting in samples denoted as MoS2-x%, 

where x indicates the hydrazine monohydrate to MoS2 dispersion volume ratio (in 

percentage). Volume ratios in the 1–10% range were investigated. Upon mixing the 

reducing agent with the MoS2 suspension and heating at 70 ºC, some convection 

developed in the liquid and, after several minutes, the MoS2 NSs started to agglomerate 

and sediment, and at the same time small gas bubbles were seen to rise through the liquid. 
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After two hours the mixture was cooled to room temperature and the treated NSs were 

washed to remove any remnants of the reducing agent and then re-dispersed in neat 

isopropanol. Several control experiments described in the Electronic Supplementary 

Material (ESM) allowed concluding that the gas bubbles were generated as a result of 

reactions between the MoS2 NSs and the reducing agent. Temperature appeared to play a 

central role in the evolution of the gas bubbles, that is, in the reduction of MoS2 by 

hydrazine. For instance, no bubbles (nor NS agglomeration) were observed to form when 

the MoS2 dispersion/hydrazine monohydrate mixtures were kept at room temperature (~20 

ºC), implying that the processes leading up to gas generation were kinetically hindered by 

a non-negligible activation barrier. The effect of treatment temperature on the catalytic 

performance of the NSs will be discussed below. 

The hydrazine-treated MoS2 NSs retained their overall morphology and structural 

phase. Indeed, the lamellar appearance and dimensions of the typical dispersed objects 

from samples MoS2-2%, MoS2-4%, MoS2-6% and MoS2-10% (see STEM images in Fig. 

S1 of the ESM) were very similar to those of the starting, untreated dispersion (Fig. 2c). 

Likewise, results from UV-vis absorption spectroscopy, XPS and Raman spectroscopy 

(Fig. S2 in the ESM) indicated a virtually complete preservation of the semiconducting 2H 

phase after the treatments, with no sign of the metallic 1T phase (a discussion on the 

reasons for the lack of phase transformation upon reduction is included in the ESM). 

On the other hand, the atomic-scale conformation of the MoS2 NSs underwent 

noticeable changes with hydrazine treatment. Fig. 3a-c shows HR-TEM images of the 

starting exfoliated material (a) as well as samples MoS2-4% (b) and MoS2-10% (c). 

Whereas the former generally exhibited a long-range ordered triangular pattern,  



211 

Artículo III   

 

 

Fig. 2. Characterization of the starting MoS2 nanosheets. (a) Digital photograph of 

MoS2 dispersion obtained in isopropanol and (b) its corresponding UV–vis absorption 

spectrum. The excitonic bands A, B, C and D characteristic of 2H-phase MoS2 are 

indicated. (c) Representative STEM image recorded for MoS2 flakes. (d) Typical AFM 

image of MoS2 flakes deposited from their dispersion. A representative line profile (black 

line) taken along the marked white line is shown overlaid on the image. Histograms of 

nanosheet (e) lateral size and (f) layer number. (g) Background-subtracted,  high resolution 

XPS Mo 3d spectrum and (h) Raman spectrum of a MoS2  film drop-cast from dispersion. 

The main bands of the spectra in g and h are labeled for clarity. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 3. Characterization of the hydrazine-treated MoS2 nanosheets. High resolution 

TEM images of: (a) the starting exfoliated material, (b) MoS2 -4%, and (c) MoS2 -10%. 

(d) S/Mo atomic ratio calculated from XPS data for the different materials versus the 

amount of hydrazine monohydrate used for their preparation. (e) Representative first- 

derivative X-band EPR spectra of the bulk, non-exfoliated MoS2 powder (gray trace), 

starting MoS2 nanosheets (black trace) as well as MoS2 -4% (red trace) and MoS2 -10% 

(blue trace). (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

 

which is indicative of a MoS2 lattice with no or very few atomic defects, the 

hydrazine-treated NSs appeared more irregular and discontinuous. For example, the 

presence of dark spots in MoS2-4% sample suggested that some atoms were missing 

from the lattice. Furthermore, treatment with larger hydrazine volumes (i.e., sample MoS2-

10%) led to more distinct and widespread lattice distortions. We interpret these structural 
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changes to be mostly related to the removal of sulfur atoms upon reaction of the MoS2 NSs 

with hydrazine. Indeed, as can be seen from Fig. 3d, the S/Mo atomic ratio values 

estimated for the different samples from XPS data tended to decrease with increasing 

amount of hydrazine monohydrate used, more specifically, from ~2.0 for the starting, 

untreated MoS2 NSs to 1.7 for sample MoS2-10%. These figures implied that moderate 

total numbers of sulfur vacancies were generated in the NSs by the different hydrazine 

treatments. Additional information on the determination of S/Mo atomic ratios by XPS is 

provided in the ESM. 

Electron paramagnetic resonance (EPR) spectroscopy provided further insight into the 

introduction of sulfur vacancies in the MoS2 lattice. Mo-S dangling bonds in MoS2 give 

rise to an EPR signal at a magnetic field of ~3500 G, and hence the introduction of sulfur 

vacancies should in principle lead to an enhanced intensity of this signal.
58,59

 Fig. 3e shows 

EPR spectra recorded for the starting MoS2 NSs (black trace) as well as samples MoS2-4% 

(red) and MoS2-10% (blue). The spectrum for the bulk, non-exfoliated MoS2 powder is 

also shown for comparison (gray). The fact that the EPR signal was already substantial for 

the starting exfoliated sample relative to its non-exfoliated counterpart can be ascribed to 

the presence of a sizable amount of dangling bonds associated to edges in MoS2 NSs of a 

limited lateral size (~100–300 nm; see Fig. 2).
59

 A stronger EPR signal was measured for 

sample MoS2-4%, which was consistent with the introduction of sulfur vacancies and 

hence of new dangling bonds in the lattice. Still, an even stronger signal was not observed 

for sample MoS2-10%, but rather a noticeably weaker one. This result appeared to be at 

odds with the fact that, according to XPS, the latter possessed a lower S/Mo ratio and thus 

a larger number of sulfur vacancies. We stress that these features were reproducible, as 

independently prepared batches of the same type of sample yielded the same quantitative 

results. A very similar behavior has been recently reported for MoS2 NSs that had a 
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variable fraction of their sulfur atoms removed by hydrogen annealing at different 

temperatures, and put down to a change in the nature of the resulting defects as the S/Mo 

ratio was decreased,
59

 which led to fewer Mo-S dangling bonds per defect and thus to 

weaker EPR signals. As will be discussed below, these EPR results provide a basis for 

rationalizing the catalytic activity trends of our hydrazine-treated MoS2 NSs. 

 

Fig. 4. Hydrazine-treated, solvent-exfoliated bare MoS2 nanosheets as catalysts for 

4-NP reduction. (a) Chemical structure and UV–vis spectra of 4-NP (gray trace), 4-

nitrophenoxide ion (orange trace), and 4-aminophenoxide ion (violet trace). (b) Typical 

kinetic profiles using the starting MoS2 nanosheets (black trace), MoS2 -1% (gray trace), 

MoS2 -2% (orange trace), MoS2 -4% (red trace), MoS2 -6% (green trace), MoS2 -8% 

(cyan trace), and MoS2 -10% (blue trace) as catalyst for the reduction of 4-NP. The kinetic 

profile of a blank experiment (no catalyst added) is also included (violet trace). (c) 

Catalytic activity values of the different MoS2 materials, which were calculated as the 

number of moles of 4-NP converted per mole of MoS2 catalyst per unit time.(For 

interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 

3.2. Catalytic performance of the activated MoS2 nanosheets towards nitroarene and 

organic dye reduction 

Having demonstrated the generation of sulfur vacancies in solvent-exfoliated MoS2 

NSs by hydrazine treatment, we set out to investigate the influence of such defects on the 

performance of the NSs as a catalyst for the reduction of nitroarenes and organic dyes. As 
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the main benchmark reaction, we selected the reduction of 4-nitrophenol (4-NP) to 4- 

aminophenol (4-AP) with NaBH4 in aqueous medium at room temperature. This reaction 

is known to be thermodynamically favored but kinetically hindered by a significant 

activation barrier, and thus relies on the assistance of a proper catalyst to proceed at a fast 

rate.
21

 As noticed in Fig. 4a, the reaction progress can be conveniently followed with UV-

vis absorption spectroscopy by monitoring the absorption band located at a wavelength of 

~400 nm that is distinctive of the 4-nitrophenoxide anion (i.e., the deprotonated form of 4-

NP in the basic medium induced by NaBH4).
11,20

 This band is not present in the 

corresponding reduced species (i.e., 4-aminophenoxide anion), which in turn is 

characterized by an absorption peak located at ~295 nm. Details on the implementation of 

the catalytic tests can be found in the Materials and Methods section. Fig. 4b presents 

typical kinetic profiles measured using the starting, untreated MoS2 NSs as the catalyst, as 

well as NSs treated with different amounts of hydrazine monohydrate, where the temporal 

evolution of absorbance at 400 nm for the reaction mixture (reflecting changes in 4-NP 

concentration as it is reduced to 4-AP) was plotted. In all cases, the absorbance was seen to 

monotonously decrease with time until a plateau was reached, which marked completion 

of the reduction reaction. The kinetic profiles of the hydrazine-treated samples generally 

exhibited a linear decay. Because NaBH4 was used in a large excess relative to 4-NP, this 

implied that the reaction was pseudo-zero-order with respect to the latter and hence that 

the catalytic active sites in the NSs were fully occupied during the reaction. By contrast, 

exponential decay profiles were recorded for the untreated MoS2 NSs, i.e., the reaction 

was pseudo-first-order in this case (for a detailed discussion of the order of the catalytic 

reaction, see section 3.3 and Fig. S6 in the ESM). Such a discrepancy in the reaction order 

can be ascribed to a different nature of the active sites in the catalysts. Specifically, the 

main active sites can be associated to sulfur vacancies in the hydrazine-treated MoS2 
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samples and to edges in their untreated counterpart, the former being probably less 

abundant but catalytically much more active than the latter in the hydrazine-treated NSs, 

and largely absent from the untreated NSs. 

