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Abstract 

 

For the past few decades, materials science has been living in a golden age, with the emergence 

of nanomaterials and, especially, because of porous nanomaterials. There is plenty of research 

being carried out on both ordered (zeolites and MOFs) and disordered (ceramics, polymers and 

aerogels) porous media. The discovery of aerogels by S. Kistler on 19311 and the exhaustive 

work on MOFs by O. Yaghi during the 1990’s2 have inspired many research groups to focus 

on these two groups of materials. The Supercritical Fluids and Functional Materials (SFFM) 

group, in which this Thesis has been carried out, has a long solid research history of working 

with both porous materials, including the main motifs of this Thesis (aerogels and MOFs), with 

the particularity of being synthetized and/or processed in supercritical CO2 (scCO2).
3 On the 

topic of MOFs, the supercritical technology has been used in the SFFM laboratory to synthetize 

compounds already known (e.g., ZIF-8),4 for the preparation of new coordination polymers 

based on different bi- or tri- pyridines,5,6 for the discovery of new curcumin-based bioMOFs,7-9 

and, last but not least, in the work with flexible carborane-based MOFs in which the scCO2 

played the role of solvent extractor.10 Concerning the aerogels subject, the SFFM team has 

gained extensive experience in organic aerogels.11,12 This Thesis extends the work on aerogels 

to the family of graphene derived materials, including graphene oxide (GO) and reduced 

graphene oxide (rGO). Graphene, GO and rGO are relatively new materials. Even so, all of 

them have been on a non-stop research during the last couple of decades, mostly to corroborate 

the plethora of their impressive properties or to discover new ones. Actually, scCO2 initial 

experiments performed with GO dispersions revealed the methodology to produce a fascinating 

aerogel material, yielding an early patent, which is the basis of this work.13 In this Thesis both 

aerogels and MOFs are synthesized, either pristine or as a composite, characterized and used in 

different applications. The preparation of these materials all have in common the use of 

scupercritical technology. Supercritical fluids and nanoporous materials are closely related, as 

the properties of these solvents, mainly their gas-like viscosity, high diffusivity and null surface 

tension, are crucial for drying materials avoiding pore collapse.14 

The Thesis starts with an Introduction section in which the used materials and the fabrication 

methods are described. Actually, the introduction illustrates all the topics that are discussed in 

this work, which are further elaborated later in the following chapters. The Experimental section 
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describes the used equipment, methodologies and characterization techniques. All of the 

performed experiments were carried out following green methodologies based on scCO2.  

In Chapter 1, the scCO2 synthesis of non-reduced GO aerogels from dispersions of GO in 

ethanol is reported as a low-cost, efficient, and environmentally friendly process. ScCO2 drying 

is often employed to remove unwanted solvents from nanopores without affecting the sample’s 

structural integrity. By using this drying technology, GO-based aerogels, which contain 

numerous oxygenated functional groups (mainly hydroxyl, epoxy and carbonyl) capable of 

interacting with other compounds, are produced. This material is the basis for all the other 

materials presented in this Thesis. As such, it was of extreme importance to understand its 

properties and capabilities through an exhaustive characterization. The methodology used to 

prepare the aerogels is patented by CSIC institution: 

C. Domingo, A. López-Periago, A. Borrás, G. Tobías, G. Goncalves, S. Sandoval, J. Fraile, 

Procedimiento de obtención de un aerogel de óxido de grafeno, ES2722998 A1 16-02-2018 

(WO2019/158794 22-08-2019) 

The results that are shown in this Chapter were published in:  

A. Borrás, G. Gonçalves, G. Marbán, S. Sandoval, S. Pinto, P.A.A.P. Marques, J. Fraile, G. 

Tobias, A.M. López-Periago, C. Domingo, Preparation and Characterization of Graphene 

Oxide Aerogels: Exploring the Limits of Supercritical CO2 Fabrication Methods, Chemistry 

A European Journal 2018, 24, 15903–15911. 

Chapter 2 describes the one-pot scCO2 preparation of a hybrid material involving GO, the 

multifunctional oxygenated version of graphene, and superparamagnetic iron oxide 

nanoparticles (SPIONs). The developed all-green synthesis approach allows the preparation of 

composites shaped into aerogels with large mesoporosity. The use of coated and uncoated 

components in the aerogel composites is analyzed with emphasis in the significance of the 

arrangement of the SPIONs into clusters on the GO surface and related with the magnetic 

properties. Extensive structural and functional characterization is carried out to understand the 

behavior of composites toward their performance as contrast agents in magnetic resonance 

imaging (MRI). The results that are shown in this Chapter were published in:  

A. Borrás, J. Fraile, A. Rosado, G. Marbán, G. Tobias, A.M. López-Periago, C. Domingo, 

Green and Solvent-Free Supercritical CO2‑Assisted Production of Superparamagnetic 
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Graphene Oxide Aerogels: Application as a Superior Contrast Agent in MRI ACS 

Sustainable Chemistry & Engineering, 2020, 8, 4877–4888. 

In Chapter 3, the possibilities of using the scCO2 technology for the preparation of GO 

hierarchical composites are explored. For this purpose, different composites involving GO and 

a MOF in the form of nanoparticles are synthetized. Hybrid aerogels are formed by either 

depositing (ex-situ) or growing (in-situ) MOF nanocrystals onto the surface of 2D GO 

nanosheets. The archetypal hydrophilic HKUST-1 and UiO-66 and hydrophobic ZIF-8 

microporous MOFs are chosen to exemplify the method possibilities. The products are 

characterized in regard of structure by X-ray diffraction, textural properties by low temperature 

N2 adsorption/desorption, morphology by electronic microscopy, and for applications of gas 

adsorption (CO2 and CH4). The results that are shown in this Chapter were published in:  

A. Borrás, A. Rosado, J. Fraile, A.M. Lopez-Periago, J.G. Planas, A. Yazdi, C. Domingo, 

C. Meso/microporous MOF@graphene oxide composite aerogels prepared by generic 

supercritical CO2 technology. Microporous and Mesoporous Materials 2022, 335, 111825. 

A. Rosado, A. Borrás, J. Fraile, J.A.R. Navarro, F. Suárez-García, K.C. Stylianou, A.M. 

López-Periago, J.G. Planas, C. Domingo, A. Yazdi, HKUST-1 Metal–Organic Framework 

Nanoparticle/Graphene Oxide Nanocomposite Aerogels for CO2 and CH4 Adsorption and 

Separation. ACS Applied Nano Materials 2021, 4, 12712–12725. 

Chapter 4 reports on the synthesis of an aerogel composed of reduced GO and 

polyethylenimine (PEI), and describes its potential application as an effective sorbent to treat 

Hg(II) contaminated water.  Again, the rGO/PEI sorbent was synthetized using a scCO2 method. 

The advantages of the synthetized materials are highlighted with respect to the larger exposed 

GO surface for the PEI grafting of aerogels vs. cryogels, homogeneous distribution of the 

nitrogenated amino groups in the former and, finally, high Hg(II) sorption capacities. The 

designed rGO/PEI aerogel can be considered as a promising candidate to treat Hg(II) 

contaminated wastewater. The Hg(II) adsorption experiments were performed in collaboration 

to Drs Gonçalves and Henriques at the Aveiro University (Portugal) during a three months’ 

scientific stay. The results that are shown in this Chapter were published in:  

A. Borrás, B. Henriques, G. Gonçalves, J. Fraile, E. Pereira, A.M. López-Periago, C. 

Domingo, Graphene Oxide/Polyethylenimine Aerogels for the Removal of Hg(II) from 

Water, Gels 2022, 8, 452. 
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Chapter 5 displays the early results obtained by a composite aerogel of rGO and LiFePO4/C 

(LFP) in the field of energy, specifically as a cathode material for lithium-ion batteries. The 

developed methodology combines the knowledge acquired in Chapters 2 and 3, incorporating 

in this case hydrophobic nanoparticles. The prepared LFP/C@rGO composite is analyzed by 

both solid-state and electrochemical characterization techniques, to ascertain its properties 

regarding applications in lithium batteries. This work has been carried out in collaboration with 

the CIC ENERGIGUNE Fundazioa (Spain) which performed the electrochemical tests. 
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Resumen 

 

Durante las últimas décadas, la ciencia de materiales ha vivido una época dorada, con la 

aparición de los nanomateriales y, especialmente, a causa de los nanomateriales porosos. 

Continuamente se realizan estudios de I+D tanto en medios porosos ordenados (zeolitas y 

MOFs) como amorfos (cerámicas, polímeros y aerogeles). El descubrimiento de los aerogeles 

por parte de S. Kistler en 19311 y el trabajo exhaustivo relativo a MOFs de O. Yaghi durante la 

década de 19902 han inspirado a muchos grupos de investigación a centrarse en estos dos tipos 

de materiales. El grupo de Fluidos Supercríticos y Materiales Funcionales (SFFM), en el que 

se ha llevado a cabo esta Tesis, tiene una larga y sólida trayectoria investigadora trabajando con 

materiales porosos, incluyendo los materiales principales de esta Tesis (aerogeles y MOFs). 

Con la particularidad del uso de CO2 supercrítico (scCO2) tanto en la síntesis como en el 

procesado de éstos.3 Con respecto a los MOFs, la tecnología supercrítica se ha utilizado en el 

laboratorio de SFFM para sintetizar compuestos ya conocidos (por ejemplo, ZIF-8),4 para la 

preparación de nuevos polímeros de coordinación basados en diferentes bi- o tri-piridinas,5,6 

para el descubrimiento de nuevos bioMOF basados en curcumina,7-9 y, por último, pero no 

menos importante, en el trabajo con MOF flexibles basados en carborano en los que el scCO2 

desempeñó el papel de extractor de disolvente.10 En cuanto al tema de los aerogeles, el equipo 

del SFFM ha adquirido una amplia experiencia en aerogeles orgánicos.11,12 Esta Tesis extiende 

el trabajo referente a aerogeles a la familia de materiales derivados del grafeno, incluyendo el 

óxido de grafeno (GO) y el óxido de grafeno reducido (rGO). El grafeno, GO y rGO son 

materiales relativamente nuevos. Aun así, durante las últimas dos décadas todos ellos han sido 

investigados de forma ininterrumpida, principalmente para corroborar la plétora de 

impresionantes propiedades que conocemos o para descubrir otras nuevas. De hecho, los 

experimentos iniciales de scCO2 realizados con dispersiones de GO revelaron la metodología 

para producir un fascinante material en forma de aerogel, lo que generó una patente, que es la 

base de este trabajo.13 En esta Tesis se sintetizan tanto aerogeles como MOFs, ya sean aislados 

o en forma de compuestos, caracterizados y utilizados en diferentes aplicaciones. La 

preparación de todos estos materiales tiene en común el uso de la tecnología supercrítica. Los 

fluidos supercríticos y los materiales nanoporosos están estrechamente relacionados, ya que las 

propiedades de estos solventes, principalmente su baja viscosidad, alta difusividad y nula 

tensión superficial, son cruciales para el secado de los materiales evitando el colapso de los 

poros. 
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La Tesis comienza con una sección de Introducción en la que se describen los materiales 

utilizados y los métodos de fabricación. En particular, la introducción ilustra todos los temas 

que se tratan en este trabajo, que se desarrollan más adelante en cada capítulo. La sección 

Experimental describe los equipos utilizados, metodologías y técnicas de caracterización. 

Todos los experimentos realizados se realizaron siguiendo metodologías verdes basadas en 

scCO2. 

En el Capítulo 1, la síntesis de aerogeles de GO no reducido por scCO2 a partir de dispersiones 

de GO en etanol se describe como un proceso económico, eficiente y respetuoso con el medio 

ambiente. El secado con scCO2 se emplea a menudo para eliminar los disolventes no deseados 

de los nanoporos sin afectar la integridad estructural de la muestra. Mediante el uso de esta 

tecnología de secado, se producen aerogeles basados en GO, que contienen numerosos grupos 

funcionales oxigenados (principalmente hidroxilo, epóxido y carbonilo) capaces de interactuar 

con otros compuestos. Este material es la base para todos los demás materiales presentados en 

esta Tesis. Por tanto, es de suma importancia comprender sus propiedades y capacidades a 

través de una caracterización exhaustiva. La metodología utilizada para preparar los aerogeles 

está patentada por el CSIC: 

C. Domingo, A. López-Periago, A. Borrás, G. Tobías, G. Goncalves, S. Sandoval, J. Fraile, 

Procedimiento de obtención de un aerogel de óxido de grafeno, ES2722998 A1 16-02-2018 

(WO2019/158794 22-08-2019) 

Los resultados presentados en este capítulo fueron publicados en: 

A. Borrás, G. Gonçalves, G. Marbán, S. Sandoval, S. Pinto, P.A.A.P. Marques, J. Fraile, G. 

Tobias, A.M. López-Periago, C. Domingo, Preparation and Characterization of Graphene 

Oxide Aerogels: Exploring the Limits of Supercritical CO2 Fabrication Methods, Chemistry 

A European Journal 2018, 24, 15903–15911. 

El Capítulo 2 describe la preparación en un sólo paso, mediante scCO2, de un material híbrido 

que incluye GO y nanopartículas de óxido de hierro superparamagnéticas (SPION). La síntesis, 

completamente verde, permite la preparación de compuestos en forma de aerogel con gran 

mesoporosidad. Se analiza el uso de componentes recubiertos y no recubiertos en los 

compuestos con énfasis en la importancia de la disposición de los SPIONs en pequeños 

aglomerados en la superficie GO y su relación con las propiedades magnéticas. Se lleva a cabo 

una extensa caracterización estructural y funcional para comprender el comportamiento de los 
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compuestos y su desempeño como agentes de contraste en imágenes de resonancia magnética 

(MRI). Los resultados que se muestran en este Capítulo fueron publicados en: 

A. Borrás, J. Fraile, A. Rosado, G. Marbán, G. Tobias, A.M. López-Periago, C. Domingo, 

Green and Solvent-Free Supercritical CO2‑Assisted Production of Superparamagnetic 

Graphene Oxide Aerogels: Application as a Superior Contrast Agent in MRI ACS 

Sustainable Chemistry & Engineering, 2020, 8, 4877–4888. 

En el Capítulo 3, se exploran las posibilidades de utilizar la tecnología scCO2 para la 

preparación de compuestos de GO con porosidad jerárquica. Para ello se sintetizan diferentes 

compuestos en los que intervienen GO y un MOF en forma de nanopartículas. Los aerogeles 

híbridos se forman depositando (ex-situ) o creciendo (in-situ) nanocristales de MOF en la 

superficie de las nanoláminas 2D de GO. Los MOF microporosos arquetípicos hidrofílicos 

HKUST-1 y UiO-66 e hidrofóbico ZIF-8 se eligen para ejemplificar las posibilidades del 

método. Los productos se caracterizan en cuanto a estructura por difracción de rayos X, 

propiedades texturales por adsorción/desorción de N2 a baja temperatura, morfología por 

microscopía electrónica y también en cuanto a adsorción de gases (CO2 y CH4) para 

aplicaciones en separación de gases. Los resultados que se muestran en este Capítulo fueron 

publicados en: 

A. Borrás, A. Rosado, J. Fraile, A.M. Lopez-Periago, J.G. Planas, A. Yazdi, C. Domingo, 

C. Meso/microporous MOF@graphene oxide composite aerogels prepared by generic 

supercritical CO2 technology. Microporous and Mesoporous Materials 2022, 335, 111825. 

A. Rosado, A. Borrás, J. Fraile, J.A.R. Navarro, F. Suárez-García, K.C. Stylianou, A.M. 

López-Periago, J.G. Planas, C. Domingo, A. Yazdi, HKUST-1 Metal–Organic Framework 

Nanoparticle/Graphene Oxide Nanocomposite Aerogels for CO2 and CH4 Adsorption and 

Separation. ACS Applied Nano Materials 2021, 4, 12712–12725. 

El Capítulo 4 detalla la síntesis de un aerogel compuesto de rGO y polietilenimina (PEI), y 

describe su aplicación potencial como un sorbente para tratar aguas contaminada con Hg(II) de 

forma eficaz. De nuevo, los aerogeles de rGO/PEI se sintetizaron usando la metodología basada 

en scCO2. En el texto se destacan las ventajas de los aerogeles que poseen mayor superficie 

expuesta de GO con PEI anclado respecto a los criogeles, lo que implica una distribución más 

homogénea de los grupos amino nitrogenados en los aerogeles y, por tanto, altas capacidades 

de sorción de Hg(II). El aerogel rGO/PEI resultante puede considerarse un candidato 

prometedor para tratar aguas residuales contaminadas con Hg(II). Los experimentos de 
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adsorción de Hg(II) se realizaron en colaboración con los Drs. Gonçalves y Henriques en la 

Universidad de Aveiro (Portugal) durante una estancia científica de tres meses. Los resultados 

que se muestran en este Capítulo fueron publicados en: 

A. Borrás, B. Henriques, G. Gonçalves, J. Fraile, E. Pereira, A.M. López-Periago, C. 

Domingo, Graphene Oxide/Polyethylenimine Aerogels for the Removal of Hg(II) from 

Water, Gels 2022, 8, 452. 

En el Capítulo 5 se muestran los resultados preliminares obtenidos con un aerogel compuesto 

de rGO y LiFePO4/C (LFP), esta vez en el campo de la energía, concretamente como electrodo 

catódico para baterías de iones litio. La metodología desarrollada combina los conocimientos 

adquiridos en los capítulos 2 y 3, incorporando en este caso nanopartículas hidrofóbicas. El 

compuesto LFP/C@rGO se analizó mediante técnicas de caracterización electroquímica y de 

estado sólido, para conocer todas sus propiedades con respecto a su aplicación en baterías de 

litio. Este trabajo se ha llevado a cabo en colaboración con el CIC ENERGIGUNE Fundazioa 

(Spain), donde se realizaron las medidas electroquímicas. 
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Resum 

 

Durant les darreres dècades, la ciència de materials ha viscut una època daurada, amb l'aparició 

dels nanomaterials i, en especial, a causa dels nanomaterials porosos. S'està realitzant molta 

tasca d’investigació i desenvolupament tant en mitjans porosos ordenats (zeolites i MOFs) com 

amorfs (ceràmiques, polímers i aerogels). El descobriment dels aerogels per part de S. Kistler 

el 19311 i el treball exhaustiu en MOFs d'O. Yaghi durant la dècada de 19902 han inspirat molts 

grups de recerca a centrar-se en aquests dos grups de materials. El grup de Fluids Supercrítics 

i Materials Funcionals (SFFM), en què s'ha dut a terme aquesta Tesi, té una llarga i sòlida 

trajectòria investigadora treballant amb materials porosos, incloent-hi els materials principals 

d'aquesta Tesi (aerogels i MOFs). Amb la particularitat de l'ús de CO2 supercrític (scCO2) tant 

a la síntesi com al processament d'aquests.3 Pel que fa als MOFs, la tecnologia supercrítica s'ha 

utilitzat al laboratori de SFFM per sintetitzar compostos ja coneguts (per exemple, ZIF-8),4 per 

a la preparació de nous polímers de coordinació basats en diferents bi- o tri-piridines,5,6 per al 

descobriment de nous bioMOF basats en curcumina,7-9 i, finalment, però no menys important, 

en el treball amb MOF flexibles basats en carborà en què el scCO2 va exercir el paper d'extractor 

de dissolvent.10 Pel que fa al tema dels aerogels, l'equip del SFFM ha adquirit una àmplia 

experiència en aerogels orgànics.11,12 Aquesta Tesi estén el treball referent a aerogels a la 

família de materials derivats del grafè, incloent-hi l'òxid de grafè (GO) i l'òxid de grafè reduït 

(rGO). El grafè, GO i rGO són materials relativament nous. Tot i així, durant les darreres dues 

dècades tots ells han estat investigats de forma ininterrompuda, principalment per corroborar la 

plètora d'impressionants propietats que coneixem o per descobrir-ne de noves. De fet, els 

experiments inicials de scCO2 realitzats amb dispersions de GO van revelar la metodologia per 

produir un fascinant material en forma d'aerogel, cosa que va generar una patent, que és la base 

d'aquest treball.13 En aquesta Tesi se sintetitzen tant aerogels com MOFs, ja siguin aïllats o en 

forma de compostos, caracteritzats i utilitzats en diferents aplicacions. La preparació de tots 

aquests materials té en comú la utilització de la tecnologia supercrítica. Els fluids supercrítics i 

els materials nanoporosos estan estretament relacionats, ja que les propietats d'aquests solvents, 

principalment la baixa viscositat, alta difusivitat i nul·la tensió superficial, són crucials per a 

l'assecat dels materials evitant el col·lapse dels porus. 

La Tesi comença amb una secció d'Introducció en què es descriuen els materials utilitzats i els 

mètodes de fabricació. En particular, la introducció il·lustra tots els temes que es tracten en 
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aquest treball, que es desenvolupen més endavant a cada capítol. La secció Experimental 

descriu els equips utilitzats, les metodologies i les tècniques de caracterització. Tots els 

experiments realitzats es van fer seguint metodologies verdes basades en scCO2. 

Al Capítol 1, la síntesi d'aerogels de GO no reduït per scCO2 a partir de dispersions de GO en 

etanol es descriu com un procés econòmic, eficient i respectuós amb el medi ambient. L'assecat 

amb scCO2 s'empra sovint per eliminar els dissolvents no desitjats dels nanoporus sense afectar 

la integritat estructural de la mostra. Mitjançant l'ús d'aquesta tecnologia d'assecatge, es 

produeixen aerogels basats en GO, que contenen nombrosos grups funcionals oxigenats 

(principalment hidroxil, epòxid i carbonil) capaços d'interactuar amb altres compostos. Aquest 

material és la base per a tots els altres materials presentats en aquesta Tesi. Per tant, és molt 

important comprendre les seves propietats i capacitats a través d'una caracterització exhaustiva. 

La metodologia utilitzada per preparar els aerogels està patentada pel CSIC: 

C. Domingo, A. López-Periago, A. Borrás, G. Tobías, G. Goncalves, S. Sandoval, J. Fraile, 

Procedimiento de obtención de un aerogel de óxido de grafeno, ES2722998 A1 16-02-2018 

(WO2019/158794 22-08-2019) 

Els resultats presentats en aquest capítol es van publicar a: 

A. Borrás, G. Gonçalves, G. Marbán, S. Sandoval, S. Pinto, P.A.A.P. Marques, J. Fraile, G. 

Tobias, A.M. López-Periago, C. Domingo, Preparation and Characterization of Graphene 

Oxide Aerogels: Exploring the Limits of Supercritical CO2 Fabrication Methods, Chemistry 

A European Journal 2018, 24, 15903–15911. 

El Capítol 2 descriu la preparació en només un pas, mitjançant scCO2, d'un material híbrid que 

inclou GO i nanopartícules d'òxid de ferro superparamagnètiques (SPION). La síntesi, 

completament verda, permet la preparació de compostos en forma d'aerogel amb gran 

mesoporositat. S'analitza l'ús de components recoberts i no recoberts en els compostos fent 

èmfasi en la importància de la disposició dels SPIONs en petits aglomerats a la superfície de 

GO i la seva relació amb les propietats magnètiques. Es duu a terme una extensa caracterització 

estructural i funcional per comprendre el comportament dels compostos i la seva aplicació com 

a agents de contrast en imatges de ressonància magnètica (MRI). Els resultats que es mostren 

en aquest Capítol van ser publicats a: 
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A. Borrás, J. Fraile, A. Rosado, G. Marbán, G. Tobias, A.M. López-Periago, C. Domingo, 

Green and Solvent-Free Supercritical CO2‑Assisted Production of Superparamagnetic 

Graphene Oxide Aerogels: Application as a Superior Contrast Agent in MRI ACS 

Sustainable Chemistry & Engineering, 2020, 8, 4877–4888. 

Al Capítol 3, s'exploren les possibilitats d'utilitzar la tecnologia scCO2 per a la preparació de 

compostos de GO amb porositat jeràrquica. Per això se sintetitzen diferents compostos en què 

intervenen GO i un MOF en forma de nanopartícules. Els aerogels híbrids es formen dipositant 

(ex-situ) o creixent (in-situ) nanocristalls de MOF a la superfície de les nanolàmines 2D de GO. 

Els MOF microporosos arquetípics hidrofílics HKUST-1 i UiO-66 i hidrofòbic ZIF-8 es trien 

per exemplificar les possibilitats del mètode. Els productes es caracteritzen en quant a estructura 

per difracció de raigs X, propietats texturals per adsorció/desorció de N2 a baixa temperatura, 

morfologia per microscòpia electrònica i també en quant a adsorció de gasos (CO2 i CH4) per a 

aplicacions en separació de gasos. Els resultats que es mostren en aquest Capítol van ser 

publicats a: 

A. Borrás, A. Rosado, J. Fraile, A.M. Lopez-Periago, J.G. Planas, A. Yazdi, C. Domingo, 

C. Meso/microporous MOF@graphene oxide composite aerogels prepared by generic 

supercritical CO2 technology. Microporous and Mesoporous Materials 2022, 335, 111825. 

A. Rosado, A. Borrás, J. Fraile, J.A.R. Navarro, F. Suárez-García, K.C. Stylianou, A.M. 

López-Periago, J.G. Planas, C. Domingo, A. Yazdi, HKUST-1 Metal–Organic Framework 

Nanoparticle/Graphene Oxide Nanocomposite Aerogels for CO2 and CH4 Adsorption and 

Separation. ACS Applied Nano Materials 2021, 4, 12712–12725. 

El Capítol 4 detalla la síntesi d'un aerogel compost d'rGO i polietilenimina (PEI), i en descriu 

la seva aplicació potencial com un sorbent per tractar aigües contaminades amb Hg(II) de 

manera eficaç. De nou, els aerogels de rGO/PEI es van sintetitzar usant la metodologia basada 

en scCO2. En el text es destaquen els avantatges dels aerogels que tenen més superfície 

exposada de GO amb PEI ancorat respecte dels criogels, la qual cosa implica una distribució 

més homogènia dels grups amino nitrogenats als aerogels i, per tant, altes capacitats de sorció 

de Hg (II). L'aerogel rGO/PEI resultant es pot considerar un candidat prometedor per tractar 

aigües residuals contaminades amb Hg(II). Els experiments d'adsorció de Hg(II) es van realitzar 

en col·laboració amb els Drs. Gonçalves i Henriques a la Universitat d'Aveiro (Portugal) durant 

una estada científica de tres mesos. Els resultats que es mostren en aquest Capítol van ser 

publicats a: 
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A. Borrás, B. Henriques, G. Gonçalves, J. Fraile, E. Pereira, A.M. López-Periago, C. 

Domingo, Graphene Oxide/Polyethylenimine Aerogels for the Removal of Hg(II) from 

Water, Gels 2022, 8, 452. 

Al Capítol 5 es mostren els resultats preliminars obtinguts per un aerogel compost d'rGO i 

LiFePO4/C (LFP), aquesta vegada relacionats amb el camp de l'energia, concretament com a 

elèctrode catòdic per a bateries d'ions de liti. La metodologia desenvolupada combina els 

coneixements adquirits als Capítols 2 i 3, incorporant en aquest cas nanopartícules 

hidrofòbiques. El compost LFP/C@rGO preparat es va analitzar mitjançant tècniques de 

caracterització electroquímica i d'estat sòlid, per conèixer-ne totes les propietats pel que fa a la 

seva aplicació en bateries de liti. Aquest treball s’ha realitzat en col·laboració amb el CIC 

ENERGIGUNE Fundazioa (Spain), on es van realitzar les mesures electroquímiques. 



XIII 
 

References 

[1] S.S. Kistler, Coherent Expanded Aerogels and Jellies, Nature 1931, 127, 741. 

[2] O.M. Yaghi, G. Li, H. Li, Selective binding and removal of guests in a microporous metal–

organic framework, Nature 1995, 378, 703-706. 

[3] C. Domingo, P. Subra-Paternault, Supercritical fluid nanotechnology: advances and 

applications in composites and hybrid nanomaterials, Pant Stanford Publishing Ltd. (2015). 

[4] P. López-Domínguez, A.M. López-Periago, F.J. Fernández-Porras, J. Fraile, G. Tobias, C. 

Domingo, Supercritical CO2 for the synthesis of nanometric ZIF-8 and loading with 

hyperbranched aminopolymers. Applications in CO2 capture, J. CO2 Util. 2017, 18, 147-155. 

[5] N. Portolés-Gil, R. Parra-Aliana, Á. Álvarez-Larena, C. Domingo, J.A. Ayllón, A.M. 

López-Periago, Bottom-up approach for the preparation of hybrid nanosheets based on 

coordination polymers made of metal–diethyloxaloacetate complexes linked by 4,4′-bipyridine, 

CrystEngComm 2017, 19, 4972. 

[6] N. Portolés-Gil, O. Vallcorba, C. Domingo, A.M. López-Periago, J.A. Ayllón, 

[Zn2Ac2(μ-Ac)2(bpymb)]n (Ac, acetate; bpymb, 1,4-bis(4-pyridylmethyl)benzene), a 2D 

coordination polymer obtained with a flexible N,N’-ditopic bipyridine linker, Inorganica Chim. 

Acta 2021, 516, 120132. 

[7] N. Portolés-Gil, A. Lanza, N. Aliaga-Alcalde, J.A. Ayllón, M. Gemmi, E. Mugnaioli, A.M. 

López-Periago, C. Domingo, Crystalline curcumin biomof obtained by precipitation in 

supercritical CO2 and structural determination by electron diffraction tomography, ACS 

Sustainable Chem. Eng. 2018, 6, 12309–12319. 

[8] N. Portolés-Gil, (2019), PhD thesis: Green synthesis of coordination polymers using 

supercritical carbon dioxide. Universitat Autònoma de Barcelona. 

[9] L. Rodríguez-Cid, (2021), PhD thesis: Synthesis and characterization of curcuminoids and 

their derived polymeric systems, Universitat Autònoma de Barcelona. 

[10] F. Tan, A.M. López-Periago, M.E. Light, J. Cirera, E. Ruiz, A. Borrás, F. Teixidor, C. 

Viñas, C. Domingo, J. Giner-Planas, An unprecedented stimuli-controlled single-crystal 

reversible phase transition of a metal–organic framework and its application to a novel method 

of guest encapsulation, Adv. Mater. 2018, 30, 1800726. 

[11] N. Murillo-Cremaes, A.M. López-Periago, J. Saurina, A. Roig, C. Domingo, 

Nanostructured silica-based drug delivery vehicles for hydrophobic and moisture sensitive 

drugs, J. Supercrit. Fluids 2013, 73, 34-42. 

[12] P. Veres, M. Kéri, I. Bányai, I. Lázár, I. Fábián, C. Domingo, J. Kalmár, Mechanism of 

drug release from silica-gelatin aerogel—Relationship between matrix structure and release 

kinetics, Colloids Surf. B: Biointerfaces 2017, 152, 229-237. 

[13] C. Domingo, A.M. López-Periago, A. Borrás, G. Tobias, G. Gonçalves, S. Sandoval, J. 

Fraile (2019) Procedimiento de obtención de un aerogel de óxido de grafeno, Patent 

WO2019/158794 (ES2722998 B2). 

[14] A.M. López-Periago, C. Domingo, Features of supercritical CO2 in the delicate world of 

the nanopores, J. Supercrit. Fluids 2018, 134, 204-213. 

 



  



XV 
 

Acronyms 

 

acac acetylacetonate 

ATR Attenuated total reflectance 

ASSB All-solid-state battery 

BDC 1,4-benzene-dicarboxylate 

BET Brunauer, Emmett and Teller 

BTC Benzene-1,3,5-tricarboxylic acid 

c.t. Contact time 

C0 Initial concentration 

Ce Concentration at equilibrium 

COF Covalent organic framework 

CP Coordination polymer 

CV−AFS Cold vapour atomic fluorescence spectroscopy 

CVD Chemical vapour deposition 

DFT Density functional theory 

DMF Dimethylformamide 

EA Ethyl acetate 

EDS Energy-dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

EtOH Ethanol 

FE-SEM Field emission scanning electron microscopy 

FTIR Fourier transform infrared 

GO Graphene oxide 

Hmim 2-methylimidazole 

ICP-MS Inductively coupled plasma - mass spectrometry 

ICP-OES Inductively coupled plasma - optical emission spectrometry 

IR Infrared spectroscopy 

IUPAC International union of pure and applied chemistry 

LFP/C LiFePO4/C 

LIB Lithium-ion battery 

MeOH Methanol 

mim 2-methylimidazolate 

MOF Metal-organic framework 



XVI 
 

MRI Magnetic resonance imaging 

Ms Saturation magnetization 

NASA National Aeronautics and Space Administration 

NLDFT Non-local density functional theory 

NP Nanoparticle 

Pc Critical pressure 

PEI Polyethyleneimine 

PFO Pseudo-first order 

PGSS® Particle formation from gas-saturated solutions 

PSO Pseudo-second order 

PVP Polyvinylpyrrolidone 

PXRD Powder X-ray diffraction 

r2 Proton relaxivity 

RE Maximum removal percentage 

rGO Reduced graphene oxide 

RT Room temperature 

Sa Surface area 

SBU Secondary building unit 

scCO2 Supercritical carbon dioxide 

SEM Scanning electron microscopy 

SPION Superparamagnetic iron oxide nanoparticle 

SQUID Superconducting quantum interference device 

SSE Solid-state electrolyte 

STEM Scanning transmission electron microscopy 

T2 Transverse relaxation time 

Tc Critical temperature 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

Vp Pore volume 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

ZIF Zeolitic imidazole framework 

 

 

 



XVII 
 

Acknowledgements 

 

En primer lugar, en estos agradecimientos me gustaría mencionar a mis compañeras de 

despacho (y también directoras de Tesis) Concha y Ana por haberme guiado (y a veces también 

puesto en mi sitio) todos estos años. 

Gracias también a todos aquellos con los que he coincidido en estos años. Mis compañeros de 

tesis: Núria, gràcies per prevenir-me de la cara fosca del doctorat; Laura, siempre quedarán las 

noches aprendiendo francés; Márta ¡you don’t need to break it! y Albert, gracias por todas esas 

mañanas (y noches) cantando. Y también al resto de doctorandos, TFMs, TFGs y demás: Dani, 

Teresa, Joseline, Sandra G., Ona, Sole, Amanda, Amirali, Kenia, Martí, Llorenç, Queralt, 

Sandra F., Andrea y Albert “Petit”. 

I would like to thank the support from the people that guided me during my stay in Aveiro: 

Eddy and Bruno, and specially to Gil, who in part was the reason I did my PhD in this topic. 

Muito obrigado. 

Para cerrar el bloque del trabajo, quiero agradecer también a todo el personal de administración 

y técnicas de laboratorio por su inestimable labor. En especial al ya Doctor Julio Fraile por esa 

suerte de relación de amistad/mentoría y todas las conversaciones que empezaban con un: 

“Buenos días!” pero nunca sabías cómo (ni cuándo) iban a terminar. 

Los años en la carrera de Nano me regalaron un montón de amigos a los que quiero recordar en 

esta Tesis, y aunque sólo mencionaré a algunos, el resto sabéis que estáis aquí incluidos: Arnau, 

Seco, Gerard, Rubio, Thalia, Victor, Antoja, etc. En serio, sin vosotros no hubiera llegado hasta 

este día. 

Falta mencionar aquí a mis padres Maribel y Juan Ramón, porque, aunque ya no estéis, siempre 

estaréis. Esto va por vosotros. Y por supuesto de mi hermana Patricia, porque, aunque a veces 

no me haga caso, sé que en el fondo me escucha. Tampoco puedo olvidarme del resto de mi 

familia, abuelos, tíos, primos, suegros y cuñados, por su inestimable apoyo todos estos años.  

Por último, esto no serían unos agradecimientos de verdad si no diera las gracias a Raquel, mi 

copiloto. Gracias por estar ahí en los buenos y malos momentos, por soportar el “Gen 

Caballero” cuando las cosas no salían, pero, sobre todo, por todo el apoyo y cariño que 

desprendes cada día.  

A todos, gracias.  



