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Abstract 

 

Among porous materials, those that possess mesopores (2-50 nm) have recently come into 

prominence due to their exceptional structural and surface properties. Their pores are large 

enough to be functionalized with complex molecules, or even with nanoparticles, are accessible 

for a wide variety of substances and, still, they possess sufficiently high surface area even after 

loading. Such features give these materials great potential in numerous applications, like in drug 

delivery, catalysis, pollutant removal, among many others. Infinite possibilities regarding 

building components, their interaction, the established structure and the consequent 

physicochemical properties offer the development of a huge number of new mesoporous 

systems, able to face the increasing economic, environmental and healthcare demands. To reach 

the targeted properties, often functional composites are preferred vs. single materials, the former 

involving various constituents, that are synergically contributing to the properties. The 

synthesis of these composite functional porous materials is challenging, requiring novel 

preparation methods. In particular, there is a need for replacing synthesis procedures involving 

harsh conditions and harmful solvents to those applying milder conditions and minimizing the 

environmental impact. Supercritical CO2 (scCO2) technology fulfils these requirements. 

Additionally, frequently the obtained products using this technology possess unique 

characteristics, related to the morphology, chemical composition and purity. The role of this 

medium in the synthesis of materials can be diverse, serving for particles precipitation, as a 

reaction solvent or drying agent or taking part in gelation, impregnation of guest molecules and 

foaming processes. The goal of this thesis was to synthesize novel porous composites using 

supercritical CO2 assisted procedures and to demonstrate their usability in emerging 

applications. In particular, composites based on two classes of mesoporous solids, metal-

organic frameworks (MOFs) and graphene-oxide (GO) aerogels, were the focus of this work. 

All materials prepared in this thesis are characterized by possessing a significant amount of 

pores in the mesosize range, although they are distinct regarding their structural and pore 

arrangement. Analysis of the composite properties and structural changes occurring throughout 

the processing was carried out with the aim of understanding their role and behavior in certain 

applications. 

The thesis is divided to the following sections: 

The General introduction aims to give a brief overview of the most important properties of 

porous, and, specifically, of mesoporous materials. Categorization regarding the arrangement 
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of the pores (ordered/disordered) and overviewing of preparation methods are presented in this 

section. Considerable attention is given to graphene-based aerogels and mesoporous MOFs. 

Finally, general properties of supercritical fluids, and, in particular, of supercritical CO2 are 

defined, followed by the precedents of using scCO2 for the fabrication of porous composites. 

Then, the Objectives of this thesis are described.  

In the Equipment and methods section, the main steps in the preparation of the composites 

fabricated in this work are detailed. Special emphasis is placed on the high-pressure equipment 

used for performing the scCO2 processes, the main parts and the operation of the system. 

Finally, an overview of the applied characterization techniques and their basic principles are 

given. 

In the Summary of the results section the most important findings of each performed study are 

introduced. Detailed discussion is given in the corresponding Chapters I to V. Four chapters 

correspond to already published (Chapters I, II, III and V) manuscripts, while results presented 

in Chapter IV are still being optimized before to be considered for publication. The first two 

chapters addressed the preparation and characterization of graphene-based composite aerogels 

with deposited metal nanoparticles, and their application as catalysts. The following two 

chapters present the synthesis of composites based on the Fe(BTC) MOF using scCO2-assisted 

methods. The products are further used in biomedical or catalytic applications. The last chapter 

describes the preparation of porphyrin-based MOFs in scCO2 and their utilization in a 

biomedical application. 

 

- In Chapter I, reduced graphene-oxide aerogel supporting CuZnO nanoparticles composite 

was designed to be applied in the CO2 hydrogenation reaction to selectively produce 

methanol. The role of the GO support, the catalyst design and the reaction conditions were 

investigated regarding the catalytic performance and reaction mechanism. This Chapter is 

based on the following published article: 

 

Márta Kubovics, Albert Trigo, Antoni Sánchez, Gregorio Marbán, Alejandro Borrás, Javier 

Moral-Vico, Ana M. López-Periago, Concepción Domingo, Role of Graphene Oxide Aerogel 

Support on the CuZnO Catalytic Activity: Enhancing Methanol Selectivity in the 

Hydrogenation Reaction of CO2, ChemCatChem 2022, 14, e202200607. 