It can be noticed from Fig. 4b that hydrazine treatment had a substantial positive 

effect on the catalytic performance of the MoS2 NSs, as evidenced by the shorter times 

required to reaction completion relative to that of the untreated material. Such an effect 

was already significant for the sample prepared with the smallest amount of hydrazine 

monohydrate (MoS2-1%), but peaked for sample MoS2-2%. By contrast, the use of larger 

hydrazine monohydrate volumes (i.e., 4, 6, 8 and 10%) led to a gradual decrease in the 

observed  reaction rates, although they were still considerably faster than that obtained 

with the untreated NSs. These trends could be quantitatively confirmed by comparing the 

overall catalytic activity of the different MoS2 samples, which was calculated as the 

number of moles of 4-NP converted per mole of MoS2 catalyst used per unit time. The 

results are plotted in  Fig. 4c, where the most efficient hydrazine-treated samples were 

seen to be more active than their non-treated counterpart by a factor of about 3–4 (e.g., 6.6 

h
-1

 for MoS2-2% vs 1.8 h
-1

 for untreated MoS2). Such an improved activity made these 2H-

phase NSs to be on a par with, or even significantly outperform, 1T-phase 2D MoS2 as 

well as other catalysts based on non- noble metal nanoparticles previously investigated for 

nitrophenol reduction (see Table S1 in the ESM for a comparison of catalytic activity 

values). 

We note that the plateau region in the kinetic profiles was associated to a finite 

absorbance value (around 0.4–0.5), which was not due to the presence of unreacted 4-NP 

but mostly originated from the MoS2 NSs themselves, as the latter exhibit strong 

absorption at 400 nm (see Fig. 2b). Indeed, the absorbance measured for a MoS2 

dispersion having the  same concentration as that used in the catalytic tests (i.e., ~7 g mL
-
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1
) was about 0.5. In the absence of any MoS2 in the reaction mixture, a constant kinetic 

profile was recorded (also plotted in Fig. 4b), indicating that no reduction of 4-NP was 

taking place, as expected. When the MoS2 dispersion used for the catalytic tests was 

replaced by the supernatant solution resulting from sedimentation of the NSs via 

centrifugation, constant kinetic profiles were obtained as well. This suggested that the 

MoS2 NSs were the actual catalyst for the process, rather than any possible molecular 

species that could have leached from the NSs. Although not shown in Fig. 4b, an initial 

induction period of a few to several minutes was usually observed in the recorded profiles 

(see Fig. S3a in the ESM), during which the absorbance value remained constant or 

changed very little. Such an induction period was attributed to oxidation of the reaction 

product back to 4-NP by oxygen molecules dissolved in the reaction solution. Support for 

this assignment is provided in section S3.1 of the ESM. 

The results of the catalytic tests reported in Fig. 4b and c for the different 2D MoS2 

samples were obtained in all cases using bare, uncapped NSs. While such conditions 

afforded the intrinsic activity of the catalysts to be determined without the possible 

interference of foreign adsorbed species,
61

 their practical utility was compromised by the 

limited colloidal stability of the bare 2D material in the aqueous reaction medium. To 

conduct the investigated catalytic reactions, a simple protocol (see Materials and Methods 

section for details) was first applied to transfer the untreated and hydrazine-treated MoS2 

NSs from isopropanol, where they formed stable colloidal dispersions on their own, to 

water. In the latter medium, and at the low concentrations used for the catalytic 

experiments (< 0.01 mg mL
-1

), the bare NSs were colloidally stable only within a narrow 

time interval of several hours,
62,63

 after which the material started to form visible 

aggregates. Hence, to avoid the negative effects of NS agglomeration on the catalytic 

activity, the tests were run immediately after the MoS2 material was transferred to the 
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aqueous phase, the results of which are reported in Fig. 4b and c. Likewise, as could be 

anticipated, the measured catalytic activity values were seen to decrease substantially 

when the experiments were run several hours after the catalyst was transferred to the 

aqueous phase. 

To circumvent these problems and attain 2D MoS2 catalysts with sustained activity in 

water, the transferred NSs were colloidally stabilized by the use of a proper dispersing 

agent. Among the known range of dispersants/surfactants for MoS2 NSs,
64

 we selected 

guanosine monophosphate (GMP), which has been recently shown to act as an effective 

stabilizer of TMDs (including MoS2).
41

 Compared to other dispersants, a particularly 

attractive feature of this RNA nucleotide rests on its ability to colloidally stabilize the NSs 

at relatively low GMP/MoS2 mass ratios, and hence the use of GMP should be less 

conducive to interfering with the catalytic reactions. Fig. 5 shows representative kinetic 

profiles (a) and corresponding catalytic activity values (b) for the reduction of 4-NP with 

the different GMP-stabilized MoS2 samples, denoted as GMP-MoS2 (untreated NSs) and 

GMP-MoS2-x% (hydrazine-treated NSs). Again, the latter outperformed their untreated 

counterpart in terms of reaction rates, but in this case the most efficient samples were 

those prepared with a larger amount of hydrazine, i.e., samples GMP-MoS2-4% and GMP-

MoS2-6% in Fig. 5b vs sample MoS2-2% in Fig. 4c. 
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Fig. 5. GMP-stabilized MoS2 nanosheets as catalysts for 4-NP reduction. (a) 

Representative kinetic profiles using GMP-MoS2 (black trace), GMP-MoS2-1% (gray 

trace), GMP-MoS2 -2% (orange trace), GMP-MoS2 -4% (red trace), GMP-MoS2 -6% 

(green trace), GMP-MoS2-8% (cyan trace), and GMP-MoS2-10% (blue trace) as cat- alyst 

for the reduction of 4-NP. The kinetic profile of a blank experiment in the absence of 

MoS2 NSs but in the presence of GMP (violet trace) is included for com- parison. (b) 

Catalytic activity values of the different MoS2 materials.(For interpre- tation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.) 

 

Such a result is reasonable considering that GMP molecules adsorbed onto the MoS2 

NSs probably hinder access of the reactants to surface sulfur vacancies, which are 

regarded the main catalytic active sites in the material. GMP itself does not possess any 

catalytic effect, as shown by the flat kinetic profile obtained for a blank experiment 

performed in the absence of MoS2 NSs but in the presence of GMP (violet trace in Fig. 

5a). According to previous work, this nucleotide adsorbs preferentially at sulfur vacancy 

sites on the MoS2 surface due to specific interactions of acid-base type between its 

nucleobase moiety and the vacancy,
41

 which in turn should impair the catalytic activity of 

the latter, at least in the case of isolated single vacancies. More specifically, for NSs 

having low vacancy densities (i.e., those treated with small amounts of hydrazine), a 

significant fraction of their vacancies are expected to be blocked by adsorbed GMP, 

yielding catalytic activity values below those of their bare NS counterparts. On the other 

hand, as the vacancy density is increased (NSs treated with increasing amounts of 

hydrazine), the blocking effect of GMP on the newly added vacancies will probably 

vanish. This is because the extra vacancies will tend to form next to pre-existing ones,
43

 

and therefore their blockage by adsorbed nucleotide molecules will be likely inhibited by 

electrostatic (and possibly also steric) repulsion from GMP molecules already adsorbed at 
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adjacent, pre-existing vacancies. As a result, the catalytic activity of the GMP- stabilized 

MoS2 NSs can be expected to peak for more extensive hydrazine treatments relative to the 

case of the bare NSs, as it was indeed the case (compare Figs. 4c and 5b). What is quite 

remarkable, however, is that the highest catalytic activity values afforded with the GMP-

stabilized NSs (sample GMP-MoS2-4%) were very similar to those achieved with the bare 

material (sample MoS2-2%), implying that the improvements in catalytic performance 

attainable by hydrazine treatment were not compromised by the presence of the GMP 

dispersant. 
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Fig. 6. GMP-stabilized MoS2 nanosheets as catalysts for different reduction 

reactions. Kinetic profiles for the reduction of (a) 4-nitroniline, (b) methyl orange, and (c) 

methylene blue using GMP-MoS2 (black trace) and GMP-MoS2-4% (red trace) as 

catalyst. The kinetic profile for the reduction in the absence of catalyst (blank experiment) 

is also included (violet trace). (d) Reusability experiments of GMP-MoS2-4% catalyst in 

the reduction of MO.(For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

 