 

  



Table of Contents 

 

Abstract I 

Resumen V 

Resum IX 

   Abstract references XIII 

Acronyms  XV 

Acknowledgements XVII 

Introduction 1 

  1.Porous materials 3 

     1.1. Applications of porous materials 5 

     1.2. Aerogels 8 

        1.2.1. Characteristics of aerogels 12 

        1.2.2. Applications of aerogels 14 

     1.3. MOFs 17 

        1.3.1. Design of MOFs 17 

        1.3.2. Properties of MOFs 18 

        1.3.3. Applications of MOFs 19 

     1.4. Materials studied in the Thesis 21 

        1.4.1. Aerogels: Graphene oxide 21 

        1.4.2. MOFs 23 

        1.4.3. Nanoparticles 27 

  2. Supercritical fluids 29 

     2.1. Supercritical CO2 30 

        2.1.1. Applications of scCO2 30 

  3. References 33 

Experimental 41 

  1. Equipment and set-ups 43 

  2. Solid state characterization 46 

  3. References 55 

Objectives 59 

 

 

 

 



 

Chapter 1: Supercritical CO2 self-assembly of graphene oxide aerogels 63 

      Abstract 65 

  1. Introduction 66 

  2. Experimental 67 

     2.1. Materials 67 

     2.2. Equipment and methods 67 

     2.3. Characterization 68 

  3. Results and discussion 68 

     3.1. Starting material characterization 69 

     3.2. Gelling and drying mechanism in scCO2 76 

     3.3. Hydrothermal-lyophilization procedure 79 

     3.4. Structural stability of the aerogel GO monolith 80 

     3.5. Gas adsorption and textural properties 81 

     3.6. Microstructure 83 

  4. Conclusions 85 

  5. References 86 

Chapter 2: Magnetic aerogels of graphene oxide 91 

      Abstract 93 

  1. Introduction 94 

  2. Experimental 96 

     2.1. Materials 96 

     2.2. Methods 96 

        2.2.1. Synthesis of Fe3O4 NPs  96 

        2.2.2. Preparation of the composite aerogel 96 

        2.2.3. Preparation of coated composites 97 

     2.3. Characterization 97 

  3. Results and discussion 99 

     3.1. scCO2 preparation of Fe3O4@GO composite aerogels. 99 

     3.2. Aerogel structure and morphology 99 

     3.3. Electronic properties 102 

     3.4. Textural properties 103 

     3.5. Aerogel molecular structure 104 

     3.6. Thermal stability metal percentage 105 

     3.7. Oxidation state 107 



     3.8. Magnetic properties. 109 

     3.9. Surface functionalization with citric acid 111 

     3.10. Surface functionalization with pei 112 

     3.11. Composite as MRI contrast agent 115 

  4. Conclusions 117 

  5. References 117 

Chapter 3: Hierarchical porosity composite aerogels of graphene oxide 123 

      Abstract 125 

  1. Introduction 126 

  2. Experimental 128 

     2.1. Materials 128 

     2.2. Methods 128 

        2.2.1. Synthesis of MOF particles 128 

        2.2.2. Synthesis of MOF@GO aerogels  129 

     2.3. Characterization 130 

  3. Results and discussion 130 

     3.1. HKUST-1@GO 131 

        3.1.1. High-pressure CH4 adsorption. 133 

     3.2. UiO-66@GO 136 

     3.3. ZIF-8@GO 137 

     3.4. Method overview screen 139 

  4. Conclusions 146 

  5. References 146 

Chapter 4: Covalent self-assembly of polymer modified graphene oxide 151 

      Abstract 153 

  1. Introduction 154 

  2. Experimental 156 

     2.1. Materials 156 

     2.2. scCO2 synthesis of the aerogels 156 

     2.3. Solid state characterization 157 

     2.4. Heavy metal batch sorption studies 157 

  3. Results and discussion 158 

     3.1. Sorbents synthesis and structure 158 

     3.2. Hg(II) sorption kinetics on rGO and rGO/PEI sorbent 160 

     3.3. Isotherm of rGO/PEI sorbent for Hg(II) sorption 162 



     3.4. Mechanism for mercury sorption by rGO/PEI 163 

     3.5. Design of magnetic sorbents 166 

     3.6. Addition of ZIF-8 to rGO/PEI sorbent 167 

        3.6.1. Physicochemical characteristics of ZIF-8@rGO/PEI 167 

        3.6.2. Solubility behavior and surface charge of ZIF-8@rGO/PEI in water 169 

        3.6.3. Multicomponent Hg(II) and Pb(II) adsorption on ZIF-8@rGO/PEI 169 

        3.6.4. pH influence through Box-Behnken analysis 171 

     3.7. Contrasting literature data 173 

  4. Conclusions 176 

  5. References 177 

Chapter 5: rGO aerogels for energy 183 

     Abstract 185 

  1. Introduction 186 

  2. Experimental 188 

     2.1. Materials 188 

     2.2. scCO2 synthesis of LFP/C@rGO aerogels 188 

     2.3. Solid state characterization 188 

     2.4 Electrochemical Characterization 189 

        2.4.1 Coin cell assembly 189 

        2.4.2 Electrochemical measurements 189 

  3. Results and discussion 190 

     3.1. Preparation of LFP/C@rGO  190 

     3.2. Aerogel structure and morphology 191 

     3.3. Textural properties 192 

     3.4. Chemical structure and composition 193 

     3.5. Electrochemical properties of self-standing LFP/C@rGO 194 

  4. Conclusions 197 

  5. References 197 

Conclusions 201 

Curriculum Vitae 205 

 



 

  

INTRODUCTION 
 

 

 
 

 



 



Introduction 

3 
 

1. Porous materials 

A porous material is not only characterized by its composition, but also by its textural properties 

regarding the pore structure. Comparing the same material in bulk and on its porous form, there 

are several properties that change, such as the bulk density, surface area, permeability, heat 

transfer1, mechanical strength,2 etc. In fact, these changes can only be justified when taking into 

consideration the addition of voids to the structure. Although we are not usually aware of it, 

most of the solid materials we are surrounded by present some sort of porosity (i.e., wood, soil, 

cement, etc). In some practical cases, porosity is related to permeability, and substances that 

have interconnected pores all along their volume, rather than those without interconnected 

pores, are more interesting for applications that require fluid passage, such as adsorption, 

separation, catalysis, etc. There are some important examples of natural porous materials that 

are employed because of their high porosity, such as zeolites, activated carbons, coals, clays, 

etc. Moreover, synthetic porous materials have been developed during decades to cover other 

necessities.3 When a fluid permeates a material, it is possible to discern two major groups of 

pores, closed and open, depending on the availability for this fluid to enter the material 

(Figure 1a).4 

 

 

 

 

 

 

 

 

 

 

Figure 1. Types of pores depending on the availability to an external fluid (a), shape (b), size 

(c) and chemical composition (d). 
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 Closed pores are simple voids inside the bulk material inaccessible to the fluid. 

Although they cannot be accessed by the fluid, these pores alter several properties of 

the material, such as the density or the mechanical strength. 

 Open pores are open to the exterior of the material, meaning that the fluid would be able 

to permeate into them. This type of pores can be subdivided into blind pores (with only 

one opening), through pores (with two openings) and interconnected pores, (when two 

or more through pores are connected inside the bulk material, creating a 

macrostructure). Open pore structures are usually more interesting for applications, 

since they lead to materials with high surface area, increasing the catalytic and 

adsorptive capabilities.  

 Open pores can be classified according to their shape (Figure 1b) into cylindrical, 

conical, bottleneck, slit and irregular pores. Fluids behave differently depending on the 

shape of the pore, following the laws of fluid mechanics.5   

Pores can also be labelled depending on their size (Figure 1c). According to the International 

Union of Pure and Applied Chemistry (IUPAC), pores are classified into micropores (pore 

diameter < 2 nm), mesopores (2 < pore diameter < 50 nm) and macropores (pore diameter > 50 

nm).6 This classification corresponds to the different behaviour observed for the fluids when 

entering or exiting these pores in the size intervals. Finally, classified by their chemical 

composition, porous materials can be allocated into organic, inorganic or hybrid (Figure 1d). 

 Important organic porous materials include covalent organic frameworks (COF), 

different types of polymers (cross-linked or hyperbranched) or polymers with intrinsic 

porosity; and also some aerogels, such as starch aerogels. 

 Inorganic porous materials are the most common, including zeolites, clays, carbon, 

silicas, most types of aerogels, etc. 

 Hybrid porous materials are composed of organic and inorganic phases. In this group 

are included, metal-organic frameworks (MOF) and functionalized inorganic porous 

materials, such as graphene oxide aerogels. 
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1.1. Applications of porous materials 

When considering applications, the two main characteristics of porous materials are the 

presence of voids in their structure and the high surface area related to their overall volume 

(Figure 2). For this reason, they are generally good candidates for applications that benefit from 

these features.  

 

 

 

 

 

 

 

Figure 2. Schematic demonstration of the different amount of exposed surface area in (a) 

non-porous and (b) porous material. 

 

Catalysis  

When talking about materials with high surface area, one of the first applications that comes 

into mind is catalysis. Given that most catalytic reactions scale linearly with the available 

surface area of the catalyst, every type of material that presents an elevated and available 

reactive surface area is a valid candidate for catalysis, such as nanoparticles or porous media.7,8 

Porous materials are generally used in heterogeneous catalysis, both as catalysts or catalyst 

carriers. In most cases, catalysts are made of expensive precious metals, such as gold, palladium 

and platinum, therefore, it is important to reduce the amount of catalyst material to the 

minimum, while maximizing the exposed area.9 Processes of impregnating into the porous 

media with catalytic nanoparticles have been developed to increase the catalytic yield with the 

minimum mass of material.10 
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Adsorption and separation 

One of the most common applications for porous materials are adsorption and separation. In 

fact, most of the different applications are ultimately based on processes of adsorption and 

separation, from energy to chromatography. For instance, porous materials have been used as 

filters since ancient times, such as the use of charcoal to cure gastrointestinal diseases, as well 

as to purify water in ancient Egypt and India.11 Nowadays, porous materials are used to filter 

out poisonous gases12 and contaminated water.13 Still, as practical as those applications (but 

less breathtaking) is their capacity as desiccators to capture moisture,14 often needed in organic 

chemistry and also in a plethora of other mundane applications, such as avoiding moisture and 

odours in clothes using silica gel bags. Another key utilization of porous materials based on 

their adsorption capabilities resides in the field of sensors. Most types of chemical sensors 

require interaction by physisorption or chemisorption with the sensed species. In these cases, 

the usage of a porous material increases significantly the available surface of the sensor, 

increasing its functionality as well.15 

Energy 

In energy related fields, porous materials are found in most components of capacitors and 

batteries, like electrodes, membranes and solid electrolytes.16 These components are nowadays 

fundamental for the electric car industry. Porous materials are also a key factor in systems 

developed for fuel storage, as they can reduce the possibility of non-desired explosions during 

usage and transportation, which is essential, for instance, for the development of hydrogen-

based vehicles.17 Also related with energy applications is heat exchange. Porous materials can 

take away or bring energy to cool or heat the fluid, gas or liquid, that passes through the pores.18 

This ability can be practical in many situations and can be easily tuned to either recirculate, 

disperse or concentrate heat energy in a plethora of applications, including industrial furnaces, 

heat exchangers, combustors and thermal energy storage devices, among others.19 

Construction 

In the area of mechanical properties of construction materials, there are several uses of porous 

materials that should be accounted for. First of all, porous materials are important thermal and 

sound insulators.20 Air is in general a good thermal insulator. However, it can still conduct heat 

through convection. In porous material, the air pockets are generally either separated from each 

other by the thin solid walls of the material or are connected but in a way that reduce gas 

molecules mean free paths.21 This succession of wall-gap-wall diminishes enormously the 
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transfer of that heat.22 A similar phenomenon occurs with acoustic insulation, where sound 

waves are absorbed by the porous material and exhausted.23 In addition, we can find other types 

of energy absorbance in porous materials, such as impact absorbance or anti-vibrators.24 Given 

the sponge-like structure of most porous materials, they tend to have more flexibility than bulk 

materials. As such, they can absorb and reduce the kinetic energy coming from an impact 

transmitting much less of the vibration to the surrounding.25  

Medicine  

Porous materials are present in everyday medical applications, such as cloths (bandages and 

dressings), drug delivery systems or surgical implants.26 Particularly, drug delivery systems are 

based on materials that can contain drugs in their pores and are able to liberate those drugs in a 

controlled way, e.g., slowly diffusing the medicine into the media rather than releasing the 

whole dose directly like in most regular pills.27 The drug carrier is usually a porous inert 

compound, mostly biocompatible and biodegradable polymers. However, it can also be 

constituted by a porous bioactive compound releasing controlled amounts of the pharmaceutical 

as the material slowly decomposes in the biological media.28 On a different approach, porous 

materials are necessary to develop surgical implants, such as prostheses. The pores are required 

for the existing tissue to penetrate the implant and to fix it. For instance, bone tissue cells can 

grow into the pores of bone prostheses, creating a highly convoluted interface, fully fixating to 

it.29 

Bioreactors 

Bioreactors operate with biological specimens, usually enzymes, bacteria or microalgae, to 

generate various chemicals and biological reactions. Bioreactors are often used in food related 

applications, including yoghurt, vinegar, natural pigments and alcoholic beverages production. 

They are also used to produce medical related products, such as enzymes and insulin. In some 

cases, the enzymes and microalgae need to be anchored to a porous surface for proper 

function.30 Consequently, a porous media (usually a ceramic) is introduced into the bioreactor 

since its addition increases the exposed surface area and, thus, the amount of enzyme or bacteria 

that can be working inside the reactor.31 
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1.2. Aerogels 

Aerogels are an important type of porous materials, fully studied in this thesis. According to 

the IUPAC: "aerogel is a gel composed of a microporous solid in which the dispersed phase is 

a gas".32 However, this definition is rather vague, and at the same time too concise, as it leaves, 

for instance, mesoporous aerogels out of the equation. Currently, the most accepted definition 

in the literature is by its properties: an aerogel is the dry, low-density, porous, solid framework 

of a gel, isolated intact from the gel’s liquid component preserving the volume.33-35 In particular, 

to fully differentiate between aerogels and other dried gel related products the key word of the 

definition is: intact. This is particularly relevant, as other types of dried gels, like xerogels or 

cryogels, do not maintain the gel original solid structure, whereas an aerogel does. Most gels 

are obtained by a sol-gel process (Figure 3), in which a sol dispersed in a liquid aggregates to 

form a continuous 3D network (gel).32 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the steps for the formation of a gel. 

 

There are different methodologies developed to extract (drying) the liquid from a gel, named 

as hydrogel or alcogel, when the liquid is water or alcohol, respectively.  

 Air drying (Figure 4):36 performed under vacuum, heat, or simple exposition to air. The 

liquid in the gel evaporates and the result is a xerogel, with relatively high density. By 

using this method, large capillary forces occur during drying causing some pore walls 

to collapse, and hence, highly shrinking the gel in the process. Pore collapse directly 
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affects the structure of the material, which drastically reduces the porosity and the 

surface area. 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic representation of the formation of a xerogel. 

 

 Lyophilization or freeze-drying (Figure 5):37 the liquid in the gel, usually water, is 

frozen and then sublimated under vacuum. This process avoids the capillary stress 

produced in the liquid-solid interface, as there is no liquid phase during the drying step. 

The outcome is a cryogel. This method ends up in low levels of shrinkage, resulting in 

very-low density materials. However, due to their formation process, in which the 

solvent gets frozen inside the pores forming microcrystals, cryogels are macroporous 

solids with compact walls, generating structures with less exposed surface area. This 

phenomenon is accentuated in cryogels prepared from hydrogels, as water increases its 

volume when frozen, compacting the pore walls and creating large pores in the process. 

For this reason, other solvents such as dimethylsulfoxide, acetonitrile and ethanol have 

been investigated to create cryogels with variable outcomes.38 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of the formation of a cryogel. 
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 Supercritical drying (Figure 6):39 the liquid in the gel is brought to its critical point and 

then the pressure is lowered isothermally, passing from a supercritical fluid to a gas, and 

thus avoiding the capillary stress that collapses the pores. The result is an aerogel. In 

most processes, this liquid is eliminated by supercritical drying at the critical point of 

the solvent, usually a short-chain alcohol or acetone. To reduce the critical temperature, 

a mixture between the liquid and the low critical temperature CO2 is used. The liquid 

can be totally interchanged with CO2 and, then, the fluid to eliminate is CO2. Aerogels 

tend to have a low but measurable shrinkage. Aerogels are somehow denser than 

cryogels made from the same original gel. However, given that there is no pore 

expansion (or contraction) during the drying step, they pretty much maintain the original 

solid structure of the gel, keeping the mesoporosity of the gel, resulting in materials with 

higher surface area when compared to xerogels or cryogels. 

 

 

 

 

 

 

 

Figure 6. Schematic representation of the formation of an aerogel. 

 

Aerogels are nowadays an important area of research. Actually, when searching in the Web of 

Science (WOS) database the word aerogel for either the title, author keywords or keyword 

plus® (TI=aerogel* OR AU=aerogel* OR KP=aerogel*), the amount of articles published since 

their discovery in 1931 to April 2022 was of ca. 19.000. In fact, the number of publications has 

been increasing exponentially in the last decade (Figure 7). In 1931, S. S. Kistler described the 

preparation of the first aerogels of silica, alumina and other materials using supercritical 

fluids.40 Further, Kistler prepared a large number of aerogels with different compositions, still 

highlighting the silica aerogel, which would later become the first to be commercialized. In the 

early 1940’s Monsanto Corp. invested in the first full-scale production plant of silica aerogel in 

the world, commercializing the product as a heat insulator.41 However, apart from Kistler’s 
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research, who kept working on the topic, aerogels were largely forgotten by the scientific 

community and industry until the 1980’s decade. This lack of attention can be attributed to a 

series of issues related to the production methods, which were laborious and expensive, used 

toxic solvents and were potentially explosive. In addition, the properties of these early aerogels, 

although interesting, were not impressive enough for a widespread commercialization.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Number of “aerogel” article publications (WoS). 

 

During the 1970’s, with the development of the sol-gel chemistry, the aerogel synthesis was 

revisited. Silica aerogels could be produced much faster, more reliably and with lesser defects 

compared to the original Kistler procedure. This breakthrough increased the interest in the 

aerogel topic, both in industry as well as in the scientific community, which kept developing to 

less toxic and dangerous methodologies. During the 1980’s supercritical alcohol drying started 

to be replaced by supercritical CO2 drying. This last improvement, added to the development 

of new types of aerogels, such as carbon aerogels of pyrolyzed resorcinol-formaldehyde, ended 

up giving the final take off for the science of aerogels. In present times, new aerogels are being 

designed and fabricated every day from plenty of materials, both synthetic, natural and hybrid.42 

This thesis focusses on the fabrication of aerogels made of graphene oxide derived from 

exfoliation of oxidized graphite.43  
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1.2.1. Characteristics of aerogels 

Nowadays, there is a large quantity of described aerogels, each one with their own set of 

characteristics. Actually, it is challenging to allocate general properties on such a heterogeneous 

group of materials. Most aerogels share common traits, such as low density, low thermal 

conductivity and high surface area, but not all aerogels are brittle, or superlight. Aerogels can 

be classified in different ways:44 

- On the basis of appearance: monoliths, powder, film/felts. 

- On the basis of microstructures: microporous (< 2 nm); mesoporous (2-50 nm); mixed 

micro/mesoporous aerogel. 

- On the basis of chemical structure: oxides, polymers, hybrids, composites. 

The most distinguished attribute of aerogels is the extremely low density originated by the high 

porosity, with density down to 0.0011 gcm-3 and porosity over 99 %. Another of the rather 

notorious properties of aerogels is their low thermal and acoustic conductivity, which make 

them great insulators (Figure 8).  

 

 

 

 

 

 

 

Figure 8. Illustrative representation of the insulation capabilities of aerogels when managed 

carefully (NASA). 

 

The particular open pore structure and chemical composition of most aerogels facilitate the 

addition of functionalities on their surface. This feature turns the aerogel into a very tuneable 

material with notorious versatility. Given their low densities, the specific compressive strength 

of aerogels is quite high (Figure 9).  
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Figure 9. Specific compressive strength comparison between aerogels and construction 

related materials (from aerogel.org). 

 

However, the reality is that monolithic aerogels tend to be very brittle and friable solids when 

they are confronted with macroscopic forces.45 On one hand, the defects in the solid structure, 

which are connected to the pores, facilitate the generation of fractures. On the other hand, when 

managed with care, given their low bulk density, it is possible to put weights thousands of times 

greater on top of them without aerogel breakage (Figure 10).  

 

 

 

 

 

 

 

 

 

 

Figure 10. Illustrative representation of the mechanical prowess of aerogels when managed 

carefully (NASA). 
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This brittleness is one of the main challenges to translate or transform theoretical applications 

into practice. It is a common drawback on rigid aerogels, like silica or alumina. However, it is 

absent on flexible aerogels, which can be squeezed or twisted, returning to their original shape 

after the pressure is withdrawn.46 Currently, aerogel composites are fabricated involving 

(mainly) polymers to produce new materials with interesting mechanical properties, such as 

flexibility that facilitates their use in commercial applications, such as insulation, catalysis or 

storage.47 In addition to the aforementioned qualities, aerogels have interesting properties 

related to biocompatibility, chemical reactivity/inertness, electrical conductivity, etc. Again, 

given the tuneability of aerogels driven from their diverse composition and possibilities of 

functionalization, all these traits can be tailor-made. 

1.2.2. Applications of aerogels 

Taking into account that aerogels have very divergent properties that can be made-to-order, this 

type of material has undoubtedly become a Swiss-knife in terms of applications. Additionally, 

although aerogels have been around for the last 40 years it wasn’t until recently that aerogels 

are being implemented as new alternatives in everyday products. Without a doubt, 

technological escalation, as well as reduction in production costs, would benefit the emergence 

of new and interesting applications. 

Insulation 

One of the most famous applications of aerogels is as insulators. To illustrate this feature, in 

the 1980's, P. Tsou said “you could take a two- or three-bedroom house, insulate it with aerogel, 

and you could heat the house with a candle. But eventually the house would become too hot”.48 

Although aerogel production was quite expensive during that time, processes have decreased 

in cost during the last decades, allowing for commercial products to pop up. Nowadays, 

aerogels can be used as thermal insulators in everyday products, such as windows including 

silica aerogel in between the glass panels49 and rockwool-like materials to increase thermal 

insulation in houses.50 Turning to rocket science, the rover that is trekking on the surface of 

Mars is insulated with aerogels, allowing it to keep a constant working temperature despite the 

extreme temperature in the red planet.51 Moreover, aerogel films are being used to coat 

commercial aircraft wings in order to avoid freezing during flights. Although thermal insulation 

is quite distinguished, it is important to mention the applications of aerogels in sound insulation. 

Aerogel containing panels are commercially available and are 10-1000 times more efficient in 

soundproofing than other currently used materials.52 
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Storage 

One of the general applications for aerogels is in storage functions. Given the elevated porosity 

of this type of material, they can store large amounts of other substances inside their pores. In 

the field of pharmaceuticals, aerogels have been studied as drug delivery systems, where a 

controlled release could be achieved by either the intricate porous structure or the controlled 

degradation of the aerogel.53 In energy storage related applications, carbon aerogels have been 

studied as room temperature H2 storage tanks for their use in vehicles.54 

Environment 

Some aerogels are currently being studied as an instrument for environment preservation. One 

of the practical applications is in water remediation, precisely in oil recovery after spillages.55 

Given that aerogels can be manufactured to be hydrophobic, it is possible to absorb only oils 

from spills, separating the contaminating oil from the seawater. In addition, the elastic 

behaviour that can be incorporated into the characteristics of the aerogel allows the reutilization 

of the material as if they were sponges.56   

Catalysis 

The high exposed surface area and the tailor-made surface chemistry of aerogels make these 

materials perfect candidates for catalysis applications. The catalytic metal component can be 

incorporated in the main aerogel structure,57 or can be deposited on the surface of the pores.58 

Regarding the first scenario, zirconia aerogels have been used for redox catalytic reactions.59 

In the second case, it is possible to see studies that use aerogels as supports incorporating 

copper/zinc oxide nanoparticles for the catalytic formation of methanol from CO2 and H2.
60 

Energy 

Aerogels have a very important spot in applications related to the field of energy. Both batteries 

and supercapacitors, current pillars in the future of energy storage, require porous media in their 

structure. Sometimes, the aerogel is necessary in between the anode and cathode, while in other 

models, the porous material needs to be in either or both electrodes. Carbon aerogels are under 

development for this application, as they can be electric conductors (near collectors), or work 

as channels for ionic movement inside the battery61 or supercapacitor.62 
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Hypervelocity particles capture 

There is a curious application that benefits from the apparent softness of aerogels and it is high 

velocity small particle capture, primarily cosmic dust. The challenge in cosmic dust capture, or 

in general terms, small particles travelling at high speeds collection, appears when this dust 

impacts on a solid and disintegrates. For years, space scientists and engineers were trying to 

look for a material that could capture these particles without damaging them, allowing for an 

easy retrieval of said dust. The solution came in the form of silica aerogels. When a 

hypervelocity particle hits the aerogel, it buries itself in the material, in most cases, without 

destroying the particle.63 Additionally, the particle impact creates a narrow cone-shaped track, 

as it slows down and comes to a stop. Since silica aerogels are mostly transparent, the tracks 

can easily be seen.64 

Porous support 

As has been noted above, aerogels have multiple applications. However, in the work carried 

out during this thesis, the most important role of aerogels has been as supports for other 

materials.65 Most of the active materials presented in this Thesis are mainly produced in the 

form of micro or nanoparticulated powders. In general terms, nanoparticles are considered 

somewhat dangerous regardless of the material they are made of, as they can be absorbed 

directly into the bloodstream through the skin and through the lung membranes if breathed in. 

However, thanks to aerogels, it is possible to work with these otherwise powdered materials in 

safer conditions, as the nanoparticles are attached to the aerogel supporting structure and are 

not vulnerable to volatilize. 
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1.3. MOFs 

Metal-organic frameworks are a subclass of coordination polymers (CPs) being both of them 

hybrid structures made of metal centres bonded to organic ligands that can extend indefinitely 

in either 1, 2 or 3 dimensions (Figure 11). MOFs differentiate from the rest of CPs in the fact 

that they present pores.66 Metal-organic framework is a term that was popularized by O. Yaghi 

in 1995 and, since then,67 MOFs have become a very populated ecosystem of compounds. 

Currently, over 500.000 have been predicted, while more than 90.000 different MOFs have 

already been synthetized.68 This datum alone suffices to understand the versatility of these 

materials. Since every MOF is designed with a particular set of metal cation(s) and organic 

ligand(s), it is possible to foresee the huge amount of different properties and applications that 

MOFs can achieve.  

 

 

 

 

 

 

Figure 11. Scheme of the different dimensionalities of MOFs. 

 

1.3.1 Design of MOFs 

As described previously, MOFs are formed by a metal centre and one or more organic linkers. 

Most MOFs are crystalline products, although recently some amorphous or semiamorphous 

compounds have been described.69 In the case of metal centres, almost all the elements of the 

periodic table have been used for the formation of MOFs.70 Although MOFs are most often 

fabricated using transition metals, there are plenty of examples containing alkaline and alkaline-

earth metals. Lanthanides have been particularly researched for their interesting properties. The 

architecture of the resulting MOF depends on great measure on the metal cation, as their 

coordination number, geometry and oxidation state play a big role on the disposition of the 

organic linkers. These metal centres sometimes arrange in polynuclear cluster nodes, known as 

Metal ion or cluster

Organic linker

1D
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secondary building units (SBU),71 which dictate very important parameters, such as the 

thermodynamic stability and the architecture/directionality of the final MOF. In regard of the 

organic linker, any type of organic molecule that contains at least two coordinating positions 

(promoted by donor atoms) can be a valid candidate for the formation of a MOF. These ligands 

can be designed ad-hoc to match the final desired properties of the MOF. The selection of the 

ligand affects the stability of the coordination bonds, while the length, geometry and the 

stiffness of the linker play a role on the size, shape and flexibility of the pores. Likewise, both 

components (metal and linker) are crucial for the functionality of the final MOF, as its chemical 

behaviour greatly depends on the chosen metal’s reactivity and the free functional groups of 

the linker.  

1.3.2. Properties of MOFs 

By definition MOFs are porous materials and are part of the coordination polymers group, the 

latter can be porous or non-porous.72 Not all synthetized MOFs present high surface area, but 

quite a few are rather porous. In fact, for the past two decades, several MOFs have been battling 

for the “material with the highest surface area” title. Currently, the record is held by the 

DUT-60, with over 7800 m2g-1 of apparent surface area, measured by N2 physisorption. Another 

common property of MOF is stability. MOFs are generally understood as stable 

macromolecules, both chemical and thermally. Some MOFs are sensible to humidity or pH 

changes, although, in general terms, the coordination bonds between the metals centres and 

ligands, usually “Metal-O” and “Metal-N”, are strong and large enough in number to confer 

high stability to the structure. One important property of MOFs is their tuneability. There are 

plenty of different metals and linkers to choose for their design, and every option contributes 

differently to the ultimate properties of the material. Moreover, given that more than one type 

of ligand can be used on any MOF construction, the spectrum of possible structures expands 

even more. Finally, chemical post-modifications on the ligands of already synthetized MOFs 

can provide new functionalities and applications. 
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1.3.3. Applications of MOFs 

Gas adsorption and separation 

MOFs share common applications with the rest of porous materials. Some of these common 

applications are gas adsorption, separation and storage. Given the usually high available surface 

area of these materials and the variability on pore sizes and pore chemistries, it is theoretically 

easy to design a MOF that can adsorb or separate a particular gas, i.e., to act as a molecular 

sieve (Figure 12). This process, which usually demands high energy, can potentially be assisted 

with the use of the correct MOF. Typical gas separations carried out in industry include CO2 

from air and CH4 from CO2 to obtain biogas.73 Further, there are applications in gas storage 

with feasible possibilities, such as hydrogen or methane storage for vehicles.74,75 

 

 

 

 

 

 

Figure 12. Scheme of the gas separation process on MOFs. 

 

Catalysis 

Another of the highly studied potential applications of MOFs is catalysis, especially when 

highly porous MOFs with accessible metal centres are used. MOFs containing metal centres 

with interesting catalytic applications are constantly being developed and studied.76 In the case 

of catalysis occurring on the metal centres, open metal sites are a requirement. However, metal 

centres in as-synthetized MOFs are usually fully coordinated with the linkers and solvent 

molecules. Hereby, an activation process to remove these impurities usually by heating under 

vacuum or supercritical extraction is required to unleash the potential catalytic properties of 

MOFs. MOFs that contain two or more different metal atoms on their structure can potentially 

catalyse two or more different catalytic reactions at the same time. Moreover, organic linkers 

have also been reported to act as catalytic centres, spreading the range of possible applications.77 
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As an end note, MOFs can be impregnated with metal nanoparticles, which can, again, increase 

the catalytic activity of the composite.78 

Drug release 

As porous materials, MOFs have been regarded as convenient drug delivery systems.79 In any 

case, the MOF and its components must be biocompatible to evade any possible hazardous 

situation. The first approach relies on the usage of the pore channels in a very stable MOF 

structure for a controlled release of a drug over time until the MOF is empty. The second 

approach, leans on the use of the own MOF as the drug to be delivered.80 This type of MOF, 

also known as bioMOF, should be able to remain stable until reaching the desired zone and then 

start to degrade at a controlled speed to supply the bioactive compound onto the target area. It 

is important to note that the bioMOF components, such as the metal cation, organic linker and 

all the possible remaining solvents or coordinated molecules should be biocompatible. The best 

design comes when the bioMOF is impregnated with another bioactive compound, being able 

to obtain a single compound with three bioactive capabilities altogether.81 

Others 

MOFs are very versatile molecules, as such they can be used for a plethora of other applications. 

For instance, they can be used for water remediation, where they can adsorb organic or metallic 

pollutants from water into their structure or surface.82 Additionally, they have been 

contemplated to retrieve precious metals from water sources.83 The field of sensors is another 

area of research that has received a lot of attention, especially on the line of luminescence 

applications.84 MOFs have also been studied as conductive materials for battery, electronic and 

optoelectronic applications.85 
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1.4. Materials studied in the Thesis 

During this Thesis several different materials, mainly aerogels and MOFs, have been studied, 

which are introduced in this section, reporting information on their structures and their chemical 

and physical properties. Aerogels, MOFs and nanoparticles (NPs) where the main type of 

materials used. 

1.4.1. Aerogels: graphene oxide 

Graphene is an allotropic form of carbon, arranged in a two-dimensional - 1 atom thick - 

hexagonal array, in which each vertex is formed by one carbon atom linked to its three closest 

neighbours by sp2 bonds.86 In nature, it is found in the form of graphite, a stack of graphene 

flakes, that can be exfoliated to obtain graphene (Figure 13). 

 

 

 

 

 

 

 

Figure 13. Graphene exfoliation from graphite. 

 

There are several methods for the production of graphene.87 However, all of them have their 

own set of drawbacks in terms of mass production. On one hand, exfoliation of graphene from 

graphite has been approached in two ways, mechanical and chemical exfoliation. Mechanical 

exfoliation is not time effective, while chemical exfoliation processes typically yield hardly 

pristine graphene sheets, usually full of defects.88 On the other hand, other mechanisms such as 

chemical vapour deposition (CVD) are usually employed to fabricate this material with high 

purity, but come with elevated production costs, which inhibit large scale manufacture. There 

are several other production methods to obtain graphene, such as flame synthesis, pulsed layer 

deposition and epitaxial growth graphene. However, they are all expensive and complicated.89 

Exfoliation

Graphite Graphene
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As opposed to hydrophobic graphene there is graphene oxide (GO), which resembles graphene 

in its two-dimensional shape but differs in most other aspects (Table 1).90 

Table 1. Comparison of some properties of graphene and graphene oxide. 

Physical properties Graphene Graphene Oxide 

Tensile strength (GPa) ~ 130 ~ 0.13 

Elastic modulus (GPa) 1000 23-42 

Electrical conductivity (Sm−1) ~ 1000 Non conductive 

Surface area (m2g−1) 2600 700-1500 

Hydrophobicity Hydrophobic Hydrophilic 

 

GO is, as its name implies, the oxidized form of graphene.91 Although it not as mechanically 

strong as graphene, and is non-conductive, it has two major advantages over graphene. First, it 

is cheaper and easier to produce than graphene. As graphene, GO comes from graphite. 

However, in this case, graphite is chemically oxidized to graphite oxide and then exfoliated to 

GO. The oxidizing process on the graphite produces defects on the surface of the graphene 

sheets, incorporating oxygen functional groups, thus, weakening the π-π stacking bonds 

between the flakes, facilitating the exfoliation of GO flakes (Figure 14). 

 

 

 

 

 

 

 

Figure 14. Production method of graphene oxide from graphite. 

 

The second main advantage of GO is the existence of the oxygen functionalities, which act as 

anchor points for the functionalization of the flakes. The main functional groups include: 

carboxyl (−COOH), epoxy (−COC−), carbonyl (−C=O) and hydroxyl (−C−OH) (Figure 15). 

Oxidation Exfoliation

Graphite Graphite oxide Graphene oxide



Introduction 

23 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Schematic representation of the oxygen functional groups (marked in red) on a 

graphene oxide flake. 

 

Finally, graphene oxide can be reduced, either thermally or chemically to reduced graphene 

oxide (rGO). This material is presented as a mix between graphene and GO, and thus exhibits 

properties that are in the middle of these two materials. Depending on the degree of reduction, 

which eliminates the oxygen functional groups, rGO can resemble graphene, gaining some 

electrical conductivity and hydrophobicity. However, given the structural defects derived from 

the original oxidation and posterior reduction of the material, it cannot match the strength and 

conductivity of pristine graphene. 

1.4.2. MOFs 

ZIF-8 

ZIF-8 has of zeolitic imidazole framework (ZIF). ZIFs are a subclass of MOFs.92 ZIFs receive 

this name because they possess structures similar to that of zeolites. The metal-linker-metal 

bridging angle on ZIFs is extremely similar to the Si-O-Si angles on zeolites (~145º), providing 

equal topologies. All ZIFs contain a tetrahedrally-coordinated metal (Figure 16a) and, same as 

MOFs, an organic linker.93 However, ZIFs are restricted to only imidazole linkers. Figure 16b 

depicts some of the most common imidazole linkers used in the design and fabrication of ZIFs. 
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Figure 16. Parts of a ZIF: (a) tetrahedrally coordinated metal and (b) imidazole linkers 

(2-methylimidazole circled). 

For ZIF-8, the metal is Zn, while the linker is 2-methylimidazole (Hmim). These building pieces 

arrange in a macrostructure of Zn(mim)2 with a sodalite structure (Figure 17).  

 

 

 

 

 

 

 

 

 

 

Figure 17. Crystalline structure of ZIF-8: (a) ZIF-8 cell (pore volume in yellow), and (b) 

sodalite structure with pore openings of 0.8 Å (yellow) and 3 Å (blue). 

Im mIm eIm nIm

cnIm dcIm Ica abIm

bIm cbIm dmbIm mbIm

brbIm nbIm abIm pur

a)

b)

= N

= Zn, Co, Cu, Fe…

ZIF-8 Sodalite

a)

b)



Introduction 

25 
 

Due to its high porosity and small pore size, ZIF-8 has interesting properties that make it a 

viable candidate for applications related to gas adsorption and separation. It has a BET surface 

area of ~ 1300 m2g−1, with a pore volume of 0.66 cm3g−1. Additionally, it is hydrophobic due 

to the 2-methylimidazole linker, and thermally stable. It is currently commercialized as Basolite 

Z1200. The pore openings in the crystal structure are somewhat flexible and are able to expand 

in diameter (rotating the imidazole linkers), going from 0.8 Å in the 4-member ring to 2.2 Å 

and from 3 Å in the 6-member to 3.6 Å when under pressure in a process named gate-opening.94 

ZIF-8 is quite sensible to acid pH. Although it is chemically stable under most physical and 

chemical conditions, under acid pH the ZIF-8 is degraded. This phenomenon is accelerated in 

presence of CO2.
95 In this case, the acidic CO2 in collaboration with H2O, generate a carbonated 

phase on the surface of the ZIF, which obstructs the entrance of the pores. 

HKUST-1 

HKUST-1 is a MOF with the formula Cu3(BTC)2, where BTC is trimesic acid (benzene-1,3,5-

tricarboxylic acid) (Figure 18).96 

 

 

 

 

 

 

 

 

 

Figure 18. Crystalline structure of HKUST-1, depicting the pores in yellow and orange. 

 

HKUST-1 presents a BET surface area of 1800 m2g−1 and a pore volume of 0.63 cm3g−1, with 

pore openings of 10 and 14 Å. It is commercialized by BASF as Basolite C300 and is currently 

under study for several commercial applications. This MOF displays an evident capacity in gas 

adsorption and separation. However, one of the major drawbacks of this MOF is its hygroscopic 
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tendency. This high water adsorption modifies the crystalline structure of the MOF greatly 

reducing its exposed surface area. This change can be easily spotted, as the MOF colour passes 

from violet / dark blue to light blue. 

UiO-66 

The chemical formula of UiO-66 is (Zr6O4(OH)4)·(BDC) where BDC is terephthalic acid (1,4-

benzene-dicarboxylate).97 It is known as a very stable MOF even under water conditions at 

wide pH ranges. In the same way as the rest of MOFs employed in this Thesis it presents a high 

surface area of ca. 1300 m2g−1 with very narrow pores of 0.8 and 1.1 nm, with pore openings 

of 0.6 nm (Figure 19a). The water stability, added to high surface area, have consolidated this 

MOF as a highly viable option for water remediation applications. The robustness of the 

structure (given by the zirconium SBU) allows for an easy modification of the linker, without 

changing the final structure. For instance, adding amino or thiol groups to the BDC (Figure 19b) 

before the MOF synthesis, UiO-66-NH2 and UiO-66-SH can be easily obtained.98,99 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. UiO-66: (a) crystalline structure, and (b) structure of BDC. 
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1.4.3. Nanoparticles 

Superparamagnetic iron oxide nanoparticles (SPIONs) 

SPIONs are another of the nanomaterials employed during this Thesis. The iron oxide 

nanoparticles are intended to be synthetized as magnetite (Fe3O4), however, this phase is almost 

indistinguishable from maghemite (γ-Fe2O3) being Mössbauer spectroscopy usually the only 

reliable technique to differentiate the two phases.100 The sought after property 

(superparamagnetism) is maintained regardless of the phase, they are named SPIONs in the text 

to avoid any misunderstanding. SPIONs are superparamagnetic at room temperature conditions, 

and thus do not present any magnetization unless they are under a magnetic field, making them 

a very controllable material, regardless of the application.101 SPIONs are mainly studied for 

biomedical applications,102 such as drug carriers and as theragnostic (therapy and diagnostic) 

materials, since they can be functionalized without compromising their magnetic properties. 