https://doi.org/10.1002/cctc.202200607 
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- In Chapter II, Pt/TiO2 nanoparticles were deposited on mildly reduced graphene-oxide 

based aerogel, and the thus obtained 3D porous composites were tested in the photocatalytic 

H2 production reaction from an aqueous methanol solution. A systematic study on the 

optimization of the catalyst composition, architecture and reaction conditions was performed 

with the aim of maximizing H2 production. All these factors had strong influence on the 

reactant/product diffusion, the permeability in the porous structure and the light-harvesting 

characteristics. This Chapter is based on the following published article: 

 

Márta Kubovics, Cláudia G. Silva, Ana M. López-Periago, Joaquim L. Faria, Concepción 

Domingo, Photocatalytic hydrogen production using porous 3D graphene-based aerogels 

supporting Pt/TiO2 nanoparticles, Gels 2022, 8, 719. 

https://doi.org/10.3390/gels8110719 

- In Chapter III, a cutaneous polymeric formulation (patch) is prepared based on drug 

impregnated into iron trimesate MOFs, following a multistep scCO2-assisted procedure. The 

MOF preparation, the drug impregnation and polymeric patch formation is stepwisely 

contrasted with conventional liquid techniques. The drug delivery and permeation profile of 

the patches were studied with in vitro and ex vivo tests. This chapter is based on the following 

published article: 

Márta Kubovics, Sara Rojas, Ana M. López-Periago, Julio Fraile, Patricia Horcajada, 

Concepción Domingo, Fully supercritical CO2 preparation of a nanostructured MOF 

composite with application in cutaneous drug delivery, The Journal of Supercritical Fluids 

2021, 178, 105379. 

https://doi.org/10.1016/j.supflu.2021.105379 

- In Chapter IV, a novel method to encapsulate copper nanoparticles in Fe(BTC) MOF via 

scCO2-assisted impregnation of copper-acetylacetonate (Cu(acac)2) is described. The 

process is followed by reduction step. The effect of the MOF properties and the Cu-loading 

is investigated in the CO2 hydrogenation reaction towards the formation of methanol and 

methane. 

 

- In Chapter V, a series of metalloporphyrine frameworks were prepared from flourinated 

metal complexes (M(hfac)2 M = Cu, Zn, Co, Ni) and a porphyrin-based linker (5,10,15,21-

tetra(4-pyridyl)porphyrin) using scCO2 as the reaction solvent. The metal-coordination in 



 VI 

the pyrrole ring and on the exocyclic pyridine moieties, and the amorphization of the 

structure due to structure defects were studied. The Zn-based MOF was selected for 

analyzing the photodynamic properties in a tumorigenic human cell line. This chapter is 

based on the following published manuscript: 

 

Márta Kubovics, Oriol Careta, Oriol Vallcorba, Guillermo Romo-Islas, Laura Rodríguez, 

Concepción Domingo, Jose A. Ayllón, Carme Nogués, Ana M. López-Periago, Supercritical 

CO2 synthesis of porous metalloporphyrine frameworks: application in photodynamic 

therapy, Chemistry of Materials 2023. 

https://doi.org/10.1021/acs.chemmater.2c03018 

 

Finally, in the Conclusions section the main findings of this thesis are summarized. 
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Resumen 

Entre los materiales porosos, aquellos que tienen mesoporos (2-50 nm) han cobrado 

importancia recientemente, debido a sus excepcionales propiedades estructurales y 

superficiales. Sus poros son suficientemente grandes para ser funcionalizados con moléculas 

complejas, o incluso con nanopartículas, son accesibles por varias sustancias, y, aun así, tienen 

un área superficial suficientemente alta después de la carga. Estas características conceden a 

estos materiales un gran potencial en numerosas aplicaciones, como en la administración de 

fármacos, catálisis, eliminación de contaminantes, entre muchas otras. Actualmente se 

contempla el desarrollo de un gran número de nuevos sistemas mesoporosos con posibilidades 

infinitas respecto a sus constituyentes, sus interacciones, la estructura y sus consecuentes 

propiedades fisicoquímicas. Estos sistemas son capaces de enfrentarse a las crecientes 

demandas económicas, ambientales y sanitarias. Para obtener las propiedades deseadas, a 

menudo se prefieren los compuestos funcionales frente a los materiales individuales. En el 

primer grupo, los materiales están formados por varios componentes, que contribuyen 

sinérgicamente a las propiedades. La síntesis de estos compuestos porosos funcionales es 