The substantially improved catalytic activity of hydrazine-treated MoS2 NSs was not 

restricted to 4-NP reduction. Indeed, similar effects were observed for the reduction of 4- 

nitroaniline (4-NA) as well as the organic dyes methyl orange (MO) and methylene blue 

(MB), which demonstrated more generally the benefits of the present MoS2 activation  

strategy in this type of reduction reactions (more examples of nitroarene reduction 

reactions catalyzed by these materials are given in fig. S8 in the ESM). Such benefits are 

illustrated in Fig. 6, where the kinetic profiles recorded for the GMP-stabilized, untreated 

MoS2 NSs (sample GMP-MoS2) are compared with those of sample GMP-MoS2-4% for 

the different reactions: 4-NA (a), MO (b) and MB (c). The chemical structures and UV-vis 

absorption spectra of these compounds and their reduced counterparts are given in Fig. S4 

of the ESM. Fig. S5 shows the temporal evolution of the whole UV-vis absorption spectra 

of the catalytic media of the reduction of the four substrates using GMP-MoS2-4% as 

catalyst. Likewise, as exemplified in Fig. 6d for sample GMP-MoS2-4% and the MO dye, 

the colloidally stabilized catalysts could be reutilized several times without experiencing a 

large decline in their activity. Indeed, similar to a previous study with 1T-phase MoS2 

NSs,
11

 the measured activity increased in the second reaction cycle and then monotonously 

decreased in subsequent cycles. Although the origin of such a behavior is not understood 

at present, this result demonstrated both the positive effect of the GMP dispersant and the 

overall stability of the NSs as an active catalyst (see Fig. S7 and the corresponding text in 
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the ESM for information on the effect of the amount of GMP on the recyclability of the 

catalyst). As stated above, the enhanced catalytic performance of the hydrazine-treated 

NSs was attributed to the introduction of surface sulfur vacancies in the MoS2 lattice, 

which would act as highly active catalytic sites for the investigated reduction reaction. 

Such a hypothesis was reasonable because sulfur vacancies are known to behave as local 

electron donors in MoS2,
43,65

 a feature that should be generally conducive to facilitating 

electron transfer processes in redox reactions, like those investigated here. This conclusion 

would be in line with previous work that pointed to the donor properties of molybdenum 

centers in MoS2 as being highly relevant to the catalytic activity of the material in, e.g., 

hydrodesulfurization reactions.
66

 In that prior case, the greater local availability of 

electrons at the Fermi level that is associated to the exposed (undercoordinated) 

molybdenum center next to a sulfur vacancy was concluded to be a main driver of its high 

catalytic activity, and a similar mechanism can be arguably invoked for the present case. 

Moreover, the same reasoning can be applied to account for the catalytic activity of edges, 

which are believed to be the main active sites in MoS2 NSs lacking sulfur vacancies and 

other basal plane defects, both for nitroarene reduction
41

 and HER.
9
 These edges usually 

possess a metallic character,
67,68

 implying that they are richer in electron density at the 

Fermi level than the semiconducting, defect-free basal planes, which in turn should favor 

electron transfer processes in catalyzed reactions. Consistent with these ideas, very recent 

work has determined sulfur vacancies and certain edge terminations to be the main 

catalytic active sites for nitroarene reduction with H2 using a similar TMD material, 

namely, nanostructured WS2.
69

 

The hydrazine-treated samples obtained by the present protocol became also more 

active towards the electrochemical HER. This was apparent from linear sweep 

voltammograms recorded in 0.5 M H2SO4 solution for different bare MoS2 NSs that were 
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deposited onto glassy carbon electrodes (Fig. S9 of the ESM). Lower onset potentials 

(in absolute value) were measured for the hydrazine-treated samples relative to their 

untreated counterpart, demonstrating the improved activity of the former. We ascribed 

such improvement to the introduction of sulfur vacancies in the MoS2 NSs. 

 

Fig. 7. Further insight into the catalytic activity of hydrazine-treated, solvent- 

exfoliated MoS2 nanosheets. (a) Kinetic profiles recorded for 4-NP reduction using GMP-

MoS2 -4% (red trace), GMP-MoS2-4% modified with pentanethiol (black trace), as well 

as (b) GMP-MoS2-4%-RT (brown trace) and GMP-MoS2-4%-150 (blue trace) as 

catalysts.(For  interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

 

Attribution of the improved catalytic activity of our hydrazine-treated NSs to the 

generation of sulfur vacancies was supported through experiments whereby these defects 

became deactivated by a well-known passivation method that relies on their reaction with 

alkanethiols.
70-72

 Although the exact mechanism and products of the alkanethiol-sulfur 

vacancy interaction in MoS2 are still debated, it is widely agreed that the overall result is 

the passivation of the vacancy by way of its filling with the sulfur atom from the thiol,
73,74

 

which in turn should lead to its deactivation as a catalytic site. To probe into this idea, 

MoS2 NSs dispersed in isopropanol that had been previously treated with 4% hydrazine 

monohydrate were reacted with 1-pentanethiol (see Materials and Methods section for 
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details). Fig. 7a shows kinetic profiles recorded for NSs modified with the alkanethiol as 

well as for unmodified NSs taken as a reference (sample GMP-MoS2-4%). Much slower 

reaction rates were measured with the thiol-modified NSs, thus confirming that the sulfur 

vacancies  act as the main catalytic active sites (see Fig. S10 in the ESM and the 

accompanying text for additional support for such attribution). 

An issue of relevance in the activation of MoS2 NSs towards the investigated 

reduction reactions concerned the fact that the actual extent of catalytic activation 

depended sensitively on the intensity of the hydrazine treatment, those of intermediate 

intensity being the most effective. This was apparent from the observation that the 

catalytic activity values peaked for treatments with hydrazine hydrate volume ratios of 2–

4% (Figs. 4 and 5) and decreased when larger ratios were used. Proper treatment 

temperatures were also required to optimize the activation of the NSs. The results reported 

here were obtained with NSs exposed to hydrazine at 70 ºC. However, catalysts prepared 

at room temperature exhibited a lower activity (e.g., sample GMP-MoS2-4%-RT in Fig. 

7b), being indeed akin to that of the untreated NSs, which suggested that no or very few 

sulfur vacancies were generated under such conditions and thus agreed with the lack of gas 

bubble evolution noted above in this case. The use of higher treatment temperatures, such 

as 150 ºC, did not significantly improve the catalytic behavior, as was noticed for the 

corresponding sample obtained at 150 ºC (i.e., GMP-MoS2-4%-150 in Fig. 7b). 

With a view to facilitating their recovery and further use in subsequent catalytic 

cycles, the activated MoS2 NSs were immobilized onto commercial melamine foam by a 

simple procedure, namely, the foam was soaked into an isopropanol dispersion of a given 

MoS2 sample (e.g., MoS2-2%) and then dried (see Materials and Methods section for 

details). Compared to the white color of the starting foam (Fig. 8a, inset), the MoS2-treated 

foam displayed an olive green tone (Fig. 8b, inset), suggesting a successful incorporation 
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of the NSs. Indeed, as revealed by field-emission scanning electron microscopy (FE-SEM) 

imaging, the smooth and featureless surface typical of the original melamine scaffold (Fig. 

8a) became rough and NS-decorated after exposure to the MoS2 dispersion (Fig. 8b and c). 

As could be anticipated, while the neat foam was catalytically inactive, its MoS2 NS-

coated counterpart was able to catalyze, e.g., the reduction of 4-NP. After reaction 

completion, the foam could be readily removed from the solution, washed with water and 

re-used. Fig. 8d shows the evolution of the catalytic activity of the foam coated with 

MoS2-2% NSs for consecutive cycles of 4-NP reduction, where a substantial retention of 

the activity was achieved. 

 
 

3.3. Rationalizing the catalytic activity of sulfur vacancies in MoS2 for nitroarene/organic 

dye reduction: proposal of a reaction mechanism 

The results presented in the previous section allow us to draw two main conclusions. 