However, they have also a spot in material’s science, since they can facilitate the recovery of a 

material with the application of a magnetic field, for example in wastewaters treatment.103 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Outline of some of the biomedical applications of SPIONs. 
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LiFePO4/C (LFP/C) 

LiFePO4 is a lithium based material that has been researched to be used as a cathode in lithium 

batteries (Figure 21a).104 Even though it presents very interesting properties, such as a high 

capacity, low toxicity and low cost. It has some drawbacks such as low electronic conductivity 

and Li+ ion diffusion rates which are crucial for battery applications. To overcome these issues, 

in this Thesis commercial carbon-coated nanosized LFP is used to fabricate composite materials 

to be used as cathodes (Figure 21b). After being carbon-coated LFP is a hydrophobic material, 

which difficult its dispersibility in polar solvents, typically used as co-solvents in supercritical 

CO2 experiments. However, it is thermally stable even at high temperatures in oxidative 

atmospheres, which eases thermal post-synthesis treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. LFP/C: (a) LFP/C-containing lithium battery, and (b) TEM image of commercial 

nanoparticles. 
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2. Supercritical fluids 

A supercritical fluid is any substance keep under a pressure and temperature above its 

corresponding critical pressure (Pc) and temperature (Tc).105 Figure 22 displays a generalist 

phase diagram, where it is possible to see the supercritical zone, an intermediate region between 

those of the gas and liquid phases.  

 

 

 

 

 

 

 

 

 

 

 

Figure 22. General phase diagram. 

Therefore, as intermediate between the liquid and gas phases, supercritical fluids hand-pick its 

characteristics from both states. In general terms, it is said that supercritical fluids have 

properties between those of a liquid and a gas, and can be fine-tuned by adjusting the pressure 

and/or temperature. Table 2 displays the density, diffusivity and viscosity typical values of 

gases, liquids and supercritical fluids to exemplify these features.106  

Table 2. Comparison of averaged values of some physical properties of gases, supercritical 

fluids and liquids. 

 Density (kg/m3) Viscosity (µPas) Diffusivity (mm2/s) 

Gases 1 10 1–10 

Supercritical fluids 100–1000 50–100 0.01–0.1 

Liquids 1000 500–1000 0.001 
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These properties are quite alluring for any chemical reaction that requires a fine-tuned solvent, 

but, additionally, since there is not a gas-liquid boundary in this phase, the surface tension of 

this substance becomes virtually null.107 This key element is the most important feature for 

drying aerogels, which are the main pillars of this Thesis. 

2.1. Supercritical CO2 

Supercritical fluids are nowadays being used more and more in both laboratory and industrial 

applications due to their benefits in front of the less attractive conventional organic solvents. 

Out of these, scCO2 is the fluid most commonly employed, because of its intrinsic properties. 

It is considered a green solvent as it is non-toxic and non-flammable, it is cheap and has quite 

mild critical requirements, with a critical temperature of 304 K (31 ºC) and a critical pressure 

of 7,38 MPa (73.8 bar). scCO2 can function as a solvent, albeit it is usually limited to low 

molecular weight and low polarity compounds.108 The solvent characteristics come from the 

two following phenomena: (i) even though it is a nonpolar linear molecule, CO2 has a strong 

quadrupole moment,109 and (ii) the quadrupole moment induces a Lewis acid character.110,111 

When a high degree of solvation is needed, it is possible to add co-solvents that increase the 

versatility of the technology. Typical co-solvents used in consonance with CO2 are small 

volatile compounds, like ethanol, acetone or ethyl acetate, which help to increase the polarity 

of the mixture.112 

2.1.1. Applications of scCO2 

Supercritical CO2 is a quite versatile fluid to work with, reason why it is used for a large variety 

of functions. There are several ways to classify supercritical CO2 applications, for example by 

the use it is given to the fluid (solvent, antisolvent, solute, reagent, etc.) or by the field it is used 

in (chemical, pharmaceutical, material processing, cleaning, etc). In this section, the most 

important applications are summarized. 

Solvent (extraction, chromatography and supercritical drying) 

Without a doubt, the most common use of supercritical CO2 is as a solvent. When employed as 

a solvent, CO2 is typically used for extraction.113 It dissolves the desired compound (caffeine, 

essential oils, hydrocarbons, cork taint, etc) without affecting the rest of the sample and then 

when depressurized, the previously dissolved molecule precipitates allowing for a facile 

separation of the two phases.114 Apart from extraction, scCO2 can be used for impregnation, in 

which a solute is dissolved in scCO2 and then diffuses into a solid matrix helped by the high 

diffusivity of CO2. Once depressurized the matrix contains the solute without a trace of the 
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solvent, in this case, CO2. This approach is widely studied for impregnating pharmaceuticals 

into drug delivery systems.115,116 Still as a solvent, CO2 is used for chromatography as the 

mobile phase. The supercritical chromatography technique presents some advantages in front 

of liquid and gas chromatography.117 These advantages are related to short separation time due 

to the high diffusivity of near critical or supercritical CO2, and increased molecular weight 

range of materials that can be separated. Nonetheless, in some cases, the solvent capacity of 

scCO2 is not enough for itself and these application need the use of co-solvents.118 Supercritical 

drying also uses the solvent capacity of scCO2. This is the most important application of 

supercritical CO2 for the work described in this Thesis. Supercritical drying is a process in 

which the liquid in a solid-liquid mixture is transformed into gas in the absence of surface 

tension and capillary stress. This process is usually carried out by reaching the critical point of 

the liquid compound and, then, reducing the pressure, turning it into a gas. However, this 

process is energy-demanding, because most common solvents have a high critical temperature 

(Table 3).119 

Table 3. Critical points of common substances. 

Substance Critical temperature (K) Critical pressure (MPa) 

CO2 304 7.3 

Water 647 22.1 

Ethanol 514 6.1 

Methanol 513 8.1 

Acetone 508 4.7 

Ethane 305 4.9 

Ammonia 406 11.2 

 

This problem can be circumvented by using supercritically drying with CO2. If the liquid to be 

evacuated is miscible with CO2, it is possible to pressurize the vessel with an excess of CO2, 

generating a mixture which can reach the critical point at lower conditions than the stand-alone 

solvent, thus creating a critical mixture that can be depressurized into a gas, avoiding the gas-

liquid phase transition effects, especially surface tension and capillary forces. This is the precise 

method to produce aerogels.120 
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Antisolvent (micro/nano particles formation) 

There are several types of methods that use scCO2 as an antisolvent. However, all of them are 

based on the same principle: the solute should be insoluble in scCO2, but soluble in a solvent 

that is miscible with scCO2. In this regard, when adding scCO2 to the solution involving the 

solute, the mixture decreases its solvation capacity and triggers the precipitation of the solute.121 

This type of methodology is highly widespread for the production of micro and nanoparticles 

in a large scale.122  

Solute 

Among the uses of CO2 as a solute, particle formation from gas-saturated solutions (PGSS®) 

technology is the most known application.123 In this process, high concentrations of scCO2 are 

dissolved into high molecular weight materials, typically solid lipids and polymers. The 

diffusion of the CO2 into the solid lowers the melting point and viscosity of the product, 

converting the mixture into a liquid that is afterwards sprayed through a nozzle. The rapid 

expansion of the fluid, and thus fast depressurization of the system, returns the original material 

from liquid to solid state, producing porous micrometric particles from the bulk original 

material. In addition, as a solute, it can be dissolved into amorphous polymers acting as a 

porogenic agent.124 When depressurized, the expansion of scCO2 generated pores in the solid 

matrix. For instance, this process can be used for the foaming of biopolymers for obtaining 

scaffolds or drug delivery systems.125  

Reagent 

There are few examples of applications that use scCO2 as a reagent.126 Mainly because it is less 

reactive than CO and, thus, less attractive for industrial processes.106 Nonetheless, given the 

high density of CO2 molecules in the fluid at supercritical conditions and the possibility of 

mixing gases with scCO2 (e.g., H2), it is possible to exploit scCO2 simultaneously as a solvent 

and reactant.127 Compressed CO2 is also used for carbonation reactions, such as calcite 

formation and cement carbonation.128,129 Some other examples are found in the synthesis of 

urea, Schiff base macrocycles, carbamates and isocyanate carbodiimides.130,131 

Materials processing 

Supercritical CO2 can be employed for processing already manufactured materials. As a fluid 

with high diffusivity it can permeate through most porous materials, hence acting as a solute 

that, when expanded, enlarges the pores in flexible solids. This process is common in polymeric 
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materials post-processing, to obtain foam-like materials from solid pellets. In the range of 

applications of scCO2, it is also possible to find it as a cleaning solution,132 acting on three 

fronts. First, it is used as a degreaser due to its solvent capacity. Second, it can be used as a 

particle remover, due to its non-reactive and non-abrasive nature it can be used to remove 

particles from semiconductors, leaving no trace after returning to gas state (in microelectronic 

devices).133 Finally, it is used to disinfect textiles, inactivating the bacteria without damaging 

the fabric.134 In addition, there is no risk of oxidation for the treated textile, and it can be 

recycled infinitely, making it a very promising substitute of other chemicals employed in 

cleaning. 
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1. Equipment and set-ups 

There are two main scCO2 set-ups: continuous and batch.1 Although the two set-ups are both 

present in industry and laboratory scales, continuous facilities are usually seen in industrial 

processes, where the recyclability of large quantities of CO2 and the ability to generate a product 

continuously are of major concern. Continuous systems (Figure 1a) involves a process that 

doesn’t need to be stopped to retrieve the final product. The set-up typically makes use of a 

closed circuit that includes a starting product feeder and a pump, a CO2 feeder and a pump, a 

reactor, back pressure regulators, one or more separators and several chillers and heaters.2 In 

scCO2 technology, this type of set-up is typically found in extraction reactions.3 On the 

contrary, batch mode usually requires simple equipment to operate, as the separators and off-

line production apparatus are not necessary (Figure 1b).  

 

 

 

 

 

 

 

 

 

Figure 1. Diagram of equipment: (a) continuous, and (b) batch mode set-ups. 

 

In this Thesis, the experiments were performed applying the batch set-up, in either static or 

dynamic flow mode (Figure 2).4 
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Figure 2. Photography of the set-up used during this Thesis: (a) CO2 source, (b) chiller, (c) 

pump, (d) 200 mL high pressure reactor, and (e) 100 mL sapphire window reactor. 

 

The proper practice of scCO2 technology imply taking into account several considerations 

related to safety. First of all, it is a technology that operates at high pressure, hence the 

equipment employed is not the conventional glassware. The use of high pressure and 

temperature components, like autoclaves and valves made from AISI-316 stainless steel, is 

mandatory. Moreover, safety elements have to be taken into consideration, beyond the common 

ones. Even though it is possible to carry out a reaction using only a reactor and a temperature 

controller, given the nature of this technology, there are a few key components that should 

account to properly perform the experiments. Among them, the most common ones are: a CO2 

source, a high pressure pump, a reactor vessel, pressure and temperature controllers, valves, 

tubes and fittings and, safety devices. In this Thesis, the used set-up was tailor-made for the 

designed experiments, personally designed and constructed. It has the ability to operate two 

separate reactors independently with a single pump, thus doubling the production possibilities. 

The design is quite flexible, accommodating it to different fabrication protocols when needed. 

Among other possibilities, the equipment allows the use of a 200 mL reactor as a separate CO2 

source, and also permits the implementation of an injector to supply reactants, while the system 

is already pressurized and a reaction is taking place. 

The set-up design is detailed in Figure 3. It consists of a liquid CO2 source, which is a 50 L 

commercial bottle pressurized at 6 MPa with a manometer (PC/001) and a rupture disk 

(13 MPa). Next comes a chiller (EX1) used to cool down the CO2, thus avoiding cavitation 
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during pumping. Follows the pump system, a 260 mL Teledyne Isco 260D. This syringe pump 

can reach 50 MPa, and can work in either constant flow or pressure modes. The pump system 

includes inlet (V1) and outlet (V2) valves, a rupture disk (35 MPa) and a manometer (PC/002) 

to control the pressure in the system even when the pump is off. Immediately after the pump 

comes a 4-way cross fitting, with a depressurization valve (V3) and the reactor inlets R1 and 

R2. R1 gives access to a 200 mL vessel (A1) that has pressure (PC/101) and temperature 

(TC/101) controllers, a rupture disk (35 MPa) and a release valve (S1). R2 gives access to a 

high-pressure reactor with two opposed sapphire windows (A2) that allow the visual inspection 

of the experiments. As in A1 vessel, there is a manometer (PC/201), a temperature controller 

(TC/201), a rupture disk (35 MPa) and a release valve (S2). After the two reactor outlets, there 

is a three-way valve M1/M2 that serves as a controlled release valve for both reactors.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the equipment used in this work. 

 

A typical experiment begins by turning on the chiller. At 6 MPa the CO2 is a liquid inside the 

bottle. However, when the temperature rises above 295 K, it turns into a gas that is harder to 

compress. Because of this, it is very important to maintain the CO2 cool enough so it remains 

as a liquid inside the pump. When the pump is cold enough, typically bellow 273 K, the valve 

of the CO2 bottle is opened, allowing the CO2 to enter into the pump through V1, where it cools 

down. It is then allowed to pass through R1 or R2 to the high pressure reactors where the 

samples to be processed are placed. Once the reactors are pressurized to the pressure line of ca. 

A1 A2 
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6 MPa, they are gently heated up to the desired temperature, in this work in the range of 313 to 

333 K. The pressure is then increased to the working pressure, in this work often of 20 MPa. A 

magnetic stirrer placed bellow either reactor allows to perform the experiments under turbulent 

agitation when needed. After the desired reaction time, the vessels are depressurized via 

S1M1 or S2M2, respectively. 

 

2. Solid state characterization  

2.1. Composition and structure 

When trying to understand the properties of a material, the chemical composition is a very 

important parameter. For porous materials, knowing the composition of both surface and bulk 

results in a better understanding of the phenomena that govern their behavior. In this section, 

some representative solid state characterization techniques used to determine the composition 

of these type of materials are described. In most cases, a single technique is not enough to fully 

grasp all the ups and downs that are present in a sample, even when it is known a priori what 

the material is, and what it should look like. 

Powder X-ray diffraction (PXRD)  

X-ray diffraction (XRD) analysis is a powerful technique used to resolve the crystalline 

structure of a given material.5 However, this type of analysis usually requires high quality single 

crystals and high definition equipment, sometimes even synchrotron light, to be performed 

successfully. On the contrary, most of the routine XRD equipment works with powdered sample 

(PXRD), which is the method applied in this Thesis. The structure of the sample is then solved 

by comparison with published structures, e.g., simulated patterns of the expected materials. In 

PXRD, the small crystals constituting the powder are considered to be distributed in a uniformly 

random orientation. For this reason, all possible crystalline orientations in the material are 

statistically equally represented to diffract, and, thus, are equally represented in the final 

pattern.6 This is particularly true when isometric crystals are composing the powder. An 

amorphous or semi-amorphous spectrum can sometimes be originated by small nanocrystals, 

of few nanometers, which usually present more defects due to their smaller size. A Siemens D-

5000 powder diffractometer was used in this Thesis for routine characterization. The D5000 

use the incident radiation /wavelength Cu Kα (λ=1.54 Å). 
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Infrared spectroscopy (IR) 

Fourier transformed infrared spectroscopy (FTIR), and with the attenuated total reflectance 

accessory (FTIR-ATR), are characterization techniques commonly used to study the molecular 

composition of the samples.7 Inside an IR spectrometer, a radiation within the infrared spectrum 

is focused onto the sample. For FTIR, the radiation beam is perpendicular to the sample and 

passes through it, while for ATR, the angle of incidence is 45º and the measured light is the one 

reflected off of the sample. In any case, the spectrum obtained is analyzed and compared with 

a blank to determine the variations. The physics of this technique rely on the fact that the sample 

molecules absorb specific wavelength frequencies that are unique to their structure. The 

absorbed frequencies are particularly related to the stretching and bending of the atom bonds in 

the functional groups of the molecule, corresponding to peaks or bands in the resulting spectra. 

This method allows the determination of several chemical species and functional groups present 

in the sample. Generally speaking, this is a qualitative method for the determination of different 

chemical species due to the high risk of interference during measurements. However, if used 

appropriately, it is possible to obtain a quantitative ratio between two or more differently 

concentrated samples.8 The typical range of measurement is between 400 and 4000 cm-1, which 

correspond to 12 and 120 THz. In this Thesis, all the measurements were carried out using a 

FT/IR Jasco 4700 Series. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a technique that allows the determination and 

quantification of oxidation states from chemical species and elements by using the photoelectric 

effect principle applied on the surface of a sample.9 In a XPS spectrometer, an X-ray beam is 

focused onto the sample surface, while the detector measures the kinetic energy of the electrons 

that escape from the sample. This kinetic energy, which is related to the binding energy in the 

compound, is characteristic for every element in each of its oxidation state, and even dependent 

on the other atoms bonded to it. XPS is typically accomplished by exciting the surface of a 

sample with mono-energetic Al kα X-rays, causing photoelectrons to be emitted from the 

sample surface with a depth of ca. 5 nm. Hence, the technique is not appropriate to determine 

the bulk composition of samples thicker than ca. 5 nm. An electron energy analyzer is used to 

measure the energy of the emitted photoelectrons. The element identification and its chemical 

state is determined from the binding energy detected in the measure, while the intensity of the 

photoelectron peak establishes its quantity. This technique is adequate to characterize most 
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elements. However, some problems can arise when carbon is involved in the product.10 On one 

side, the tape used to fix the sample is made of graphite. On the other side, the presence of 

adventitious carbon is unavoidable. Adventitious carbon is generally comprised of a variety of 

relatively short chain hydrocarbons species with small amounts of both singly and doubly 

bound oxygen functionality, originated from the contact of the sample with the atmosphere. In 

this Thesis, XPS analysis were carried out using a XPS Spectrometer Kratos AXIS Supra, using 

AlKα (20 eV) radiation emitted at 225 W (15 mA/ 15 kV).  

Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is a technique used for the 

quantification of elements in a given sample.11 The atoms in the sample are ionized by the ICP 

part of the equipment, which generates a plasma (typically of argon) that is sustained by electric 

currents generated by electromagnetic induction. The resulting ions are then measured by the 

MS part of the equipment. This technique allows the fast determination of any element from 

lithium to uranium, which makes it a very versatile method, especially for metal quantification. 

In this Thesis, it was used to quantify the presence of metals in composites. The samples must 

be previously digested, generally in a mixture of nitric / hydrochloric acid solution at high 

temperature (453-473 K). An ICP-MS 7700x Agilent with a He collision cell was used for the 

measurements. 

Zeta potential analyzer 

The zeta potential (ζ-potential) is a measurable parameter intrinsic to a colloidal suspension, in 

which the solid particles are covered by a layer of the dispersant liquid.12 This layer of liquid 

gets less densely packed as the distance from the solid surface broadens. At some point, this 

liquid layer cannot be differentiated from the bulk liquid. Zeta-potential refers to the electric 

potential difference between the innermost and the outermost layers of liquid. In general terms, 

the largest the difference in potential the most stable the dispersion. All the zeta potential 

measurements in this Thesis were carried out on a Malvern Zetasizer Nano Zs. 

Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique that is used to determine the thermal stability 

of a given compound.13 Data is acquired by measuring the mass loss of the sample with a 

precision balance, while the temperature is increased under a flow of gas. Typical gasses include 

oxygen/air, N2 and Ar. Depending on the gas reactivity, different outcomes may occur, such as 
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carbonation or pyrolization of the sample, which also gives information regarding its 

composition. This technique is also convenient to characterize the relative amount of a 

component in composite materials, particularly for composites that are formed by two or more 

components with quite differentiated thermal stabilities. Lab Wrench, with the NETZSCH -

STA 449 F1 Jupiter, and Waters, with the TA INSTRUMENTS SDT Q600, both used in this 

Thesis for thermal characterization, are important instrument companies fabricating TGA 

apparatus. 

2.2. Morphology and textural properties 

Electron microscopy: SEM/TEM 

Electron microscopy is used to characterize the microstructural features of a sample from 0.1 

to 100000 nm length scales. There are two generic classes of electron microscopes, scanning 

electron microscope (SEM)14 and transmission electron microscope (TEM).15 Currently, there 

are hybrid variations of the two, which accomplish the best of both techniques, like scanning 

transmission electron microscope (STEM) and reflection electron microscope (REM). 

Additionally, SEM and STEM microscopes can be equipped with energy dispersive X-ray 

spectroscopy (EDS) accessory, which allows the elemental characterization of the sample.  

SEM images display the morphology of a material in three-dimensions. This usually becomes 

a key feature to assess the general macrostructure, and when possible, to differentiate between 

two different materials in composites. Non-conducting or poorly conducting samples require to 

be covered with an ultrathin conductive coating deposited on top of the sample’s surface by 

sputtering, which serves to conduct away accumulated electrostatic charge on the sample 

surface. This covering is usually applied with C, Au, Pd or Pt, eliminating blur and signal noise 

on insulating samples. SEM Quanta FEI microscopes are found in most laboratories and have 

been used in this Thesis, particularly the 200 and 650 models. 

TEM is the technique of choice for the two-dimensional surface analysis of specimens, such as 

nanoparticles, fibers and thin films, and even imaging of atoms. The electron beam used in 

TEM is much more energetic than in SEM. For this reason, the electrons penetrate through the 

sample and most of them are collected at the other side. In TEM, it is not necessary for the 

samples to be conductive. An important feature of TEM microscopes is that they can perform 

electron diffraction, allowing the determination of the cell parameters, space group and 

superstructure in crystalline products. The 120 KV JEOL 1210 is the TEM microscope used in 
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this Thesis. With a resolution below 3.2 Å, this equipment is useful for low resolution structure 

imaging and characterization of nanoparticulated systems.  

Low temperature N2 adsorption / desorption isotherms 

Porous materials are based on a solid network structure. To properly describe a porous material, 

it is important to define correctly the shape and size of the pores and their surroundings, as these 

two parameters greatly influence the behavior of the material. The most important 

characterization technique employed to define the porous structure and textural properties of a 

material is the isothermal gas adsorption/desorption analysis. Although several gases are 

typically used to collect the isotherms (e.g., N2, Ar, Kr or CO2), N2 is the prevalent gas. In a 

typical N2 isotherm analysis, the sample is first degasified to remove all volatile substances 

attached to its surface (solvent, moisture, etc.). For this, the sample is heated up to the chosen 

temperature, preferably at temperatures higher than 373 K, and kept under high vacuum for a 

long period of time, typically 12-20 h. After this degasification process, the analysis begins. 

The sample is subjected to vacuum and cooled down to liquid N2 temperature (77 K). Small 

quantities of N2 gas are added into the tube containing the sample, which is allowed to 

equilibrate after each dose. The pressure is then increased step by step until the saturation 

pressure is reached, finishing the adsorption part. Afterwards the desorption process occurs, 

removing the N2 pressure from inside the tube, and thus from the material surface. 

The 2015 IUPAC recommendation manual for physisorption16 classified the gas-solid 

adsorption isotherms into eight types (Figure 4). Depending on the size and shape of the pores 

in the material, the isotherm exhibits one or more traits from the patterns featured on Figure 4. 

 

 

 

 

 

 

Figure 4. IUPAC classification for gas/solid physisorption isotherms. 

 Type I isotherms correspond to microporous solids. They have relatively small external 

area and the majority of their adsorption is due to the volumetric filling of the 
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micropores. Type I(a) represent microporous solids with a narrow pore size distribution 

of diameter < 1 nm, while I(b) are for materials with a wider pore size distribution, 

reaching up to 2.5 nm diameter. 

 Type II isotherms correspond to nonporous or macroporous materials. The knee (point 

B) is related to the formation of a monolayer. After that, the gas molecules adsorb 

forming multilayers. 

 Type III isotherms also correlates with a nonporous solid, like type II. However, in this 

case, the interactions between the gas and the solid surface are rather weak and thus no 

monolayer is formed. 

 Type IV isotherms represent mesoporous materials. At low pressures, the shape imitates 

that of a type II isotherm, where a monolayer is formed. However, when the pressure is 

increased a phenomenon called condensation occurs and the gas inside the pores 

condenses into a liquid. A typical characteristic of mesoporous materials is a saturation 

plateau at middle relative pressures. Type IV(a) isotherm accompanies the pore 

condensation with a hysteresis loop, a feature that Type IV(b) isotherm do not present. 

This hysteresis loop is generated when the pore width is above a critical value, which 

depends on the adsorption system (adsorbate-adsorbent), and the temperature. 

 Type V isotherms are an uncommon type that occur on micro and mesoporous materials, 

but only when the interaction between the adsorbate and the adsorbent is really weak. 

For example, for water adsorption on hydrophobic materials. 

 Type VI isotherms is also uncommon and corresponds to a layer-by-layer deposition on 

a highly uniform nonporous surface. Each step corresponds to a new completed layer. 

 

Mesoporous materials usually present a hysteresis. This hysteresis is also important to 

understand the product, as it gives information on the pore shape and size. The most common 

types of hysteresis are represented in Figure 5., extracted from the IUPAC manual.16 
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Figure 5. IUPAC classification of the different hysteresis loops. 

 

 H1 hysteresis is found on mesoporous solids with a narrow distribution of pore sizes. 

Examples are template silicas and carbons with cylindrical or interconnected pores. 

 H2 hysteresis is usually attributed to materials in which a pore-blocking mechanism is 

acting, as in materials with ink-bottle pores, where there is a bottleneck for the 

evaporation of the condensed liquid during the desorption process. Type H2(a) 

corresponds to solids with a narrow distribution of “neck” widths, while H2(b) is seen 

on materials with a broad distribution of neck sizes. 

 H3 hysteresis is displayed by non-rigid aggregates of plate-like particles and, similarly 

to type II isotherms, they do not present any limitation on the adsorption at high 

pressures. These loops are seen on some clays. 

 H4 hysteresis is similar to H3 loops, but, in this case, the adsorption path is a mixture 

of both Type I and Type II isotherms. The relative high adsorption at low pressures is 

indicative of microporosity, while the rest of the isotherm and the loop suggest slit-like 

mesoporous structures. 

 H5 hysteresis is unusual and it is associated with structures containing both open and 

partially blocked mesopores. 

The isotherms are collected with automatic physisorption equipment. One of the most used 

technique is the one developed by Micromeritics Inc,17 being these equipment used in this 

Thesis, particularly, the ASAP 2000 and ASAP 2020 Micromeritics Inc. 



Experimental 

53 
 

In addition to the qualitative understanding that can be extracted from the isotherm shape, a 

quantitative analysis can be performed on the obtained adsorption data constituting the 

isotherm. There are several mathematical approaches that can determine some crucial 

parameters, such as the surface area, pore volume and pore size. However, all of them have 

their own limitations and are not perfectly accurate for every pore size and shape. The most 

widely used and well established is the BET (Brunauer, Emmett, and Teller) equation,18,19 that 

should be applied to mesoporous solids.20 In the case of microporous solids, there are several 

well established methods, the most widespread being the t-plot method.21 The density 

functional theory (DFT) and its improved derivation, the non-local DFT (NLDFT), occupy an 

important role in the determination of pore size distributions. Currently, there are also a 

considerable number of other methods (Dubinin-Radushkevich, Dubinin-Astakhov,22 Hórvath-

Kawazoe,23 Saito-Foley24 and Cheng-Yang,25 among others) that are especially designed for 

different types of micropores.  

2.3. Characterization techniques related to materials applications 

The analysis of the properties of a said material requires the utilization of specific 

characterization techniques to describe its full potential as a useful product. In this respect, the 

techniques used in this Thesis are described following. 

Superconducting quantum interference device (SQUID) 

A superconducting quantum interference device (SQUID) is a device that allows the 

determination of magnetic fields; thus, it is a type of magnetometer. This equipment is 

employed to obtain magnetic hysteresis curves, which provide information on the magnetic 

behavior of the sample.26 Depending on the type of magnetism presented by the material, the 

shape of the plotted curves is different. Some examples are shown in Figure 6. 
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Figure 6. Representation of typical magnetic curves for different materials: ferromagnetic 

(red), diamagnetic (black), paramagnetic (green) and superparamagnetic (blue). 

 

A representative material for magnetic characterization is magnetite (Fe3O4), an iron oxide that 

varies its magnetic behavior depending on the crystalline phase. At room temperature magnetite 

is ferromagnetic, meaning that it can maintain its magnetization even when there is no applied 

magnetic field. This phenomenon occurs because the magnetic domains in the crystal are 

smaller than the particle size. However, when the particle size is small enough, around the size 

of the magnetic domain, as in the case of few nanometers nanoparticles, the thermal energy that 

the particle has at room temperature is high enough to uniformly random orient the magnetic 

domains in absence of a magnetic field, and the material becomes superparamagnetic. 

Superparamagnetic materials differentiate from paramagnetic on the fact that they have higher 

magnetic susceptibility and also present very definite magnetization saturation.27 In this thesis, 

a composite made of iron oxide nanoparticles (SPIONs) was characterized in a SQUID 

Quantum Design MPMS-XL magnetometer.  

Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is a technique that detects the spin magnetic relaxation time 

in the hydrogen atoms of a sample after they have been exposed to an external magnetic field 

and radio waves, and formulates an image based on the results.28 It is the imaging application 

(usually with medical purposes) of nuclear magnetic resonance (NMR). Depending on the 

surrounding of the aforementioned protons, the relaxation is varied, allowing the formation of 

maps, or in medical cases, images of the internal organs of patients. It is possible to highlight 
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some areas of interest with the use of a contrast. Given the nature of this technique, there are 

two relaxation times T1 and T2 that can be measured independently and, thus, contrasted 

separately. In this thesis, MRI was used to determine the contrasting capacity of composites 

involving magnetite. The experiments were performed in a 7T Bruker Biospec 70/30 USR 

apparatus. 

Cold vapor atomic fluorescence spectroscopy (CV-AFS)  

Cold vapor atomic fluorescence spectroscopy (CV-AFS) is an analytical technique derived 

from atomic fluorescence spectroscopy. This technique is commonly employed to quantify the 

amount of Hg in an aqueous solution.29 This method takes advantage of the high volatility of 

Hg even at room temperature. The cations of Hg(II) are reduced by means of a reducing agent 

(typically SnCl2) and then are volatilized by bubbling Ar. The volatilized Hg is then irradiated 

with a mercury lamp and its fluorescence is measured and quantified. In this Thesis, a PSA 

10.025 Millennium Merlin CV-AFS equipment was used to determine the amount of captured 

Hg during water remediation experiments.  
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Objectives 

 

Porous materials constitute the cornerstone of this doctoral Thesis. Specifically, this work is 

focused on the fabrication of graphene oxide (GO) aerogels and its composites with a 

supercritical CO2 methodology. The main novelty is developed around the possibility of 

forming aerogels starting from a solvent dispersion of GO in a one-step process, without 

chemically reducing the material. The oxygen functional groups present in GO allow the 

anchoring of other materials, from molecules to nanoparticles, using the aerogel as a porous 

support. Taking all of the above into account, the main objectives of this thesis were designed 

as follows: 

 To engineer a flexible lab-scale batch equipment to work on the drying of porous 

materials by using either static or continuous flow mode.  

 To develop a scCO2 generic methodology to dry aerogels, with focus in GO aerogels. 

 To extend the developed scCO2 drying methodology developed for GO to the 

preparation of composites of GO and nanoparticles of a second (or more) component. 

The focus is on preparing magnetic aerogels by adding magnetic nanoparticles, and 

hierarchical composites by adding microporous nanoparticles, such as those of metal-

organic frameworks.  

 To demonstrate that the supercritical CO2 methodology can be utilized for the ex-situ 

and in-situ synthesis of GO composites.  

 To characterize the physicochemical properties of these new materials to ascertain 

possible applications in: gas adsorption/separation, water remediation, magnetic 

resonance imaging and energy, among others. 



 



 

  

CHAPTER 1 
 

 

 

Supercritical CO2 self-assembly of 

graphene oxide aerogels 
 

This chapter is based on the published article:  

 

A. Borrás, G. Gonçalves, G. Marbán, S. Sandoval, S. Pinto, P.A.A.P. Marques, J. Fraile, 

G. Tobias, A.M. López-Periago, C. Domingo, Preparation and Characterization of 

Graphene Oxide Aerogels: Exploring the Limits of Supercritical CO2 Fabrication Methods, 

Chemistry A European Journal 2018, 24, 15903–15911. 
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Abstract 

The supercritical carbon dioxide (scCO2) synthesis of non-reduced graphene oxide (GO) 

aerogels from dispersions of GO in ethanol is here reported as a low-cost, efficient, and 

environmentally friendly process. The preparation is carried out under the mild conditions of 

333 K and 20 MPa. The high aspect ratio of the used GO sheets (ca. 30 mm lateral dimensions) 

allowed the preparation of aerogel monoliths by simultaneous scCO2 gelation and drying. Solid-

state characterization results indicate that a thermally-stable mesoporous non-reduced GO 

aerogel was obtained by using the supercritical procedure, keeping most of the surface 

oxygenated groups on the GO sheets, thus, facilitating further functionalization. Moreover, the 

monoliths have a very low density, high specific surface area, and excellent mechanical 

integrity; characteristics which rival those of most light-weight reduced graphene aerogels 

reported in the literature. 
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1. Introduction 

Graphene is a two-dimensional structure made of carbon atoms with unique electronic, 

chemical, textural and mechanical properties, but difficult to exfoliate into separate flakes.1 The 

most studied route to obtain exfoliated graphene is through the formation of intermediate 

graphene oxide (GO) followed of subsequent deoxygenation, thus leading to reduced graphene 

oxide (rGO) aerogels.2 The intermediate GO, synthetized by treatment of graphite with strong 

mineral acids and oxidizing agents, is a material heavily oxygenated and easily exfoliable. The 

high stability of GO dispersions in water is the starting key point exploited for the formation of 

rGO hydrogels by self-assembly under hydrothermal conditions.3-7 Those hydrogels must be 

further dried, avoiding the collapse of the porous structure, in order to obtain 3D aerogels with 

a sponge-like configuration. Opposed to graphene aerogels, the properties of 3D GO structures 

have been scarcely studied, due to the high chemical instability and poor mechanical properties 

of these networks. Merely, lyophilization has been applied to the straight drying of GO aqueous 

dispersions, but obtained 3D GO networks should be further reduced to rGO to get reasonable 

mechanical stability.8 Indeed, gelation methods eluding the reduction of GO are difficult to 

design. Nevertheless, a large number of applications can be envisaged for non-reduced GO 

aerogels, since they combine the textural advantages of graphene with convenient 

hydrophilicity and fascinating surface chemistry given by the oxygen functional groups 

decorating the sp2 basal planes.9 Certainly, GO aerogels, pristine or as a composite, are 

appealing materials in electronics, clean energy, pollutants adsorption devices and 

biomedicine.10-14 Common drying paths for graphene hydrogels are low-temperature freeze-

drying15 and high-temperature supercritical drying (e.g., at the critical point of short C-chain 

alcohols).16,17 Critical point drying techniques are widely used to prepare inorganic aerogels, 

since it is the best known technique to minimize monolith shrinkage.18 However, this procedure 

requires the use of temperatures higher than 525 K, being alcohols dangerously flammable 

under these conditions. Moreover, this technique removes the remaining oxygen-containing 

functional groups in the structure of the gel.19 Opposite to the high-temperature critical point 

drying process, this work describes a low-temperature supercritical carbon dioxide (scCO2) 

method for the production of ultra-low density 3D GO stable macrostructures, integrating the 

advantages of efficiency, environmental friendless, safety and low-cost. Gelling and drying are 

performed under mild conditions of pressure and temperature, thus substantial conversion of 

GO to rGO is prevented. Processes assisted by scCO2 have been previously applied to the drying 

of pre-formed inorganic and organic alcogels.12-22 In constructing graphene structures, scCO2 



Chapter 1 

67 
 

has only recently been proposed as a plausible medium for exfoliation and drying.23-26 In an 

step forward, the method developed in this work is devoted to the formulation of stable 3D GO 

aerogel structures by direct self-assembly of dispersed GO sheets in ethanol in only one step, 

using exclusively low temperature scCO2 technology and avoiding the use of any cross-linking 

agent. The developed scCO2 process is optimized for different experimental parameters, such 

as temperature and CO2 flow. The microstructure, texture, surface chemistry and mechanical 

properties of synthetized GO aerogels are deeply characterized and compared with data 

obtained from a sample synthetized with the more conventional hydrothermal / lyophilization 

procedure. 

 

2. Experimental 

2.1. Materials 

GO sheets (ca. 30 µm lateral dimensions) were purchased from Graphenea Inc., supplied as a 

dispersion in water of 4 mgcm-3. Compressed CO2 (99.95 wt %) was supplied by Carburos 

Metálicos S.A., and analytical grade ethanol (EtOH) was obtained from Panreac. 

2.2. Equipment and Methods 

The synthetic procedure starts by exchanging the water in the commercial GO dispersion 

(sample GOd_H2O) by ethanol. Water replacement was performed in successive steps of 

centrifugation (11000 rpm)/ sonication (30 min) by using ethanol:water mixtures with increased 

alcohol concentration, 30:70, 50:50, 70:30, and finally 100:0. It is worth mentioning that 

sonication builds up a tensile load that likely triggers partial breakage of the sheets.27 A stable 

colloidal suspension of GO in EtOH with a concentration of ca. 3 mgcm-3 was thus obtained 

(sample GOd_EtOH). Aerogel monoliths were prepared in small assay tubes of 2 cm3 loaded 

with 1 cm3 of GOd_EtOH dispersion. In a standard experiment, three of these vials were placed 

into a non-stirred high-pressure reactor of 100 cm3 volume (TharDesign) with two opposite 

sapphire windows. Liquid CO2 was flushed into the vessel to pressurize the system to 6 MPa. 

The vessel was gently heated at either 333 or 363 K and then pressurized up to 20 MPa. These 

conditions were kept for a period of 2 days. Pressure decrease to ambient conditions was 

achieved by slow release of CO2. The depressurization was performed under isothermal 

conditions to avoid entering the two-phase region for the compressed CO2, which would induce 

pore collapse in the structure. GO aerogel samples were isolated as black cylindrical monoliths 
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of ca. 3 mg, and termed as GOa_333 and GOa_363, indicating the processing temperature. 

Other studied experimental parameters were the lateral dimensions of GO sheets (30 and 5 µm), 

stirring (0 and 250 rpm), and flow of CO2 (0 and 2 cm3min-1). For comparison, a 3D GO network 

was synthesized by a conventional reported method,28 consisting of the hydrothermal reduction 

at 453 K for 12 h of a similar graphene aqueous suspension. In a second step, the recovered 

hydrogel is lyophilized. The obtained sample was termed GOa_HL. 