desafiante y requiere nuevos métodos de preparación. En particular, se necesita reemplazar los 

procedimientos de síntesis que implican condiciones severas y disolventes tóxicos, por otros 

que requieren de condiciones más suaves y además minimizan el impacto ambiental. La 

tecnología de CO2 supercrítico (scCO2) cumple con estos requisitos. Además, frecuentemente 

los productos que se obtienen con esta tecnología tienen características únicas, relacionadas con 

la morfología, la composición química y la pureza. La función de este medio en la síntesis de 

los materiales es diversa, por ejemplo, como: agente para el aumento de la precipitación de las 

partículas; disolvente en la reacción; agente secante; factor en procesos de gelificación, 

impregnación de moléculas huésped y procesos de espumado. El objetivo de esta tesis ha sido 

sintetizar nuevos compuestos porosos utilizando tecnología de CO2 supercrítico y demostrar su 

utilidad en aplicaciones emergentes. En particular, los compuestos basados en dos clases de 

sólidos mesoporosos: las estructuras metalorgánicas (MOF) y los aerogeles de óxido de grafeno 

(GO). Todos los materiales presentados en esta tesis se caracterizan por tener una cantidad 

significativa de poros en el rango de tamaño meso, aunque son distintos en cuanto a las 

estructuras y la organización de los poros. Se ha realizado el análisis de las propiedades de los 

compuestos y los cambios estructurales que se producen a lo largo del proceso con el objetivo 

de entender la función y comportamiento en ciertas aplicaciones. 
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Absztrakt 

 

A pórusos anyagok közül az utóbbi időben előtérbe kerültek azok, amelyek pórusmérete a 

„mezo” mérettartományba esik. Ennek oka elsősorban a kivételes szerkezeti és felületi 

tulajdonságaikban rejlik. A mezopórusos anyagok jellemzője, hogy a pórusok mérete 

elegendően nagy ahhoz, hogy hozzáférhetőek legyenek komplex molekulák, akár 

nanorészecskék számára, valamint a funkcionalizálás után is elegendő felülettel rendelkeznek. 

Ezen tulajdonságokból eredő potenciál számos területen kihasználható, többek között 

gyógyszer-adagolás, katalízis vagy szennyezőanyag eltávolítás során. Kimeríthetetlen 

lehetőség rejlik az alkotó elemek, a közöttük kialakuló kölcsönhatások, a szerkezet, és az ebből 

eredő fizikokémiai tulajdonságok terén, ennek megfelelően számos új mezopórusos anyag 

fejleszthető, amely képes lehet megfelelni a gazdasági, környezetvédelmi és egészségügyi 

igényeknek. A kívánt cél eléréséhez, az egyszerű anyagokkal szemben gyakran funkcionális 

kompozitok szükségesek, amelyekben az alkotó elemek együttesen alakítják ki a végső 

tulajdonságokat. A funkcionális pórusos kompozitok előállítása kihívást jelent, ehhez új 

gyártási módszerekre van szükség. Különösen fontos az erélyes körülmények és az ártalmas 

oldószerek kiváltása enyhébb folyamatokra, ezzel csökkentve a környezetre gyakorolt hatást. 

A szuperkritikus szén-dioxidos technológiák amellett, hogy megfelelnek ezen 

követelményeknek, az így gyártott termékek egyedi jellemzőkkel bírnak, mind a morfológiát, 

mind a kémiai összetételt és a tisztaságot tekintve. A szuperkritikus közeg szerepe a szintézis 

során sokféle lehet, többek között részt vehet a részecskék kicsapásában, a gél képzésben és 

szárításában, az impregnálási folyamatokban, valamint a habképzésben. 

A dolgozat célja új, pórusos kompozitok előállítása szuperkritikus szén-dioxidos technikákkal, 