First, as postulated above, to make the most of sulfur vacancy engineering to activate 

MoS2 NSs for this type of reduction reactions, the treatment conditions need to be 

carefully tuned. In particular, relatively harsh treatments leading to extensive NS 

modification should be avoided, as they do not generally result in catalysts with optimum 

performance. Second, the most active catalysts appear to be those having intermediate 

concentrations of sulfur vacancies, rather than those with the highest concentrations as 

could be a priori assumed. We note that this behavior was similar to that previously 

reported for the electrochemical HER with sulfur vacancy-decorated MoS2, which was 

rationalized by relying on the free energy of hydrogen adsorption (ΔGH) as an accurate 

descriptor for predicting the HER activity of these and other catalysts.
42,51

 ΔGH turned out 

to be zero or very close to zero (i.e., the most favorable for HER) for intermediate sulfur 

vacancy concentrations (~13–15% sulfur atoms missing from a monolayer), while lower 
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4 

4 

(higher) concentrations yielded positive (negative) values of ΔGH. Our hydrazine-treated 

NSs revealed an analogous trend towards the HER, in that the activity peaked for sample 

MoS2-6% but was lower for both more and less extensively treated samples (see Fig. S9 in 

the ESM). In this case, such a trend can also be reasonably ascribed to the effect of 

increasing sulfur vacancy concentration that is attained with increasing intensity of 

hydrazine treatment. 

It can be argued that the catalytic activity trends for the reduction reactions with 

NaBH4 reported here are the result of hydrogen operating as the actual reducing agent. 

This would not be an unlikely prospect: in aqueous solution, the BH− - 
anion hydrolyzes 

spontaneously to  give H2 molecules as one of its reaction products.
75,76

 Prior work has 

indicated that the H2 molecule undergoes dissociative adsorption at sulfur vacancies in 

MoS2,
77,78

 so that the resulting adsorbed H atoms could in principle react with a 

nitroarene/dye molecule to trigger its reduction. In this scenario, the ability of the H atoms 

to combine with nitroarene/dye molecules at the vacancy sites would be at least partly 

dictated by the ΔGH parameter, therefore leading to catalytic activity trends that would 

roughly mirror those characteristic of HER. However, such a reduction reaction will most 

probably be inhibited by the fast recombination of the adsorbed H atoms into H2 

molecules, which is a very favorable process at the catalytic sites of MoS2 (i.e., the Tafel 

step of HER).
5,9

 Indeed, we have previously shown that neither H2 nor the BH− anion itself 

actually function as the reductant in the hydrogenation of nitroarenes with NaBH4 using 

MoS2 catalysts, but instead that role is played by an intermediate hydrolysis product, i.e. 

the BH3OH
-
 anion, which is readily  oxidizes.

11,79 
Also, recent theoretical calculations have 

revealed that the strength and geometry of adsorption of nitroarenes on WS2 catalysts, 

which should have a direct impact on their hydrogenation rates, are highly dependent on 

the concentration of sulfur vacancies,
69

 so a similar effect can be expected for MoS2. 
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Hence, the specific configuration of the sulfur vacancies on the MoS2 surface (e.g., low vs 

high concentration, single vacancy vs multivacancy, evenly distributed vs clustered 

vacancies) should dictate the availability of the nitroarene/dye and BH3OH
-
 species (or 

some of their key intermediate products) at such catalytic active sites by determining their 

adsorption strength and geometry. Such different vacancy configurations should therefore 

result in different rates for the reduction reaction, as it was indeed observed here. 

 

Fig. 8. Melamine foam-supported MoS2 nanosheets as catalyst. (a–c) FE-SEM 

images of (a) the neat, non-coated melamine foam and (b,c) melamine foam coated with 

MoS2 -2%. Insets to a and b: digital photographs of cubes with 1 cm edge of the 

corresponding foams. (d) Reusability experiments of melamine foam-supported MoS2 -

2% nanosheets in the catalytic reduction of 4-NP. 
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As to the actual reduction mechanism occurring at the active sites of the MoS2 NSs, 

the following can be put forward as a plausible pathway for the specific case of 4-NP, 

which is also schematically depicted in Fig. 9. First, in the basic medium of the reaction, 

the BH3OH
-
 species is oxidized at a sulfur vacancy site on the MoS2 surface with the 

assistance of hydroxide anions, to release the metaborate anion (BO2
-
), water, hydrogen 

and electrons [reaction (1) in Fig. 9].
80

 While BO2
-
 is most certainly inactive as a reductant 

and thus will not participate in the hydrogenation of 4-NP,
11

 the generated hydrogen can 

be activated by the released electrons to give a negatively charged hydride (H
-
),

81
 which 

would be adsorbed at the sulfur vacancy [reaction (2)]. Indeed, prior studies have shown 

that the H
-
 species is very unstable, and thus cannot form, on the surface of defect-free 

MoS2, but becomes stabilized at sulfur vacancies by transferring excess electron charge to 

their neighboring unsaturated molybdenum atoms.
82

 As a highly active moiety, the 

vacancy- anchored, negatively charged hydride should readily trigger the hydrogenation of 

the nitro group in the 4-NP molecule through the well-known three-step sequence;
21,83

 i.e., 

the nitro group is first converted to the nitroso group [reaction (3)], which is then reduced 

to a hydroxylamine species [reaction (4)] and finally to the amino group [reaction (5)]. In 

the overall reaction (illustrated graphically in Fig. 9), two BH3OH
-
 anions combine with 

one 4- NP molecule to yield two BO2
-
 anions, three H2 molecules and one 4-AP molecule. 

The same mechanism should apply in the case of other nitroarenes, such as 4-NA, 2-NA 

and nitrobencene (see Figs. S4a and S8 in the ESM). For the reduction of other organic 

molecules (e.g., the dyes MO and MB; see Fig. S4b and c), the generation of highly active 

hydride species at the sulfur vacancy sites by way of reactions (1) and (2) in Fig. 9, which 

would subsequently trigger hydrogenation of the substrate, should also be applicable. 
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Fig. 9. Proposed reduction mechanism of 4-NP at the active sites of the MoS2 

nanosheets. Reaction (1): the hydrolysis product of NaBH4 , i. e., the BH3 OH− anion, is 

oxidized at a sulfur vacancy site on the MoS2 surface with the assistance of hydroxide 

anions from the basic medium of the reaction, to release metaborate anion (BO2 −), water, 

hydrogen and electrons. Reaction (2): the generated hydrogen is activated by the released 

electrons to give a negatively charged hydride (H−), which adsorbs at the sulfur vacancy. 

The negatively charged hydride triggers the hydrogenation of the nitro group in the 4-NP 

molecule through the following three-step sequence: the nitro group is first converted to 

the nitroso group [reaction (3)], which is then reduced to a hydroxylamine species 

[reaction (4)] and finally to the amino group [reaction (5)]. The overall reaction is 

illustrated at the bottom. 
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Under the proposed mechanism, the catalytic activity of a MoS2 NS would be largely 

determined by the availability of stable adsorption sites for the H
-
 species. For a sulfur 

vacancy-free NS, the pristine basal plane would be inert and only the edges would be 

expected to exhibit some activity, as the latter also possess unsaturated molybdenum atoms 

where the hydride could be stabilized. When sulfur vacancies are introduced in the NS, 

stable adsorption sites become available at its basal plane, which should result in a catalyst 

with a higher overall activity, as it was indeed observed here. Furthermore, the degree of 

stabilization of the hydride at the vacancies, and thus the actual contribution of these 

defects to the increased catalytic activity, should depend on the specific vacancy 

configuration as outlined above (i.e., vacancy concentration, spatial distribution and/or 

type). Thus, MoS2 NSs with different vacancy configurations (generated, e.g., by 

hydrazine treatments of varied intensity) can be expected to possess distinct catalytic 

activities. Although the detailed atomic structure of the vacancy defects in our hydrazine-

treated samples remains unknown at this time, making it difficult to understand the 

ultimate cause of their different activities, we note that sample MoS2-10% displayed a 

weaker EPR signal than that of sample MoS2-4% (Fig. 3e). This implies that the former 

should possess a smaller number of unsaturated molybdenum atoms and, according to the 

above mechanism, a smaller number of sites for hydride stabilization than the latter. 