2.3. Characterization 

The textural properties were determined by N2 adsorption/ desorption at 77 K using an ASAP 

2000 (Micromeritics Inc.). Samples were first degassed at 393 K for 24 h. The surface area (Sa) 

was calculated applying the BET equation. Morphological features were examined by scanning 

electron microscopy (SEM, Quanta FEI 200). The thermal stability was analyzed by 

thermogravimetric analysis in air flow (TGA, Netzsch-STA 449 F1 Jupiter) using a temperature 

increase step of 5 Kmin-1. The mechanical behavior of selected samples was evaluated by 

quasistatic compression tests at a cross-head speed of 0.5 mms-1 and cyclic stability by fatigue 

tests at a frequency of 0.3 Hz and 10% of deformation. Both tests were conducted using 

Microservo Magnetic Tester equipment (MMT-101n Shimadzu Corporation). The functional 

groups were investigated by means of attenuated reflectance mode Fourier transformed infrared 

(ATR-FTIR) spectroscopy (Nicolet Thermo Scientific apparatus). To determine the extent of 

oxidation of the GO sheets, X-ray photoelectron spectroscopy (XPS) was recorded for C and O 

in a XPS Spectrometer Kratos AXIS Supra, using AlKa (20 eV) radiation emitted at 225 W (15 

mA/ 15 kV). The binding energies of the resulting spectra were corrected employing the binding 

energy of adventitious carbon (284.6 eV) in the C 1s region. The backgrounds were corrected 

using Shirley baselines. All the analyzed regions were deconvoluted by means of mixed 

Gaussian–Lorentzian functions (90:10). The quantitative analyses were based on the atomic 

sensitivity factors stored in the CasaXPS database (v2.3.12Dev6). 

 

3. Results and Discussion  

Figure 1 shows schematically the main steps involved in the two synthetic procedures 

contrasted in this work for aerogel formation: the conventional, combining hydrothermal and 

lyophilization steps, and the newly developed supercritical CO2 method. In the hydrothermal 

treatment, the final product is obtained straightforwardly from the commercial sol of GO 
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dispersed in water. This suspension has long-term stability due to H-bond and electrostatic 

repulsion of functional groups in GO. Contrarily, because of the lack of miscibility between 

CO2 and water, in the supercritical method a previous step of water exchange by an organic 

solvent highly soluble in scCO2 is required. Ethanol was chosen for this purpose.  

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the main synthetic steps employed in the conventional 

(hydrothermal / lyophilization) and supercritical (scCO2) tested techniques. 

It is worth mentioning that ethanol has previously been identified as a non-suitable dispersion 

medium for GO flakes.29 A similar result was obtained in this work in preliminary tests 

performed by straightforwardly interchanging water by ethanol in only one step. In fact, the 

multi-step water-to-ethanol exchange procedure described in the experimental section was 

necessary to obtain a long-term stable sol of GO dispersed in ethanol. This multi-step procedure 

is universally used for solvent exchange in hydrogels to form alcogels.30 

3.1. Starting material characterization 

The chemical structure of pristine GO sheets must be known to further understand the aerogel 

formation mechanism. GO flakes composition is a subject of considerable debate in the 

literature due to the nonstoichiometric complexity of this material, including batch-to-batch 

variability. In this work, the chemical composition of as-received GO dispersed in water 

(GOd_H2O) and after solvent exchange to ethanol (GOd_EtOH) was elucidated by XPS and 

ATR infrared characterization techniques. Before measurement, solvents were eliminated by 

evaporation under vacuum at room temperature. 

The deconvolution procedure of the recorded XPS data yielded the curves depicted in 

Figures 2-5. 

 



Chapter 1 

70 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. C1s and O1s deconvolution of the XPS data for the raw samples: (a) GOd_H2O, 

and (b) GOd_EtOH. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. C1s and O1s deconvolution of the XPS data for the scCO2 treated samples: (a) 

GOa_333, and (b) GOa_363. 
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Figure 4. C1s and O1s deconvolution of the XPS data for the hydrothermally-lyophilized 

GOa_HL sample. 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Figure 5. C1s and O1s deconvolution of the XPS data for annealed GOa_333 sample under 

different conditions: (a) vacuum at 393 K (GOaT_393), (b) vacuum at 573 K (GOaT_573), 

and (c) Ar flow at 1323 K (GOaT_1323). 
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As can be observed in the figures, the two regions analyzed (C1s and O1s) were correctly 

deconvoluted by means of eleven peaks; seven peaks for the C1s region (P0 at 283.2 ± 0.1 eV, 

P1 at 284.6 eV, P2 at 284.8 eV, P3 at 285.4 ± 0.1 eV, P4 at 286.6 ± 0.2 eV, P5 at 288.2 ± 0.1 eV 

and P6 at 290.5 ± 0.1 eV) and four peaks for the O1s region (P7 at 531.3 ± 0.2 eV, P8 at 

532.4 ± 0.1 eV, P9 at 533.5 ± 0.1 eV and P10 at 535.5 ± 0.2 eV). The atomic percentages for 

each peak are shown in Table 1. Except P0, all peaks were successfully identified.  

Peak P0 at a binding energy of 283.2 eV was present only in some processed samples in 

Figures 2,3, with an insignificant area (C1s fraction below 0.01 in all cases). This peak can be 

assigned either to carbide species31-33 or to a charging effect,34 though it is irrelevant for 

quantification purposes. Peak P1 at 284.6 eV, ascribed to adventitious or C=C (sp2 bonds) 

carbon,35 was used as a reference peak to correct the position of all regions. Peak P2 at 284.8 eV 

can be ascribed to C-H sp3 bonds.36 Peaks P3 (285.4 eV; carbon atoms in the vicinity of 

oxygenated carbon atoms 36-38), P4 (286.6 eV; -C-O-C- and C-OH 39,40 functional groups) and 

P5 (288.2 eV; >C=O 38,40,42 and O=C-O 38 groups) are all related to oxygen functionalities. 

Carboxylic acids (-COOH), which would be identified by a peak at ~288.8 eV,35 were not 

detected in any of the analysed spectra. Peak P6 at 290.5 eV is small peak only present in 

samples that have been thermally treated (Figures 4,5). It has been ascribed by some authors to 

-C=O,43 O=C-O 41 or carbonates.35 However, by assigning any oxygen functionality to this 

peak, a large disparity between the oxygen amounts evaluated by the C1s and O1s regions 

would occur. Therefore, this peak is ascribed here to a satellite of the C=C peak,44 thus 

contributing to the carbon sp2 together with P1.    

The first peak of the O1s region (P7 at 531.3 eV) is ascribed to >C=O groups,45-47 whereas peak 

P8 (532.4 eV) is attributed to C-OH, O=C-O-C=O, R-O-R and R-O-C=O groups.35,47,48 Peak 

P9 (533.5 eV) is ascribed to oxygen in O=C-O-C=O and R-O-C=O.35,38 Again, the peak for 

oxygen in –COOH (potentially placed at 534.2 eV 35) is absent in all the spectra. Finally, the 

wide and small peak P10 (534.5 eV), that is present in the most reduced samples (Table 1 and 

Figures 4,5), can be ascribed to chemisorbed water.49 
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Table 1. Atomic percentages (αi) of the different analyzed regions (C1s, O1s) and peaks. 

 

Peak 
B.E. 

[eV] 

GOd_ 

H2O 

GOd_ 

EtOH 

GOa_ 

333 

GOa_ 

363 

GOa_ 

HL 

GOaT_ 

393 

GOaT_ 

573 

GOaT_ 

1323 

C1s  65.85 67.38 67.55 67.15 86.35 66.95 85.75 95.24 

P1 284.6 27.97 27.29 26.02 27.28 42.64 24.80 39.09 24.85 

P2 284.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 24.80 

P3 285.4 0.00 0.00 0.00 0.00 21.43 0.00 31.13 20.69 

P4 286.6 33.08 32.99 36.02 33.92 7.71 37.05 4.04 4.96 

P5 288.2 5.14 5.08 5.51 5.96 5.64 5.10 5.66 1.32 

P6 290.5 0.00 0.00 0.00 0.00 9.61 0.00 6.68 19.79 

O1s  33.31 32.50 32.25 32.59 13.49 32.78 13.60 4.36 

P7 531.3 3.72 2.92 3.52 4.74 1.84 3.31 2.72 1.14 

P8 532.4 28.98 28.32 27.82 26.98 8.09 28.20 6.19 2.63 

P9 533.5 0.98 1.56 1.30 1.20 1.85 1.64 2.94 0.29 

P10 535.5 0.00 0.00 0.00 0.00 1.89 0.00 1.90 0.08 

 

With the values of atomic percentages reported in Table 1 (αi values, where i stands for the B.E. 

of the corresponding peak) and the peak assignations above indicated, the atomic percentage of 

element E, referred to the total amount of superficial C and O, is calculated. Table 2 and 

Figure 6 show the relative abundance of main components in the XPS C 1s spectra of GO flakes 

(C=C, C-O-C, C-OH, >C=O & R-O-C=O & O=C-O-C=O, CHx and -C-(C=O)-R) for the 

different raw and processed samples, together with the calculated C/O ratios. XPS analysis of 

sample GOd_H2O resulted in a C/O atomic ratio of 2.0, which represents a high degree of 

oxidation for the flakes. The exchange with ethanol did not produce any noticeable reduction 

on the sheets, as can be observed for sample GOd_EtOH with a C/O atomic ratio of 2.1. The 

ethanol reduction effect of GO flakes has only been described for systems at high pressure and 

temperature, preferentially maintaining the alcohol at supercritical conditions.50  
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Table 2. XPS measured percentage of carbon in the different functional groups for raw GO, 

samples upon supercritical and conventional treatment and after thermal annealing. 

Specie 
GOd_ 

H2O 

GOd_ 

EtOH 

GOa_ 

333 

GOa_ 

363 

GOa_ 

HL 

GOaT_ 

393 

GOaT_ 

573 

GOaT_ 

1323 

% O total 33.3 32.5 32.3 32.6 13.5 32.8 13.6 4.4 

% C total 65.8 67.4 67.5 67.1 86.4 67.0 85.7 95.2 

C/O 2.0 2.1 2.1 2.1 6.4 2.0 6.3 22 

%Chemisorbed H2O 0.0 0.0 0.0 0.0 1.9 0.0 1.9 0.1 

%C in C=C 28.0 27.3 26.0 27.3 52.3 24.8 45.8 44.6 

%C in CHx 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24.8 

%C in CN 0.8 0.2 0.2 0.3 0.2 0.3 0.7 0.4 

%C in C-O-C 9.4 13.3 20.0 15.9 6.5 20.7 0.2 4.2 

%C in C-OH 22.9 19.5 15.8 17.8 1.0 16.1 3.1 0.3 

%C in >C=O 3.7 2.9 3.5 4.7 1.8 3.3 2.7 1.1 

%C in R-O-C=O 0.5 1.0 0.6 1.2 0.0 1.5 2.9 0.4 

%C in O=C-O-C=O 0.9 1.2 1.4 0.0 3.9 0.3 0.0 0.0 

%C in -C-(C=O)-R 0.0 0.0 0.0 0.0 21.4 0.0 31.1 20.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Graphical representation of the XPS data (Table 2) measured for each studied 

sample. 
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Deconvolution of the spectra obtained for GOd_H2O and GOd_EtOH indicated the presence of 

the typical C=C sp2 bonds together with hydroxyl and epoxy functionalities in significant 

percentage, with only a small contribution of ketone and carboxyl functionalities (ca. 5 % of 

>C=O and O=C-O). Carboxylic acid (-COOH) was not detected. 

XPS data was contrasted with information obtained from the ATR spectra shown in Figure 7. 

The spectra of GOd_H2O and GOd_EtOH samples were characterized by the several distinct 

vibrational modes of oxygen functionalities already found in the XPS analysis, that is, 

hydroxyls (C−OH at 3000–3750 cm−1, not shown in the Figure, and 1222 cm−1), carbonyls 

(>C=O at 1730 cm−1), skeletal vibrations of sp2 hybridized C=C from non-oxidized graphite 

domains at 1620 cm−1 and epoxides (C-O-C at 857, 1024, and 1378 cm−1).51  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. ATR-FTIR main bands for the raw and treated samples. 

The GO flake description inferred from XPS and infrared characterization matches the widely 

accepted GO model developed by A. Lerf et al.,52 in which GO is described as constituted by 

nonstoichiometric platelets wherein both the carbon plane and the edges are mainly decorated 

with hydroxyl and epoxy functional groups. 
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Carbonyl groups are also present in low quantities, mostly as carboxyl and keto groups at the 

periphery of the flakes, but also as organic carbonyl defects within the sheets.53 It should be 

taken into account that the flakes in this study have a huge aspect ratio (lateral dimension/ width 

ratio of ca. 30000) in comparison with those normally used in the literature of only some 

nanometers to few microns of lateral size. For such a high aspect ratio flakes, the contribution 

of the edges to the total available surface could be considered as negligible, as it was the 

presence of carboxylic acid groups. 

3.2. Gelling and drying mechanism in scCO2 

In this work, alcogels are obtained by self-assembly of GO sheets, and not by the conventional 

sol-gel method. Self-assembly is induced by the addition of CO2, an acid gas, which would 

cause acidification of the ethanol suspension. The decrease on the pH is described to weaken 

the electrostatic repulsion between sheets, increasing the number of contact points, thus 

allowing sheet self-assembly and gel formation. Examples of gelation by self-assembly of sols 

of anisotropic sheets induced by scCO2 addition have not been found in the literature. Straight 

sol-gel gelling induced by compressed CO2 has only been described for polymeric aerogels 

involving highly reactive monomers, such as silsesquioxanes,54 and some biopolymers.55-58 

In the developed supercritical CO2 procedure, the mechanism of gelling and drying was visually 

followed through the sapphire windows of the high-pressure reactor, which allow the 

acquisition of optical pictures (Figure 8). Before CO2 addition, the concave shape of the ethanol 

dispersion meniscus was observed in the vial (Figure 8a at t = 0). The mechanism of aerogel 

formation after scCO2 addition involved two-way mass transfer of CO2 and ethanol to and from 

the interparticle voids established in the GO dispersion. First, the bulk CO2 phase in the 100 

cm3 reactor diffused into the 1 cm3 alcoholic suspension loaded in the vial. By dissolving CO2, 

the ethanol phase became an expanded liquid, visibly occupying more volume than initially. 

Concomitantly, the ethanol diffused into the scCO2 phase to equalize concentrations, and the 

liquid level slowly diminished again. This behavior of the liquid phase is shown in Figure 8a 

for t = 5–10 h. In the low-density expanded liquid, the flexible GO sheets can easily suffer 

partial overlapping, resulting in the formation of physical cross-linking sites, as occurs in the 

hydrothermally produced gels.59 
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Figure 8. (a) Visual follow-up of aerogel formation through the reactor sapphire windows by 

taking pictures at different reaction times in a typical standard preparation run carried out in 

scCO2 at 333 K and 20 MPa, (b) intermediate gel, and (c) dry monolith. 

The large number of functional groups in the highly oxidized GO flakes used in this work would 

end in strong chemical interactions at contact points, thus stabilizing the system as an alcogel. 

After a period of ca. 5 h, the sample in the vial was gelled and the formation of the alcogel can 

be confirmed by simple vial inversion after depressurization (Figure 8b). The gel recovered 

from the reactor at this point retained some stability at 279 K over some weeks, until it finally 

collapsed due to ethanol evaporation. The strong surface tension developed by the hydrophilic 

groups within the randomly orientated sheets in the alcogel prevented the liquid from fast 

flowing, which helped to avoid pore collapse and gel densification. As a consequence, the 

formation of a dry stable aerogel under a scCO2 atmosphere was observed to be a slow process 

that occurs over the course of a minimum of one day, although experiments in this work were 

extended to two days to guarantee success. The formation of a “soufflé” on the top of the alcogel 

is often observed, due to swelling in the unrestricted direction. After some hours, a unique 

homogeneous fluid phase was observed in the reactor, constituted by mixed CO2 and ethanol 

above the mixture critical point. Finally, isothermal depressurization at the working temperature 

led to solvent elimination by changing continuously from supercritical fluid to gas phase, that 

is, without crossing the curve of coexistence with the liquid phase. Since there was no receding 

liquid-vapor meniscus, no surface tension was developed; thus, capillary action followed by 

pore collapse was circumvented. Nevertheless, during depressurization certain shrinkage of the 

(b) (c) 

(a) 

t = 0 Depressurization (t =48h) 
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aerogel was observed (Figure 8a depressurization). A dry monolith was recovered from the vial 

(Figure 8c). XPS measurements showed that the use of scCO2 technology at 333 K did not 

cause any significant reduction in the composition of the GO flakes (Figure 6 and Table 2). The 

measured C/O ratios for the aerogel sample GOa_333, and for the starting GOd_EtOH were in 

both cases 2.1. However, a certain redistribution of the functional groups could be discerned. 

Comparing with the initial GO dispersion in ethanol, the percentage of epoxy groups increases 

(from ca. 10 to 20 wt.%) at the expense of reducing OH functionality (from ca. 20 to 15 wt. %). 

It is assumed that in the gel most of the flakes are interacting through hydrogen bonds. The 

scCO2 fluid seems to act as a soft desiccant solvent, reducing the number of hydrogen bonds 

by prompting the cross-linking of contacting GO sheets through the formation of C-O-C 

linkages. Corroborating this observation, a new band in the ATR spectrum at 1575 cm-1 is 

clearly visible for the processed aerogel GOa_333 (Figure 7), attributed to C=C stretches in the 

carbon network. This band indicates an increase in the percentage of aromatic regions. The 

qualitative reduction previously described for graphite oxide triggered by scCO2 at low 

temperature was not observed in this work.60,61 Result disparity may be ascribed to differences 

in the oxygenated groups of the raw materials, or to other experimental parameters, like the use 

in the literature of a continuous flow of scCO2. Quantified substantial conversion of GO to rGO 

in scCO2 has only been reported at temperatures higher than 473 K.62 

The influence of temperature was analyzed by increasing this parameter from 333 K in the 

standard protocol to 363 K. ATR-FTIR spectra (Figure 7) and deconvolution of the XPS spectra 

obtained for the GOa_363 sample (Figure 6 and Table 2) indicate a similar composition than 

that of sample GOa_333. In terms of process, the main effect of the temperature increase is an 

enhancement of the CO2 diffusion rate in ethanol, with a concomitant increase of ethanol vapor 

pressure. However, these effects are counteracted by a significant decrease of the solubility of 

CO2 in the liquid phase. As a consequence, monoliths with similar appearance were obtained 

at both temperatures. Samples obtained at 333 K were chosen for further analysis. The large 

lateral dimension of the used flakes is an essential parameter in the developed protocol. Indeed, 

in a separate test performed at 333 K with GO sheets of only 1–5 mm lateral size, prepared by 

a modified Hummer’s method,63 the addition of compressed CO2 led immediately to colloid 

instability, re-stacking, and flocculation of the flakes. In contrast, the mobility of large GO 

sheets in solution is strongly limited.64 Moreover, the mutual restriction of rotational motion in 

the high aspect ratio material used in this work makes difficult to adjust their orientation parallel 

to each other, which allows drying without flocculation. For the studied highly anisotropic 2D 

GO particles, precipitation is kinetically slow compared to gelation. Finally, with the procedure 
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described in this work, the use of a flow of scCO2 during gelling and drying hinders the 

preparation of highly porous aerogels. Recovered monoliths have a size ca. 5–10 times lower 

than expected. Likely, turbulent flow disturbances induce gel shrinkage. Likewise, stirring the 

CO2 phase caused the collapse of the suspension and the precipitation of a thin film. 

3.3. Hydrothermal-lyophilization procedure 

A hydrothermally-reduced hydrogel was prepared as a foamed monolith control sample by 

freeze-drying sample GOa_HL).28 In this combined procedure (Figure 1), a significant amount 

of GO functional groups are removed by temperature during hydrothermal treatment, which 

prompts linkage among flakes and phase separation in the form of a hydrogel. The reduction 

was reflected in the XPS analysis of the lyophilized product (Table 2, Figures 3, 4), which 

displayed a C/O ratio of 6.4, in which the C=C percentage increased from 28% in GOd_H2O to 

52.3% in GOa_HL; whereas the C‒OH functionality almost vanished. Hence, a partial 

restoration of the graphene structure is deduced for the data of the GOa_HL sample. For this 

sample, SEM images show the formation of a porous sponge with interconnected macropores 

(Figure 9a). 
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Figure 9. SEM images of: (a) GO sponge produced by a combined hydrothermal-freeze 

drying conventional technique, and (b,c) monoliths obtained at 333 K (GOa_333) and 363 K 

(GOa_363), respectively. 

 

3.4. Structural stability of the aerogel GO monolith  

Often, GO monoliths that have not been reduced, that is, obtained directly by lyophilization in 

the sol-cryo process,65 are highly unstable. To increase stability, those monoliths are thermally 

reduced to rGO. Remarkably, GO aerogels obtained in this work were thermally and 

mechanically stable without any further treatment. Thermal behavior of GOa_333 sample was 

analyzed by TGA under airflow (Figure 10a). The weight loss profile shows first a sharp decay 

in the 440-500 K temperature interval of ca. 30 wt. %. This decay is related to desorption and 

decomposition of the surface oxygenated functional groups in the form of CO2 and H2O. This 

value is consistent with the total oxygen percentage of 32 wt.% measured by XPS (Table 2). 

Afterwards, the decay continues in a more progressive manner in the range of temperature 

spanning between 500 and 650 K, attributed to loss of intercalated water and elimination of the 
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most stable C=O functionalities. Finally, a second sharp decay is observed in the temperature 

interval 650–700 K, attributed to the pyrolysis of the graphene structure. Based on TGA 

observations, annealing experiments of GOa_333 monoliths were designed to further 

understand the thermal characteristics of this compound. Tests were performed under vacuum 

at 393 and 573 K, giving samples GOaT_393 and GOaT_573, respectively. XPS analysis 

indicated that the sample treated at the lowest temperature did not suffer any modification in 

regard of GO composition (Figure 6, Table 2). In contrast, significant thermal reduction 

occurred at 573 K. Heating at this temperature, a compound with a C/O ratio of 6.3 was 

obtained, in which most of the labile epoxy groups were eliminated in favor of the formation 

of C=C sp2 domains, whereas the contribution of species involving C=O did not suffer any 

significant modification. In fact, the reduction degree achieved for sample GOaT_573 is similar 

to the one measured for the hydrothermally gelled GOa_HL sample. The ATR spectrum also 

indicates the removal of the bands corresponding to epoxy groups in the GOaT_573 sample, 

together with an increase in the intensity of the aromatic C=C vibration (Figure 7). XPS analysis 

of the residue recovered after pyrolyzing GOa_333 at 1323 K under Ar flow (sample 

GOaT_1323) indicated an almost total reduction of the GO flakes, with a C/O ratio of 21.6 

(Figure 6 and Table 2). 

3.5. Gas adsorption and textural properties 

The as-synthetized supercritically-prepared monoliths have an initial weight of ca. 3.3–3.5 mg, 

which is slightly higher than the weight of GO initially added to the vial (ca. 3 mg). However, 

this value is reduced to ca. 2.5–2.8 mg after sample evacuation under vacuum at 393 K. The 

reduction in weight is due to loss of CO2 adsorbed during synthesis. The density of the 

monoliths was calculated as the weight of the cylinder after evacuation divided by the 

geometrical volume. For the supercritically-prepared samples, these values were in the order of 

7–9 x 10-3 gcm-3, close to the density of air of 1.2 x 10-3 gcm-3. The estimated density value for 

the GOa_HL sample was of 2 x 10-2 gcm-3, which is one order of magnitude higher than the 

density measured for GOa_333, indicating a high shrinkage caused by the combined 

hydrothermal and lyophilization process. Evacuated monoliths at 393 K were used to acquire 

surface area values by low temperature N2 adsorption/ desorption measurements. It is worth 

mentioning that these measurements for the supercritically prepared products were performed 

using three monoliths from the same batch, in order to achieve a minimum weight of 7–8 mg, 

thus reducing specific textural data inaccuracy. Foamed GO samples exhibited a type IV 
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isotherm according to the IUPAC classification, characteristic of mesoporous materials (Figure 

10b).  

 

 

 

 

 

 

 

 

 

 

Figure 10. Thermal and textural characterization of different aerogel monoliths: (a) TGA of 

GOa_333 sample, and (b) N2 adsorption isotherms of GOa_333 as-synthetized and after 

thermal treatment at 573 K (GOaT_573), as well as of rGOa_HL sample. 

 

Isotherms have a H3-type hysteresis loop related to slit-shaped pores and aggregates of plate-

like particles, representative of the studied GO system. This category of isotherms did not reach 

a plateau at saturation pressure; instead, they are extended indefinitely at P/P0=0.99, 

representing unrestricted multilayer adsorption in large mesopores and macropores, which 

makes it difficult to give reliable values of pore volume.66 Therefore, in this work the BET 

equation was only used to estimate the surface area, giving values in the order of 200–225 m2g-

1 for GOa_333. The pore volume was roughly estimated by subtracting from the cylinder 

geometrical volume the volume occupied by the graphene sheets (graphene weight/graphene 

density reported as 1.06 gcm-3).67 For the supercritically-prepared samples, this calculation 

leads to specific empty volume values of 0.65–0.70 cm3g-1. The surface area and empty volume 

values of the GOa_HL sample are 159 m2g-1 and 0.50 cm3g-1, respectively, slightly lower than 

those measured for GOa_333 (Figure 10b). A notable effect of thermal reduction at 573 K was 

a substantial increase in the monolith surface area, from values of 207 to 384 m2g-1. As can be 

observed in Figure 10b, the surface area increase was mainly generated on the micropore area, 

likely due to the creation of micropores during heating and aerogel setting. Geometrically, the 

micropores have the highest contribution to the surface area; therefore, even a small increase in 

the total volume could be accompanied by a large increase in the surface area when the increase 

is in the micropore volume. 

0

25

50

75

100

300 400 500 600 700 800

w
ei

g
h

t 
lo

ss
 [

w
t%

T [K]

(a) 

0

150

300

450

600

750

0 0.2 0.4 0.6 0.8 1

V
o
l.

 N
2

a
d

so
rb

ed
 [

m
L

g
-1

]
P/P0

GOaT_573

GOa_333

rGOa_HL
0

150

300

450

600

750

0 0.2 0.4 0.6 0.8 1

V
o

l.
 N

2
a

d
so

rb
ed

 [
m

L
g

-1
]

P/P0

GOaT_573

GOa_333

rGOa_HL

(b) 



Chapter 1 

83 
 

3.6. Microstructure 

Details of the microstructure of the graphene-based aerogels were revealed by SEM analysis. 

Samples obtained following the supercritical standard procedure showed a sponge-like porous 

structure of multiple exfoliated GO sheets (Figure 9b,c). The structural integrity of the 

GOa_333 aerogel and the respective reduced counterpart at 573K (sample GOaT_573) were 

mechanically evaluated by static and dynamic mechanical tests. 

Figure 11a shows the stress-strain curve obtained for the GO-based aerogels. The stress-strain 

profile curve of the quasistatic uniaxial compression test presents two main regions: elastic and 

yield. The elastic region is characterized by linear behavior, promoted by reversible wall cell 

bending. In this region, when the load is removed, the material can fully recover the geometrical 

dimensions. The slope of this linear zone corresponds to the compressive modulus. In this case, 

the elastic region is up to 20% of strain and the compressive modulus was calculated for the 

first 10% of strain. In the yield region, the pores in the aerogels gradually collapse when stress 

is slowly increased. Afterwards, with continuous loading, the cell walls start to touch each other 

and the densification occurs, until the material is fully compressed. This stage is characterized 

by an abrupt increase in stress.68,69 The mechanical properties of the aerogels are dependent on 

several parameters, such as morphology, size and number of pores, and degree of interaction 

between the constituent’s flakes. Comparing the mechanical performance of pristine GOa_333 

and thermally reduced GOaT_573 aerogels, the latter showed significantly lower mechanical 

performance, including lower strength and compressive modulus, with values of 111±4.2 and 

46.5±2.1 kPa, respectively. Indeed, the high density of oxygen functional groups on GOa_333 

aerogels allow the establishment of strong interactions between the nanosheets, resulting in 

improved mechanical properties. With the thermal annealing treatment of GOa_333, the oxygen 

groups were removed to some extent from the nanosheets surface, reducing the anchorage sites 

between the neighboring nanosheets, which promotes the collapse of the structure of the 

aerogels at lower applied loads. The value of the compressive modulus for the GOa_333 sample 

was 111±4.2 kPa, which in comparison with reported values is among the higher-ranking 

values. Indeed, it has been reported for graphene aerogels prepared by freeze-casting that 

compressive modulus values can range from 0.5 to 382 kPa, depending on its density.70,71 In 

GO aerogels, most of the research has been dedicated to the development of foams with binary 

systems that consist of GO/crosslinker agents, such as PVA69 and PDMS,72 showing that those 

composites possess higher compressive modulus values (51 and 290 kPa, respectively). In the 

case of polyethylenimine chemically-crosslinked GO aerogels, with a high specific surface area 
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of ca. 690 m2g-1 and low density of 5 x 10-2 gcm-3, an outstanding mechanical performance was 

reported, with up to 20 MPa Young’s modulus.[6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Mechanical tests performed on GOa_333 and reduced GOaT_573 samples: (a) 

quasi-static uniaxial compression, (b) fatigue at 0.3 Hz and 10% of deformation, and (c) 

demonstration of GOa 333 monoliths elasticity applying different weight: 50 g (12 500 times 

the weight of the monolith), and 200 g (50 000 times the weight of the monolith). 

 

In order to further evaluate the structural integrity of GO aerogels, fatigue tests with 

compressive strain of 10% for 20.000 cycles were performed on GOa_333 and GOaT_573 

samples (Figure 11b). Concerning the fatigue behavior, both aerogels maintain their mechanical 

integrity, even after 20.000 cycles. The stress value necessary to promote 10% of deformation 

in the aerogels, at a frequency of 0.3 Hz, remains constant during the cycling compressive tests 

with values of 19 and 13 kPa for GOa_333 and GOaT_573, respectively. However, for high 

values of deformation, some degradation of the mechanical properties over the time was 

observed for both aerogels (50% of deformation, 0.3 Hz, and 20.000 cycles).  

The aerogels were compressible and elastic to some extent, which was surveyed by a simple 

test performed on the solids obtained at 333 K (Figure 11c). The size of the monolith was 
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reduced by only 5% by applying static pressure with a weight of 50 g (12.500 times the weight 

of the monolith), but it mostly recovered the initial shape after releasing this pressure. Thus, the 

inherent flexibility of graphene sheets was translated to the 3D-macrostructure. However, the 

monolith was heavily shrunken (ca. 50%) after applying a weight of 200 g (50.000 times the 

weight of the monolith), and the size was not recovered by eliminating the weight. This 

behavior was likely due to partial breakage of the interior network of the monolith under 

compression. 

 

4. Conclusions 

Monoliths of GO aerogels were prepared in a low-temperature single-step procedure using 

exclusively scCO2 technology, circumventing the standard synthesis protocols involving high 

temperature hydrothermal sol-gel chemistry, lyophilization, and/or drying at the critical point 

of ethanol. Although many methods have been described for the synthesis of reduced rGO 

aerogels, the novelty of the reported scCO2 method is that highly oxygenated GO aerogels are 

produced, by using a simple, fast, and economical method. Rigid and stable three-dimensional 

GO networks were obtained by direct gelling of the high aspect ratio sheets constituting the GO 

precursor dispersed in ethanol, and their self-assembly assisted by scCO2 addition. The 

resulting GO aerogels show light weight and low density (7–9 x 10−3 gcm−3), large BET surface 

area (200–225 m2g−1), and high thermal stability (up to 500 K in air). The mechanical study 

shows that the GO monoliths support more than 12000 times their own weight. A large number 

of applications can be envisaged for GO networks before reduction, since they combine the 

textural advantages of graphene with convenient hydrophilicity and attractive surface chemistry 

given by the oxygen functional groups decorating the sp2 basal planes. The usability of this 

remarkable material is thus enhanced by translating the key properties of individual GO 

building blocks into macroscopic 3D architectures. 
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Abstract 

Extraordinary properties are often described for 2D nanocomposites involving graphene flakes 

and a second component selected from particles or fibers. From this family of hybrid materials, 

this study is centered on composites based on graphene oxide (GO), a multifunctional 

oxygenated version of graphene, and superparamagnetic iron oxide nanoparticles (SPIONs), 

with applications as contrast agents in magnetic resonance imaging (MRI). The research 

focuses on the loading of SPIONs onto a GO surface via a simple one-pot supercritical CO2 

technique. The developed all-green synthesis approach allows the preparation of hybrid 

materials shaped into aerogels with large mesoporosity. The use of coated and uncoated 

components in the aerogel composites is analyzed with emphasis in the significance of the 

arrangement of the NPs into clusters on the GO surface and related with the magnetic properties. 

The development of composites involving organic coating has been widely studied to pursue 

the double objective of increasing NP/GO conjugation and improving the system 

biocompatibility. Extensive structural and functional characterization is carried out to 

understand the behavior of composites toward their performance as contrast agents in MRI. 
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1. Introduction 

Nanocomposites are fascinating materials that have gained ever increasing interest from the 

market and scientific communities, due to the additional advantageous and often synergistic 

properties of the components’ combination.1 Among them, hybridization of 2D materials has 

been presented as one of the most interesting ways to prepare nanocomposites.2 The best known 

of all 2D materials is graphene, which together with its oxidized analogue graphene oxide (GO), 

has been often used as a filler in the polymer industry.3 The known structures of graphene 

nanocomposites are englobed in four categories: 0D@2D (nanoparticles (NPs)/graphene), 

1D@2D (fibers, nanotubes/graphene), 2D@2D (single-layer materials/graphene), and 2D@3D 

(graphene/three-dimensional macrostructures). Due to the high amount of diversity, properties, 

and advantages of graphene, a multitude of nanocomposite based advanced applications have 

been envisioned for this material.4 For example, in the 2D@3D family, the dispersion of 

exfoliated graphene flakes into crystalline metal organic frameworks (MOFs) has been 

extensively prospected to obtain hierarchically organized porous systems for gas separation.5 

In the 0D@2D category, graphene provides a huge surface area for the immobilization of a 

broad range of substances, going from linked metallic cations and molecules (biomolecules, 

fluorescent centers, drugs, etc.)6 to NPs (metallic, inorganic, polymeric, etc.)7 or even bacteria.8  

Composite materials are used in many large markets, like transportation as well as power and 

energy. In the current industrial era, one of the main concerns must be the large amount of non-

sustainable production not fulfilling environmental regulations.9 In this regard, supercritical 

fluids are a class of solvents proposed for a more sustainable chemical industry. Supercritical 

CO2 (scCO2) has been considered the first real green alternative to hazardous organic solvents 

and a way to design sustainable chemical engineering processes.10 In this respect, a recently 

patented scCO2 method, previously described by our research group for GO processing, is here 

extended to 2D nanocomposite preparation.11 Efforts are not only focused on using scCO2 to 

form the composite but also on simultaneously processing the material into a 3D user friendly 

configuration, specifically, in the form of a highly porous aerogel. In contrast to the high-

temperature (ethanol) critical point drying procedure commonly used for aerogels preparation,12 

the developed scCO2 method uses temperatures about 100 K lower, which prevents the removal 

of the oxygenated functionalities of GO.13  

NPs@GO hybrid structures are especially alluring. Particularly, the integration of 

superparamagnetic iron oxide NPs (SPIONs, including magnetite Fe3O4 and maghemite 

γ-Fe2O3) and GO into nanocomposites is currently a hot topic of research owing to the 
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possibility of rapid magnetic SPIONs@GO displacement with a magnet. Their implementation 

has been proposed essentially in the areas of pollutant removal14 and biomedicine, including 

magnetically targeted drug delivery, immunoassays, hyperthermia, and magnetic resonance 

imaging (MRI).15 MRI labeling with biocompatible Fe3O4 NPs and its composites is a powerful 

technique used for the evaluation of the location and distribution of malignant cells.16 Due to 

the size-dependent magnetic properties, superparamagnetic Fe3O4 NPs, with sizes below 20 

nm, have long been utilized as negative contrast agents for transverse relaxation time 

(T2)-weighted MRI. Fe3O4@GO composites can be prepared by both in situ and ex situ 

methods. In the in situ techniques, the NPs are grown in the presence of GO flakes, either by 

chemical deposition from solutions of Fe3+ and Fe2+ in basic media17 or by hydrothermal18 or 

mechanochemical19 reduction of Fe3+ salts. Contrarily, in the ex situ protocols, pre-synthesized 

NPs are deposited on the GO flakes. The main drawback of the in situ methods is the 

unavoidable reduction of GO to reduced GO (rGO) during composite settling. There are only a 

few reports describing 3D monolithic magnetic composites, and all of them correspond to 

systems involving rGO as a matrix instead of GO.20,21  

This work focuses on the use of scCO2 for the preparation of Fe3O4@GO composites for MRI 

and other biomedical applications. Indeed, the presence of the oxygenated functionalities in GO 

would allow the extra functionalization of the matrix with other molecules of interest, e.g., 

drugs, coating agents, fluorescent probes, and so on. The straight assembly of preformed Fe3O4 

NPs was the method chosen to synthesize aerogel composites involving highly oxidized GO. 

The ecofriendly process designed with scCO2 allowed achieving a completely solvent (toxic or 

harmful to the environment)-free product, thus not compromising its use in the biomedical area. 

Finally, the use of the ex situ procedure circumvents the drawback of NPs’ uncontrolled 

aggregation during growth, since it has been proven that only the controlled clustering of the 

magnetic NPs results in a considerable increase of MRI efficiency.22−24 Eventually, the use of 

coating agents has also been proposed to control NP clustering.25,26 Accordingly, this study first 

explores the use of small ligands, such as citrate,27 to functionalize the magnetic NPs for the 

control of the aggregation during deposition on the GO surface. Next, the use of 

polyethylenimine (PEI), a widely employed coating agent in the pharmaceutical industry, is 

investigated to modulate the behavior of the composite in water.28 
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2. Experimental 

2.1. Materials 

GO sheets were purchased from Graphenea Inc. (Spain), supplied as a stable dispersion in water 

with a concentration of 4 mgcm−3. For the preparation of Fe3O4 NPs, the used reagents were 

hydrated iron (II) chloride (FeCl2·4H2O) from Carlo Erba and anhydrous iron (III) chloride 

(FeCl3), sodium hydroxide (NaOH), and hydrochloric acid (HCl) from Merck. As coating 

agents, citric acid (Merk) and aziridine (kindly donated by Menadiona S.A.) were assayed. 

Compressed CO2 (99.95 wt %) and absolute ethanol (EtOH), delivered by Carburos Metálicos 

S.A. and Scharlau Chemie, respectively, were used as solvents. 