és a termékek felhasználásának bemutatása aktuális alkalmazásokban. Az előállított 

mezopórusos kompozitok két kategóriába sorolhatók, a fémorganikus vegyület-, illetve a 

grafén-oxid aerogél alapú kompozitok közé. Minden termék jelentős mennyiségű mezopórussal 

rendelkezik, ugyanakkor a pórusok szerkezetében és azok elrendezésében különböznek. Ahhoz, 

hogy megértsük az egyes anyagok funkcióját és viselkedését a választott alkalmazásokban, a 

kompozitok tulajdonságinak és a feldolgozás során fellépő szerkezetbeli változásoknak az 

elemzésére volt szükség. 
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The general introduction summarizes the background of the main topics that are 

providing the basis of this thesis. The first part focuses on the general description 

of porous materials, both single components and composites. Then, the attention 

is turned towards mesoporous solids with ordered or disordered pores, as all 

materials synthesized in this work belong to these categories. Later, two specific 

categories of porous solids, aerogels and metal-organic frameworks, are 

discussed in terms of their structure, composition, preparation methods and 

applications. Extensive attention is placed on graphene aerogels and amorphous, 

mesoporous metal organic frameworks, again highlighting the structures that are 

synthesized in this work. Finally, supercritical CO2, the media that was used for 

the preparation and processing of all the samples, is described. 
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1. Introduction to porous materials 

1.1. Definition 

Any solid, containing significant void space that is not occupied by atoms of the main 

framework is called a porous material.1 In these materials, the continuous phase that forms the 

framework is a solid, while a fluid phase (gaseous or liquid) fill the pores.2 Only very recently, 

porous liquids have been described as a novel class of porous materials, possessing intrinsic 

porosity and fluidity at the same time.3 From a structural point of view, intraparticle and 

interparticle voids must be distinguished. Intraparticle, intrinsic pores in a material can be 

generated during synthesis by chemical reaction, foaming and template approaches. Secondary 

processes, such as aggregation, self-assembly or sintering of primary particles, which can be 

porous or dense, generate the extrinsic, interparticle void.4,5 

 

1.2. Historical evolution 

The concept of pores and porous structures dates back to ancient times, surrounding the 

humankind from the beginning and accompanying it through thousands of years. Clay minerals, 

zeolites, wood, plants, bones, lungs are all containing regions of empty spaces.6 Even butterfly 

wings exhibit unique porous micro/nanostructures.7 Often, natural creations inspired the 

fabrication of advanced porous structures by replicating their unique arrangement.8 The 

scientific and technological evolution brought numerous significant breakthroughs in 

understanding, constructing and manipulating porous materials designed to satisfy necessities 

of high-tech emerging applications. A brief overview about the evolution of porous materials 

in chronological order, starting from the first remains of scientific literature up until recent 

discoveries, is depicted in (Figure 1).9 This collection cannot be complete or exhaustive due to 

the tremendous period elapsed since ancient time, lack of archeological remains from pre-

historic time and steep acceleration of the created novel structures in modern time.   

Charcoal was the first porous material widely used by human beings since the ancient period. 

Prehistoric people used to live in tight connection with the nature, utilizing parts of plants, 

animals and surrounding objects for their everyday lives and, at the same time, making and 

intense observation of their environment. Their curiosity and positive experiences led to the 

first practical use of charcoal to treat indigestion.10 Actually, the first written record about this 

material dates back to the ancient Egypt. Another crucial use of charcoal, found in ancient 

Hindu sources, was to provide potable water.11 Several centuries later, the British navy was 

using the same concept, although the stains remaining from the carbon might brought up 
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hygiene related issues.12 Until the 18th century, applications of porous materials were relying 

on good experience and legends arising from the positive practice. However, right before the 

industrial revolution, scientists started to have the desire of building theories and understand 

the adsorptive properties of porous materials. One of the first recorded investigation was that 

of C. Scheel, a Swedish chemist. In his experiment, published in 1780,13 a piece of charcoal 

was placed in a closed vessel, that was attached to a rubbery bladder. He observed that upon 

heating, the bladder was largely expanded, and assigned this phenomenon to the release of the 

adsorbed gas within the porous structure of the charcoal. Around the same time, the appearance 

of new products, together with certain necessities towards advanced purification systems, 

boosted the scientific development of adsorptive materials. Adsorbents for sugar refining, 

beverage purification and masks used in World Wars are some representative examples of new 

applications that gave rise to develop systems involving porous charcoal.9 

 

Figure 1. Some of the major milestones in the evolution of porous materials in chronological 

order. 