Consequently, it should exhibit a lower catalytic activity, which was indeed in agreement 

with our results (Fig. 4c). 
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4. Conclusions 

 

An effective strategy for the wet-chemical activation of two-dimensional MoS2 NSs 

towards the catalytic reduction of nitroarenes (4-nitrophenol, 4-nitroaniline) and organic 

dyes (methyl orange, methylene blue) has been demonstrated. Such an activation relied on 

the mild treatment of solvent-dispersed NSs with hydrazine, which was thought to trigger 

the generation of sulfur vacancies on their surface as highly active catalytic sites for the 

investigated reduction reactions. By carefully controlling the treatment conditions (mainly,  

the amount of hydrazine used and choice of a moderate treatment temperature), activated 

NSs having catalytic activities for nitroarene/dye reduction with NaBH4 ~3-4 times higher 

than that of their untreated counterpart could be obtained, with values that were among the 

highest ever reported using non-noble metal-based catalysts. The poor colloidal stability of 

the bare MoS2 NSs in aqueous medium, which was highly detrimental to their sustained 

catalytic performance, could be overcome by resorting to a proper dispersant, namely, the 

RNA nucleotide guanosine monophosphate. Significantly, the use of this stabilizer did not 

critically compromise the catalytic activity of the hydrazine-treated NSs. The activated 

NSs could also be immobilized onto melamine foam, thus facilitating their handling 

and re-utilization as demonstrated by their sustained activity in consecutive catalytic 

cycles. The central role played by sulfur vacancies in enhancing the catalytic performance 

of the hydrazine-treated MoS2 NSs was made apparent by passivating such defects with 

alkylthiol molecules, which led to substantially deactivated catalysts. Finally, a mechanism 

for the reduction of nitroarenes/dyes with NaBH4 at the activated MoS2 NSs, which relied 

on the formation and stabilization of hydride species at sulfur vacancy defects, was 

proposed and discussed. Overall, the present work should strengthen the prospects of two-

dimensional MoS2 as a competitive and inexpensive catalyst for use in industrial reactions 
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of environmental relevance (e.g., treatment of wastewater effluents polluted by nitroarenes 

and/or dyes). 
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S1. Preparation of activated MoS2 nanosheets: control experiments 

As explained in the main text, after mixing the MoS2 suspension with the reducing agent 

(hydrazine monohydrate) and heating at 70 ºC, some convection developed in the liquid 

and, several minutes later, the MoS2 nanosheets started to agglomerate and sediment. At 

the same time small gas bubbles were seen to rise through the liquid. The following control 

experiments allowed concluding that the gas bubbles were generated as a result of 

reactions between the MoS2 nanosheets and the reducing agent  
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1) When the MoS2 dispersion was heated in the absence of hydrazine monohydrate, no 

bubbles or nanosheet agglomeration were noticed.  

2) When a solution of the reductant in isopropanol was heated in the absence of MoS2, no 

bubbles formed. 

3) When hydrazine monohydrate was added to isopropanol containing a large amount of 

bulk MoS2 powder at the bottom of the heated test tube, gas bubbles were seen to arise 

directly from the MoS2 material. 

S2. Characterization of hydrazine-treated MoS2 nanosheets 

S2.1 Microscopic characterization 

 

Figure S1. Morphology of the MoS2 nanosheets after hydrazine treatment. Typical 

STEM images of flakes deposited from dispersions of: (a, b) MoS2-2%, (c, d) MoS2-4%, 

(e, f) MoS2-6% and (g, h) MoS2-10%. 
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S2.2 Spectroscopic characterization 

 

 

Figure S2. Spectroscopic characterization of the hydrazine-treated MoS2 nanosheets. 

(a) UV-vis absorption spectra of MoS2 dispersions in isopropanol. (b) High resolution XPS 

Mo 3d and S 2s core level spectra and (c) Raman spectra of MoS2 films drop-cast from the 

corresponding dispersions. Color code: MoS2-1% (gray trace), MoS2-4% (red trace), 

MoS2-6% (green trace), and MoS2-10% (blue trace). 

Explanation on the lack of transformation from 2H to 1T phase upon reducing 

treatment  

We note that the prospect of a 2H to 1T phase transformation upon hydrazine treatment in 

the MoS2 NSs was not unreasonable. In fact, this transformation is known to be triggered 

by the build-up of excess electrons in the MoS2 lattice [1,2] and a reducing agent like 

hydrazine can potentially donate electronic charge to the MoS2 NSs [3]. On the flip side, 

the 2H to 1T phase conversion in the MoS2 NSs can also be brought about by the presence 

of sulfur vacancies at a sufficiently large concentration [4,5]. However, such a phase 

conversion did not take place under the present conditions. It is quite likely that a much 

stronger reducing environment (e.g., the well-known treatment with n-butyllithium in n-

hexane) and/or larger numbers of sulfur vacancies are required to induce the structural 

phase transition in the material (the XPS S/Mo ratios of our hydrazine-treated materials 

indicate that moderate total numbers of sulfur vacancies are generated in this case).  

 

Limitations of the determination of S/Mo atomic ratios by XPS  

We note that the accuracy in determining atomic ratios by the XPS technique is somewhat 

limited. Therefore, making out differences between samples that have similar ratios (e.g., 

within 5%) is probably unrealistic. However, this did not prevent the technique from 
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revealing a clear trend of decreasing S/Mo atomic ratio with increasing intensity of the 

hydrazine treatment. 

 

S3. Additional data on the use of hydrazine-treated MoS2 nanosheets as catalysts of 

reduction reactions 

S3.1 Induction period 

Although not shown in Fig. 4b of the main text, an initial induction period of a few to 

several minutes was usually observed in the kinetic profiles for the reduction 4-NP with 

hydrazine, during which the absorbance value remained constant or changed very little. 

Fig. S3a shows the initial part of the recorded profiles including the induction period. Such 

an induction period has been attributed to oxidation of the reaction product back to 4-NP 

by oxygen molecules dissolved in the reaction solution, so that the concentration of 4-NP 

(and hence the absorbance at 400 nm) will only start to decline at a significant rate after all 

the dissolved oxygen is exhausted and a net conversion of 4-NP to 4-AP sets in [6]. The 

fact that shorter induction periods tended to be associated to those samples boasting shorter 

times to reaction completion (see combined results from Figs. 4b in the main text and S3a 

below) is in agreement with this interpretation, because the faster the rate of 4-NP 

reduction, the faster the consumption of dissolved oxygen can be expected to occur. 

 

Figure S3. Induction period for the reduction of 4-NP using hydrazine-treated MoS2 

as catalyst. (a) Initial part of the kinetic profiles (including the induction period) for the 

reduction of 4-NP using the starting MoS2 nanosheets (NSs) (black trace), MoS2-1% (gray 

trace), MoS2-2% (orange trace), MoS2-4% (red trace), MoS2-6% (green trace), MoS2-8% 

(cyan trace), and MoS2-10% (blue trace) as catalyst. (b) Initial part of the kinetic profiles 
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for the reduction of 4-NP using MoS2-4% as catalyst after removal of dissolved oxygen 

from the reaction medium. 

Further support to this interpretation was provided by control experiments where dissolved 

gases were swept away from the reaction medium. This was done by bubbling an inert gas 

(nitrogen) flow for half an hour through both the catalyst dispersion and the reagents 

solution before mixing them. Indeed, the induction period disappeared after oxygen was 

removed from the reaction medium, as can be seen in Fig. S3b, thus confirming its effect. 

S3.2. Monitoring of different reduction reactions 

 

Figure S4. UV-Vis absorption spectra of the reagents and products of different 

reduction reactions. Chemical structures and UV-vis absorption spectra obtained before 

and after the different reduction reactions where the hydrazine treated MoS2 NSs were 

tested as catalysts: (a) 4-nitroaniline (sepia trace) and p-phenylendiamine (gray trace); (b) 

methyl orange (orange trace) is first reduced to the corresponding azo product (not shown) 

[7], which is followed by -HN-NH- bond dissociation to yield N,N-dimethyl-benzene-1,4-

diamine and 4-amino-benzenesulfonate (violet trace) [8]; (c) methylene blue (blue trace) 

and its reduction product, leucomethylene blue (magenta trace) [9,10]. The wavelengths at 

the maxima of the substrates and their reduced counterparts are indicated in the figures. In 

all cases, the wavelength at the maximum of a band characteristic of the substrate was 

chosen to monitor the reduction reactions. 

The combined results of Fig. 4a of the main text and Fig. S5a below confirm the gradual 

conversion of 4-nitrophenolate into 4-aminophenol. Indeed, the UV–vis spectrum of the 

catalytic media gradually transforms from that of 4-nitrophenolate to that characteristic of 

the reduced product (see Fig. 4a). The gradual decrease in the intensity of the absorption 
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band centered at ~400 nm (characteristic of 4-nitrophenolate, see Fig. 4a) and the 

simultaneous increase in the intensity of that centered ~ 295 nm (characteristic of the 

reduced product, see Fig. 4a) are indicated by the arrows in Fig. S5a for clarity. 

Analogously, the combined results of Fig. S4a and Fig. S5b, Fig. S4b and Fig. S5c, and Fig 

S4c and S5d confirm the gradual conversion of 4-NA, MO and MB, respectively, into their 

corresponding reduced counterparts. 