2.2. Methods 

2.2.1. Synthesis of Fe3O4 NPs 

A well-established precipitation method was used to synthesize the Fe3O4 NPs.29 Briefly, 0.2 g 

of FeCl2·4H2O and 0.52 g of FeCl3 were dissolved in 2.5 cm3 of a deoxygenated aqueous 

solution acidify with 0.2 cm3 of HCl 6 M.  The acidic solution was added dropwise in a two-

neck flask containing 1.5 g of NaOH in 25 cm3 of water under N2 flow and with vigorous 

stirring. The precipitation of a black solid occurred as a result. This product was left under 

stirring for 5 more minutes. After that, the black powder was flocked at the bottom of the flask 

with the help of a magnet and the supernatant was decanted. The product was rinsed with 25 

cm3 of water by consecutive centrifugation (4000 rpm) and decantation. This procedure was 

repeated three times. Then, the solid was treated with 50 cm3 of HCl 0.01 M to obtain a colloidal 

suspension of Fe3O4 NPs. Previous to aerogel composite preparation, the water in the dispersion 

must be exchanged by EtOH. A multi-step water-to-ethanol exchange procedure was followed 

to obtain a long-term stable sol of NPs in EtOH. Water replacement was performed in four 

successive steps of centrifugation (11000 rpm) / sonication (30 min) by using ethanol:water 

mixtures with increased alcohol concentration, 30:70, 50:50, 70:30 and finally 100:0. A stable 

colloidal suspension of Fe3O4 NPs in EtOH, with a concentration of ca. 3 mgcm-3, was thus 

obtained. 

2.2.2. Preparation of the composite aerogel 

For the composite aerogel, the synthetic procedure starts by exchanging the water in the 

commercial GO suspension with ethanol, using the same protocol as the one previously 

described for the Fe3O4 NPs. A stable colloidal suspension of GO in EtOH with a concentration 



Chapter 2 

97 
 

of ∼3 mgcm−3 was obtained. Precursor colloidal suspensions of the aerogel were obtained by 

mixing the parent ethanol solutions and sonication for 30 min. The studied weight ratio was 2:1 

(GO:Fe3O4). Monolithic pieces of aerogel composites were prepared in small assay tubes of 2 

cm3, following a previously reported protocol.13 Briefly, three vials were loaded with 1 cm3 of 

the GO/NPs dispersion and placed into a non-stirred high-pressure reactor of 200 cm3 

(TharDesign). Liquid CO2 was flushed into the vessel to pressurize the system to 6 MPa. The 

vessel was then gently heated up to 333 K and pressurized to 20 MPa. These conditions were 

kept for a period of 48 h. A pressure decrease to ambient conditions was achieved by the slow 

and isothermal release of CO2, thus avoiding the two-phase region for the fluid that could 

damage the aerogel structure. Aerogel samples were isolated as black cylindrical monoliths, 

termed as Fe3O4@GO. Note that pristine GO monoliths are usually grayish, and they only 

became black after reduction to rGO. In this case, they appear as black due to the contribution 

of the color of the NPs. 

2.2.3. Preparation of coated composites 

In some experiments, the Fe3O4 NPs were surface modified with citrate before aerogel 

formation. In all aspects, the following protocol for coated NP preparation was the same as the 

one used to prepare Fe3O4 NPs, but the 0.01 M HCl in the synthesis was replaced by citric acid. 

Hence, the black precipitate obtained after washing the NPs was treated with 50 cm3 of aqueous 

solution containing 0.1 g of citric acid. The result was citrate-coated NPs (cFe3O4), which were 

dispersed in EtOH and further processed into the monolith composite (sample cFe3O4@ GO).  

In another set of experiments, the composite Fe3O4@GO was modified with PEI after aerogel 

formation by using an scCO2 reported method.30 In short, the high-pressure reactor was charged 

with one cylindrical monolith of either GO or Fe3O4@GO. A drop of 10 μL of liquid 

ethylenimine was added on the top of the monolith. To promote the polymerization of the 

monomer, the vessel was pressurized to 15 MPa with CO2 at 313 K and left to react for 30 min. 

Dry monolith samples were recovered after depressurization, labeled as PEIGO of 

PEI(Fe3O4@GO). 

2.3. Characterization 

The percentage of metal in the composites was determined by inductively coupled plasma mass 

spectrometry (ICPMS, Agilent 7700x) after the solid was digested in hydrochloric and nitric 

acids. To determine the composition of the GO flakes and that of the Fe3O4@GO composite, 

X-ray photoelectron spectroscopy (XPS) was recorded for C, O, N and Fe in an XPS 
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Spectrometer Kratos AXIS Supra, using Al Kα (20 eV) radiation emitted at 225 W (15 mA/15 

kV). The binding energies of the resulting spectra were corrected by employing the binding 

energy of adventitious carbon (284.6 eV) in the C 1s region. The backgrounds were corrected 

using Shirley baselines. All the analyzed regions were deconvoluted by means of mixed 

Gaussian−Lorentzian functions (90:10). The quantitative analyses were based on the atomic 

sensitivity factors stored in the CasaXPS database (v2.3.12Dev6). The molecular arrangement 

was investigated by means of Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 

Spectrophotometer). The textural properties were determined by N2 adsorption/desorption at 

77 K using ASAP 2000 Micromeritics Inc. equipment. Samples were first degassed at 393 K 

for 24 h. The surface area was calculated by applying the BET equation. Morphological features 

were examined by using a scanning electron microscope (SEM, Quanta FEI 200), coupled with 

an energy-dispersive X-ray spectroscope (EDS) used for metal quantification. The size and 

distribution of the NPs on the GO flakes were examined using a transmission electron 

microscope (TEM, JEOL 1210). The thermal stability of the composites was analyzed in air 

flow by thermogravimetric analysis (TGA, Netzsch-STA 449 F1 Jupiter) using a temperature 

increase step of 5 Kmin−1. Zeta potential measurements were carried out on a Malvern Zetasizer 

Nano ZS after the samples were dispersed by sonication (15 min) in EtOH, the synthetic 

medium used in this work.  

The superparamagnetic nature and saturation magnetization (Ms) of chosen composites were 

first studied with a superconducting quantum interference device (SQUID Quantum Design 

MPMS-XL magnetometer). The magnetic hysteresis curves were recorded at 300 K and up to 

50 kOe. Afterward, MRI studies were carried out in a 7T Bruker Biospec70/30 USR apparatus 

(Bruker Biospin BmbH) system equipped with a mini-imaging gradient set (400 mTm−1) and 

using a linear volume coil with a 72 mm inner diameter. Phantoms containing weighted 

amounts of Fe3O4@GO or a 10 mgcm−3 agar/water solution were prepared for relaxivity 

measurements. To form the gels, the composite was dispersed in the agar solution under stirring 

and heated to 343 K. The vials were cooled down to room temperature in a water bath under 

sonication. For T2 measurements, a multislice multiecho sequence was used, with a repetition 

time of 3 s and echo time values between 10 and 600 ms in steps of 10 ms. T2 values were 

obtained as the slope of the linear regression of the relaxation rates (1/T2) vs. iron concentration. 
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3. Results and discussion 

3.1. scCO2 preparation of Fe3O4@GO composite aerogels 

A simple method to efficiently decorate GO sheets with monodispersed Fe3O4 NPs is hereby 

presented. As shown in Figure 1, this is readily achieved by first preparing monodispersed 

Fe3O4 NPs and GO suspensions in ethanol and then mixing them up. The NPs are 

homogeneously deposited onto the GO surface during the self-assembly of the flakes into a gel, 

which is induced by the addition of scCO2, an acid gas. A dry composite, in the form of a black 

aerogel monolith, is obtained after isothermal depressurization.  

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the synthetic protocol used to prepare SPIONs@GO 

composites: mixing of NPs and GO ethanol dispersions and self-assembly in the high-

pressure reactor by scCO2 addition to obtain a dry magnetic 3D GO monolithic aerogel 

decorated with NPs. The monolith is easily redispersed in water and maintains the magnetic 

properties. 

 

The as-made composite aerogel is magnetic and can be lifted by a magnet. The monolith is 

easily redispersed in contact with water, reflecting the hydrophilic character of the Fe3O4@GO 

composite. The redispersed composite can still be manipulated with an external magnetic field. 

3.2. Aerogel structure and morphology  

Figure 2 displays the powder XRD patterns recorded for the Fe3O4@GO composite and the 

parent GO flakes and Fe3O4 NPs. Pristine GO exhibits a single wide peak at about 2θ = 11.1°, 

indicating that graphene interlayer distances are close to 0.8 nm,31 compatible with highly 

oxidized graphene.32 The main diffraction peaks of Fe3O4 NPs are observed at 2θ angles higher 

than 30°, with the most intense peak located at around 35°.33 It is worth to mention that XRD 

technique does not allow discerning between Fe3O4 and γ-Fe2O3, but based on the used 
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precipitation method in this work, the inorganic phase is regarded as Fe3O4. The low intensity 

and widening of diffraction peaks are ascribed to the small size of the NPs. In the Fe3O4@GO 

system, the XRD peak of GO is still noticeable at around 11°. The Fe3O4 peak at 35°, even still 

observable, is almost totally masked by a wide amorphous background resulting from the 

composite as a whole. With the XRD data alone, it was not possible to confirm that the 

employed strategy had not lead to the partial reduction of GO, because rGO would present a 

wide peak at ∼25° that could be masked by the amorphous background. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. XRD patterns of the different studied compounds. 

 

The morphology of the hybrid composite was characterized by SEM and TEM. The SEM 

images obtained for GO and Fe3O4@GO aerogels are presented in Figure 3. For the GO matrix, 

the low-magnification picture indicated the formation of a porous sponge with interconnected 

meso- and macropores (Figure 3a). The aerogel structure, with well-dispersed and multiple 

exfoliated and disordered GO sheets, could be observed at high magnification (Figure 3b). This 

morphology for the GO matrix was not lost by the addition of NPs (Figure 3c,d). Figure 3d 

clearly shows that the distribution of the NPs on the GO flakes in the Fe3O4@GO sample was 

homogeneous and in the form of small aggregates.  
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Figure 3. SEM images of the different prepared samples: (a,b) pristine GO aerogel; (c,d) 

Fe3O4@GO composite aerogel; (e) Fe3O4@GO composite after ultrasonication in water 

causing aerogel destruction and flake compaction but not NP detachment; and (f) 

cFe3O4@GO composite aerogel. 

 

To ascertain the stability of the composite, a portion of the Fe3O4@GO sample was redispersed 

in water, ultrasonicated for 15 min, and then dried. SEM images of the recovered black powder 

indicated that the NPs were still forming part of the composite (Figure 3e), with no significant 

separation of the inorganic and graphene phases. The stability of the Fe3O4@GO composite 

against sonication indicates a rather strong binding between the NPs and GO.  

By analyzing TEM micrographs of the as-synthesized Fe3O4 sample (about 100 NPs), the 

diameter was estimated to be in the range of 7−12 nm (Figure 4a), which is in the 

superparamagnetic size range. The GO flakes in the composite can be identified from the 
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background by the fringes and wrinkles (Figure 4b). The NPs are dispersed on the GO surface 

forming small clusters of less than 100 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. TEM photographs of NPs and composites: (a) Fe3O4; (b) Fe3O4@GO; (c) cFe3O4; 

and (d) cFe3O4@GO. 

3.3. Electronic properties 

A positive zeta potential value (31 mV) was measured for pristine Fe3O4 NPs synthesized in 

acid media, since at low pH, positive ions of Fe2+ and Fe3+ were expected to be driven into the 

Stern layer.34 Moreover, the dispersed GO platelets had an inherent negative charge (−30 mV) 

as a result of the ionization of the oxygen functionalities. The different sign in the magnitude 

of the charges of NPs and GO would result in strong electrostatic interactions between both 

components in the composite. The measured zeta potential for the Fe3O4@GO composite was 

−30 mV, similar to the value found for net GO. This result is rationalized on the basis of the 

considerably higher contribution of GO to the surface area with respect to the NPs. 
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3.4. Textural properties 

The differences in the structure and textural characteristics of the pristine GO aerogel and the 

composite were further analyzed by low-temperature adsorption/desorption of N2. Recorded 

isotherms are plotted in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Low temperature adsorption/desorption N2 isotherms recorded for the Fe3O4@GO 

and cFe3O4@GO aerogel composites. The inset displays the isotherm of pristine GO aerogel. 

 

GO and Fe3O4@GO exhibited both a type IV isotherm according to the IUPAC classification, 

which is characteristic of mesoporous materials. Moreover, these isotherms had an H3-type 

hysteresis loop related to slit-shaped pores and aggregates of plate-like particles,35 

representative of the studied GO system. Measurements yielded similar BET surface areas for 

GO and Fe3O4@GO with values of 231 and 228 m2g−1, respectively. The microporosity, 

observed at very low relative pressures in the isotherm, slightly increased in the Fe3O4@GO 

composite, in which small pores are generated by the aggregation of the Fe3O4 NPs into clusters 

on the GO surface. 
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3.5. Aerogel molecular structure 

FTIR spectroscopy of samples dispersed in KBr was used to qualitatively ascertain the 

molecular composition of the aerogels (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. FTIR spectra of the different studied compounds. 

 

A wide absorption band at 3430 cm−1 (not shown) and a peak at around 1620 cm−1 were 

observed in all spectra and assigned to vibrations of structural OH groups (C−OH in GO and 

Fe−OH on the Fe3O4 surface) as well as to adsorbed molecular water. The spectrum of Fe3O4 

is characterized by an intense band at ∼580 cm−1, generated by the torsional vibration mode of 

Fe−O.36 In the region of 1800−600 cm−1, most of the bands in the spectra of the aerogels were 

originated by vibrations of the oxygenated functionalities of GO and the skeletal carbon.37 Thus, 

the C=O group vibration was identified at 1725 cm−1, while the shoulder at 1580 cm−1 was 

assigned to aromatic C=C from nonoxidized domains. Finally, peaks at 1380, 1235, and 1054 

cm−1 corresponded to carbonyl, epoxy, and alkoxy functionalities. For the composite material, 

the band at 580 cm−1 confirms the presence of the Fe3O4 NPs.  
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3.6. Thermal stability metal percentage 

Calculated from the content of iron measured by atomic absorption, the Fe3O4 loaded on 

Fe3O4@GO was quantified as 36 wt %. TGA in air atmosphere was also used for the mass 

quantification of the composite as well as for the scrutiny of the thermal stability of the aerogels. 

The results are shown in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. TGA curves recorded for the different studied compounds. 

 

For samples involving GO, the mass loss below 400 K (ca. 5 wt %) was attributed to the 

evaporation of weakly adsorbed water. The decomposition of GO occurred in two steps, in 

which the first gradual decay (ca. 430−500 K) was assigned to the loss of oxygenated groups. 

The values of weight loss in this area were estimated as 31 and 20 wt % for GO and Fe3O4@GO, 

respectively. Considering for the weight loss calculation that this decay was only due to the GO 

component in the hybrid composite, a similar percentage of ∼30 wt % of oxygenated 

functionalities can be allocated to GO in both the pristine and composite aerogels. Hence, the 

decoration of the GO surface with Fe3O4 NPs did not significantly reduce (or deoxygenate) the 

GO in the resulting composite. A second abrupt weight loss was noticeable between 650 and 
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700 K, attributed to the pyrolysis of graphene in air. For pristine GO aerogels, the thermal 

decomposition was completed at 700 K. Contrarily, the TGA curve for the composite indicated 

a significant percentage (ca. 36 wt %) of nonpyrolized material at this temperature, which was 

assigned to the inorganic fraction. It should be taken into account that at this temperature the 

inorganic component must be Fe2O3, instead of Fe3O4. After recalculation, the estimated weight 

of Fe3O4 in the aerogel composite was estimated o be around 34 wt %, in line with ICP-MS 

results.  

An EDS coupled with an SEM was used to estimate the atomic percentage of C, Fe, and O 

elements in the composite aerogel. Pieces of the Fe3O4@GO monolith with enough density to 

avoid X-ray excitation of the background (graphite tape) were used for the measurements 

(Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

Figure 8. EDS mapping of Fe3O4@GO composite aerogel. 

 

The atomic ratio Fe/O was estimated as 0.27, which is much lower than that corresponding to 

Fe3O4 (0.75), indicating oxygen excess. This low value reflects the contribution to atomic O of 

GO. The weight percentage of atomic Fe in the sample was estimated as 23 wt %, which 

corresponded to a percentage of ca. 32 wt % of Fe3O4 in the composite, again in line with the 

values found by TGA and ICP-MS. 
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3.7. Oxidation state 

The deconvolution of the recorded XPS data yielded the curves depicted in Figures. 9-12. 

 

 

 

 

 

Figure 9. XPS deconvolution results for GO aerogel sample in the different spectral regions. 

 

 

 

 

 

 

Figure 10. XPS deconvolution results for Fe3O4@GO composite sample in the different 

spectral regions. 

 

 

 

 

 

 

 

Figure 11. XPS deconvolution results for PEIGO aerogel sample in the different spectral 

regions. 

  

 

 

 

 

 

Figure 12. XPS deconvolution results for PEI(Fe3O4@GO) aerogel sample in the different 

spectral regions. 
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For pristine GO aerogel, the C/O atomic ratio was around 2, indicating a high degree of 

oxidation for the flakes. Deconvolution of the spectra obtained for the pristine matrix revealed 

peaks at binding energy values of 284.6, 286.6, and 532.5 eV corresponding, respectively, to 

the typical C 1s (C=C and C−O) and O 1s (C−O) binding environments of GO, with only a 

small contribution of ketone and carbonyl groups (less than 5 at %). Carboxylic acid 

functionality was not detected (absence of signals at 288.8 and 534.4 eV in C 1s and O 1s 

regions, respectively). The GO flakes description inferred from XPS matches the widely 

accepted GO model developed by Lerf et al.,38 in which GO is described as constituted by 

nonstoichiometric platelets, wherein both the carbon plane and the edges are mainly decorated 

with hydroxyl and epoxy functional groups. Carbonyl groups are also present in low quantities, 

mostly as carbonyl and keto groups at the periphery of the flakes but also as organic carbonyl 

defects within the sheets.39 The addition of Fe3O4 NPs did not produce any noticeable reduction 

on the GO sheets, as can be observed by comparing the C/O ratios in GO and Fe3O4@GO 

samples. On the contrary, the total percentage of oxygen increased for the Fe3O4@GO sample 

with respect to pristine GO, but this is due to the extra contribution to O given by Fe3O4. XPS 

analysis indicates that the surface of the NPs in the composite was composed mainly of 

bohemite (FeOOH at 711.7 eV) and hematite (Fe2O3 at 710.8 eV). The presence of bohemite 

bands in the spectrum, along with those of hematite, can be explained by the metastability of 

small magnetite nanocrystals with respect to oxidation by X-ray irradiation during 

measurement. The percentage of surface iron was measured as 1.8 at %, which corresponded 

to 9.7 wt % of Fe3O4. On the decorated surface of GO, the dispersion of the NPs is defined as 

the ratio of the surface atoms to the total number of atoms in the particle.40 The high dispersion 

values found in the Fe3O4@GO system (9.7 over 36 wt %) reflects the small size of the NPs of 

only a few nanometers. These NPs are in some way associated with the hydroxyl and epoxy 

groups formerly present on the GO surface, which change toward >C=O functionalities.  

Table 1 shows the relative abundance of the main components in the XPS spectra recorded for 

GO and Fe3O4@GO aerogels. 

 

 

 

 

 



Chapter 2 

109 
 

Table 1. XPS derived surface composition of the different samples in atomic percentage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.8. Magnetic Properties.  

The magnetic properties were studied with a SQUID apparatus. Magnetic hysteresis curves 

obtained from Fe3O4 NPs and the Fe3O4@GO sample are shown in Figure 13 a,b. Hysteresis 

loops were recorded at room temperature (300 K) using an applied magnetic field that was 

swept from −600 to 600 Am−1 and fitted to the Langevin function.41 The magnetic curves 

revealed negligible coercivity and magnetic remanence, which indicates superparamagnetic 

behavior, also for the composite. The magnetic saturation (Ms) values obtained from the 

magnetic hysteresis curves were 48 emug−1 for Fe3O4 NP and 26 emug−1 for Fe3O4@GO (75 

emug−1 when recalculated by subtracting the mass of GO in the composite). As usual, the Ms 

value arising from the bare Fe3O4 NPs was smaller than the one of the bulk material 

(Ms (bulk Fe3O4) = 92 emug−1).42 The Langevin function, (eq. 1) fitted in each case for the 

 GO Fe3O4@GO PEIGO PEI(Fe3O4@GO) 

% O 33.5 36.0 11.3 11.4 

% N 1.4 1.2 20.2 20.0 

% Aminic/amidic N 0.67 0.62 19.90 16.70 

% Pyridinic N 0.00 0.00 0.00 1.45 

% Graphitic N 0.69 0.58 0.00 1.85 

% C 65.2 61.0 68.4 68.0 

C/O 1.90 1.70 6.05 5.96 

N/C 0.02 0.02 0.30 0.29 

%C in C=C 22.31 16.92 10.09 5.35 

%C in sp3 C 2.56 8.93 24.89 31.31 

%C in C-N 0.67 0.62 19.90 16.70 

%C in C=N 0.69 0.58 0.00 3.30 

%C in C-O-C 19.24 10.79 4.45 3.23 

%C in C-OH 15.20 11.73 1.46 0.47 

%C in >C=O 0.00 6.66 7.65 6.86 

%C in R-O-C=O  3.72 3.68 0.00 0.63 

%C in O=C-O-C=O  0.79 1.10 0.00 0.14 

%C in -COOH 0.00 0.00 0.00 0.00 

% Fe - 1.8 - 0.6 

% Fe in FeO - 0.10 - 0.33 

% Fe in Fe2O3 - 0.63 - 0.01 

% Fe in FeOOH - 1.07 - 0.30 
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curves recalculated for the exclusive weight of Fe3O4, was used to estimate the size of the NPs. 

The obtained values were 9.5 and 9.9 nm for the NPs in pristine Fe3O4 and in the composite 

Fe3O4@GO, respectively. These values are in accordance with the sizes previously observed 

by TEM analysis.  

𝐿(𝛼) = coth(𝛼) −
1

𝛼
            𝛼 =

4𝜋𝑟3𝑀𝑠

3 𝐾𝑏𝑇
 Eq. 1 

where r, Ms, Kb and T equal to the nanoparticle radius (m), magnetic saturation (emu g−1), 

Boltzmann constant and temperature (K) respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Field dependent magnetization curves obtained for: (a) Fe3O4; (b) Fe3O4@GO; 

(c) cFe3O4; and (d) cFe3O4@GO. Coloured straight lines represent the Ms values with 

respect to percentage of Fe3O4, i.e., subtracting the weight of GO in the composite. Dashed 

lines correspond to Ms values weighted for the composite. In each figure, black lines 

corresponded to the Langevin fit. 
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3.9. Surface functionalization with citric acid 

The surface of SPIONs can be stabilized by the adsorption of citric acid being coordinated via 

one or two of the carboxylate functionalities. Carboxylate adsorption has important effects on 

the growth of the SPIONs, the particle size, and the magnetic properties.43 Zeta potential 

measurements were used to monitor coating efficiency and its influence in NP stability. By 

coating, the zeta potential was shifted from positive in net Fe3O4 (30 mV) to negative in citric-

coated cFe3O4 (-33 mV). This sign is assigned to the presence of negatively charged carboxylate 

groups on the surface of cFe3O4. TEM micrographs indicated the precipitation of a highly 

monodisperse system of cFe3O4 NPs, with sizes between 5 and 9 nm (Figure 4c). Hence, the 

average size of cFe3O4 was slightly smaller than for uncoated Fe3O4 (Figure 4a) due to the effect 

in the growth of the NPs of the citrate capping agent. This observation was corroborated by 

data on particle size obtained from the Langevin function applied to the magnetic curves 

recorded for cFe3O4 and cFe3O4@GO (Figure 13c,d), giving size values of 8 and 8.1 nm, 

respectively. FTIR was used to study the pre-functionalization of the Fe3O4 NPs with citrate. 

The shoulder in the band at 1620 cm−1, observed at ∼1560 cm−1 in the cFe3O4 spectrum, 

together with the neighbor band at 1400 cm-1, can be assigned to C=O vibration,44 

demonstrating the presence of adsorbed citrate on the NPs’ surface. TGA analysis of the 

synthesized NPs showed that below 400 K, both samples, Fe3O4 and cFe3O4, lost adsorbed 

water, but afterward, a weight decay was only observed for cFe3O4 and assigned to citrate 

elimination (Figure 7). A percentage of ∼8 wt % was estimated for the citrate coating the NPs. 

The addition of citrate onto the surface of the NPs changed the sign of the zeta potential from 

positive in Fe3O4 (30 mV) to negative in cFe3O4 (−33 mV). Hence, in this case, both GO and 

the NPs have the same sign, which would reduce the possibility of electronic interactions. 

However, in the premade cFe3O4 NPs, the active carboxylate groups, not grafted on the NPs’ 

surface, are amenable for binding to other hydroxylated surfaces, like GO platelets (Figure 1), 

thus allowing a strong chemical interaction between both components. As occurs for the 

Fe3O4@GO sample, the cFe3O4@GO nanocomposite was negatively charged, with a zeta 

potential value of −38 mV. XRD analysis of the cFe3O4@GO aerogel displayed the same 

structure than for Fe3O4@GO (Figure 2), with the GO peak being clearly visible along with an 

amorphous background. The presence of the NPs in the composite was investigated by FTIR 

spectroscopy (Figure 6), characterized by the Fe−O vibration at ∼580 cm−1. TEM (Figure 4d) 

and SEM (Figure 3f) images showed that the distribution of the NPs on the GO flakes was 

homogeneous and in the form of small aggregates of less than 100 nm. The BET surface area 
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for the cFe3O4@GO composite was 206 m2g−1 (Figure 5), similar to that found for Fe3O4@GO 

(228 m2g−1). The Fe3O4 loaded on cFe3O4@GO was quantified as 38 wt % by ICP-MS. TGA 

of Fe3O4@GO and cFe3O4@GO presented the same thermal events (Figure 7). From the first 

abrupt mass loss in cFe3O4@GO (23 wt %), a percentage of ∼30 wt % of oxygenated 

functionalities can be assigned to the GO matrix in the composite. From the second decay, the 

weight of Fe3O4 in the cFe3O4@GO aerogel composite was estimated to be around 34 wt %. 

Comparing weight loss differences for Fe3O4@GO and cFe3O4@GO samples at 550 K, the 

mass fraction of citrate in cFe3O4@GO was estimated as 3 wt %, which matches the initial 

value of 8 wt % for net cFe3O4 when recalculated, subtracting the weight of GO. The saturation 

magnetization values obtained from the magnetic hysteresis curves were 50 emug−1 for cFe3O4 

NPs and 26 emug−1 for cFe3O4@GO (81 emug−1 when recalculated by subtracting the mass of 

GO in the composite) (Figure 13c,d). 

3.10. Surface functionalization with PEI 

Some reports on the cytotoxicity of graphene and its derivatives have shown that these materials 

exhibit a certain degree of toxicity to cells and animals.45 In biomedicine, this problem is 

typically solved by coating the system with a biocompatible polymer, such as polyethylene 

glycol, dextran, or polyethylenimine.,46,47 The latter, PEI, is a water-soluble polymer widely 

used in its branched form to coat materials for bioapplications.48 Indeed, a facile scCO2 strategy 

has been previously developed in our laboratory to functionalize aerogel magnetic NPs with 

PEI polymer, with the objective of increasing biocompatibility and, simultaneously, controlling 

drug release.28 The PEI random branched structure is produced by the CO2-catalyzed 

exothermic polymerization of the aziridine monomer in the supercritical medium. This method 

was applied in this work to covalently conjugate the polymer to the aerogels’ surface (Figure 

14). Low-molecular-weight PEI results from the scCO2 process, which, in the presence of the 

composite, is expected to be grafted onto the surface. For easy understanding and 

characterization, the coating of pristine GO aerogels with PEI was first analyzed. Certainly, 

GO, with the main contribution to the surface area in the Fe3O4@GO composite, would be the 

primarily functionalized component. 
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Figure 14. Schematic representation of the process occurring during PEI coating of the 

aerogel. The polymerization is initiated by compressed CO2 addition, and then, the 

exothermic reaction is propagated to give low-molecular-branched PEI, which is grafted to 

the GO surface. The monolith (partially damaged by the liquid aziridine) is recovered dry. 

 

Functionalization of GO with aminopolymers by amidation and/or amination are widely studied 

processes.49 The amidation reaction between amine and carboxyl groups at the periphery of GO 

requires a previous chemical treatment (acylation reaction) for carboxylic acid activation. 

Contrarily, amination is a more straightforward process, since alkylamines are highly reactive 

to both epoxy (nucleophilic substitution) and hydroxyl (condensation) groups on the basal plane 

of GO flakes. XPS analysis of the as-synthesized PEIGO sample showed a significant reduction 

in the percentage of both C−OH and C−O−C groups with respect to pristine GO (Table 1), 

hence indicating the prevalence of the amination reaction.50,51  

C−OH amination did not cause any modification in the aromatic GO network, although 

hydroxyl groups can be eliminated together with hydrogen in the β-carbons of the alkylamine 

to form aliphatic C=C groups.52 Contrarily, nucleophilic attack at the epoxy functionalities 

causes simultaneous aromatic C=C bond formation and deoxygenation. The concurrent slight 

increase of >C=O functionalities, already observed in other low-temperature (423−473 K) 

treatments, occurred by the rearrangement of epoxy and hydroxyl groups closely placed.53 As 

a result, GO in the PEIGO sample was significantly reduced, as typically observed for GO 

flakes treated with amine-containing molecules.54 The formation of reduced GO was aided by 

the increase in temperature caused by the exothermic ring opening polymerization of aziridine 

in scCO2. The quick heat release vaporized the monomer resulting in a visually observed vapor 

cloud of, likely, small PEI oligomers. The aerogel macro- and mesoporosity is expected to 

enable the internal diffusion of the polymer and, thus, the homogeneous distribution of the 

coating. The amount of sp3 C detected by XPS was greatly augmented after coating due to the 
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contribution of PEI (two CHx per each NHx). The result of the deconvolution treatment of the 

N 1s spectrum revealed an intense peak at 399.8 eV, which was attributed to the N−C bond. 

The percentage of this functionality in the material is almost 20 at % (Table 1), which indicates 

a high loading of polymer in the PEIGO sample. The surface covalent attachment of PEI was 

supported by the analysis of the FTIR spectrum of the PEIGO sample (Figure 6).55 The band at 

1657 cm−1 indicated the presence of NH2 groups. Bands at 1564 and 1455 cm−1 corresponded 

to NH vibration; even the former also had a contribution of C=C stretching. The band at 1384 

cm−1, owing to the N−C aromatic vibration, is representative of the covalent bond established 

between GO and the polymer. The region from 1250 to 1050 cm−1 showed a wide band, with a 

contribution of −CH2 (1245, 1179, and 1083 cm−1), aliphatic N−C (1140 cm−1), and, in small 

percentage, remaining −OH and C−O−C groups. TGA characterization of this sample showed 

an insignificant mass loss below 500 K, the region corresponding to the elimination of the 

oxygenated functionalities of GO, indicating again its reduced character of the PEIGO sample 

(Figure 7). After this temperature, the weight loss can be related to PEI decomposition and rGO 

pyrolysis. For aerogels, the main drawback of the reported supercritical method is related to the 

liquid character of the aziridine monomer, which partially destroys the delicate structure of the 

aerogel due to capillary forces (Figure 14). 

Regarding the PEI(Fe3O4@GO) sample, XPS results matched those previously described for 

PEIGO, indicating again a high degree of reduction for the GO matrix in the composite 

(Table 1). This composite incorporates N in a large quantity, thus demonstrating the successful 

PEI coating without significant Fe3O4 detachment. Indeed, the presence of aggregates of 

nanoparticles on the GO surface was observed in the SEM pictures taken from the 

PEI(Fe3O4@GO) sample (Figure 15a). The PEI(Fe3O4@GO) monolith is attracted by a magnet, 

in both air and water media (Figure 15b), also indicating the presence of the magnetic 

nanoparticles on the GO aerogel structure. Contrary to the behavior of Fe3O4@ GO, the 

PEI(Fe3O4@GO) composite was not easily dispersed in water just by dipping. Indeed, the 

PEI(Fe3O4@GO) sample adsorbed water when immersed in this liquid, indicating its 

hydrophilic character, but it is stable as a monolith when stored under ambient conditions at 

least for six months (Figure 15b). This behavior can be explained by the intercalation of the 

branched polymer among the flakes. On one side, it should be taken into account that C−O−C 

and C−OH groups on GO are located above and below each layer; on the other side, branched 

polymers act as multifunctional molecules that can be chemically anchored through several 

termination points (−NH2). Hence, the functionalization of GO aerogels using an aziridine 
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monomer can produce stitched graphene, as previously demonstrated for other bifunctional 

amines and branched alkyl polymers.56−58 

 

 

 

 

 

 

Figure 15. Characterization of PEI(Fe3O4@GO): (a) SEM image and (b) behavior in water, 

a medium in which the magnetic monolith was stable in the absence of stirring, although it 

can be dispersed by sonication. 

 

3.11. Composite as MRI contrast agent 

As previously discussed in the introduction, SPIONs have proven to be excellent MRI contrast 

agents, offering sufficient sensitivity for T2-weighted imaging. These materials enhance image 

contrast by decreasing the T2 time of nearby water protons. The contrast agent efficiency in 

MRI is given by its relaxivity, which describes how much the transversal relaxation rate (1/T2) 

increases due to the contrast agent concentration. Several strategies have been developed to 

increase contrast offered by SPIONs. For instance, enhanced MRI contrast could be achieved 

via the interaction of NPs sitting on neighboring nanocarriers.59 Alternatively, aggregation of 

NPs can generate very high magnetic field gradients from the collective magnetic behavior of 

individual units.60 However, aggregation also causes precipitation and shortening of circulation 

time in blood. To achieve enhanced MRI contrast and better biocompatibility and physiological 

stability, the magnetic materials can be constructed by the controlled clustering of the NPs on 

a surface, e.g., that of GO sheets.61,62 To prove the rationality of this idea in the prepared 

composites, Fe3O4@GO or cFe3O4@GO samples were tested as MRI contrast agents. A six-

well plate containing Fe3O4@GO or cFe3O4@GO suspended in agar with different iron 

concentrations was imaged using a 3T MRI instrument (Figure 16a). The obtained phantom 

images were used to plot 1/T2 maps as a function of the added iron concentration in each 

formulation (Figure 16b). The iron concentration was chosen in a range that results in a linear 

increase of 1/T2. The proton relaxivity values (r2) were obtained from the slope of these lines. 

The r2 values obtained for Fe3O4@GO and cFe3O4@GO composites were 69 and 131 mM−1s−1, 

(a) (b) 
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considered in line with reported values for the commercially approved MRI contrast agent 

Endorem (ca. 100 mM−1s−1).63 It is worth mentioning that mainly lower values of r2 than those 

measured for cFe3O4@GO are found in the literature for other SPIONs@graphene composites. 

The main advantage of the supercritical procedure used in this work is the uninterrupted 

exfoliation of GO flakes during the different steps of composite formation, including the drying 

step, thus facilitating the homogeneous distribution of the NPs on the surface and reducing the 

number of NPs encapsulated between layers. Moreover, in almost all the published examples, 

the composite involves rGO instead of GO. Values of r2 from 10 to 120 mM−1s−1 have been 

reported for SPIONs@rGO composites.47,60−62 Values of r2 > 250 mM−1s−1 are claimed for 

systems in which the NPs are neatly clustered on the surface of rGO.60 Only a few publications 

report r2 data for SPIONs@GO materials, with values of in the range of 75−145 mM−1s−1.19,64,65  

 

 

 

 

 

 

 

 

 

 

 

Figure 16. MRI data for the Fe3O4@GO and cFe3O4@GO composites: (a) phantom MRI of 

the Fe3O4@GO and cFe3O4@GO composite aerogels at different iron concentrations and (b) 

inverse transverse relaxation time (1/T2) as a function of the iron molar concentration. 

In this study, the reason behind cFe3O4@GO exhibiting a higher relaxivity value than 

Fe3O4@GO (even though both composites have similar Ms values) is related with the 

characteristics of the clusters formed by NP aggregation on the surface of the GO matrix. The 

spatial arrangement of the citrate-coated NPs in clusters, in a way, would facilitate the diffusion 

(a) 
(b) 
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of water molecules within the composite and the interaction of the trapped water with the small 

cFe3O4 NPs, which lead to high proton relaxivity values. 