After charcoal, the next rising star in porous materials was the family of zeolites, derived from 

aluminosilicate minerals and possessing ordered porous structures. These materials were first 

described by another Swedish scientist, A.F. Cronstedt, in the mid 18th century.14 A century 

later the first synthetic zeolites, the levynite, was fabricated by a French chemist, M.H. Sainte-

Claire-Deville.15 It took almost hundred years until the possible benefits of high scale 

production of zeolites was realized. Particularly, the Union Carbide company started the 

research on developing processes for the industrial synthesis of zeolites, primarily to be used 
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as catalysts in hydrocarbon valorization.16 The early successes of zeolites as catalysts 

accelerated the research in the field of porous materials. Thus, a new family of amorphous 

mesoporous silica was developed by Mobil Oil Corporation in the 20th century, synthesizing 

materials with highly ordered pores (e.g., SBA, MCM).17 By this time, silica aerogels have 

already been conceived at the NASA's Glenn Research Center by S. Kistler around the 1930s.18 

In the late 20th century, with the invention of new techniques in chemical preparation and 

characterization, controlling the synthesis of materials at the molecular level became possible. 

The idea of associating a crystalline structure with the porous character of a particular material 

gave birth to the metal-organic frameworks (MOFs) chemistry, a subdivision of the 

coordination polymers chemistry. The first crystalline MOF with permanent porosity and 

rigidity, was a material based on Zn(II) created by O. Yaghi just before the end of the second 

millennium.19 Following the same principles, new porous materials emerged, such as porous 

coordination cages (PCCs) and hydrogen-bonded organic frameworks (HOFs). On the other 

end of the organic-inorganic spectrum, porous polymers and all-organic materials are generally 

cheaper to synthesize and easier to process into a variety of porous morphologies. For instance, 

covalent organic frameworks (COFs),20 conjugated microporous polymers (CMPs)21 and 

porous polymer networks (PPNs),22 are incorporating intrinsic porosity through 

hypercrosslinking. 

In summary, the improvement of already existing porous structures, as well as the creation of 

new applicable porous systems, has been and still is highly necessary to face serious economic 

and environmental challenges. Some of these materials are currently targeted to offer solutions 

related to adsorption, separation and filtration in environmental commitment, such as gas 

separation, liquid purification, energy storage and catalysis. 

 

1.3. Characteristics defining the pores 

Many properties of porous materials arising from their pore characteristics. The IUPAC 

extensive report on physisorption methods and practices classifies pores in categories, with the 

final objective of properly analyzing gas adsorption isotherms.23 A large variety of different 

pores can be distinguished in natural and artificial porous materials, each type possessing 

unique shape, size, origin, accessibility, etc. (Figure 2).  

 

 

 

 



General introduction 

 5 

 

 

 

 

 

Figure 2. Classification of porous materials based on the structure of the continuous solid 

phase. Images are adapted.2 

 

First, the continuous network surrounding the empty pores defines the 2D or 3D structure of 

the voids.4 Honey-comb and lotus-type materials have 1D directional channels within a network 

with a 2D polygonal or circular/elliptic shape, respectively (Figure 2a). Representative 

materials with a honey-comb intrinsic structure are several mesoporous silicas (e.g., MCM-41 

and SBA-15) and zeolites (e.g., VPI-5). Extrinsic lotus type pores are observed in sintered 

metallic structures. A 3D arrangement of the pore network can lead to materials with ordered 

and disordered pores.2 Representative examples of the first are most zeolites and MOFs with 

interconnected pores (Figure 2b). On the contrary, aerogels and foamed polymeric materials 

possess 3D structures with disordered pores (Figure 2c). Aerogels, with an interconnected 

network of pores, form an open-cell structure built by continuous channels with open endings 

in both sides. Polymers are often bubblelike foamed, which implies the presence of closed-cell 

pores isolated from their neighbors and blind pores open only at one end. Such pores are inactive 

in adsorption/permeation processes, but they can significantly modify the bulk properties of the 

material, such as the thermal conductivity, density or mechanical strength. 
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The most common types of intraparticle and interparticle pores are schematized in Figure 3a. 

The geometry of the pores influences the permeability and distribution of the fluid inside the 

solid and the fluid-solid interactions, as well. The pore bodies are described with geometrical 

shapes, being the most common funnel, ink-bottle, cylindrical and slit-shaped pores (Figure 

3b).23 However, due to the huge variety and irregularity in geometry, pores are described with 

network models by considering the void space as a network of bodies connected through pore 

throats with different cross sections.24 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of IUPAC pore classification: (a) most common 

intraparticle and interparticle pores, and (b) pore geometries. 

 

The term nanopore (pores between 1 and 100 nm) includes micro-, meso- and macroporous 

architectures. Hence, it covers a large array of different porous products, ranging from classical 

inorganic zeolites or hybrid metal organic frameworks to aerogels. 