 

 

Figure S5. UV-Vis absorption monitoring of different benchmark reduction 

reactions. UV–vis spectra of the catalytic media for the reduction of (a) 4-NP, (b) 4-NA, 

(c) MO and (d) MB. As the reaction progresses, the UV-vis absoption spectra traces vary 

from dark to light green in (a), from blue to dark yellow in (b), from darker to lighter blue 

in (c), and from dark brown to red in (d). The absorption maxima corresponding to the 

substrates and their reduced counterparts (see Fig. 4a in the main text and S4 above) are 

labeled in the spectra for clarity. The arrows indicate the decreasing and increasing trend of 

their intensities, respectively. 

b a 

c d 
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S3.3. Fitting of the kinetic profiles and calculation of the apparent reaction rates   

As long as the number of catalytic sites is large enough in relation to the number of 

reactant molecules, i. e., as long as the progress of the reaction is not limited by the number 

of free catalytic sites available, the reaction rate v of the catalytic reduction of 4-NP with 

NaBH4 will depend on the concentrations of both reactants. This comes from the fact that 

the reactants have at least to meet for the reaction to occur. Such dependence is expressed 

as follows: 

𝑣 = −
𝑑[4−𝑁𝑃]

𝑑𝑡
= −

𝑑[𝑁𝑎𝐵𝐻4]

𝑑𝑡
= 𝑘[4 − 𝑁𝑃][𝑁𝑎𝐵𝐻4]                                                           (1) 

, where k is the reaction rate constant. Hence, the global reaction order will be two. For a 

given [4-NP], the reaction rate v increases monotonically with [NaBH4] until a plateau is 

reached [11] at certain concentration [NaBH4]plateau. This means that, above a certain 

[NaBH4]/[4-NP] ratio, there will be always NaBH4 molecules nearby any 4-NP available to 

react and thus the reaction rate will only depend on [4-NP]. Here, NaBH4 was used in a 

sufficiently large excess to be within the plateau region and thus v is not dependent on the 

specific amount of reductant. Indeed, as specified in Materials and Methods section of the 

main text, [4-NP]=0.12 mM and [NaBH4]=72 mM, i.e., there is a 1:600 ratio. 

[NaBH4]plateau, which remains approximately constant during the reaction, can be integrated 

into a new constant kapp so-called apparent reaction rate constant: 

𝑘𝑎𝑝𝑝 = 𝑘[𝑁𝑎𝐵𝐻4]𝑝𝑙𝑎𝑡𝑒𝑎𝑢                                                                                                    (2)                              

Thus, equation 1 can be rewritten as follows: 

𝑣 = −
𝑑[4−𝑁𝑃]

𝑑𝑡
= 𝑘𝑎𝑝𝑝[4 − 𝑁𝑃]                                                                                          (3) 

And the kinetics of the reduction of 4-NP can be considered as pseudo-first order, as long 

as the number of catalytic sites is large enough in relation to the number of reactant 

molecules, as we said above. Integrating equation 3 over the reaction time: 

[4 − 𝑁𝑃]𝑓 − [4 − 𝑁𝑃]𝑖 = 𝐴𝑒−𝑘𝑎𝑝𝑝𝑡                                                                                   (4) 

, where [4-NP]i and [4-NP]f are the 4-NP concentration at the initial and final instants of 

the reaction, respectively. This means that [4-NP] displays exponential decay dependence 

with time t for pseudo-first order kinetics. Thus, the apparent reaction rate constant kapp can 

be directly obtained as the exponent of the fitting [4-NP] vs. t data to an exponential decay 

function. Its units are of reciprocal time. 
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Here, we have monitored the progress of the reaction by following the variation in the 

absorbance at an adsorption maximum characteristic of 4-NP (=400 nm). By the Beer-

Lambert’s equation, we can correlate the absorbance value obtained at an absorption 

maximum (Abs) of 4-NP with its concentration by the Lambert-Beer’s equation: 

Abs=b[4-NP]                                                                                                                     (5) 

, where b is the optical path and is the extinction coefficient at the wavelength of the 

absorption maximum for 4-NP. 

Thus, substituting (5) in (3): 

1

𝜀𝑏

𝑑𝐴𝑏𝑠

𝑑𝑡
= −𝑘𝑎𝑝𝑝

𝐴𝑏𝑠

𝜀𝑏
⟹

𝑑𝐴𝑏𝑠

𝑑𝑡
= −𝑘𝑎𝑝𝑝𝐴𝑏𝑠                                                                         (6) 

And integrating over time: 

𝐴𝑏𝑠𝑓 − 𝐴𝑏𝑠𝑖 = 𝐴,𝑒−𝑘𝑎𝑝𝑝𝑡                                                                                                    (7) 

, where Absi and Absf are the absorbance recorded at the beginning and the end of the 

reaction, respectively. As clearly seen, the expressions for the dependence of concentration 

and absorbance versus time (equations 4 and 7, respectively) are analogous. The rate 

constant kapp is the very same coefficient of the exponent found in the fitting of absorbance 

versus time, i. e., we can either fit the concentration or the absorbance to an exponential 

decay function to directly obtain kapp. As can be seen in Fig. 4b in the main text and Fig. 

S6a below, the temporal evolution of the absorbance of the starting, untreated MoS2 

nanosheets suggested exponential decay dependence with time.  
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Fig. S6. Kinetic profiles and their fitting to different kinetic models. Kinetic profiles 

using the starting MoS2 nanosheets (black trace) shown as (a) absorbance at 400 nm versus 

post-induction time and (b) natural logarithm of the absorbance of 4-nitrophenolate versus 

post-induction time. The fittings of (a) to an exponential decay function and (b) to a 

straight line are shown overlaid (red traces). The equation of the fitted exponential function 

is shown in red in (a), while the value of kapp deduced from the fittings is shown in both 

graphs. (c) Kinetic profiles of the reduction of 4-NP using the hydrazine-treated samples as 

catalysts: MoS2-1% (gray trace), MoS2-2% (orange trace), MoS2-4% (red trace), MoS2-6% 

(green trace), MoS2-8% (cyan trace), and MoS2-10% (blue trace). The linear fittings are 

shown as black traces overlaid on the corresponding profiles. The values of Kapp (the 

slopes of the linear fittings) for each profile are indicated with the same color code as the 

corresponding data sets. 

 

b a 

c 
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Let us thus fit the kinetic profile to an exponential decay function to calculate kapp. 

Traditionally, this has been done by linearizing the exponential equation 7 as follows: 

𝐿𝑛
𝐴𝑏𝑠𝑖

𝐴𝑏𝑠𝑓
= 𝐿𝑛𝐴′ − 𝑘𝑎𝑝𝑝𝑡                                                                                                      (8) 

And thus obtaining kapp as the slope of the linear fitting of LnAbs vs post-induction time 

[12-14]. This is shown in Fig. S6b where LnAbs data appear as a black trace and the linear 

fit of the data is shown overlaid as a red line. The regression coefficient of the fitting was 

greater than 0.99. However, there is no need for linearization, given that nowadays non-

linear fitting routines are so widely available in common data analysis software packages 

as linear fitting routines are. The direct fitting to an exponential decay function is shown in 

Fig. S6a as red trace overlaid on the experimental set of data (black trace). Of course, the 

resulting kapp is the same whether we linearize or not (2.7×10
-4

 s
-1

, as indicated in Figs. S6a 

and b) but the direct fitting is more straightforward and gives a better grasp of its quality at 

bare eye.  

By contrast, the kinetic profiles of the hydrazine-treated samples generally exhibited a 

linear decay (see Fig. 4b in the main text and Fig. S6c above), obeying the following 

equation: 

𝑑[4−𝑁𝑃]

𝑑𝑡
= −𝑘𝑎𝑝𝑝                                                                                                                 (9) 

As clearly seen, in this case, the reaction rate constant is equivalent to the reaction rate and 

its units are of concentration and reciprocal time. Once more, because NaBH4 was used in 

a large excess relative to 4-NP, its concentration could be reasonably assumed to remain 

constant throughout the reaction, and for this reason the corresponding term was not 

explicitly included in the right-hand side of eq. 9. The reaction was pseudo-zero-order with 

respect to [4-NP]. Integrating over time: 

[4 − 𝑁𝑃]𝑓 − [4 − 𝑁𝑃]𝑖 = −𝑘𝑎𝑝𝑝𝑡                                                                                   (10) 

Thus, the slope of the linear fit of [4-NP] vs. t yields kapp. 

Again, we have monitored the reaction progress by measurement of the temporal evolution 

of the absorbance at an absorption maximum of 4-NP. Combining Lambert-Beer’s law (eq. 

5) with eq. 10: 

𝑑𝐴𝑏𝑠

𝑑𝑡
= −𝜀𝑏𝑘𝑎𝑝𝑝                                                                                                                (11) 

Integrating over time: 

𝐴𝑏𝑠𝑓 − 𝐴𝑏𝑠𝑖 = −𝜀𝑏𝑘𝑎𝑝𝑝𝑡                                                                                                 (12)                                
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Thus, contrary to the case of the pseudo-first order kinetics, in this case we need to know 

the relation between Abs and [4-NP] to calculate kapp, i. e., we need to know the value of b 

and . As stated in the Materials and Methods section in the main text, the optical path b is 

1 cm in our UV-Vis spectrophotometer. The extinction coefficient for nitrophenolate at 

400 nm has been reported to be 17,500 cm
-1

 M
-1

 in the literature. We can either transform 

absorbance data into concentration first (multiplying by b) and then fit linearly [4-NP] vs. 

t to directly obtain kapp as the slope of the fitted line (eq. 10) or we can fir Abs vs. t and 

calculate kapp from the slope of the fitted line (eq. 12) by dividing into b). We have chosen 

the first option to display directly the values of kapp on the graph. While in Fig. 4b of the 

main text the profiles were expressed as the absorbance at 400 nm of the catalytic media 

versus post-induction time, the profiles in Fig. S6c above are shown as concentration of 4-

nitrophenolate versus post-induction time. We have selected the data for conversion below 

95 %. At higher conversions, near the end of the reaction, the concentration of the products 

would be high and the rate of the opposite reaction or other possible processes involving 

the products would have to be taken into account to calculate the global reaction rate. The 

linear fittings are overlaid on the profiles as black traces. The values of kapp of the kinetic 

profiles (the slopes of the linear fitting) are indicated in the graph using the same color 

code. The regression coefficients were 0.99 for MoS2-1%, MoS2-2%, and MoS2-4%, and 

MoS2-8%. The fittings were slightly worse for MoS2-6% and MoS2-8%, showing 

regression coefficients ~0.98, which is still acceptable according to the literature [¡Error! 