 

4. Conclusions 

A fast, simple, and ecofriendly manufacturing method was developed in this work for the 

formation of SPIONs@GO composite aerogels. The procedure is based on the exclusive use of 

scCO2 technology, thus, resulting in an organic-solvent-free, one-pot process, which can be 

easily scaled up. Aside from sustainability, an additional advantage of the method is related to 

the use of low temperature, which does not trigger the reduction of GO, and as a consequence, 

the lasting oxygenated groups would favor a further functionalization of the composite as well 

as improve the biocompatibility and physiological stability. Moreover, the formation of 

composites shaped into mesoporous aerogels is easily achieved. This investigation paid special 

attention on how the addition of GO to SPIONs improves the resulting device in regard of MRI 

applications by controlling NP clustering, which is easily achieved through the formation of 

superparamagnetic 2D nanocomposites. The produced hybrid aerogels were water dispersible 

and showed dose-dependent MRI properties. The proton relaxivity values obtained for the 

citrate-coated cFe3O4@GO composite were on the order of ∼130 mM−1s−1, which are superior 

to the reported values for commercially approved MRI contrast agents involving net SPIONs 

(ca. 100 mM−1s−1). 
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Abstract 

The increasing complexity in composition and structure of modern porous nanocomposite 

materials requires the development of advanced technologies that allow the simultaneous 

treatment of dissimilar compounds, not only with unlike composition but also involving 

different classes of pores, e.g., micro and mesopores. This work shows that supercritical CO2 

(scCO2) technology can be used as generic processing aid to obtain composites involving non-

reduced graphene oxide (GO) and metal organic frameworks (MOFs) in the form of aerogels 

with hierarchical porosity. Hybrid aerogels are formed by either depositing (ex situ) or growing 

(in situ) MOF nanocrystals onto the surface of 2D GO nanosheets. The archetypal hydrophilic 

HKUST-1 and UiO-66 and hydrophobic ZIF-8 microporous MOFs are chosen to exemplify the 

method possibilities. The ex situ route was adequate to prepare hydrophilic MOFs@GO 

homogeneous composites, while the in situ approach must be used to prepare hydrophobic 

MOFs@GO aerogels. Moreover, the scCO2 methodology should be adjusted for each studied 

MOF in regard of the organic solvent used to disperse the nanoentities constituting the 

composite. The end-products are obtained in the form of aerogels mimicking the shape of the 

recipient in which they are contained. The products are characterized in regard of structure by 

X-ray diffraction, textural properties by low temperature N2 adsorption/desorption and 

morphology by electronic microscopy. 
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1. Introduction 

The formation of three-dimensional (3D) large bodies is often imperative for constructing 

functional devices based on nanoentities. To this effect, aerogels (or xerogels), dried gels with 

an extraordinary void volume, stand out for their multiple applications.1 Aerogels are highly 

porous materials with a continuously interconnected meso/macroporous structure and large 

surface area, which are built by small particles that self-assembly into low-density gels. These 

gels are then dried in a controlled way to retain most of their original volume occupied by the 

solvent. Drying stresses, attributed to capillary phenomena and differential strain, can be 

avoided by using supercritical fluid or freeze drying technology to eliminate the liquid from the 

gel.2 Development of this outstanding scientific area started with silica aerogels,3 although 

graphene aerogels are decidedly popular materials nowadays, since they have found 

tremendous potential across several industrial advanced fronts, including supercapacitors, 

batteries, solar and fuel cells, building and clothing materials, biomaterials, etc.4 All the 

described methods for constructing graphene-based aerogels start with graphene oxide (GO), 

precursor involving a large amount of oxygenated functionalities (mainly carboxylic acid, 

epoxy and hydroxyl) that makes it easily dispersible in water and other polar solvents.5 As 

mentioned, the formation of a gel-derived intermediate is required previous to the drying 

process, typically induced by a hydro/solvothermal treatment or supercritical drying at the 

solvent critical point. In either case, a concomitant reduction of GO to rGO (material similar to 

graphene) occurs due to high temperature processing.6 The only viable alternative to obtain 

stable aerogels based on GO as a nanometric building unit has been demonstrated to be the use 

of supercritical CO2 (scCO2).
7 In this route, the solvent in the gel is exchanged by CO2 that is 

further eliminated at relatively low temperature, thus, avoiding the reduction of GO to rGO. It 

is important to distinguish between supercritical CO2 and supercritical alcohol drying, the latter 

resulting in hydrophobic rGO aerogels due to the high temperature required to reach the 

supercritical conditions of the alcohol. GO aerogels dried using scCO2 are hydrophilic, 

maintaining a considerable amount of oxygenated functionalities, which gives to them the 

possibility to strongly interact with other materials.8  

Graphene and GO are considered revolutionary materials, and the range of applications of their 

aerogel forms is currently under extensive research, particularly for the creation of composite 

products.9,10 These aerogels are constituted by a network of tinny 2D flakes, with huge pore 

volume and remarkable surface area, performing as proper host matrixes into which guest 

nanoparticles (NPs) can be trapped to prepare novel composite materials with tuned properties. 
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The functional groups located on the basal plane of GO not only facilitate the dispersion and 

exfoliation of GO in aqueous and polar solutions via simple sonication, but also act as structural 

templates for the nucleation, anchoring and growth of different nanomaterials.11 

Simultaneously to the development of graphene meso/macroporus aerogels, remarkable 

progress on microporous materials has been achieved in the last decade, essentially devoted to 

the development of metal–organic frameworks (MOFs), which can be easily precipitated as 

NPs.12,13 MOFs are used in applications of gas adsorption and separation, catalysis, drug 

delivery, membranes and so on.14,15 Particularly, the synergistic combination and the 

hierarchical porosity attained by combining GO aerogel and MOF NPs in a composite is 

expected to expand the range of applications of both materials.16 There are already few reviews 

focusing in the development of MOF@GO (or MOF@rGO) multifunctional materials,17,18 

although there are only few examples reported in the literature that involves the fabrication of 

this type of composites in the form of an aerogel, typically synthetized by using solvothermal 

reaction and/or freeze-drying methods.19-21 It is important to note that in all the described end 

products, the aerogel was structured around fully reduced rGO, in which the oxygenated 

functionalities were no longer present.22-24   

The expansion to commercial sustainable production of MOF@graphene-based composite 

materials has been somehow hindered by the difficulties encountered for developing a generic 

environmental and low temperature method for the synthesis of such products, involving 

dissimilar inorganic-organic components, molded as 3D objects. The choice of the synthetic 

strategy would influence the final material structure and homogeneity, as well as the 

properties.25 To circumvent this drawback, the gelling and drying low-temperature scCO2 

technique, developed recently in our laboratories,7,26 is here extended as a simple and general 

synthetic approach for the ex situ and in situ formation of composites with diverse MOF NPs 

in the form of monolithic aerogels. Particularly, the well-known hydrophilic HKUST-1 and 

UiO-66 and the hydrophobic ZIF-8 were chosen to exemplify the method possibilities. These 

three materials are currently considered archetypal microporous MOFs with benchmark 

properties in one or more applications, all related with adsorption.27 Due to the hydrophilic 

character of GO, this work shows that the methodological approach should be adjusted for each 

studied MOF used to make the composite. Hence, the ex situ approach was adequate to prepare 

hydrophilic MOFs@GO composites with well-dispersed NPs, while the in situ approach must 

be used to prepare hydrophobic MOFs@GO products. Characterization of the obtained aerogels 

was performed by X-ray diffraction for structural elucidation, N2 physical adsorption at low 
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temperature to acquire adsorption/desorption data for the determination of the specific surface 

area, and scanning electron microscopy for the morphological analysis. 

 

2. Experimental 

2.1. Materials 

Terephthalic acid (BDC), 2-methylimidazole (Hmim), trimesic acid (BTC), zirconium(IV) 

oxychloride (ZrOC12·8H2O), zinc(II) acetylacetonate hydrate (Zn(acac)2·xH2O), copper(II) 

nitrate trihydrate (Cu(NO3)2·3H2O), sodium acetate (CH3COONa), acetic acid (AA), 

hydrochloric acid (HCl), dimethylformamide (DMF), ethyl acetate (EA), ethanol (EtOH), 

methanol (MeOH), poly(vinylpyrrolidone) (PVP, molecular weight 10,000) were purchased 

from Sigma Merck-Aldrich. Graphene oxide (GO) sheets (ca. 10 µm lateral dimensions) were 

purchased from Graphenea Inc., supplied as a dispersion in water with a concentration of 

4 mgcm-3 that was transformed to a long-term stable colloidal suspension of GO in EtOH with 

similar concentration by following a multi-step water-to-ethanol exchange procedure described 

elsewhere.7 Compressed CO2 and CH4 (99.95 wt.%) was supplied by Carburos Metálicos S.A. 

2.2. Methods 

2.2.1. Synthesis of MOF particles 

HKUST-1 microparticles were precipitated by using a classical synthetic procedure described 

elsewhere,28 which involves the separate dissolution of Cu(NO3)2·3H2O (0.87 g) and BTC 

(0.22 g) reagents in 10 cm3 of deionized H2O and EtOH, respectively. The metal solution was 

then added to the vial containing the ligand solution, together with 1 cm3 of DMF.  

HKUST-1 nanoparticles were synthetized following a reported method that uses sodium 

acetate as a capping agent.29 In short, 0.5 g of BTC and 1.04 g of Cu(NO3)2·3H2O were 

dissolved separately in 12 cm3 of a mixture of DMF:EtOH:H2O with a v/v ratio of 1:1:1. Both 

solutions were mixed in a vial, together with 1.63 g of sodium acetate. For both systems, 

HKUST-1 micro and nanoparticles, the resulting dispersions were shaken vigorously in a closed 

vial that was then placed in an oven at 353 K for 24 h. After cooling down the vials to room 

temperature, blue solids were recovered by centrifugation and thoroughly washed with MeOH. 

Solids were activated at 433 K under vacuum during 6 h. 
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UiO-66 nanoparticles were prepared with a slight modification of a reported method.30 In short, 

0.16 g of ZrOC12·8H2O and 0.08 g of BDC were dissolved in 40 cm3 of DMF with 1.3 cm3 of 

AA. The vial was sealed and solvothermally treated in an oven at 393 K during 24 h. The 

resulting product was cooled down to room temperature, washed twice with DMF and EtOH, 

redispersed in 150 cm3 of EtOH and left stirring overnight in order to remove DMF from the 

pores. Finally, the EtOH excess was removed via centrifugation and the resulting product was 

activated at 433 K under vacuum during 24 h. 

2.2.2. Synthesis of MOF@GO aerogels 

Ex situ precursor dispersions were prepared by direct mixing in the chosen solvent of weighted 

amounts of pre-synthetized composing nanoentities, aided by sonication, to obtain a composite 

with a theoretical percentage of 75 wt.% for the MOF, i.e., 3:1 wt. ratio for MOF:GO.  

In situ precursor dispersions were prepared by mixing MOF reagents and additives with 

dispersed GO in the chosen solvent. The target percentage of MOF, e.g., 75 wt.%, was 

calculated backwards from the amount of metal reagent, since the organic linker is often added 

in excess.  

scCO2 synthesis of the aerogels was carried out in three small assay tubes of 2 cm3 loaded with 

aliquots of 1 cm3 of either the ex situ or in situ precursor dispersion. Each set of three vials was 

placed into a non-stirred high-pressure reactor of 100 cm3 (TharDesign). Liquid CO2 was 

flushed into the vessel to pressurize the system at ca. 60 bar. The vessel was gently heated at 

333 K when working with UiO-66 or HKUST-1, and at 313 K for ZIF-8, and then pressurized 

up to 200 bar. The working conditions were maintained for 48 h. Pressure decrease to ambient 

was achieved by the slow release of the vapor under isothermal conditions to avoid entering the 

two-phase region for the mixture of gel solvent/compressed CO2, and, finally, cooled down to 

room temperature. Recovered aerogels were isolated as cylindrical monoliths and stored in a 

desiccator for further characterization. 
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2.3. Characterization 

The percentage of MOF in the prepared composites was determined from the metal atomic 

ratio, which was measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 

7700x) after solids digestion in hydrochloric and nitric acids. The structure of the composites 

was characterized by routine powder X-ray diffraction (XRD) in a Siemens D-5000 

diffractometer. The morphological features were examined by scanning electron microscopy 

(SEM) in a Quanta FEI 200 equipment. Moreover, High Resolution SEM and Scanning 

Transmission Electron Microscopy (STEM) images were collected on a FEI Magellan 400L 

XHR Field Emission Scanning Electron (FE-SEM) microscope also used to observe the atomic 

distribution of metals by energy dispersive X-ray spectroscopy (EDS). The textural properties 

were determined by N2 adsorption/desorption at 77 K using an ASAP 2020 Micromeritics Inc. 

apparatus. Previous to measurement, samples were outgassed under reduced pressure at 353 K 

during 20 h. The apparent specific surface area was calculated by applying the BET (Brunauer, 

Emmet, Teller) equation (ABET). Nanocomposing materials and nanocomposites were tested for 

CH4 high-pressure adsorption up to 10 MPa at 298 K in a high-pressure volumetric sorption 

apparatus (iSorp HP Quantachrome). The samples were degassed in situ at 353 K under a high 

vacuum for 10 h. The bulk gas amounts were calculated using the Schmidt−Wenzeltype 

equation of state, defined in terms of Helmholtz free energy (National Institute of Standards 

and Technology (NIST)-recommended). The experimentally measured data was obtained as 

excess gravimetric uptake (Nexc), which was transformed into absolute gravimetric uptake, 

also called the total uptake (Ntu), using eq 1:  

Ntu(p, T) = Nexc(p, T) + ρ(p, T)·Pv (1) 

where ρ is the density of the gas at a certain pressure and temperature, obtained from NIST data 

files, and Pv is the single point total pore volume determined through the BET equation. For 

net HKUST-1, the used Pv corresponds to the μPv.  

 

 

3. Results and discussion  

To standardize the scCO2 method for MOF@GO composite aerogels preparation, three 

different MOFs were chosen for study: hydrophilic HKUST-1 and UiO-66 and hydrophobic 

ZIF-8, all of them synthetized as NPs. These three MOFs were incorporated into a GO aerogel 
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matrix described and fully characterized as a singular entity in a previous work.7 The overall 

scCO2 ex situ and in situ synthetic routes are described below.   

3.1. HKUST-1@GO 

HKUST-1 is a hydrophilic MOF, with formulae Cu3(BTC)2, involving a binuclear paddle-

wheel copper complex linked by BTC molecules forming a cubic network.31 This framework 

contains a bimodal pore size distribution, characterized by square channels of 0.9 nm diameter 

and small pores with 0.35 nm size. The calculated specific surface area for the defect-free 

structure is given as 2153 m2g-1.32 Composites combining HKUST-1, which has potential open 

metal sites, and graphene have been exploited to engineer beneficial pore structures targeted to 

the adsorption and separation of small gas molecules, such as CO2, methane (CH4) and 

hydrogen (H2).
33 Synergistic effects improving gas adsorption have already been reported for 

GO or rGO/HKUST-1 composites.26,34 HKUST-1, an easily synthetized product under soft 

chemical conditions,35 was here chosen as a clear example of a MOF that can be used for 

building aerogel composites with GO by either the supercritical ex situ or in situ methods.  

The ex situ method consisted in integrating pre-synthesized HKUST-1 particles, either micro 

or nanoparticles, with composing GO flakes dispersed in EtOH. First trials were carried out by 

using HKUST-1 with a micrometric size (µHKUST-1, 10-50 µm, ABET = 1850 m2g-1). For the 

recovered aerogels, although monoliths were obtained, the ex situ µHKUST-1@GO sample (72 

wt% for HKUST-1 as determined by ICP-MS) presented a non-uniform bluish color, being 

more intense at the bottom than at the top. This result denotes that the micrometric MOF 

particles were too large to remain homogeneously dispersed in the mixture with GO before 

aerogel formation and tended to settle down. The composite displayed the typical XRD pattern 

of HKUST-1 (Figure 1a), and significant N2 adsorption with a calculated ABET of 1295 m2g-1 

(Figure 1b).  

Analysis by SEM of the recovered monoliths showed micrometric HKUST-1 polyhedral 

particles placed on the aerogel macropores and partially wrapped with small pieces of GO flakes 

(likely, coming from the breaking of the large GO sheets due to ultrasonication during 

processing) (Figure 2a,b). From the position of the GO flakes, perpendicular to the MOF 

surface, it can be inferred that the interaction between both phases preferentially occurs through 

the edges of the high aspect ratio sheets of GO, region where the carboxylic acid functionalities 

are located. A similar study was then carried out by using HKUST-1 of nanometric size 

(nHKUST-1, 30-50 nm, ABET = 1790 m2g-1). 
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Figure 1. Characterization of HKUST-1 derived composites: (a) XRD patterns, including the 

simulated profile of HKUST-1 powder obtained from single-crystal data, and (b) N2 

adsorption/desorption isotherms. 

In this case, and following a similar synthetic protocol than for µHKUST-1@GO, the bluish 

color was now uniform thorough out the whole monolith, since stable dispersions of GO and 

nHKUST-1 in EtOH could be easily prepared when using MOF NPs. The ex situ nHKUST-

1@GO composite (70 wt% for HKUST-1 determined by ICP-MS) displayed only the XRD 

signals of HKUST-1 (Figure 1a), but with a certain widening of the peaks that reflects the small 

crystal size of the NPs. An ABET value of 1125 m2g-1 was calculated from the N2 adsorption data 

(Figure 1b). SEM micrographs indicated that the NPs were deposited decorating the flakes 

surface in a mostly disaggregated mode (Figure 2c,d). Contrary to the above methodology, the 

in situ method involves the growth of HKUST-1 NPs from a system containing dissolved MOF 

reagents (Cu(NO3)2·3H2O and BTC) in EtOH, sodium acetate and dispersed GO. After 

supercritical treatment, the percentage of HKUST-1 in the aerogel was of 68 wt.%, as 

determined by ICP-MS, slightly lower than the target amount of 75 wt.%, but in the range of 

the value measured for the ex situ sample. The XRD pattern of the obtained in situ 

nHKUST-1@GO composite also showed peaks widening, indicating small crystal size for the 

in situ synthetized NPs.  (Figure 1a). Actually, SEM images showed that tiny HKUST-1 NPs 

of 25-30 nm with a narrow particle size distribution were grown on the surface of the GO flakes 

(Figure 2e,f). However, a worse distribution of the NPs and higher degree of aggregation was 

observed for the in situ sample (Figure 2e,f) with respect to the ex situ counterpart (Figure 2c,d), 

which also results in a slightly lower N2 adsorption (Figure 1b) and ABET value of 949 m2g-1. 
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The preferential covering with NPs of the flake edges can be observed in the high magnification 

micrographs of the in situ nHKUST-1@GO composite (Figure 2f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM micrographs at two different magnifications of the cross-section of: (a,b) ex 

situ µHKUST-1@GO, (c,d) ex situ nHKUST-1@GO, and (e,f) in situ nHKUST-1@GO 

composite aerogels. Insets in (a), (c) and (e) are optical pictures of the monoliths recovered 

from the synthesis. 

 

3.1.1. High-pressure CH4 adsorption.  

Natural gas, mainly composed of methane, is considered a more sustainable transportation fuel 

in comparison to other traditional fossil fuels, principally due to its abundant natural reserves, 

reduced pollutant (CO2) emissions, and high hydrogen-to-carbon ratio.36 However, the use of 
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this fuel in vehicles has, currently, a critical bottleneck related to its low storage density at 

ambient temperature. A key challenge is to find a nanoporous material being mass- and volume-

efficient, with ambient temperature high-density storage capacity via physisorption.37 In this 

respect, HKUST-1 has been reported to be sizable for methane adsorption (CH4 molecular 

kinetic diameter = 0.38 nm) since this MOF contains three types of cages with pore diameters 

of ca. 0.5, 1.1, and 1.3 nm.38 Dense CH4 adsorption at 298 K and up to 10 MPa was analyzed 

in this work for the ex situ nHKUST-1@GO nanocomposite, as well as for bare GO aerogel 

and ex situ HKUST-1 nanoparticles composing units. Important parameters considered in 

assessing the material performance for CH4 uptake were the volumetric and gravimetric 

working capacities.  

Total CH4 gravimetric adsorption [gCH4
 gadsorbent

−1] capacities of the different studied samples 

at 298 K are plotted as a function of pressure in Figure 3a. Pristine GO displayed a type III 

isotherm, denoting physisorption with low energetic interactions between CH4 and the 

adsorbent, while the isotherm of bare ex situ HKUST-1 nanoparticles resembled type I, with 

significant uptake at low pressures and a tendency to reach a plateau, typical of a microporous 

compound. The nanocomposite ex situ nHKUST-1@GO displayed a type II isotherm, with 

increased uptake at low pressures and deprived of adsorption restrictions at high pressures. 

Samples ex situ nHKUST-1@GO and ex situ nHKUST-1 had a similar gravimetric uptake at 

low pressures, provided by the MOF microporosity; but at pressures higher than 0.5 MPa, the 

contribution of the meso/macroporous nature of the GO matrix became important and, as a 

result, a significant adsorption was observed for the nanocomposite up to a pressure of 10 MPa. 

The total uptake at 10 MPa was 0.28 g g−1, a value considerably higher than others reported in 

the literature for pristine HKUST-1 with gravimetric uptake values around 0.18 g g−1.39 The 

deliverable gravimetric capacity under practical working conditions is estimated as the 

difference in the uptake at the industrially viable maximum (e.g., 10 MPa) and minimum (e.g., 

0.5 MPa) working pressures.40 Hence, type I isotherm, always obtained for bare microporous 

HKUST-1, would lead to a low gravimetric working capacity due to high uptake at low 

pressures followed by a plateau. Increased gravimetric working capacities are obtained for 

adsorbents with the sigmoid isotherm type II, here observed for the studied nanocomposite ex 

situ nHKUST-1@GO aerogel, which exhibits more than 2-fold the working capacity of net ex 

situ nHKUST-1 NPs. This is a remarkable result that highlights the importance of the 

hierarchical nanoporous structure on the composites for industrial high-pressure applications. 
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Figure 3. CH4 adsorption isotherms up to 10 MPa at 298 K representing (a) gravimetric and 

(b) volumetric uptakes. Blue and green squares show the practical working capacity of ex situ 

nHKUST-1 and ex situ nHKUST-1@GO, respectively. 

 

The absolute volumetric uptake [cm
CH4STP

3 cm
adsorbent

−3] was calculated for these samples from 

the gravimetric adsorption isotherms using the density values of the adsorbent and that of CH4 

at STP under working conditions (0.0007 g cm−3). Calculated values are plotted in Figure 3b. 

The calculated volumetric adsorption values for ex situ nHKUST-1 at different pressures were, 

to a certain extent, lower than reported for other pristine HKUST-1 systems,39,41 which is 

partially ascribed to the somewhat lower micropore volume values in NPs vs commonly used 

microparticles, and also to the lower density value used for the calculation. In the literature, the 

density value of either the nonactivated sample (ca. 400 mg cm−3) or even the crystallographic 

value (883 mg cm−3) is frequently employed.41 However, in this study, it has been considered 

more realistic to use the density value measured for the activated NPs (280 mg cm−3). As 

expected, the values of volumetric adsorption for the as-recovered aerogels were very small in 

the range of studied pressures (Figure 3b), but the drawback of low volumetric adsorption can 

be easily solved by sample densification, as previously explained. Indeed, the mechanical 

compression of the ex situ nHKUST-1@GO (ρ × 5) nanocomposite up to a density of 160 mg 

cm−3 would drastically improve the CH4 uptake on a volumetric basis, without losing sample 

permeability, even achieving higher volumetric working capacities than the net ex situ 

nHKUST-1 sample (Figure 3b). On the contrary, densification of strictly microporous materials 

often results in pore blocking and comes at the expense of slow adsorption kinetics.39 
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3.2. UiO-66@GO 

UiO-66 is a hydrophilic MOF made of secondary building units composed of a ZrO complex 

bridged by BDC ligands. It contains two separate cages of 0.75 and 1.2 nm diameters, the later 

with a pore aperture of 0.6 nm.42 The theoretical surface area obtained from geometric modeling 

of the ideal crystal has been reported as 1550 m2g−1.43 Recently, UiO-66, and other isoreticular 

MOFs of the Zr-family, have received considerable attention for being used for water 

purification purposes, mainly due to the unique Zr(IV)−O bond water stability across a broad 

pH range.44 

Following the previous study of HKUST-1, the preparation of GO aerogels involving UiO-66 

NPs was initially attempted by both the ex situ and in situ methods. However, it was shortly 

noticed that a proper product cannot be obtained by the in situ method due to the solvents 

involved in the synthesis of UiO-66. On one hand, this MOF is typically synthetized through 

solvothermal methods involving DMF, a solvent with notable basicity that acts as a 

deprotonating agent for the BDC linker. When a strong deprotonating agent is not used, UiO-66 

is precipitated with a large amount of intrinsic defects, which greatly affect the adsorption 

properties. On the other hand, the use of DMF is not recommended in scCO2 processing due to 

the low solubility of this high-boiling point solvent in scCO2.
45 On the contrary, the 

UiO-66@GO aerogel was easily obtained by the ex situ method by adding UiO-66 pre-

synthetized NPs (10-20 nm, ABET = 1120 m2g−1) to a GO suspension in EtOH. The recovered 

UiO-66@GO composite has a UiO-66 proportion of 67 wt.% determined by ICP-MS. XRD 

analysis of the cylindrical grey monoliths recovered from the reactor confirmed that the crystal 

structure of UiO-66 was unaltered in the composite (Figure 4a).  

 

 

 

 

 

 

Figure 4. Characterization of UiO-66 derived composites: (a) XRD patterns before and after 

water inmersion, including the simulated profile of UiO-66 from single-crystal data, and (b) 

N2 adsorption/desorption isotherms. 

0

200

400

600

800

0 0.5 1

V
ad

s
N

2
[c

m
3
g-1

]

p/p0

ex situ UiO-66/Fe3O4@GO

ex situ UiO-66@GO

(a) (b) 



Chapter 3 

137 
 

The estimated ABET value from the N2 adsorption isotherm was 854 m2g-1 (Figure 4b). SEM 

images showed a GO network decorated with constituent UiO-66 NPs (Figure 5a), in which the 

MOF NPs have the ability of aggregating during processing to form a secondary open network 

deposited on the surface of the GO flakes (Figure 5b). This secondary system would contribute 

to the total mesoporosity, which is reflected in the extraordinary N2 adsorption values observed 

at high relative pressures (Figure 4b). 

 

 

 

 

 

 

 

Figure 5. SEM micrographs at two magnifications (a,b) of the cross-section of the ex situ 

UiO-66@GO prepared monoliths. The inset in (a) is an optical picture of the recovered 

monoliths. 

 

3.3. ZIF-8@GO 

ZIF-8, with formula [Zn(2-methylimidazole)2]n, has a hydrophobic zeolitic framework with 

sodalite topology. The structure contains one central nanopore per unit cell, with a diameter of 

1.16 nm, that is interconnected by narrow windows of 0.34 nm. Under particular conditions, 

this compound shows structural flexibility, which can increase the window opening up to ca. 

0.6 nm.46,47 The crystallographic apparent surface area for an infinite crystal has been calculated 

as 1947 m2g−1.48 With extremely high thermal, chemical and mechanical stability, ZIF-8 has 

provided the MOFs scientific community with an enormous number of potential uses, including 

gas separation, catalysis, electrode for batteries and so on.49 

The synthesis of ZIF-8@GO composites was here attempted by the ex situ and in situ 

supercritical methods. Contrarily to UiO-66@GO aerogel, the composite based on ZIF-8 could 

only be constructed by using the in situ method. In this particular case, the use of the ex situ 

route led to the collapse of the GO suspension when adding pre-synthetized ZIF-8 NPs. The 

suspension involving both nanomaterials was totally unstable and, as a consequence, the scCO2 
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treatment could not form the expected low density aerogel. This behavior was rationalized on 

the basis of the dissimilar hydrophobic (ZIF-8) and hydrophilic (GO) character of both 

components. A second observed drawback in the supercritical method was related to the low 

stability of ZIF-8 in a medium involving ethanol, with some inevitably dissolved water, and 

concentrate CO2. This MOF is known to degrade to a complex carbonated phase in the presence 

of humid CO2.
50 This phase is represented in the XRD pattern by an intense peak at 2θ ca. 11º 

(Figure 6a), and it was recurrently emerging, in more or less extension, in all the experiments 

performed in ethanol with ZIF-8. Low N2 adsorption at low relative pressures and ABET value, 

in the order of 500 m2g-1, were determined for the ex situ ZIF-8/carbonated phase@GO 

composite due to the lack of porosity of this carbonated phase (Figure 6b). Opportunely, ZIF-8 

is prone to be synthesized under soft chemical conditions without the need of strong basic 

solvents. Hence, the supercritical experiments for the preparation of ZIF-8@GO aerogels could 

be easily performed by using the in situ method, taking into account that the use of ethanol must 

be avoided as a dispersing solvent in order to minimize the presence of carbonated phases. 

Instead, ethyl acetate, a solvent miscible with compressed CO2, was used to perform the ZIF-8 

experiments. Contrary to EtOH, ethyl acetate is not miscible with water and water traces can 

be easily removed. This polar aprotic solvent could also be used to prepare stable dispersions 

of GO. For that, the EtOH in the GO dispersion was exchanged by EA in a step-wise process.  

 

 

 

 

 

 

 

 

Figure 6. Characterization of ZIF-8 derived composites: (a) XRD patterns, including the 

simulated profile of ZIF-8 from single-crystal data, and the carbonated phase obtained by 

treating ZIF-8 in EtOH under scCO2 conditions for a long period of time, and (b) N2 

adsorption/desorption isotherms. 
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The in situ aerogel preparation process continued by adding to the EA suspension the 

corresponding amounts of Zn(acac)2 and Hmim. EA was then extracted following the scCO2 

described protocol for aerogel formation to get the monoliths. The in situ ZIF-8@GO recovered 

aerogel has a composition of 65 wt% for the MOF determined by ICP-MS. In this case, the 

powder XRD pattern of the dry aerogel shows the reflections of ZIF-8, stressing the absence of 

the carbonate peak at 2θ ca. 11º (Figure 6a). The calculated ABET value from the N2 adsorption 

data was 1308 m2g-1 (Figure 6b). SEM images of this composite aerogel revealed GO 

nanosheets coated with fine ZIF-8 NPs of ca. 50 nm. Aggregates of NPs were not observed, but 

the covering of the flakes was not totally homogeneous, since few of them has a low amount of 

deposited ZIF-8, while other were totally coated (Figure 7).  

 

 

 

 

 

 

 

 

Figure 7. SEM micrographs at two magnifications (a,b) of the cross-section of the in situ 

ZIF-8@GO prepared monoliths. The inset in (a) is an optical picture of the recovered 

monoliths. 

3.4. Method overview screen 

The main purpose behind using the scCO2 processing method for the preparation of these 

composites was to obtain highly mesoporous (non-reduced) GO aerogels instead of the 

typically synthetized (reduced) rGO. As mentioned, this is feasible thanks to the low critical 

temperature of CO2 that allows materials processing under soft thermal conditions. It has been 

shown that the used GO starts to undergo reduction when the synthesis temperature reaches 

near 373 K, so this temperature was never exceeded in this work neither during the drying or 

the posterior activation step.7 The quality of the liquid replacement by CO2 is crucial for 

attaining proper monolithic aerogel samples. Free solvent located outside the gel is rapidly 

dragged by CO2, while solvent within the gel is difficult to remove, needing a long period of 
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time for extraction. However, this is important to prepare structurally stable aerogels of GO, 

since during the slow extraction process the gel is also aging, which is needed for the 

strengthening of the gel network. The particularities of scCO2 must be also considered in regard 

of its capacity for eliminating the solvent from the gel precursor, the formation of which is 

unavoidable to obtain a proper aerogel. Hence, the solvent to dry must be significantly soluble 

in scCO2, which is essentially limited to organic liquids with low molecular weight and 

relatively low vapor pressure. In the proposed scCO2 generic method for MOF@GO 

composites preparation, EtOH is used as the first option, since this alcohol has been 

demonstrated to form stable and highly oxygenated net GO aerogels. This work shows that 

ethyl acetate is also an adequate solvent when a high degree of dryness is necessary to avoid 

secondary processes, such as metal carbonation occurring for ZIF-8.  

By analyzing the behavior of different MOFs, it was stablished that the interactions between 

MOF and GO were notably determined by the wetting nature of the NPs and the matrix flakes. 

Actually, the hydrophobic or hydrophilic nature of the MOF is identified in this work as one of 

the most important parameters defining the choice of either the ex situ or in situ scCO2 synthetic 

protocol that is based on the use of hydrophilic GO dispersions (Figure 8). Ex situ synthesis 

approaches consist in integrating pre-synthetized NPs and GO during scCO2 drying (Figure 8a).  

 

 

 

 

 

 

 

 

 

 

Figure 8. Schematic representation of the scCO2 protocols used for MOF@GO aerogel 

preparation: (a) ex situ, and (b) in situ. 
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Since GO and MOF surfaces have different charges, the electrostatic interactions between the 

two materials lead to self-assembly of both dispersed solids. The in situ route consists of mixing 

MOF precursors and GO, followed by scCO2 drying (Figure 8b). In this case, the oxygenated 

functionalities in GO serve as nucleation points for the MOF. For the particular systems studied 

in this work, it was stablished that for some MOFs, like HKUST-1, composite aerogels can be 

built using both the ex situ and in situ methods, and with micro and nanoparticles. However, 

this was not always possible for all the MOFs. Hence, UiO-66@GO is an example of an aerogel 

that could only be constructed by the ex situ route, while, contrarily, ZIF-8@GO typifies an 

aerogel only obtained by the in situ method.  

During gel dryness using scCO2, a high degree of the exfoliation attained for GO flakes by 

sonication in the dispersing liquid was maintained. This was demonstrated through the 

structural characterization performed by XRD that did not show for any of the synthetized 

composites the broad signal characteristic of GO at ca. 11º (Figures 1a, 4a and 6a).51 The lack 

of this signal was ascribed, on one side, to the low contribution of GO to the total weight of the 

samples, determined by ICP-MS to be in the range of 30-35 wt% (slightly higher than the target 

initial value of 25 wt%); and, on the other side, to the amorphization of solid GO caused by a 

decrease in the staking of the flakes due to MOF NPs deposition between layers. The recorded 

N2 adsorption/desorption isotherms for the different composites indicated a hierarchical 

micro/meso pore size distribution for all of them (Figures 1b, 4b and 6b), denoted by substantial 

adsorption at very low pressures (microporosity given by the MOF) and, also, significant 

adsorption at high relative pressures including hysteresis (mesoporosity given mainly by the 

aerogel and only partially by NPs aggregation). 

SEM micrographs of aerogel cross-section of the synthetized MOF@GO composites revealed 

a sponge-like skeleton built by GO flakes, which is structured in a 3D continuous network, and 

a discontinuous phase of MOF NPs decorating GO surface in a relatively well-distributed mode 

(Figures 2c,e, 5a,b and 7a,b). For the ex situ protocol, the size of the deposited NPs can be easily 

determined, since they are pre-synthetized, and varied between the micro and nanometric range.  

Contrarily, the interactions of GO with the metal center strongly impact the size of the in situ 

synthetized MOF NPs within the composite, likely by favoring nucleation vs. crystal growth, 

and leading to very small particles decorating GO surface. A somehow worst distribution and 

higher degree of aggregation was observed for the in situ samples in comparison to the ex situ 

counterparts. This effect was attributed to the binding competition stablished in the first reaction 

steps during the in situ process between the GO oxygenated groups and the reactive atoms of 

the MOF linker for the metal cation reactive sites, which disturbed the thermodynamic 
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equilibrium of the MOF reaction. For instance, smaller particle size and higher degree of 

aggregation was observed in the SEM images of HKUST-1 NPs deposited on GO flakes for 

aerogels obtained following the in situ protocol (Figure 2e,f) in comparison to those of the ex 

situ route (Figure 2c,d). In the same line, an inhomogeneous covering of the GO surface was 

observed for the in situ formed ZIF-8@GO aerogels, with some GO flakes perfectly covered 

by NPs and some of them only decorated with few aggregated spots (Figure 7). For the ZIF-

8@GO system, this drawback was solved by adding adjuvant PVP, in a concentration of 5 

wt.%, to the GO EA dispersion. In this way, GO was conjugated with PVP previous to ZIF-8 

reagents addition. This polymer was chosen because it has a high affinity for ZIF-8 and its 

adsorption to this MOF is restricted to the surface.52 For the recovered ZIF-8@GO/PVP 

composite aerogel, XRD showed that ZIF-8 was the only crystalline phase (Figure 6a). The 

calculated ABET value was 1002 m2g-1 (Figure 6b), slightly lower than that of ZIF-8@GO 

aerogel, but in the same magnitude. The minor decrease in the apparent specific surface area 

mainly arises from the presence of a nonporous phase (PVP) in the composite, which 

contributes to the weight but not to the porosity. Interestingly, for the ZIF-8@GO/PVP aerogel, 

the small ZIF-8 NPs were homogeneously distributed on the GO flakes (Figure 9a). STEM 

images showed that the NPs suffer a kind of lateral aggregation, nearly fully covering the GO 

surface. The presence of PVP offered extra nucleation points during the formation of ZIF-8, 

thus improving the coating of GO flakes. Moreover, the experiments performed in this work 

demonstrate that the supercritical in situ approach can be used to prepare aerogels not only with 

high-density of microporous NPs, but also neatly distributed on both sides of the 2D GO 

nanosheets (Figure 9b). These characteristics made these composites potential candidates in 

advanced membrane technology for the fabrication of ultrathin molecular sieves for liquid and 

gases, also thanks to the synergetic hydrophobic and oleophobic nature of ZIF-8 and GO.53 GO, 

by itself, has been shown to be highly impermeable due to the closely packed arrangement of 

carbon atoms in the lattice.54 ZIF-8 NPs decorating GO surface acted as a spacer and protective 

layer to prevent severe aggregation and destruction of the mesoporosity.55 
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Figure 9. Images taken by: (a) STEM, and (b) SEM of ZIF-8@GO/PVP aerogel. 

 

Composites prepared through the scCO2 route were always recovered with the shape of the used 

round bottom vials (insets of optical pictures in Figures 2, 5 and 7), since the aerogel mimics 

the shape of the recipient in which it is contained. This is because it is formed through a gel 

phase. This is considered one important advantage, since the scCO2 method would enable the 

fabrication of MOF@GO aerogels with different and complex shapes just by using different 

molds, as it is exemplified for the HKUST-1@GO aerogel in Figure 10. This fact could have 

multiple applications, from the design of scaffolds in biomedicine with intricate geometries 

(Figure 10a)56 to the growth of adsorbents inside fixed-bed columns for gas separation 

processes (Figure 10b).26  

 

 

 

 

 

 

 

Figure 10. Optical pictures of nHKUST-1@GO aerogel blocks obtained in scCO2 by the in 

situ route: (a) two different shapes, e.g., a flower and a pyramid, together with their 

respective molds, and (b) gas separation column with the aerogel grown inside and extracted 

monolith. 
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Even though the ex situ method cannot be used in all the cases, as demonstrated for the ZIF-

8@GO composite, it has some advantages vs. the in situ route. Those are essentially related to 

the lack of binding competence for the metal reactive sites and enhanced NPs dispersion. One 

extra particularity of the ex situ method is that it can be used to easily prepare systems with two 

(or more) kind of NPs. This potentiality of the scCO2 ex situ route was demonstrated in this 

work by constructing in EtOH a ternary composite involving GO, UiO-66 and 

superparamagnetic magnetite (Fe3O4) NPs of ca. 10 nm diameter,57 in a ratio UiO-66:Fe3O4:GO 

2:1:2 wt. In the XRD pattern of the resulting UiO-66/Fe3O4@GO composite, only the peaks of 

UiO-66 were observed. The lines of Fe3O4 were not displayed due to low loading of this 

component and small particle size (Figure 4a). N2 adsorption isotherms indicated that the 

micro/meso porous structure was preserved in the ternary composite, although the adsorption 

at very low pressures, indicating microporosity, slightly diminished due to the lower percentage 

of the microporous component UiO-66 in the UiO-66/Fe3O4@GO aerogel with respect to 

UiO-66@GO (Figure 4b). Thus, the calculated ABET was of only 470 m2g-1, reflecting the 

presence of the non-porous Fe3O4 phase (Figure 4b). In the SEM images of the UiO-

66/Fe3O4@GO sample, UiO-66 and Fe3O4 NPs could not be distinguished. In spite of this, the 

presence of magnetite in the composite was proved by EDS analysis, in which both Zr and Fe 

atoms were clearly visible distributed through the aerogel (Figure 11a). Fe3O4 NPs were 

relatively well distributed in the sample, only showing some spots of aggregates.  

The final product was a magnetic aerogel (Figure 11b), considered a prototype material to be 

used in water purification processes. In fact, UiO-66/Fe3O4 composites have already 

demonstrated to be efficient adsorbents for heavy metal ions and cationic/anionic organic dyes 

removal from aqueous solution.58,59  
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Figure 11. UiO-66/Fe3O4@GO: (a) characterized by SEM with the derived EDS mappings of 

Zr (pink) and Fe (blue), and (b) reduction to UiO-66/Fe3O4@rGO showing the magnetic 

character and water stability. 