 

1.4. Porous composites 

Materials composed of two or more constituents are called composites. The unique properties 

of these materials arise not only from the contribution of the individual components, but also 

from the synergistic effect due to the interaction of the components. Composing materials with 

several constituents gives the possibility of flexible design of the end products, with 

characteristics not attainable with a single component. In a composite, usually a primary and 

secondary phase are found. The primary phase is the matrix and has a continuous structural 

character. The second phase or phases are generally dispersed in the matrix in a discontinuous 
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form, thus reinforcing the properties of the bulk. Based on matrix material, the composites are 

classified into metal (dispersed metal/ceramic), ceramic (dispersed ceramic) and polymer 

(dispersed polymer or inorganic) matrix composites. Based on the reinforcing dispersed 

material, the classification involves particulate or fibrous, with dispersed particles or fibers, 

respectively, and laminates with several layers of fibers.25 By tailoring the parameters of the 

dispersed substances (size, geometry, ratio, distribution, orientation, etc.) precisely targeted 

properties can be reached. For instance, a frequently searched feature is the combination of 

robustness and low weight, which requires components with different nature and could not be 

achieved without composing them.26 Actually, in a composite material the matrix phase is 

usually more ductile than the dispersed phase. The matrix, besides providing surface for the 

dispersed entities, also gives stability to the structure and can influence other properties, such 

as the conductivity or thermal stability. The interaction between the matrix and the dispersed 

phase plays an important role in the structural integrity of the composite, influencing the final 

properties, as well. In some cases, chemical bonds are established between the composite 

components, but the cohesion of the material can be based just on weaker, physical 

intermolecular interactions, such as hydrogen bonds and - or van der Waals interactions.27 

In the broad term of composite materials, nanocomposites, in which at least one constituent is 

at the nanoscale, are of extraordinary importance, since the nanosize entails homogenous 

distribution and finer microstructures. The nanoscale dimension of the dispersed phase is a 

crucial requirement for many applications, in which the high surface/volume ratio of the 

dispersed phase induce a high number of attractive interactions with the matrix. Nevertheless, 

nanoparticles (NPs) have a great tendency to aggregate, which difficulted the homogeneous 

dispersion of the second phase in the composite. In the subclass of porous composites, the 

matrix is the skeletal portion of the material with a significant amount of empty void. Composite 

materials designed to retain porosity usually have applications specific to their pore-structure. 

Typical advantageous characteristics given by the pores are enhanced mass transfer and liquid 

retention, improved opacity, lighter weight, enhanced gloss, controlled spread and control of 

heat conduction. Porosity also has the drawback of reducing mechanical strength and stiffness.  

The use of porous composites has advantages to prepare high quality nanocomposites, since   

they fulfill the essential demand of providing large surface area able to keep the NPs dispersed. 
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2. Mesoporous materials 

2.1. Particular characteristics due to the pore size 

As mentioned in the Introduction, this thesis is dealing with different types of composite 

mesoporous materials, involving a porous matrix (e.g., graphene aerogel, iron(III) trimesate and 

metal-porphyrin MOFs) loaded with dispersed substances (e.g., metals and oxide 

nanoparticles), forming engineered composites with advanced physicochemical properties 

specialized for medicine and energy applications. Among porous materials, those that possess 

mesopores (2-50 nm) are of great interest, due to particular advantages over micro- (< 2 nm) 

and macroporous (> 50 nm) substances. To the contrary of microporous materials, their pores 

are large enough to be functionalized with complex molecules or NPs. In the same time, 

mesoporous materials exhibit high values of surface area, which further facilitate the stable 

functionalization. Mesoporous materials can be classified with respect to crystallinity and the 

structural order of the pores. Historically, much of the research effort on porous materials was 

focused on developing crystalline products, with an array of ordered pores (zeolites). However, 

with the development of amorphous porous solids, such as mesoporous silicas, foams and 

aerogels, the potential processing advantages of materials (crystalline or amorphous) with 

ordered and disordered pores are being highlighted. The materialization of the specific 

properties of mesoporous materials is the result of the used preparation methods, which are 

described in the following sections.  