Marcador no definido.]. It must be noted that if the profiles of the hydrazine-treated were 

fitted to an exponential decay, the regression coefficient was lower or equal to 0.95 for any 

of them. This confirms that pseudo-zero order kinetics match them better than pseudo-first 

order kinetics, as was visible to the naked eyed. In contrast, if the kinetic profile obtained 

using the starting, untreated sample MoS2-0%, i. e., that shown in Fig. S6a was fitted as 

pseudo-zero order, the regression coefficient was ~0.96, confirming it agreed better with 

pseudo-first order behavior, for which it showed a regression coefficient greater than 0.99, 

as said above. The characteristic kapp values for the hydrazine-treated materials were on the 

order of 10
-5

 mM s
−1

, as corresponds to their catalytic activity values (defined as number of 

moles of reactant converted per mole of catalyst used per hour) on the order of h
-1

 (see 

main text and Table S1 below). Specifically, they were 7.0×10
-5

 (MoS2-1%), 9.4×10
-5

 

(MoS2-2%), 7.2×10
-5

 (MoS2-4%), 4.8×10
-5

 (MoS2-6%), 5.0×10
-5

 (MoS2-8%), and 4.8×10
-5

 

mM s
-1

 (MoS2-10%).  
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S3.4 Catalytic activity of MoS2 and graphene nanostructures and non-noble metal-based 

catalysts for the reduction of 4-NP  

 

Table S1. Catalytic activity (defined as number of moles of reactant converted per mole of 

catalyst used per unit time) of the hydrazine-treated MoS2 NSs towards the reduction of 4-

NP compared with that of different types of MoS2 nanostructures, graphene-derived 

materials and catalysts based on non-noble metals reported in the literature. 

 

Catalytic system Catalyti

c 

activity 

(h
-1

) 

Ref. 

Hydrazine-treated MoS2 NSs 6.6 Present 

work 

Li-exfoliated 1T’-phase MoS2 

NSs 

44.4 ¡Error! 

arcador 

no 

definido. 

Hydrothermally synthesized 

MoS2 NSs supported onto 

Fe3O4 particles 

2.4     15 

GMP-stabilized sonicated 

MoS2 NSs 

2.6–7.8     16 

GMP-stabilized cathodically 

exfoliated MoS2 NSs 

21.4 17 

Co-doped MoS2 NSs 8.4 18 

N-doped RGO foam 0.07 19 

RGO NSs capped with 

poly(diallyldimethylammoniu

m chloride) 

0.10 20 

Hydrothermally synthesized 

MoS2 NSs intercalated in 

24 21 
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pillared montomorillonite 

Hydrothermally synthesized 

MoS2 NSs 

21 22 

Bi2Te3−MoS2 heterostructure 67.2–

100.8 

¡Error! 

arcador 

no 

definido. 

Hydrogel network with 

embedded Co nanoparticles 

(NPs) 

16.2 23 

Ni nanoparticles on silica 

nanotubes 

1.8 24 

Hybrid Ni nanoparticles/N 

doping carbon on diatomite 

0.85 25 

Cu NPs on carbon 

microspheres 

0.2 26 

Cu and Sn sponges/dendrites 1.2–1.8 27 

Co particles-decorated carbon 

microspheres 

0.06–

0.24 

28 

Co nanocrystals on reduced 

graphene oxide (RGO) 

0.6 29 

Ni NPs supported onto carbon 

black 

26.4 30 

Nanostructured zero-valent 

iron  

78 31 

Graphene stabilized CuNi 

nanocomposite 

12 32 

MOF-derived Ni based N-

doped mesoporous carbon 

2.4 33 

Co NPs embedded in 

hierarchically porous N-

doped carbon frameworks 

18 34 

Hexagonal Ni plates on RGO 0.44 35 

Hollow porous Cu particles 

from silica-encapsulated 

3 36 
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Cu2O nanoparticle aggregates 

Co@BN core–shell 

nanoparticles 

0.38 37 

Co NPs embedded into 

ordered mesoporous carbon 

7.8 38 

NiO hollow nanospheres 4.2 39 

Ultrafine Cu2O nanoparticles 

on cubic mesoporous carbon 

9.6 40 

Cu NPs on oxidized boron 

nitride 

27 41 

Cu NPs immobilized by 

layered Ti3C2 MXene 

51 42 

Cu and Co NPs doped N-

containing carbon 

frameworks 

63 43 

 

S3.5 Effect of GMP content on the recyclability 

Fig. 6d in the main text gathers the results of reusability experiments of GMP-MoS2-4% 

catalyst in the reduction of MO. This catalyst, as explained in Materials and Methods of 

the main text, was prepared from MoS2 dispersions in isopropanol by: 

1
st
) solvent transfer: two cycles of sedimentation were applied to the original dispersion in 

isopropanol via centrifugation (20000 g, 20 min), replacement of the supernatant liquid by 

an aqueous solution of the nucleotide and re-dispersion by a brief sonication treatment (2 

min).  

2
nd

) free GMP removal by sedimentation (20000 g, 20 min) and re-dispersion in water. 

The effect of the GMP molecules adsorbed on the MoS2 surface has been already explored 

and discussed by us in a previous paper [¡Error! Marcador no definido.]. Indeed, the 

amount of GMP molecules adsorbed on the surface has been shown to have a significant 

effect on the catalytic activity of nucleotide-estabilized MoS2 nanosheets, and therefore, 

their amount has to be optimized. If the amount of adsorbed GMP is too large, poor 

catalytic activities are attained, due to obstructed access of the substrate molecules to the 

catalytically active sites of the material, similar to the effect that the organic ligand shell 



257 

Artículo III   

 

has on the general catalytic activity of colloidal metal nanoparticles [44] On the other 

hand, the colloidal stability of the NSs in the reaction medium is compromised when the 

amount of adsorbed GMP is too low, which also impacts negatively on the measured 

catalytic activities as a result of NS agglomeration. Thus, ideally, the amount of GMP 

should be the minimum amount needed to impart good colloidal stability in water.  

To explore the effect of the amount of stabilizer on reciclability, we have tried performing 

the tests on MoS2 NSs with the maximum GMP amount possible, i. e., omitting the 2
nd

 step 

in their preparation. The results of the ciclability tests are shown in Fig. S7. As can be 

ascertained by comparing Fig. 6d and Fig S7, a higher amount of GMP does not lead to an 

improvement. 

 

Fig. S7. Effect of GMP content on the recyclability. Reusability experiments of GMP-

MoS2-4% catalyst, where free GMP removal by sedimentation and re-dispersion in water 

have been omitted from its preparation, in the reduction of MO. 

 

S3.6 MoS2 nanosheets as catalysts of nitroarene reduction reactions 

 

a b 
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Fig. S8. Catalytic reduction of other nitroarenes. Kinetic profiles for the reduction of (a) 

nitrobenzene and (b) 2-nitroniline, using MoS2-4% (red trace) as catalyst. The kinetic 

profile for the reduction in the absence of catalyst (blank experiment) is also included 

(violet trace).  

 

S4. Hydrazine-treated MoS2 nanosheets as electrocatalysts for the HER 

The hydrazine-treated samples obtained by the present protocol became also more active 

towards the electrochemical HER. This was apparent from linear sweep voltammograms 

recorded in 0.5 M H2SO4 solution for different bare MoS2 nanosheets that were deposited 

onto glassy carbon electrodes shown in Fig. S8 below. Lower onset potentials (in absolute 

value) were measured for the hydrazine-treated samples relative to their untreated 

counterpart, demonstrating the improved activity of the former. 

 

Figure S9. Hydrazine-treated MoS2 nanosheets as electrocatalysts for the HER. Linear 

sweep voltammograms for different MoS2 NSs deposited onto glassy carbon electrodes: 

starting MoS2 NSs (black trace), MoS2-2% (orange trace), MoS2-6% (green trace) and 

MoS2-10% (blue trace). 