 

It is worth mentioning that, for this application, the aerogel UiO-66/Fe3O4@GO must be made 

first stable in water, which is accomplished by prompting the reduction of the hydrophilic GO 

network to hydrophobic rGO. This can be easily achieved by slowly heating the composite at 

463-473 K under a N2 flow. The resulting product, UiO-66/Fe3O4@rGO, is stable in water, 

displaying after water treatment and drying a similar XRD profile than the original composite 

(Figure 4a) and still magnetic (Figure 11b). As a final advantageous point, the use of magnetic 

additives, providing magnetic susceptibility in front of an external field, would facilitate the 

separation of the monolith from the purified solution for reuse.60 

Using the described ex situ route, ternary composites were straightforwardly prepared in a one-

pot route. Moreover, the amount of each component could be easily adjusted by just weighing 

the desired amount of each component. As demonstrated, this process works properly for the 

system UiO-66/Fe3O4@GO. However, some drawbacks are foreseen for the formation of 

ternary composites using the in situ route, mainly related to the different reaction rates of the 

components and challenges in finding a single solvent adequate for products reaction and 

aerogel formation. For highly hydrophobic compounds that flocculate the aerogel when added 

as NPs, as ZIF-8, the formation of the ternary composite ZIF-8/Fe3O4@rGO could be operated 

473 K N2 

UiO-66/Fe3O4@rGO UiO-66/Fe3O4@GO 

(b) 
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in a two-steps process, in which first Fe3O4 is deposited on GO following the ex situ 

methodology and, then, ZIF-8 is in situ synthetized on the Fe3O4@GO surface during aerogel 

formation in scCO2. 

 

4. Conclusions 

Nanohybrid composites based on MOFs and GO enable the integration of the unique properties 

of these two fascinating materials. This study demonstrates that it is feasible to apply the scCO2 

drying technology to build up monoliths of these composites following either the ex situ (direct 

mixing during) or in situ (MOF growth) protocol. The scCO2 strategy performs as a synthetic 

platform, including assisted gelation, gel aging and drying, and fabrication of GO aerogels 

decorated with MOF particles. The ex situ route is a very general method that can be applied to 

a large number of MOFs, rather with a hydrophilic nature. Moreover, it can be easily extended 

to prepare ternary composites, for instance involving magnetic NPs. The in situ method is a 

one-pot procedure that can be used to save time and resources and can be also applied to 

hydrophobic MOFs. GO is in this route envisaged as a structure-directing agent for the growth 

and/or stabilization of MOF particles, with or without the addition of adjuvant polymers, where 

coordination modulation occurs through the different functional groups on the surface. Using 

the scCO2 green technology, it is possible to structure these composites with hierarchical 

porosity (micro, meso and macro). GO composites are considered a more versatile material than 

rGO composites, since the former can be easily (thermal or chemically) reduced to rGO on 

demand. Envisaged applications for these materials are related to adsorption, outstanding those 

of gas separation, water purification and molecular sieving membranes. 
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Abstract 
 

This chapter reports on the synthesis of two aerogels: one binary composed of reduced graphene 

oxide (rGO) and polyethylenimine (PEI), and one ternary including microporous ZIF-8 MOF. 

The work describes their potential application as effective sorbents to treat Hg(II) contaminated 

water. Both sorbents, rGO/PEI and ZIF-8@rGO/PEI, were synthetized using a supercritical 

CO2 method. N2 physisorption, electron microscopy, and elemental mapping were applied to 

visualize the meso/macroporous morphology formed by the supercritical drying. The 

advantages of the synthetized materials are highlighted with respect to the larger exposed GO 

surface for the PEI grafting of aerogels vs. cryogels, homogeneous distribution of the 

nitrogenated amino groups in the former and, finally, high Hg(II) sorption capacities. Sorption 

tests were performed starting from water solutions involving traces of Hg(II) and Pb(II). Even 

though, the designed sorbents were able to eliminate almost all of the metal from the water 

phase, attaining in very short periods of time residual Hg(II) values as low as 3.5 μgL−1, which 

is close to the legal limits of drinking water of 1–2 μgL−1. rGO/PEI exhibited a remarkably high 

value for the maximum sorption capacity of Hg(II), in the order of 219 mgg−1. ZIF-8@rGO/PEI 

attained similar albeit of Hg(II) adsorption, but with slower kinetics, also eliminating Pb(II) 

from the solution. All of these factors indicate that the designed rGO/PEI aerogels can be 

considered as a promising candidate to treat Hg(II) contaminated wastewater. 
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1. Introduction 

Hazardous heavy metal accumulation in surface water is continuously rising due to various 

anthropogenic activities, ranging from agriculture to transportation, and the direct disposal of 

industrial effluents in the rivers and to the sea, together with a developed irrational necessity 

for human comfort. The worldwide rapid decrease in water quality is currently recognized as a 

global environmental issue that has risks to public health, thus demanding urgent remediation 

solutions.1 In particular, the Hg(II) contaminant is found worldwide, being one of the most toxic 

elements to aquatic organisms and human beings, even in minute traces.2 Methods suitable to 

remove heavy metals from water include microfiltration and centrifugation after precipitation, 

flotation or flocculation, extraction and surface sorption, ion exchange, oxidation, and 

electrochemical treatments.3 From them, sorption has emerged as the most convenient 

approach, principally due to the availability of a wide spectrum of re-usable low-cost sorbents 

with a high efficiency for removing metals present in water at low concentrations. Commonly 

used sorbents for heavy metal sorption are zeolites, porous carbons (activated carbon, carbon 

nanotubes and graphene derivatives), and metal oxides.4-7 Recently, this area of research is 

evolving to the design of more sophisticated and complex sorbents.8,9 Nevertheless, 

microporous activated carbon still remains the most cost-effective solution for water treatment, 

although this material is bound by important disadvantages related to pore blocking and slow 

contaminant diffusion. As a strong alternative, mesoporous graphene oxide (GO) sorbents are 

currently under scrutiny for water purification applications, although they still require important 

research efforts before optimization.10-12 

Heavy metal sorption studies on exfoliated graphene oxide (GO) started a decade ago, showing 

that this sorbent has extraordinary removal efficiency for some specific metals prone to 

establishing electrostatic interaction and/or complexation with the oxygenated functionalities 

on its surface.13 However, the aggregation of exfoliated GO flakes in water cannot be 

circumvented during metal sorption, making the re-use of these sorbents problematic.14 To 

attain improved performance, GO has been shaped into 3D-structured sorbents, for instance, in 

the form of aerogels.15-18 These structures can be prepared by either freeze drying 

(lyophilization)19,20 or by supercritical CO2 (scCO2) drying.21–23 Lyophilization is a process of 

drying in which the solvent (e.g., water) is first frozen and then eliminated from the sample by 

sublimation. ScCO2 drying is a process in which the solvent (e.g., water) is first interchanged 

with a solvent miscible with compressed CO2 (e.g., ethanol) and then the solvent mixture is 

eliminated under supercritical conditions. In both cases, surface tension and capillary stress are 
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avoided during drying. Materials commonly called aerogels or cryogels are obtained by using 

either supercritical or freeze drying, respectively.24–26 The main disadvantages of the prepared 

3D-structures are their extreme fragility and relatively poor mechanical properties, together 

with low structural stability when immersed in polar solvents, since they are obtained by non-

covalent self-assembly.27 A versatile strategy to increase the structural stability is hybridization 

with organic polymers.28 The reinforced systems not only exhibit a great improvement in 

strength over the native compounds, but the polymer also confers different properties for new 

applications. Examples of intensely studied hybrid nanocomposites are GO/epoxy resin,29 

GO/nanocellulose 30 GO/chitosan,31 and, particularly, GO/polyethylenimine (PEI).22,32-38 PEI is 

a polymer rich in electron donor amine groups, with metal chelating properties and a Lewis 

base character.39 Under the area of interest of this work, the GO/PEI system has demonstrated 

high effectiveness for the removal of Hg(II).20,40,41 The main aim of this research is to advance 

the development of new graphene-based 3D sorbents for Hg(II) sorption with the sustainable 

scCO2 method. The synthetized hybrid aerogels can be thermally modified to aerogels of 

reduced GO (rGO) without damaging the other component, hence widening the spectrum of 

applications. The reduced form of GO, with a moderate number of oxygenated groups and still 

aromatic Lewis basicity, has also demonstrated a strong Hg(II) sorption capacity.42 The 

advantageous properties found in graphene-based sorbents can be further improved by building 

them as composite materials to achieve more sophisticated characteristics and, thereby, to 

increase their usability by integrating the unique properties of composing units. Particularly, 

the category of composites made of metal-organic frameworks (MOFs) and GO has received 

tremendous attention in sorption (gas and liquids) applications.43 In this respect, the 

archetypal hydrophobic ZIF-8 MOF, with extremely high thermal, chemical and mechanical 

stability,44 was here chosen to exemplify the method possibilities. The elimination of Pb(II) 

from water solutions has been previously described by using ZIF-8.45 Robust composites of 

GO/PEI with deposited ZIF-8 nanoparticles were obtained applying the designed scCO2 

method.46 The described hybrid and composite aerogels of GO can be thermally reduced to 

aerogels of rGO, without damaging the other components, hence widening the spectrum of 

applications.  

This work is part of an on-going study 24 analyzing the sorption of Hg(II) traces from very 

diluted water solutions (0.05 mgL−1) to reach values close to the limits of drinking water (e.g., 

1 μgL−1 in Europe 47 and 2 μgL−1 according to the U.S. Environmental Protection Agency).48 

The synthetized rGO aerogels, either pristine or involving grafted PEI, were intensively 

characterized regarding their structure and composition. Furthermore, the aerogels were tested 
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for their sorption capacity in water-spiked solutions containing Hg(II). The Hg(II) sorption 

kinetics and isotherms for the studied sorbents were estimated with the pseudo-first/pseudo-

second order equations and the Langmuir/Freundlich models, respectively. The behavior of the 

supercritically synthetized rGO/PEI aerogel was evaluated in comparison to the reported similar 

GOPEI cryogels.20 In particular, it has been demonstrated that the removal efficiency and the 

sorption capacity of the rGO/PEI aerogel prepared via the supercritical route are drastically 

improved with respect to the pristine rGO or similar GOPEI sorbents prepared using alternative 

methods (e.g., lyophilization). Finally, the capacity of ZIF-8 of extracting Hg(II) and Pb(II) 

from solutions was studied in multicomponent polluted water at different salinities, thus 

simulating sea water. A Box–Behnken experimental design was used to obtain surface 

information on the most effective working pH and salinity.49 

 

2. Experimental 

2.1. Materials 

GO nanosheets were supplied by Graphenea Inc. as a stable dispersion in water with a 

concentration of 4 mgmL−1. Polyethylenimine (PEI, 50 w/v% in water, molecular weight 

~750 k), 2-methylimidazole (Hmim), zinc acetylacetonate hydrate (Zn(acac)2·xH2O) and 

sodium chloride (NaCl) were purchased from Sigma-Aldrich. Anhydrous ethanol absolute 

(EtOH) and anhydrous ethyl acetate (EA) were purchased from Carlo Erba. Suprapur® nitric 

acid (HNO3, 65 w/v% in water) was supplied by Supelco. Ultrapure MilliQ® water was used 

for dilution. Compressed CO2 (99.95 wt%) was delivered by Carburos Metálicos S.A. Certified 

standard solutions from Merck of Hg(II), Pb(II), As(III), and Cd(II) (1000 mgL−1 in aqueous 

HNO3 0.28 molL−1) were used to contaminate ultrapure water up to the desired concentrations. 

2.2. scCO2 synthesis of the aerogels  

Aerogels of GO, GO/PEI and ZIF-8@GO/PEI were prepared following a stablished scCO2 

protocol designed to jellify and dry precursor dispersions. The basic precursor dispersion was 

a long-term stable colloidal suspension of GO in EtOH of a concentration of 4 mgmL-1, 

prepared by following a multi-step water-to-ethanol exchange procedure. To formulate the 

GO/PEI precursor dispersion, measured volumes of PEI aqueous solution and GO suspension 

in water were mixed to obtain a mixture of a composition 5:1 wt. for PEI:GO. The mixture was 

sonicated for 30 min and left under stirring at room temperature overnight. Two consecutive 
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solvent exchange protocols where then applied, first, water-to-ethanol and, second, ethanol-to-

EA. During these solvent exchanges, the excess of PEI non-binded to the GO flakes was 

eliminated, ending in a dispersion of ca. 8 mgmL-1, which indicates a ratio of 1:1 wt. for 

PEI:GO. Finally, the precursor dispersion of the composite involving the MOF was prepared 

by mixing ZIF-8 reagents with dispersed GO/PEI in EA. The target ratio of ZIF-8:rGO/PEI in 

the composite was 4:1 wt%, which implied the addition of 60 mg of Zn(acac)2 and 72 mg of 

Hmim to 3 mL of the 8 mgmL-1 GO/PEI dispersion in EA. For each material, three aliquots of 

1 mL of the precursor suspension were added to three small vials, which were placed into a 

non-stirred high pressure reactor of 100 mL. Then, liquid CO2 was flushed into the vessel to 

pressurize the system at ca. 6 MPa. The vessel was gently heated at 313 K and then pressurized 

up to 20 MPa. This experimental conditions were maintained for 48 h, period after which the 

pressure was reduced to ambient by the slow release of the gas under isothermal conditions, 

thus to avoid entering of the two-phase region for the CO2. Finally, the reactor was allowed to 

cool down to room temperature and GO, GO/PEI and ZIF-8@GO/PEI aerogels were recovered 

as cylindrical monoliths. These aerogels were submitted to a soft thermal reduction process 

carried out under N2 flow at 473 K for 2 h, obtaining rGO, rGO/PEI and ZIF-8@rGO/PEI 

reduced aerogels. 

2.3. Solid state characterization 

The molecular arrangement was analyzed by Fourier transform infrared (FTIR) spectroscopy 

(Jasco 4700 Spectrophotometer) using the attenuated total reflection (ATR) accessory and 

determining the main peaks in the 2000–800 cm−1 region. Thermogravimetric analysis (TGA, 

SDT 650, TA instruments) was performed under oxygen flow (50 mLmin−1) up to a temperature 

of 800 K increased in steps of 5 Kmin−1. Morphological features were examined using scanning 

electron microscopy (SEM, Quanta FEI 650FEG), also used to observe the atomic distribution 

of components by energy dispersive spectroscopy (EDS). The BET (Brunauer–Emmet–Teller) 

surface area (Sa), the BJH (Barrett–Joyner–Halenda), and cumulative adsorption pore volume 

between 1.7–300 nm (Vp) were determined by collecting N2 adsorption/desorption isotherms at 

77 K (ASAP 2020, Micromeritics Inc.), after degassing the samples at 393 K for 20 h. The zeta 

potential values of the different bare components and nanocomposite were measured in aqueous 

suspensions (10 mgL−1) in the 2–8 pH range, adjusted with HNO3, using Malvern Zetasizer 

Nano ZS equipment. 
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2.4. Heavy metal batch sorption studies 

The sorption of Hg(II) was studied using spiked waters prepared by diluting the certified 

solution of this metal with ultrapure water up to the desired concentration. The experiments 

were conducted at pH 4.5 with an initial Hg(II) concentration of 50 μgL−1, except for the ones 

that investigated the effect of metal concentration. Hg(II) sorption tests were also carried in 

multicontaminated water obtained by mixing volumes of the certified solutions of lead, arsenic, 

cadmium, and mercury to achieve a system with the following contaminant concentrations: 

[Pb(II)] = 1000 µgL−1, [As(III)] = 1000 µgL−1, [Cd(II)] = 200 µgL−1, and [Hg(II)] = 50 µgL−1, 

which correspond to the European maximum permissible values in wastewater discharges for 

these toxics. The pH was adjusted to the required value with HNO3 solution. To pre-equilibrate 

the systems, metal solutions were stirred overnight at 500 rpm. The sorption tests were 

performed in Schott bottles to which 10 mg of sorbent aerogel, broken in small pieces, were 

kept in contact with 1 L of contaminated water under stirring at 500 rpm. Aliquots of 5 mL 

were taken for analysis and immediately centrifuged at 5000 rpm to eliminate any residual solid 

sorbent. The supernatant liquid was acidified to pH ≤2 with HNO3 before metal concentration 

determination. The quantification of Hg(II) was performed by cold vapor atomic fluorescence 

spectroscopy using a CV-AFS PSA 10.025 Millennium Merlin Hg analyzer and SnCl2 (2 m/v% 

in HCl 10 v%) as a reducing agent. The quantification limit was 0.020 μgL−1 and the standard 

coefficient of variation among replicates was always <10%. 

All assays were conducted in duplicate. A control experiment, corresponding to equally 

contaminated water, but in the absence of the solid sorbent, was every time run in parallel. The 

Hg(II) sorption kinetics were followed at pH 4.5 in solutions of 50 μgL−1 by collecting aliquots 

at defined periods of time (from 15 min up to 48 h). Sorption isotherms were measured, also at 

a pH of 4.5, in solutions of different initial concentrations of Hg(II) ranging from 50 to 3000 

μgL−1, after a period of contact with the sorbent (10 mgL−1) that guarantees equilibrium 

conditions (e.g., 24–48 h). Finally, experiments with water of altered salinity, obtained by NaCl 

addition (0, 15 and 30 gL-1), different Hg(II) concentrations (50, 175 and 300 μgL−1) and diverse 

pH (4, 6 and 8) were performed to analyzed the behavior of the aerogels in simulated clean sea 

water. Inductively coupled plasma emission spectrometry (ICP-OES) was used to quantify 

Pb(II), As(III), and Cd(II) on a Jobin Yvon Activa M. An acceptable coefficient of variation 

among replicates of 10% was considered. The limits of quantification for Pb(II), As(II), and 

Cd(II) were 20, 20, and 2 µgL−1, respectively. 
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3. Results and Discussion 

3.1. Sorbents synthesis and structure 

The nanocomposite aerogel sorbents studied in this work are based on rGO, although, to 

synthetize them through the supercritical route, the easily dispersible GO needs to be used as 

the starting material. GO aerogels were obtained by the non-covalent self-assembly of GO 

flakes during scCO2 drying, which refers to the construction of 3D structures through hydrogen 

bonding, involving the highly oxygenated surface (OH, -O-, COOH), and π–π interactions. The 

reduction process of GO to rGO was carried out to increase the 3D structural stability of the 

aerogel in water. Indeed, GO aerogels are prone to re-exfoliate in water, while rGO are not. A 

covalent self-assembly mechanism describes the formation of GO/PEI aerogels in which the 

occurrence of amide bonds, formed through the condensation of the primary amine groups in 

PEI with the carbonyl moieties and epoxy groups in GO, assures a stable 3D structure. GO/PEI 

aerogels were further reduced to rGO/PEI aerogels under thermal conditions mild enough not 

to affect the polymer. 

Scanning electron microscopy (SEM) images of the transversal section of the rGO and rGO/PEI 

monoliths displayed interconnected meso/macropores in a continuous network of highly 

exfoliated rGO flakes (Figure 1a,b). Essentially, a nitrogen mapping of the rGO/PEI surface, 

performed by energy dispersive spectroscopy (EDS) on a SEM image, showed that the polymer 

was homogeneously grafted on the surface (Figure 1c). N2 physisorption isotherms recorded 

for both sorbents (Figure 1d) can be described as type IV at low and medium relative pressure 

and type II at high relative pressure, which is characteristic of nanoporous structures with both 

meso- and macropores and a negligible contribution of microporosity. Hence, the structural 

aerogel-type mesoporosity of rGO was maintained after PEI incorporation as the polymer did 

not block the pores (Table 1). 

Table 1. The textural properties of the studied sorbents including the BET (Brunauer–

Emmet–Teller) surface area (Sa) and the BJH (Barrett–Joyner–Halenda) pore volume (Vp). 

Sample BET Sa [m2g−1] BJH Vp [cm3g−1] 

rGO 310 0.91 

rGO/PEI 227 0.60 

 

The molecular structural analysis of rGO, performed by Fourier transform infrared 

spectroscopy with attenuated total reflection (FTIR-ATR, Figure 1e), indicates the presence of 
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a large number of C=C bonds in the carbon network (band at 1550 cm−1) and a significant 

amount of the still remaining oxygenated groups shown by the band of OH at 1200 cm−1 and 

the signal of C=O at 1710 cm−1. The presence of PEI in the rGO/PEI sample was ascertained 

by a new signal appearing in the spectrum at 1430 cm−1 that was assigned to NH2 bending. 

Moreover, the carboxylic signal was observed to have shifted to 1650 cm−1 due to the bond 

established with the amino groups in PEI. The rest of the PEI signals were either coincident or 

overlapped by those of rGO. The TGA analysis of the rGO sample indicated that ca. a 6 wt% 

decrease occurred below 450 K, corresponding to the elimination of residual oxygen 

functionalities (Figure 1f). Hence, the used thermal reduction method (2 h at 473 K) was not 

harsh enough to totally eliminate the enormous amount of oxygenated functionalities present 

in the original GO aerogel (>25 wt%). Nevertheless, the applied reduction protocol was 

sufficient to transform the material from structurally unstable to stable in water by increasing 

the percentage of the aromatic structure, and thus the hydrophobic character. The composition 

of the rGO/PEI hybrid material was estimated by analyzing the different weight loss steps in 

the thermogravimetric analysis (TGA). The first weight decay of ca. 5 wt%, observed at 

temperatures <450 K was assigned to the elimination of the remaining oxygenated groups. The 

second weight decay of ca. 42 wt%, observed between 500 and 700 K, was assigned to PEI 

decomposition and evaporation. The last weight decay at 780 K corresponded to rGO burning. 

The weight calculations indicate that the 1:1 wt GO/PEI precursor was altered to a 0.7:1 wt 

rGO/PEI nanocomposite during reduction. 
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Figure 1. The characterization of the rGO and rGO/PEI sorbents: SEM of (a) rGO (the 

insight is an aerogel monolith) and (b) rGO/PEI; (c) EDS mapping of N2 for the rGO/PEI; (d) 

N2 adsorption/desorption isotherms; (e) FTIR-ATR spectra; and (f) TGA. 

3.2. Hg(II) sorption kinetics on rGO and rGO/PEI sorbent 

To evaluate the kinetic parameters, the sorption of Hg(II), at an initial concentration of 50 µgL−1 

and pH 4.5, was evaluated at different time intervals up to reaching equilibrium. Constant 

concentrations of Hg(II) of ca. 50 µgL−1 were measured over the whole control experiments 

(e.g., without the addition of solid sorbent), indicating that potential losses due to sorption in 

glass walls or to volatilization could be considered as negligible. Different results were obtained 

for the rGO and rGO/PEI sorbents. rGO was very slow in sorbing Hg(II), attaining only 80 wt% 

removal after 48 h, while rGO/PEI was very fast, achieving near 95 wt% removal in the first 

hour. Collected experimental points were described using the pseudo-first (PFO) and pseudo-

second (PSO) order kinetic models (Figure 2a). 
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Figure 2. The experimental kinetic data points concerning the sorption of Hg(II) onto 

rGO/PEI over time and the fittings (dotted lines) of the PFO and PSO models for: (a) single 

metal, and (b) multicomponent solutions. 

For rGO, the experimental points were well-fitted by both the PFO and PSO models with an R2 

of 0.97, although the Akaike’s information criterion (AIC)50 for comparison gave a 63% 

probability of being PFO. For rGO/PEI, a better match was obtained by applying the PFO (R2 

= 0.98) vs. PSO (R2 = 0.94) model, with an AIC probability of being PFO >99%. The studied 

sorbents presented a very different k1 constant in the PFO model, with values of 0.11 and 2.0 h−1 

for rGO and rGO/PEI, respectively (Table 2). Clearly, the rGO sorbent experienced stronger 

mass transfer limitations than rGO/PEI. Since both sorbents showed similar meso/macro 

porosity determined by low temperature N2 physisorption (Table 1), the external and 

intraparticle diffusion inside the monoliths was here not considered as the parameters 

controlling the uptake. For rGO, sorption of the sorbate on the active sites of the sorbent should 

be an important step controlling the reaction rate at intermediate and high uptake levels. In 

contrast, the high affinity of Hg(II) by amine-rich active sites in rGO/PEI sped up the sorption 

process at the interphase, giving an abrupt descent of metal concentration in the solution 

followed by a plateau. The residual Hg(II) concentration at equilibrium was 9.6 µgL−1 for rGO, 

and only 3.6 µgL−1 for rGO/PEI (Table 2). Hence, the rGO/PEI material synthetized in this 

work was able to reach residual values very close to the strict European and American standards 

in drinking water. 

(a) (b) 
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Table 2. The maximum removal percentage (RE) *, the contact time (c.t.) the sorbate–sorbent 

needed to reach equilibrium, and the PFO ** kinetic parameters (k1 and Ce ± standard 

deviations) obtained for the different sorbents regarding Hg(II) sorption in either a single or 

multicomponent solution. 

* 𝑅𝐸 =
𝐶0−𝐶𝑒

𝐶0
×  100 C0 and Ce [µgL−1] are the initial and equilibrium concentrations of Hg(II). 

** 𝑃𝐹𝑂: 
𝑑𝑄𝑡

𝑑𝑡
= 𝑘1(𝑄𝑒 − 𝑄𝑡), 𝑤ℎ𝑒𝑟𝑒 𝑄𝑡 =

(𝐶0−𝐶𝑡)𝑣

𝑚
 Qe and Qt [mgg−1] are the amounts of 

sorbed metal per gram of sorbent at equilibrium and time t [h]; k1 is the constant in PFO kinetic 

equation; v [L] is the volume of solution; m [mg] is the mass of the added solid sorbent. 

The sorption of Hg(II) in rGO/PEI was further analyzed in a multicomponent system involving, 

aside from Hg(II), also Pb(II), As(III), and Cd(II). The kinetic analysis indicated that the 

rGO/PEI was particularly selective for the sorption of Hg(II), since the concentration of the rest 

of the contaminants was practically invariable during the experiment, with RE values close to 

zero (Figure 2b). Again, the PFO model was properly fit to the experimental data (R2 = 0.98), 

with a Hg(II) residual concentration of 3.4 µgL−1 at equilibrium, similar to that found in the 

single metal system (Table 2). The k1 constant was only slightly reduced from a value of 2 h−1 

to 1.7 h−1 in multicomponent sorption, indicating low competition with other metals for sorption 

onto the active sites.  

3.3. Isotherm of rGO/PEI sorbent for Hg(II) sorption 

The equilibrium sorption capacity (Qe mgg−1) of the hybrid sorbent was calculated by analyzing 

the influence of the different initial Hg(II) concentrations investigated in the range of 50–3000 

µgL−1 at pH 4.5. Langmuir and Freundlich isotherms were used to model the experimental 

equilibrium data (Figure 3). Under the used experimental conditions, only the Langmuir model 

successfully described the data, with an R2 of 0.998, which indicates physical adsorption on 

homogeneous surfaces with only one type of binding mechanism. From the Langmuir equation, 

the maximum sorption capacity of the sorbent rGO/PEI (Qe(max)) for Hg(II) was estimated as 

219 ± 13 µg g−1. The dimensionless separation factor RL, calculated from the constant of the 

Langmuir isotherm (0.0084) at a Hg(II) concentration of 50 µgL−1, obtained a value of 0.91, 

which is indicative of a highly favorable Hg(II) sorption process on the rGO/PEI surface. 

Sample Single Metal Multicomponent 

 
RE 

[wt%] 

c.t. 

[h] 

k1 

h−1 

Ce 

µgL−1 

RE 

[wt%] 

c.t. 

[h] 

k1 

h−1 

Ce 

µgL−1 

rGO 80 24 0.11 ± 0.03 9.6 ± 0.5 -- -- -- -- 

rGO/PEI 95 1 2.0 ± 0.04 3.6 ± 0.2 95 2 1.7 ± 0.09 3.4 ± 0.3 

ZIF-8@rGO/PEI -- -- -- -- 80-85 2 2.1 ± 0.11 8.7 ± 0.8 
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Figure 3. The Langmuir (straight line) and Freundlich (dotted line) isotherm models applied 

to the experimental data (dots) of Hg(II) sorption on rGO/PEI at different metal 

concentrations. 

 

3.4. Mechanism for mercury sorption by rGO/PEI 

The sorption of metals onto a sorbent is a surface phenomenon that strongly depends on two 

factors: first, the dominance of metal ion species at a particular solution pH and, second, the 

positive or negative surface charge of the sorbent at this pH.51,52 In this work, a pH of 4.5 was 

chosen to carry out the Hg(II) sorption tests on the basis of previous studies that have shown, 

for similar systems involving GO and aminopolymers, that the removal of mercury increases 

substantially after a pH of 2, reaching a plateau at pH 4–5.20,53 Charged species on the support 

are suitable for complexation and electrostatic interactions with metals, while intermolecular 

and dipole–dipole or acid–base interactions are established between neutral species. The 

chemical species for Hg(II) in solution at different pH were calculated with the program Visual 

MINTEQ 3.1. At the used sorption pH of 4.5, the Hg(II) was mainly (98 wt%) in the form of 

neutral Hg(OH)2, with the remaining 2 wt% positively charged metal, Hg2+, and Hg(OH)+. A 

zeta potential study vs. pH was conducted to analyze the surface charge of bare rGO and hybrid 

rGO/PEI sorbents (Figure 4). 
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Figure 4. The zeta potential values measured for the studied sorbents in water as a function 

of pH. 

 

On the basis of the surface charge analysis, the deduced possible interactions between the 

Hg(OH)2 and rGO or rGO/PEI sorbents are shown in reactions (1–6) and schematized in 

Figure 5.  

Electrostatic/complexation:  

[rGO or rGO/PEI]- COO-/O- + Hg(OH)2   at pH 4.5 
(1) 

Acid/basic aromatic -interaction:  

[rGO or rGO/PEI]-C6H6 + Hg(OH)2   [rGO or rGO/PEI]-C6H6  Hg(OH)2 
(2) 

Hydrogen bonding:  

[rGO or rGO/PEI]-COOH/OH + Hg(OH)2  [rGO or rGO/PEI]-COOH/OH  Hg(OH)2 
(3) 

Electrostatic/complexation/chelation:  

[rGO/PEI]- NH+/NH2
+/NH3

+ + Hg(OH)2   at pH 4.5 
(4) 

Hydrogen bonding:  

[rGO/PEI]- NH/NH2 + Hg(OH)2  [rGO/PEI]- NH/NH2   Hg(OH)2 
(5) 

Lewis base/acid coordination:  

[rGO/PEI]-N/NH/NH2 + Hg(OH)2   [rGO/PEI]-N/NH/NH2  Hg(OH)2 
(6) 
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Figure 5. Schematic representation of the possible interactions represented in reactions 

(1-6). 

rGO displayed a highly negative zeta potential, ascribed to the still remaining high density of 

deprotonated hydroxyl and carboxyl functionalities on its surface. Electrostatic interactions 

between these oxygenated functionalities and the neutral Hg(OH)2 would not occur (reaction 

(1)), although it can be established with the residual positively charged cations. Moreover, rGO 

can formally act as a Lewis base in the sense that the aromatic rings in the structure can donate 

electrons to form a coordination bond. Hence, acid–basic interactions can be established 

between rGO and the soft acid bivalent mercury (reaction (2)). Finally, hydrogen bonding 

between the carboxyl and hydroxyl functionalities and neutral Hg(OH)2 is also a feasible 

interaction mechanism (reaction (3)). In contrast to rGO, the rGO/PEI sorbent displayed a 

positive or negative zeta potential value as a function of pH, with a zero-point charge observed 

at a pH of ca. 4. Above this pH, the charge of the sorbent was negative, given by an excess of 

oxygenated functionalities in rGO, and positive below the same, given by an excess of 

protonated amino-rich functionalities in PEI. In fact, the working pH of 4.5 is close to the point 

of zero charge, signifying that the surface charge of rGO/PEI should be relatively neutral, with 

the amine functionalities protonated only to a short extent, minimizing the electrostatic 

interactions (reaction (4)). Ahead of the interactions established with the rGO component, 

primary, secondary, and tertiary forms of amine, present in rGO/PEI, have a lone pair of 

electrons acting as a Lewis base prone for complexation with mercury (reaction (5)); and 
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primary and secondary amines can be hydrogen bonded to neutral Hg(OH)2 (reaction (6)). For 

rGO, the binding mechanism is likely to be represented by the intermolecular interactions 

displayed in reactions (2,3), while for rGO/PEI, the amine-rich functionalities should be the 

main sorption sites (reactions (5,6)). 

3.5. Contrasting literature data 

The use of hybrid sorbents involving GO and nitrogen functionalities is a common practice for 

the sorption of Hg(II) from water. Sorption capacities ranging from 50 to more than 500 mgg−1 

have been reported for these materials. However, most of the sorption tests have been performed 

at initial Hg(II) concentrations of 10–200 mgL−1, values that are drastically higher than the 

typical concentration of 0.05 mgL−1 used in this work. Different ranges of applied experimental 

conditions are represented in Figure 7a for several hybrid GO and rGO sorbents involving 

nitrogen on the structure.20,41,54-59 In most of the preceding literature, the objective has been to 

reach residual Hg(II) values close to the permissible rates of discharge for industry (0.05 

mgL−1), while the focus of this study was to start with concentrations in the range of the 

discharge rate and to reach values close to the limits of drinking water (e.g., 1 μgL−1 in Europe 

and 2 μgL−1 in the U.S.).47,48 Heavy metals, in general, and Hg(II), in particular, are found in 

nature in the form of traces. Hence, the diluted concentration conditions used in this work to 

perform the sorption tests, from 0.05 to 3 mgL−1, are considered more realistic than the 

aforementioned literature values of 10 mgL−1 upward. 

The relevant kinetic parameters chosen to consider a sorbent efficient are the residual 

concentration of metal in the water phase at equilibrium (Ce µgL−1) compared to the legal 

criteria, and, very importantly, the time required to achieve this equilibrium must be as short as 

possible. Invariably, for the tests performed at a high starting concentration of Hg(II), the 

residual Hg(II) concentration in the solution was higher than 1 mgL−1 (Figure 7a). Moreover, 

for only a few of these materials (e.g., rGO/polyamine),56 the sorption was fast and the 

equilibrium was reached in less than one hour, although in this case, the attained maximum 

value of the sorption was only 58 mgg−1. In contrast, for most of the reported hybrid sorbents, 

the equilibrium was attained after several hours of contact time, as in the case of 

GO/PEI/alginate 41 or rGO/polyaniline,60 achieving in these cases high maximum sorption 

values >300 mgg−1 (Figure 7b). 
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Figure 7. A comparison of the data obtained in this work and reported in the literature for 

several hybrids of GO and rGO sorbents involving nitrogen on the structure. Data are 

organized on the basis of the used initial concentration of Hg(II) (C0) represented vs.: (a) the 

residual equilibrium concentration in solution (Ce), and (b) the maximum sorption capacity of 

the sorbent (Qe(max)). The literature information was extracted from references.20,17,55-61 Data 

points in blue and red indicate tests performed at high and low initial concentrations of metal, 

respectively. Data points in green represent the results of this work. 

It is remarkable that the rGO/PEI designed in this work was able to decrease the concentration 

of Hg(II) to only ca. 0.0035 mgL−1, very close to the values accepted for drinking water, in a 

very short period of time. When comparing the results of this work with those in the literature, 

it is important to consider that different sorption mechanisms may prevail in concentrated and 

diluted solutions, even when using similar solid sorbents. A high value for the initial Hg(II) 

concentration is often translated into metal excess in solution, which would create strong 

driving forces for metal diffusion in small pores and sorption in difficult to reach active sites. 

Moreover, processes of multilayer formation or heterogeneous precipitation for the metal 

(oxide, hydroxide) on the surface of the sorbent can be triggered under these conditions. As a 

consequence, higher maximum sorption values than the ones described for diluted systems 20 

are found in concentrated Hg(II) solutions. Nevertheless, the maximum sorption capacity 

attained for the designed rGO/PEI aerogel was measured as 219 mg g−1 at concentrations of 

Hg(II) lower than 3 mgL−1. This value of Qe(max) is high and close to those found on metal 

concentrated media, and it is almost double the value obtained for conventional industrial 

activated carbon, the latter in the order of 150 mg g−1 but obtained at an initial concentration of 

Hg(II) of 10 mgL−1. 
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The behavior of the rGO/PEI aerogel obtained in this work was compared to that of a GOPEI 

freeze-dried cryogel previously described by some of the authors in this work (Figure 8).22 The 

same hyperbranched high molecular weight PEI and similar GO:PEI ratio were used to build 

the monoliths in both cases, and sorption measurements were performed under similar 

experimental conditions (e.g., pH 4.5 and 50 µgL−1 of Hg(II) in the starting solution). First of 

all, it was observed that significantly higher values of maximum sorption capacity were 

obtained for the rGO/PEI aerogel (219 mgg−1) vs. the GOPEI cryogel (90 mgg−1). Additionally, 

noteworthy lower values of residual Hg(II) concentration in water were attained by using the 

rGO/PEI aerogel (3.5 µgL−1 in 1 h c.t.) instead of the GOPEI cryogel (4.5 µgL−1 in 2 h c.t.). 

 

 

 

 

 

 

 

Figure 8. A diagram comparing the sorption data for a GOPEI cryogel 20 and the rGO/PEI 

and rGO aerogels synthetized in this work. 

The GOPEI cryogel described in the literature was obtained by lyophilization,20 while the 

rGO/PEI aerogel fabricated in this work was prepared by a scCO2 route. The morphology of 

water freeze-dried cryogels is frequently a replica of sublimated ice crystals, with pore sizes 

from a few to several hundreds of microns, very low density, but rather low specific surface 

area due to the loss of nanostructure in the pores, as constituent nanoentities are compressed by 

growing ice crystals.61 When performing drying with scCO2, the resulting aerogels are open 

pore materials, with very high porosity and meso- and small macropores, resulting in high 

specific surface area materials. The SEM analysis of both sorbents showed a macroporous 3D 

network with largely interconnected channels, which is important to enable the fast diffusion 

of the sorbate inside the sorbent. As a consequence, the needed contact time for the equilibrium 

to be attained was similar in both cases. In contrast, the N2 adsorption/desorption isotherms of 

both products reported very different textural parameters. The GOPEI cryogel and rGO/PEI 

aerogel displayed values of the BJH mesopore volume in the order of 0.07 and 0.6 cm3g−1, 
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respectively. The low value of pore volume ascribed to mesopores (and small macropores) in 

the GOPEI cryogel is a consequence of the drying method, with the macropores prevailing in 

this material. Importantly, the surface area of 227 cm3g−1 measured for the rGO/PEI aerogel 

decreased to 62 cm3g−1 for the GOPEI cryogel, indicating that the latter is a less exfoliated 

system. This reduction in the surface area results in less available surface for PEI grafting, 

which should be highly packed on the GO surface suffering steric hindrance,62 and in a 

significant percentage of PEI blocked between the GO flakes. Hence, the GOPEI cryogel would 

present less available amine sorption sites for Hg(II) than the rGO/PEI aerogel. 