 

2.2. Synthesis  

2.2.1. Mesoporous materials with ordered pores 

- Amorphous structures: obtained by using a template, allowing to control the porosity of the 

solid. Soft-templating (endotemplate) and hard-templating (exotemplate) routes can be 

distinguished.28 In soft-templating, organic molecules are used as structure-directing agents 

(surfactants), and the inorganic precursors condense around them. After the formation of the 

mesoporous phase, the organic template is removed by calcination or solvent extraction. Several 

amorphous mesoporous silicas (MCM-41, SBA-15, etc.) were synthesized using this method. 

In the hard-templating route, the template is a porous solid (mesoporous silica, carbon, polymer 

beads, etc.), in which the void space is loaded with the precursors of the end-product and then 

transformed under certain experimental conditions. Finally, the template is removed by high 

temperature or chemical dissolution (e.g., using NaOH or HF). Thus, the negative structure of 

the porous template remains. First mesoporous carbons were synthesized using this method.29  
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- Crystalline structures: mesoporous metal-oxides (Cr2O3, Co3O4, Fe2O3, MnO2, etc.) and non-

oxides (carbides, nitrides, sulfides, selenides, fluorides) with crystalline structure have been 

synthesized using the above mentioned hard-templating method.30,31 The use of surfactants as 

templates to obtain crystalline structures is, generally, not applicable, due to the high 

temperature required for the crystallization of the end-compound, which would cause the early 

decomposition of the template. Recently, a template free-method for obtaining mesoporous 

transition metal-oxides with crystalline walls has been developed, using basic carbonates as 

precursors. The mesopores are generated by the diffusion of gasses (CO2, H2O) generated by 

the thermal transformation of the carbonate to oxide.32 Crystalline mesoporous structures with 

ordered pores are also obtained by direct synthesis through a chemical reaction. An important 

representative of this category is the mesoporous MOFs family. Currently, most MOFs are 

microporous, and only few of them exhibit cages in the meso range. Micro and mesoporous 

materials are mainly obtained by solvothermal synthesis, by mixing the two building blocks, 

the metal precursor and the organic ligand, in an organic solvent. Less frequently, surfactants 

have also been used to direct the formation of mesopores in MOFs.33 It is worth mentioning 

that, although traditionally MOFs are crystalline frameworks, recently their amorphous and 

semiamorphous counterparts have gained interest due to their rapid synthesis and the potential 

applications arising from the structural irregularities.34 

 

2.2.2. Mesoporous materials with disordered pores 

The family of porous materials with disordered pores is huge, involving all different types of 

materials, from metals to polymers and to organic and inorganic structures. Sintering of metal 

powders, results in a porous structure, where the individual particles are connected through the 

sintered necks of the particles. Melt foaming, electrical deposition or infiltration are further 

techniques to prepare porous metals.2 Mesoporous polymer frameworks, a class of porous 

materials with nano-truss-like morphology constructed from rigid macromolecular 

interconnectors and directional connectivity, can be obtained by chemical cross-linking, 

amphiphilic surfactant templating and foaming techniques. Foams are highly porous materials, 

involving beside the mesopores, a large amount of macropores (50 – 500 µm, or even bigger). 

Most cellular foamed plastics contain closed pores. They are prepared by foaming, in which a 

fluid is dissolved through the melt material to be swelled (Figure 4a). Foaming can be instigated 

by either a physical processing (boiling by heating or depressurization) or chemical reaction. 

Upon the elimination of the solvent, a solid foam is recovered.  
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Aerogels, xerogels and cryogels are the most studied highly porous 3D materials involving 

irregular porosity. They are fabricated without any sacrificial template. In these materials, the 

method of synthesis and the attained porosity, together with the average pore size, define the 

term used to differentiate them. The three sub-classes are prepared by gelation of a solid in a 

solvent, and subsequent drying of the formed gel (Figure 4b). The aim of the gelation is to link 

the dispersed substances in a solvent by establishing interactions among them, thus constructing 

an assembled structure. Often the assembly of the network is induced by the modification of 

the reaction conditions (temperature pH), or by adding reducing agents or cross linkers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Preparation steps to obtain: (a) solid foam and (b) different types of dry gels. 
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The wet gel possesses a 3D interconnected framework, but filled with a solvent that often has 

residual precursors of the gel. To obtain dry aerogels, the fluid from the voids must be removed 

and replaced with air, while maintaining the structure. The method used for the extraction of 

the liquid defines the characteristics of the final material. The most applied techniques are: 

 

- Air drying: The liquid phase in the gel is removed by evaporation. To avoid the collapse 

of the structure the reinforcement of the structure with cross-linking agents is necessary. 