While ascribing the catalytic activation of the MoS2 nanosheets upon hydrazine treatment 

to the generation of sulfur vacancies is plausible, an alternative explanation behind the 

observed behavior could arise from charge transfer processes taking place between the 

hydrazine molecules (or their decomposition products) and the nanosheets. Indeed, such a 

mechanism was previously shown to be in place for MoS2 nanostructures exposed to dilute 

hydrazine solutions at room temperature [45]. In that case, amine-type moieties dissociated 

from hydrazine and adsorbed on the MoS2 surface acted as electron dopants for the 
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material. Albeit this doping effect was not strong enough to trigger a 2H to 1T phase 

transition, it was deemed responsible for the improved performance of the MoS2 

nanostructures when used as an electrocatalyst for the HER. It is thus conceivable that a 

similar electron doping effect from hydrazine-derived species, rather than increased 

amounts of sulfur vacancies, could be driving the activation of the MoS2 nanosheets 

towards the reduction reactions reported here. However, the electron doping effect derived 

from hydrazine exposure should be associated to an adsorbed amine-type phase that would 

be readily detectable by XPS in the form of an intense N1s band at a binding energy of 

~400 eV [¡Error! Marcador no definido.]. As noticed from Fig. S9 below, such an 

intense band was not present in any of our hydrazine-treated MoS2 samples. In fact, the 

XPS signal recorded at 400 eV was virtually negligible even for the most extensively 

treated materials (i.e., sample MoS2-10%), indicating that their enhanced activity in the 

reduction reactions and HER was not related to electron doping processes. 

 

 

Figure S10. Checking MoS2 surface for adsorbed hydrazine by XPS (a) XPS of 

nitrogen species in hydrazine-treated MoOx/MoS2 core-shell nanowires where hydrazine 

molecules (or their decomposition products) adsorbed on the MoS2 surfaces and acted as 

electron dopants. The adsorbed amine-based phase appeared as an intense N 1s band at 

binding energy of ~400 eV. This figure was taken from Supplementary Information of 

Efficient hydrogen evolution in transition metal dichalcogenides via a simple one-step 

hydrazine reaction by D. R. Cummins et al, where it appears as Supplementary Figure 11b. 

It is licensed under a Creative Commons Attribution 4.0 International License. (b) 

Background-subtracted, high resolution XPS spectra of the Mo 3p3/2 and N 1s binding 

energy range for films drop-cast from dispersions of MoS2-1% (gray trace), MoS2-2% 

(orange trace), MoS2-4% (red trace), MoS2-6% (green trace), MoS2-8% (cyan trace), and 
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MoS2-10% (blue trace). The absence of an intense N 1s signal allows discarding charge 

transfer processes between the hydrazine molecules (or their decomposition products) and 

the NSs as the origin of the catalytic activation of the MoS2 NSs. 
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6. Conclusiones 
 

Tras los estudios realizados y los resultados obtenidos y presentados en esta tesis, podemos 

llegar a las siguientes conclusiones: 

 

 Mediante exfoliación catódica y optimizando factores como el tipo de grafito de 

partida y el electrolito acuoso, se pueden obtener láminas de grafeno de alta calidad 

estructural con rendimientos considerables (hasta un  ~40-50 % en peso) en 

producto expandido. El material exfoliado presenta buenas prestaciones como 

adsorbente para la eliminación de aceites y disolventes orgánicos al recubrir con él 

una esponja de melamina. Asimismo, el material expandido combinado con una 

pequeña cantidad de láminas de óxido de cobalto da lugar a un híbrido que 

funciona satisfactoriamente como supercondensador.   

 La exfoliación catódica de MoS2 bulk en láminas bidimensionales es posible 

utilizando disoluciones acuosas de diferentes sales muy simples y comunes (como 

el KCl) como electrolito. Mediante este método, se evita tanto la oxidación como el 

cambio de fase del producto exfoliado, obteniéndose láminas con alta calidad 

estructural, con buen rendimiento en producto expandido. El material obtenido 

resulta competitivo tanto en su uso como electrodo positivo para 

supercondensadores asimétricos, como en su aplicación como catalizador en la 

reducción de nitroarenos. 

 Es posible activar nanoláminas de MoS2 a través de la generación de vacantes de 

azufre por tratamiento con hidracina, controlando para ello de manera cuidadosa la 

cantidad de hidracina y la temperatura aplicada. De hecho, el material activado 

muestra actividades catalíticas para la reducción de nitroarenos y colorantes en 

medio acuoso hasta ~3-4 veces mayores que las del material sin tratar. El uso de un 

estabilizador natural (GMP, nucleótido del ARN) permite aumentar su estabilidad 

coloidal en medio acuoso sin afectar críticamente a su actividad catalítica. Las 

nanoláminas de MoS2 activadas pueden ser inmovilizadas en una esponja de 

melamina para facilitar su manejo y reutilización. 
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6. Conclusions 
 

After carrying out the studies and obtaining the results which have been presented in 

this PhD. Thesis, the following can be concluded: 

 

 High quality graphene nanosheets can be obtained in substantial yields (up to ~40-

50 wt%) through cathodic exfoliation, optimizing parameters such as the starting 

graphite and the electrolyte. A useful adsorbent for the removal of oils and organic 

solvents from water could be obtained by covering melamine foam with exfoliated 

graphene material. Furthermore, combination of the expanded material with a small 

amount of vertically oriented cobalt oxide nanosheets afforded hybrids with good 

capacitive charge storage characteristics.  

 The cathodic delamination of bulk MoS2 into two-dimensional nanosheets was 

shown to be possible just using an aqueous solution of very simple and common 

salts (such as KCl) as the electrolyte. Using this straightforward method, no 

oxidation or phase transformation of the exfoliated products was seen to take place, 

affording two-dimentional MoS2 nanosheets with a high structural quality in 

substantial yields. The resulting material exhibits a competitive performance as 

positive electrode (in combination with carbon nanotubes) for asymmetric 

supercapacitors and as a catalyst for the reduction of nitroarenes.  

 Two-dimentional MoS2 nanosheets have been activated through the generation of 

sulfur vacancies via hydrazine treatment by carefully controlling the concentration 

of hydrazine and the temperature of the process. The activated nanosheets exhibited 

catalytic activities for nitroarene/dye reduction with NaBH4 ~3-4 times higher than 

that of their untreated counterpart. The use of a stabilizer (GMP, an RNA 

nucleotide) did not critically compromise the catalytic activity of the hydrazine-

treated nanosheets. In order to facilitate their handling and re-utilization, the 

activated nanosheets could be immobilized onto melamine foam. Indeed, the 

resulting low-density macroscopic structure preserved its activity along consecutive 

catalytic cycles. 
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A lo largo de esta tesis doctoral se realizaron otra serie de publicaciones que no 

están incluídas en esta memoria pero cuya temática está estrechamente relacionada: 

 

 Munuera J.; Paredes J.I.; Villar-Rodil S.; García-Dalí S.; Castro-Muñiz A.; Martínez-

Alonso A.; Tascón J. M. D. A direct route to activated two-dimensional cobalt oxide 

nanosheets for electrochemical energy storage, catalytic and environmental 

applications. Journal of Colloid and Interface Science. 2019, 539, 263 - 276. 

 García-Dalí S.; Paredes J. I.; Villar-Rodil S.; Martínez-Jódar A.; Martínez-Alonso A.; 

Tascón J. M. D. Molecular functionalization of 2H-phase MoS2 nanosheets via an 

electrolytic route for enhanced catalytic. ACS Applied Materials and Interfaces 

(Enviado para su publicación). 2021. 

 

Participaciones en congresos: 

 García-Dalí S.; Paredes J. I.; Munuera J.; Villar-Rodil S.; Martínez-Alonso A.; Tascón 

J. M. D. High quality graphene in competitive yield via cathodic exfoliation of 

graphite in aqueous medium with efficient ammonium-based electrolytes. XV 

Simposio Jóvenes Investigadores Químicos, Toledo, 11/2018, Oral flash and poster, 

presentada por S. García-Dalí.  

 García-Dalí S.; Paredes J. I.; Munuera J.; Villar-Rodil S.; Martínez-Alonso A.; Tascón 

J. M. D. Efficient cathodic exfoliation of graphite in aqueous electrolytes towards high 

quality graphene for energy and environmental applications. Graphene 2019, Roma, 

06/2019, Oral communication, presentada por S. García-Dalí. 

 García-Dalí S.; Paredes J. I.; Munuera J.; Villar-Rodil S.; Martínez-Alonso A.; Tascón 

J. M. D. Efficient cathodic exfoliation of graphite in aqueous electrolytes towards high 

quality graphene for energy and environmental applications. Carbon for Energy 

Storage and Environment Protection (CESEP), Alicante, 10/2019, Keynote, presentada 

por S. García-Dalí. 
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 García-Dalí S.; Paredes J. I.; Munuera J.; Villar-Rodil S.; Adawy A.; Martínez-Alonso 

A.; Tascón J. M. D. High quality and Solution-Processable MoS2 Nanosheets obtained 

by electrochemical exfoliation for Energy Storage and Catalytic Applications. 

Graphene 2020 International Online Conference, 10/2020, Oral communication, 

presentada por S. García-Dalí. 
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