3.6. Design of magnetic sorbents  

The water stability of rGO/PEI was studied through its regeneration and potential reuse in 

several Hg(II) sorption cycles. It is worth mentioning that the capacity of regeneration of this 

type of sorbent has already been demonstrated in a previous work for a similar GOPEI 

composite.20 This type of material is easily regenerated by treating them with diluted HNO3 (2 

v%). In this way, the pH of the medium is decreased and the cationic forms of mercury (Hg2+ 

and Hg(OH)+) become predominant. The affinity of these forms for the rGO/PEI, with a 

positive zeta potential at acid pH (Figure 4), would be minimal, thus allowing the desorption of 

the cationic metal. The pieces of monolith sorbent can then be recovered, washed with clean 

water, and reused. For a conventional aerogel, the sorbent must be separated by filtration. An 

alternative is the use of magnetic aerogels, in which the separation can be carried out with the 

aid of an external magnet.63-65 The synthesis of magnetic aerogels involving superparamagnetic 

iron oxide nanoparticles (SPIONs) can be easily achieved using the supercritical route, as 

demonstrated previously by some of us.66 The SPIONs were added in the desired percentage 

(ca. 20 wt%) to the precursor GO/PEI dispersion before scCO2 drying. The thermally reduced 

SPIONs@rGO/PEI aerogel, showing a magnetic character and structural water stability, 

provides magnetic susceptibility in front of an external field, which would facilitate the 

separation of the monolith pieces from the purified solution for reuse (Figure 6a). In this work, 

it was first verified that the behavior of rGO/PEI and SPIONs@rGO/PEI was similar with 

regard to the Hg(II) sorption capacity (Figure 6b), attaining for both materials an RE of 95 wt% 

(C0 50 µgL−1, doses 10 mg). In a second set of experiments, the SPIONs@rGO/PEI aerogel was 

used in two consecutive cycles of sorption/desorption. The performance of the sorbent for 

Hg(II) capture was maintained in the second cycle with an RE value close to 94%, similar to the 

one of the as-synthetized aerogel (Figure 6b). 
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Figure 6. The behavior of the SPIONs@rGO/PEI aerogel synthetized for Hg(II) capture: (a) 

water behavior of the magnetic aerogel showing that an external magnet can be used to 

recover the loaded sorbent for re-use, and (b) the sorption of Hg(II) in a multicomponent 

solution onto rGO/PEI, either net or with deposited SPIONs, over time. 

 

3.7. Addition of ZIF-8 to rGO/PEI sorbent 

3.7.1. Physicochemical characteristics of ZIF-8@rGO/PEI 

The continuous network of rGO/PEI in the aerogel was further intricate by adding nanoparticles 

of ZIF-8. The objective was to synthetize a composite with hierarchical micro/meso porosity 

that could be used for selective multicomponent sorption. The synthesis of ZIF-8@GO/PEI 

composite aerogel was achieved by the in situ growth oh the nanoparticles on the surface of 

GO/PEI during the scCO2 treatment. The recovered monoliths were submitted to the soft 

reduction protocol to obtain the reduced sorbent ZIF-8@rGO/PEI. SEM images of the 

composite indicated that the meso/macroporous structure of the aerogel was preserved during 

NPs synthesis on the flakes surface (Figure 9a). The estimated particle size for ZIF-8 

nanoparticles was of ca. 50-80 nm diameter, displaying the typical rhombic dodecahedron 

morphology of this MOF (Figure 9b). The presence of crystalline ZIF-8 in the composite was 

assessed by XRD by comparing the patterns of ZIF-8@rGO/PEI and simulated ZIF-8 from 

single crystal data (Figure 9c). The composite only displayed the signals of ZIF-8. The rather 

broad peak of rGO at 2θ ca. 25º was not observed due to a decrease in the staking of the rGO 

nanoflakes, likely caused by NP interlayer deposition.67 The N2 adsorption/desorption isotherm 

of this composite was of type IV at medium and high relative pressures, indicating mesoporosity 

given by the rGO/PEI aerogel, and of type I at low relative pressure, indicating microporosity 

provided by ZIF-8 (Figure 9d). Hence, a hierarchical system in regard of porosity was 
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constructed, with a significant pore volume distributed between mesopores (0.28 cm3g−1) and 

micropores (0.26 cm3g−1). The FTIR-ATR spectrum of the composite exhibits essentially the 

peaks of ZIF-8, the main component in the composite, with the bands corresponding to the 

imidazol, C–N and C = N, located at 1455, 1416 and 1145 cm−1, and the C = N band at 1583 

cm−1 (Figure 9e). The composition of the ZIF-8@rGO/PEI aerogel was estimated by TGA, 

taken into account that the reduced composite stabilized with a residue of ca. 28 wt%, attributed 

to the formation of ZnO, when it was heated up to 750 K in an oxygen atmosphere (Figure 9f).68 

From this percentage, the amount of ZIF-8 in the composite was calculated backwards, giving 

a result of ca. 75 wt%. The remaining 25 wt% was rGO/PEI. This result matched the target 

composite composition of ZIF-8:rGO/PEI of 4:1 wt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Characterization of ZIF-8@rGO/PEI sorbent: (a,b) SEM micrographs at different 

magnifications, (c) XRD pattern of experimental and simulated phase, (d) N2 

adsorption/desorption isotherm, (e) FTIR-ATR spectrum, and (f) TGA. 
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3.7.2. Solubility behavior and surface charge of ZIF-8@rGO/PEI in water 

As mentioned, the solution pH alters the speciation of Hg(II) in water and influences sorbent 

surface charge. Additionally, for ZIF-8 the pH also determines the structural stability of the 

sorbent. It is worth mentioning that this MOF, which is very stable in neutral and basic 

conditions, dissolves under acidic pH. The dissolution of ZIF-8 in aqueous acid solutions can 

be considered as the reverse synthetic process (reaction 7), thus giving to the media OH- that 

modify the pH value of the aqueous solution and, eventually, the metal speciation.  

 

[Zn(mim)2]n + m H2O  [Zn(mim)2]n-m + m OH- + m Zn2+ + 2m Hmim (7) 

 

A separated test, performed by stirring weighted amounts (8-80 mg) of ZIF-8 in 1 L of water at 

pH 4.5 during 24 h, indicated that the pH of the solution was increased to a value of 8.  As a 

consequence, it becomes difficult, if not impossible, to measure the surface charge of ZIF-8 at 

acidic pHs. The point of zero charge of ZIF-8 has been stablished around pH=10, with positive 

surface charge values below this pH originated by the protonation of the imidazole ligands, the 

terminal groups in ZIF-8.69,70 The ZIF-8@rGO/PEI composite displayed a positively charge 

surface up to a pH of ca. 8 (Figure 4). The presence of a large amount of =N-, -NH- and -NH2 

groups, from both PEI and terminal mim groups in ZIF-8, foster a positive charge on the surface 

of the composite, which cannot be compensated by the negative charge of the rGO support. 

 

3.7.3. Multicomponent Hg(II) and Pb(II) adsorption on ZIF-8@rGO/PEI 

The analysis of bare ZIF-8 as a sorbent for Hg(II) uptake vs. time at pH 4.5 indicated that this 

MOF was not a proper sorbent for this heavy metal (Figure 10). In the first sorption stages, the 

sorbent showed some affinity for Hg(OH)2, reaching removal levels in the order of 20 wt%, 

likely due to the establishment of some hydrogen bonding with non-protonated terminal NH 

groups in the sorbent (reaction 8).  

 

 

(8) 
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However, after few hours, the Hg(II) was again released to the media. This behavior is ascribed 

to the dissolution of the MOF at pH 4.5.  

The adsorption of Pb(II) on ZIF-8 has been previously studied, giving a saturation capacity for 

this MOF of 1120 µgL−1 at a pH of 5.1, ascribed to external surface adsorption.71 However, the 

authors did not take into account ZIF-8 dissolution that must occur at the working acid pH. The 

instability of ZIF-8 in acidic water solutions has been considered in the adsorption of As(III).72 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Experimental kinetic data points concerning: (a) the sorption of Hg(II) onto ZIF-8 

and ZIF-8@rGO/PEI over time, and (b) multicomponent solutions. 

 

Preliminary experiments have demonstrated that rGO/PEI is not able to adsorb Pb(II) but it can 

adsorb Hg(II). Contrarily, ZIF-8 is not able to adsorb Hg(II) but can adsorb Pb(II). Hence, it is 

expected for the combination of these two sorbents in ZIF-8@rGO/PEI a synergistic 

performance for sorption of several contaminants simultaneously from water. Hence, the 

behavior of the composite was studied in a multicomponent system involving Hg(II) and Pb(II), 

as well as As(III) and Cd(II). For the last two, the adsorption was insignificant. The maximum 

removal efficiency for Hg(II) was of ca. 90 wt% attained after 2 h. However, this value 

decreased to ca. 80-85 wt% at 24 h. This behavior is linked to ZIF-8 dissolution and release of 

Hg(OH)2 sorbed onto this phase. The PFO model was found to describe the experimental Hg(II) 

sorption data effectively (R2 = 0.99) (Figure 10a), with an AIC probability of being PFO vs. 

PSO higher than 98 %. The estimated k1 constant presented a value of ca. 2 h-1, similar to that 

of bare GO/PEI (Table 2). However, the residual concentration of Hg(II) in the medium at 
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equilibrium was of ca. 9 µgL−1, value notably higher than that obtained for rGO/PEI of only 

3.6 µgL-1. The worse sorption value could be explained on the basis of the ratio 

sorbate/available active sorption sites in each case. On one hand, all the experiments were 

performed with 10 mg of sorbent, which for the ZIF-8@rGO/PEI sample means that the amount 

of rGO/PEI sorbent was of only 2.5 mg (25 wt% of the monolith weight as deduced from TGA 

data), thus reducing the concentration gradient of free sorption sites/Hg(OH)2 molecules by four 

with respect to bare rGO/PEI. On the other hand, ZIF-8 NPs (75 wt% of the monolith weight) 

deposited on the surface of rGO/PEI would hinder the access to some active PEI sites.  

Simultaneously to Hg(II) sorption, Pb(II) was almost eliminated from the system, process in 

which ZIF-8 must be involved. The sorption of metals from water on ZIF-8 has been explained 

by different mechanisms, such as ion-exchange, coordination reaction, surface chemistry, 

transmetallation and hydrophobic interactions. Any of them is related to metal diffusion into 

the pores, since the metal species in solution are too large to fit through the apertures of ZIF-8, 

meaning that this uptake occurs on the surface sites of the framework. At the working pH of 

4.5, Pb(II) is totally in the form of Pb2+. Therefore, electrostatic interactions could not be 

stablished with the positively charged surface of ZIF-8@rGO/PEI (Figure 4). Moreover, ZIF-8 

is a neutral framework and does not contain any free metal binding sites that can explain the 

metal sorption. Hence, the best explanation for Pb(II) removal is precipitation during ZIF-8 

dissolution. Indeed, simultaneously to Pb(II) removal, important amounts of Zn(II) where 

released to the aqueous medium. The graph for metals evolution in water with time (Figure 

10b) indicates that in the first 2 h of contact time with the sorbent, the concentration of Pb(II) 

and Zn(II) in the media remained constant at high and low values, respectively. After that, the 

concentration of Pb(II) decreased definitively, while that of Zn(II) raised up.  The delay in 

Pb(II) adsorption is related to the induction time needed to achieve a significant dissolution of 

the ZIF-8. After 24 h, the dissolved Zn(II) amount corresponded to ca. 25 wt% of the ZIF-8 

initially present in the composite. When using acidic pH for ZIF-8 systems, the toxicity of 

released Zn(II) should be considered as an important part of the process. 

3.7.4. pH influence through Box-Behnken analysis 

Taking into account the large influence of the pH on the stability of the composite, the 

ZIF-8@rGO/PEI material was further studied in regard of this operational parameter. pH values 

of 4, 6 and 8 where chosen for study. The ZIF-8 phase is mainly stable in water at pH 8, but not 

at pH 4 and 6. Simultaneously, to find the optimal sorption conditions in more realistic 

situations, the salinity of the water was varied from 0 to 30 by adding NaCl, the last one 
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simulating the ionic strength of sea water. Under this conditions, changes in the speciation of 

Hg(II) by the formation of chlorine complexes must be considered. At 0 salinity, the main 

specie in solution was Hg(OH)2 at any studied pH. At intermediate and high salinity, the main 

specie at pH 4 was HgCl2, at pH 6 a mixture of HgCl2 and HgClOH and at pH 8, again, 

Hg(OH)2. To analyze these variables, the experiments were carried out following a Box-

Behnken experimental design, adding, as the third variable, the Hg(II) concentration in the 

medium (Table 3).  

Table 3. Box-Behnken experimental conditions. 

Variable -1 0 1 

pH 4 6 8 

Salinity (gL−1) 0 15 30 

Initial [Hg] (µgL−1) 50 175 300 

 

The objective was to find the conditions that maximize the removal of mercury at 2 and 24 h. 

The resulting optimal surface response diagrams are shown in Figure 11, fixing the initial 

concentration value at 300 µgL−1 for the 2h runs (Figure 11a) and 50 µgL−1 for the 24 h runs 

(Figure 11b).  

 

 

 

 

 

 

 

 

 

Figure 11. Box-Behnken surface response diagrams regarding the optimal conditions for 

removal of Hg(II) from water after (a) 2 h and (b) 24 h. 

 

(a) (b) 
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The equations governing the models were linear for experiments performed at both, 2 and 24 h. 

The optimal conditions for removal Hg(II), as given by the Box-Behnken analysis, were pH 8 

and null salinity, giving removals as high as 77 and 96 wt% at 2 and 24 h, respectively.  At pH 

8, the zeta potential of the ZIF-8@rGO/PEI was just crossing the zero charge point (Figure 4). 

The almost neutral, although slightly negative, surface charge of the composite is suitable for 

hydrogen bonding with neutral Hg(OH)2 species present in the solution. However, these results 

must be analyzed with care, since at pH 8 the Hg(II) can precipitate in the form of HgO by 

heterogeneous nucleation on the surface of the sorbent. Precipitation of contaminants is 

detrimental for the re-use of the sorbent, as well as sorbent dissolution. The increase in the 

salinity always resulted in a decrease of the Hg(II) uptake by the sorbent. The reason is due to 

changes in the speciation of Hg(II), from Hg(OH)2 to HgCl2, with null capability of hydrogen 

bonding, although still able of acid-basic Lewis interactions with the sorbent. 

 

4. Conclusions 

This work presents the first example of cross-linked nanocomposites of amine functionalized 

GO (with PEI) in the form of an aerogel fabricated utilizing scCO2 technology. The synthetized 

macro/mesoporous aerogel was tested for Hg(II) sorption from trace metal contaminated water. 

Importantly, this sorbent removed up to 95 % of the Hg(II) in the water within less than 1 h, 

even with an initial metal concentration as low as 50 µgL−1, in which the driving force for 

sorption is low. The residual concentration of Hg(II) remaining in the contaminated water was 

in the order of 3.5 µgL−1, close to the limits for drinking water, while the maximum sorption 

capacity was in the order of 220 µgL−1, which is higher than most of the values obtained for the 

other sorbents reported in the literature. Actually, higher values of maximum sorption capacity 

and lower values of non-sorbed residual Hg(II) were obtained for the rGO/PEI aerogel when 

compared to a similar GOPEI cryogel measured under similar experimental conditions. In 

addition, the designed rGO/PEI aerogel sorbent was highly selective with regard to Hg(II), not 

losing the advantages of high removal capacity in very short contact times in multicomponent 

systems. Moreover, magnetic rGO/PEI aerogels were also fabricated using the described scCO2 

route, in which the magnetic character facilitates sorbent regeneration and reuse. Additionally, 

the reached fast sorption kinetics are expected to greatly improve the economic efficiency of 

the process. Finally, the integration of the microporous ZIF-8 to the composite incorporated 
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new features to the material, such as the possibility of Pb(II) adsorption. However, ZIF-8 

degradation in acidic conditions should be taken into account when designing the process. 
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Abstract 

The fabrication of a lithium iron phosphate (LFP/C) deposited on reduced graphene oxide 

(rGO) composite aerogel (LFP/C@rGO) is presented in this Chapter. The synthesis of the 

nanocomposite is carried out in a one-step process by means of supercritical CO2 (scCO2) 

technology, only requiring a soft thermal reduction step to obtain the fully functional material. 

This aerogel can be utilized as a self-sustaining cathode material in lithium ion batteries, either 

in conventional or solid-state configurations. The characterization of the hybrid nanocomposite 

evidences the synergy between the macro/mesoporous aerogel framework and the nanosized 

LFP/C powder. On one hand, the conductive rGO flakes improves electron mobility to and from 

the LFP/C nanoparticles, while, on the other hand, the aerogel structure allows the homogenous 

dispersion of LFP/C nanopowder on top of the GO flakes surface, thus preventing particles 

aggregation during charge/discharge cycles. These features imply an added value over 

conventional LFP/C cathodes, since it circumvents the need of using binders that decrease the 

overall electrochemical activity of the material. The LFP/C@rGO aerogel has been tested as a 

cathode in conventional lithium-ion batteries. Preliminary results demosntrate specific 

capacities of 128 mAhg−1, which are in accordance with literature reports for this type of 

material.  
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1. Introduction 

High fuel prices, coupled with an increased concern for climate change, are driving scientists 

to develop green energy production methods.1 In most applications, such as electric vehicles 

and self-sustaining homes, the energy needs to be stored in a safe and environmentally friendly 

way.2 Lithium-ion batteries (LIBs) are still considered as the best solution for the storage of 

energy, mainly because of the high capacity, high energy density, and long life-cycles of these 

devices.3-5 Most of the LIBs are composed of four parts: cathode, anode, electrolyte and 

separator (Figure 1). During battery discharge, electrons flow from the anode via an external 

circuit to the cathode. Meanwhile, Li+ from anode, moving via the electrolyte, intercalates into 

the cathode and undergoes a redox reaction. During battery charging, the separator prevents 

direct contact between cathode and anode, whereas the electrolyte plays a role in transporting 

Li+ and blocking electrons.6 Most commercial electrolyte systems in LIBs consist of a lithium 

salt and a carbonate-based organic solvent.7 However, potentially serious safety threats are 

originated by the liquid electrolyte, such as toxic leaking and low ignition points. Fast 

deterioration, narrow range of working temperatures and the formation of lithium dendrites are 

other important drawbacks of the traditional liquid electrolyte.8 Hence, the development of 

solid-state electrolytes (SSEs) is a key point in the improvement of battery technology, with the 

focus in all-solid-state batteries (ASSBs) (Figure 1b). High-voltage Li metal solid-state 

batteries are in the spotlight as high energy and power density devices for the next generation.  

 

 

 

 

 

 

 

 

 

Figure 1. Scheme of: (a) Li-ion, and (b) all solid-state Li-ion battery typical parts. 

b) 
a) 
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LiFePO4 (LFP) is considered one of the most promising candidates for the fabrication of 

cathodes in LIBs, primarily because the low cost and high abundance of olivine, but also due 

to its low toxicity, stability, safety and relatively large capacity.9,10 However, LFP also has some 

drawbacks, such as low electronic conductivity11 and reduced Li+ ion diffusion rates.12 To 

bypass these handicaps, several strategies have been followed in the past, such as LFP coating13 

or metal doping14 and particle size reduction.15 One of the most researched approach has been 

carbon coating, used to increase electron mobility in and out of the LFP/C particles.16 Moreover, 

particle size reduction is considered an advantage due to the shortening of the Li+ diffusion 

path. However, the use of nanoparticulated LFP/C requires binders to pack all the nanoparticles 

together, which in turn lowers the capacity of the cells.17 Previously, it has been demonstrated 

that attaching LFP/C particles to a conductive matrix (i.e., conductive polymer) is an effective 

and cheap way to improve the rate capability and capacity.18 Hence, following the structure of 

the materials developed in this Thesis, this study is extended in this Chapter to develop aerogel 

composites of reduced graphene oxide (rGO) and LFP/C (LFP/C@rGO) that can be used as a 

cathode in LIBs. 

The use of a rGO electronic conductive matrix is proposed to substitute conductive polymers, 

which not only serves as a conductive additive, but also works as a binder and makes contact 

with the current collector, thereby replacing dead-weight carbon in the cathode. 3D graphene 

structures, used together with LFP/C in cathodes, have been thoroughly investigated for its own 

set of properties, such as high surface area, flexible two-dimensional structure and high electron 

conductivity, which could be advantageous in LIBs.19 Nanocomposites of LFP/C and rGO have 

been already reported in the literature either as non-porous materials20-22 or in the form of 

porous cryogels.23,24 In this Chapter, aerogels of LFP/C and GO dried using supercritical CO2 

(scCO2) are described, which are expected to display superior properties than cryogels in terms 

of interconnected porosity and exposed surface area, all of them advantages in LIBs. The 3D 

GO aerogel is homogeneously loaded with LFP/C nanoparticles onto its flakes. The precipitated 

LFP/C@GO aerogels only need a soft thermal reduction treatment to transform to the fully 

functional LFP/C@rGO material with conductive rGO. The LFP/C@rGO was fully 

characterized in regard of composition, morphology and structure by conventional solid state 

characterization techniques. Further, the present work describes a preliminary electrochemical 

study conducted on full cells assembled using a standard separator (a 3D fiber network in which 

glass fiber cloth provides the framework for impregnation of LiPF6, a lithium metal anode and 

LFP/C@rGO as a cathode. Taking into account that the experience of the SFFM research team 

in these type of devices is limited, we have stablished a Material Transfer Agreement with CIC 
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ENERGIGUNE Fundazioa, in which the compromise from their side is the assessment of the 

electrochemical properties of supplied nanocomposites. Preliminary galvanostatic cycling 

demonstrated that the self-standing LFP/C@rGO can be successfully used as cathode material 

in a LIBs, providing a discharge capacity of 120 mAhg-1 and a coulombic efficiency close to 

100%.   

 

2. Experimental 

2.1. Materials 

GO nanosheets were supplied by Graphenea Inc. as a stable dispersion in water with a 

concentration of 4 mgmL−1. Nanometric LiFePO4/C (LFP/C) was purchased from Particular 

Materials SLR. Ethyl acetate (EA) and anhydrous absolute ethanol (EtOH) were purchased 

from Carlo Erba Reagents S.A. Compressed CO2 (99.95 wt%) was delivered by Carburos 

Metálicos S.A.  

2.2. scCO2 synthesis of LFP/C@rGO aerogels  

For the fabrication of the aerogel composite, a GO precursor dispersion in EA, with a 

concentration of 4mgcm−3, was prepared by following a multi-step water-to-ethanol-to-ethyl 

acetate exchange procedure. Next, 12 mg of LFP/C were added to a 3 mL aliquot of GO in EA 

and the mixture was sonicated for 30 min. The resulting weight ratio was 1:1 (LFP/C:GO). 

Three small assay tubes of 2 mL were loaded with 1 mL each of the suspension and placed into 

a non-stirred high-pressure reactor of 200 mL (TharDesign). Liquid CO2 was flushed into the 

vessel to pressurize the system at ca. 60 bar. The vessel was gently heated at 333 K and then 

pressurized up to 200 bar. These conditions were maintained for 48 h. Then the reactor was 

isothermally depressurized to ambient pressure by slowly releasing the gas. Finally, the vessel 

was allowed to cool down to ambient temperature and the LFP/C@GO aerogels were retrieved 

as dark grey cylindrical foams. These aerogels were submitted to a soft thermal reduction 

process carried out under N2 flow at 473 K for 3 h, thus obtaining LFP/C@rGO reduced 

aerogels. 

2.3. Solid State Characterization 

The morphological features of the composite and the distribution of the LFP/C nanoparticles 

on the GO flakes were examined using scanning electron microscopy (SEM, Quanta FEI 
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200FEG-ESEM). The molecular arrangement was analyzed by Fourier transformed infrared 

(FTIR) spectroscopy (Jasco 4700 Spectrophotometer) using the attenuated total reflection 

(ATR) accessory and determining the main peaks in the 2000-500 cm−1 region. The structure 

of the composites was characterized by routine powder X-ray diffraction (XRD) in a Siemens 

D-5000 diffractometer. The textural properties were determined by N2 adsorption/desorption at 

77 K using an ASAP 2020 Micromeritics Inc. apparatus. Previous to the measurements, 

samples were outgassed under vacuum at 393 K during 20 h. The specific surface area was 

calculated by applying the BET (Brunauer, Emmet, Teller) equation. Thermogravimetric 

analysis (TGA, SDT 650, TA instruments) was performed under oxygen flow (50 mLmin−1) up 

to a temperature of 800 K increased in steps of 5 Kmin−1. 

2.4 Electrochemical Characterization 

2.4.1 Coin cell assembly 

To study the electrochemical properties of the LFP/C@rGO cathode, CR2032 coin-like cells 

were assembled with ca. 6 mg of the cathode aerogel and 150 μL of a standard LiPF6 liquid 

electrolyte dispersed in a mixture of ethylene carbonate and dimethyl carbonate (LP30), with a 

glass fiber separator. Metallic lithium disk with a thickness of 500 μm was placed as negative 

electrode.  

2.4.2 Electrochemical measurements 

The electrochemical performance of the cells was evaluated by galvanostatic cycling on a 

multichannel battery tester (MPG-2, Biologics, Seyssinet-Pariset, France). The galvanostatic 

charge and discharge properties were tested at room temperature (RT) in the range of 2.7–3.7 

V. The rate capability of the LFP/C@rGO cathode was measured using a battery tester at 

several charging/discharging rates, ranging from 0.02 C to 0.2 C. Electrochemical impedance 

spectroscopy (EIS) measurements of the cells were acquired on a VMP3 (BioLogic, Seyssinet-

Pariset, France) at RT. The measurements were performed at frequencies ranging from 0.01 

MHz to 1 Hz applying a 50 mV polarization amplitude. 
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3. Results and Discussion 

3.1. Preparation of LFP/C@rGO  

The preparation of the LFP/C@rGO aerogel composite requires the synthesis of the 

non-reduced LFP/C@GO intermediate. The second constituent of the composite aerogel is 

nanometric LFP/C. LFP/C is highly hydrophobic, and thus, this material is hardly dispersed in 

water or alcohols. For this reason, a hydrophobic solvent, non-miscible with water, is required 

to achieve LFP/C dispersion. Since EA has been employed in previous works that presented 

similar challenging conditions with great success,25 this solvent was here utilized to prepare the 

intermediate composite. It is worth to mention that the resulting LFP/C@GO aerogel is 

insulating due to the non-conductive GO, which contains plenty of functional groups with sp3 

hybridization.26 This phenomenon is not ideal for the application of the material as a 

free-standing electrode. Therefore, to deal with this issue, the LFP/C@GO aerogel was 

submitted to a mild thermal reduction process that eliminated most of the oxygen functional 

groups from the GO flakes, hence obtaining rGO. rGO regains some of the electrically 

conductive sp2 bonds present in graphene, allowing for the final material (LFP/C@rGO) to be 

conductive.27 The full process for the fabrication of the aerogel is schematized in Figure 2. 

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of the synthetic protocol used to prepare LFP/C@rGO 

composites: starting with the addition of LFP/C nanoparticles to GO ethyl acetate dispersion 

and posterior self-assembly in the high-pressure reactor under scCO2 conditions. The 

LFP/C@GO foams are thermally reduced to obtain LFP/C@rGO. 
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3.2. Aerogel structure and morphology 

Figure 3 displays the powder XRD pattern of the LFP/C@rGO composite, as well as the 

simulated spectrum of LFP/C. In LFP/C@rGO sample all the main peaks corresponding to 

LFP/C nanoparticles are present. The pattern of the composite exhibits a significant level of 

noise, which is attributed to two main reasons. On one hand, the size of the LFP/C nanoparticles 

is rather small, and thus, defects on the surface can increase the noise signal. On the other hand, 

the presence of amorphous rGO further increases the noise/signal ratio. It is noteworthy that the 

signal corresponding to rGO, which is characterized by a band at ca. 25º is not present on the 

composite spectrum.28 This observation is explained by the fact that LFP/C nanoparticles are 

placed in between the rGO flakes, disturbing the stacking of said plates and increasing the 

interlayer distance, which effectively eliminate the XRD signal produced from stacked rGO.  

 

 

 

 

 

 

 

Figure 3.  XRD pattern or the LFP/C@rGO composite (black) and the simulated pattern for 

LFP/C (blue). 

The used LFP/C, the benchmark cathode material for energy storage applications, is a 

commercial product. It is supplied as a powder involving very small nanoparticles, below 10 

nm, which aggregate in clusters of ca. 40 nm or larger (Figure 4a). The morphology of the 

prepared LFP/C@rGO composite is shown in the SEM image of Figure 4b. The followed 

ex-situ scCO2 route for composite formation delivers an aerogel with LFP/C nanoparticles 

distributed on top of the rGO flakes (Figure 4a). The porous structure of the aerogel can also 

be observed in the image, with interconnected macro- and mesopores, characteristic of GO 

aerogels, which remains unchanged even after the addition of the LFP/C nanoparticles and the 

thermal reduction step. 
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Figure 4. SEM images of: (a) LFP/C, and (b) LFP/C@rGO aerogel. 

3.3. Textural properties 

Low-temperature N2 adsorption/desorption measurement was performed for the composite 

LFP/C@rGO (Figure 5). The recorded isotherm exhibits IUPAC type IV shape, characteristic 

of mesoporous materials.29 The almost vertical rapid increase at high partial pressures denotes 

macroporosity, which is typical of rGO aerogels. The addition of LFP/C increments the density 

of the composite, thus lowering the overall surface area to a value of 112 m2g−1. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Low temperature adsorption/desorption N2 isotherm for the LFP/C@rGO 

composite. 
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3.6 Chemical structure and composition 

The overall molecular structure of the composite was determined by ATR-FTIR spectroscopy, 

comparing the spectra of the composite and its parent components (Figure 6). The spectrum of 

the LFP/C@rGO composite displays a series of bands that can be ascribed to its parent 

components. Hence, the bands at 1710, 1550 cm−1 and the shoulder at 1200 cm−1 come from 

the rGO and correspond to C=O, C=C and OH vibrations, respectively.30 From this spectrum it 

is possible to discern that, even though rGO has been reduced and possess carbon C=C bonds 

in the conductive sp2 hybridization, there are still some oxygen functionalities in the flakes, 

e.g., carboxylic and hydroxyl. As for the LFP/C, the double band at 930 and 1040 cm−1 is 

ascribed to P−O vibrations, while the series of sharp peaks between 500 and 640 cm−1 are 

related with O−P−O vibrations.31  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. ATR-FTIR spectra of the LFP/C@rGO composites and its parent components, rGO 

and LFP/C. 

TGA of LFP/C@rGO and rGO was carried out in oxygen atmosphere (Figure 7). The objective 

was not only to determine the thermal stability of the aerogel, but also the LFP/C loading. Both 

samples had pronounced decay at ca. 700 K, corresponding to rGO burning.32 Pristine LFP/C 
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nanoparticles lose less than 2 wt% at 800 K (not shown). Hence, taking into account that the 

weight loss at 800 K for LFP/C@rGO can be totally adscribed to rGO, the weight of LFP/C in 

the composite can be accurately estimated. The calculation indicates a ratio of 0.7:1 wt for 

LFP/C:rGO nanocomposite. 

 

 

 

 

 

 

 

 

 

Figure 7. TGA curves recorded for GO, rGO and LFP/C@rGO. 

 

3.7. Electrochemical properties of self-standing LFP/C@rGO 

The charge/discharge voltage profiles for the LFP/C@rGO hybrid nanocomposites in the 

voltage window of 2.7–3.7 V at increasing currents are shown in Figure 8. The flat plateau 

observed in the voltage range between 3.4-3.5 V is characteristic of the redox single-phase 

transition of lithium iron phosphate to iron-phosphate.33 The composite electrode presents 

discharge capacities of 130.1, 120.6 and 110.3 mAhg−1 after 5, 10 and 15 cycles at C-rates of 

0.05, 0.1, 0.2 C, respectively. It has to be noted the larger polarization when increasing the 

current, likely due to an increasing resistance of the cell, slowing down the kinetics and 

therefore decreasing the charge and discharge capacity.  
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Figure 8. Charge-discharge voltage profiles of LFP/C@rGO. 

The performance of the LFP/C@rGO aerogel is described in Figure 9a, displaying the specific 

charge/discharge capacity at several rates. It can be seen that after 20 cycles the average 

discharge has only lowered to 128 mAhg-1 with a capacity retention of 97 %. Figure 9b shows 

the EIS results for the LFP/C@rGO composite after 1 to 20 charge/discharge cycles. In general, 

the Nyquist plot comprises a compressed semicircle in the high frequency to medium-frequency 

range, which is described by resistance owing to electrolyte and the charge transfer resistance.34 

An approximately 45° inclined line in the low-frequency range is attributed to the Warburg 

impedance and can be appreciated in the plots of the latter cycles. The overall resistance of the 

cell decreases during cycling, evidencing an improved wettability between the composite 

cathode and the liquid electrolyte and/or a favorable cathode electrolyte interface. 
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Figure 9. Cycle life performance test of LFP/C@rGO: (a) charge/discharge cycles at 

different C rates, and (b) Nyquist plot. 

 

 

(a) 

(b) 



   Chapter 5 

 

197 
 

4. Conclusions 

LFP/C@rGO composite aerogels were prepared with a fast and simple manufacturing method. 

The procedure is based on the use of scCO2 green technology on a one-step process, only 

requiring a soft thermal post-synthetic reduction to achieve the final product, which imply 

means an easy scale-up of the fabrication. Moreover, the formation of composites shaped into 

mesoporous aerogels allows the LFP/C to be in contact with the rGO, fostering the electron 

transport in and out of the chatode. The self-standing nature of composite aerogel increases the 

viability of this material for applications as a cathode, since the extra steps needed for the 

implementation of conventional powdered materials, such as the preparation, casting and drying 

of an ink that includes the binder, conductive additive and active material, are avoided. The 

produced foams were analyzed using several electrochemical characterization techniques to 

understand the material capabilities in this field. The hybrid aerogels displayed capacity values 

of 128 mAhg-1 after 20 cycles, in accordance to those reported in the literature for this type of 

material. 
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Conclusions 

 

The main achievement of this Thesis was the development of a generic supercritical CO2 

(scCO2) methodology to dry aerogels, particularly those made of graphene oxide (GO), 

simultaneously circumventing the elimination of oxygen functionalities typically occurring in 

high temperature supercritical drying processes. The first examples of GO aerogels are 

described in this Thesis, since previously only aerogels of reduced GO turned up in the scientific 

literature. The only non-reduced dry gels of GO were produced by freeze-drying, forming 

cryogels, which are fundamentally different than aerogels. Taking this into account, the 

conclusions of this Thesis are the following: 

 A new eco-friendly methodology based on scCO2 has been designed and optimized for 

the production of 3D GO aerogels maintaining all the oxygenated functional groups 

present in the precursor material. The 3D aerogels retain the shape of the mold in which 

they were fabricated, have extremely low density (ca. 4x10−3 gcm−3), high meso/macro 

porosity, significant surface area (200–225 m2g−1) and are thermally stable (up to 450 K 

in air). GO aerogels can be thermally reduced in a N2 atmosphere to produce reduced 

GO (rGO) aerogels. 

 The developed scCO2 method is equally useful to prepare discontinuous nanocomposite 

aerogels involving 2D GO flakes as a support with homogeneously dispersed 

nanoparticles (NPs) on the flakes surfaces (NPs@GO). Ex situ and in situ 

methodologies were developed. The physicochemical characteristics of pristine GO 

aerogels were maintained in the composite. A multitude of advanced applications are 

envisioned for these materials. This work demonstrated that nanocomposite GO 

aerogels are appealing materials in applications as diverse as biomedicine, gas and 

pollutants adsorption and in electronics.  

 A fast, simple, and eco-friendly ex situ manufacturing scCO2 method was developed for 

the formation of dense NPs@GO composite aerogels. NPs were first precipitated and 

then added to the GO dispersion for scCO2 treatment and aerogel preparation. 

Developed examples are composites involving GO or rGO and either 

superparamagnetic iron oxide nanoparticles (SPIONs@GO) or carbon coated olivine 

LiFePO4 (LFP/C@rGO). Applications in magnetic resonance imaging were 
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demonstrated for the former, while the latter were useful as cathodes in batteries. The 

proton relaxivity values obtained for the composite SPIONS@GO was of ca. 

130 mM−1s−1, even superior to the reported values of medically approved SPIONS MRI 

contrast agents (ca. 100 mM−1s−1). The electrochemical characterization of the 

LFP/C@rGO aerogels demonstrated capacity values of 128 mAhg-1 for this product 

measured after 20 cycles, which is in accordance to data reported in the literature for 

this type of material. 

 The advantages of the one-pot in situ scCO2 approach, in which the nanoparticulated 

material is synthetized in the supercritical medium simultaneously to aerogel formation, 

were demonstrated for the formation of hybrid composites involving nanoparticles of 

microporous metal organic frameworks (MOFs) as the dispersed phase. The simplicity 

of the presented protocols means that these methods could be applied to a rather large 

number of MOFs, e.g., ZIF-8, HKUST-1 and UiO-66, independently of their surface 

chemistry (hydrophobic vs. hydrophilic). The composite aerogels have hierarchical 

porosity (micro, meso and macro) appropriate for applications related to gas adsorption 

(CO2 and CH4) and gas separation (N2/CO2 and CH4/CO2). 

 Continuous nanocomposites, in which the network of GO flakes is coated with a 

polymer, were also prepared using the scCO2 method. Particularly, cross-linked 

nanocomposites of GO with polyehtyleneimine (PEI) were fabricated and thermally 

treated to obtain rGO/PEI aerogels with demosntrated applications in Hg(II) sorption 

from water. Importantly, this aerogel sorbent removed more than 95 % of the Hg(II) in 

polluted water within less than 1 h, even with an initial metal concentration as low as 

50 µgL−1. The residual concentration of Hg(II) remaining in the contaminated water was 

in the order of 3.5 µgL−1, close to the limits for drinking water (1-2 µgL−1), while the 

maximum sorption capacity was in the order of 220 µgL−1, which is higher than most 

of the values reported in the literature. 
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