Still significant shrinkage (>30 v%) occurs which causes the formation of high-density 

products that are named as xerogels.35 

- Lyophilization or freeze-drying: the hydrogel is frozen at around 223 K / 193 K. Then, 

mild temperature is applied to provide enough energy to induce the phase transition of the 

frozen water molecules. The heat is applied under high vacuum to favor the solid to gas 

transformation. Solvent sublimation is performed slowly, in a lasting-time process, to avoid 

the damage of the structure. By reducing the sublimation temperature and extending the 

time, the forces exerted towards the walls of the pores are minimized, reducing the 

shrinkage (<10 v%) with respect to air drying. The porosity of the aerogel is strongly 

related with the shape and size of the generated ice crystals. Typically elongated, large 

mesopores and mostly macropores are generated, thus the materials present low values of 

surface area.36 The growth of ice crystals during freezing is accompanied of a volumetric 

expansion, which induces stress on the pore walls, thus triggering the formation of cracks 

in the monolithic piece, leading, eventually, to the formation of dried gel powder.37 

Products prepared by this technique are called cryogels. 

- High temperature supercritical drying: the temperature and the pressure of the gel are 

raised above the critical point of the applied solvent. Hydrogels cannot be used in this 

method for practical reasons, since supercritical water has the critical point at 647 K and 

21.8 MPa, presenting extremely high acidity. The water in the gel must be first 

interchanged with a low molecular weight organic solvent, such as methanol (512 K, 8.1 

MPa), ethanol (516 K, 6.4 MPa) or acetone (508 K, 4.8 MPa). The appearance of surface 

tension and destructive capillary forces created upon air drying is here eliminated, allowing 

to maintain the 3D framework of the gel, with only slight shrinkage (<10-15 v%). These 

products are called aerogels, are highly porous (even values of 99.7 v% can be reached), 

with high values of surface area, and an interconnected pore structure.38 Despite of the 
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superior properties, the application of harsh conditions brings up environmental and 

economic concerns. 

- Low temperature supercritical CO2 drying: To overcome the problems encountered with 

using high temperature supercritical drying, alternatively, supercritical CO2 (scCO2) can 

be used to produce aerogels. In this case, scCO2 is replacing the gel solvent present in the 

pores. Again, the lack of liquid-vapor transition upon the elimination of the mixture 

prevents pore collapse. This methodology has been applied for various types of aerogels 

(e.g., cellulose,39 silica or starch37), and in all cases a separated gelling step preceded the 

drying procedure. Similar to high temperature supercritical drying, high porosity and 

surface area and open pore structure characterize the aerogel. 

 

3. Aerogels  

Comprehensively defining aerogels is rather challenging due to the large diversity regarding 

the preparation methods and the properties of these materials. The name “aerogel” refers to the 

network constituting the solid framework (gel) and the air filling the pores (aer). The definition 

stablished by IUPAC in 2007 stablished that "aerogel is a gel comprised of a microporous solid 

in which the dispersed phase is a gas".40 The same publication gives microporous silica, 

microporous glass and zeolites as examples of aerogels. However, this definition does not 

describe accurately most materials that are already assigned as aerogels, many of them 

possessing multiscale porosity in the micro-/meso-/macropore range. Several intents have been 

made recently to propose a more comprehensive description that discern aerogels from other 

porous and cellular solids. Some of them are focusing on the preparation method, describing 

aerogels as those fabricated by methods involving sol-gel chemistry.18,41 This definition 

excludes aerogels originated by self-assembly, like some polymers or graphene derivatives. 

Other terminologies emphasized some unique properties as the requirement to be named 

aerogels,42 for instance, the maintenance of the pore structure upon drying. In this definition the 

controversy arises from the determination of the shrinkage, unavoidable to a certain extent 

during the synthetic procedure, that can be accepted. The definition chosen in this thesis was 

suggested in 2019: "aerogels are light solids, with an open-porous network of loosely packed, 

bonded particles or nano-scale fibers, obtained from a gel after the removal of the fluid from 

the pores without significant structural modification".43 This definition describes adequately the 

materials prepared in this thesis.  
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Aerogels can be classified on the basis of appearance, composition and microstructure (Figure 

5). Based on their appearance aerogels can be classified, as monoliths, powders or films. Often 

their solid structures involve a mixture of micro-, meso- and macropores. Numerous aerogel 

structures, made of a large variety of organic and inorganic species, have been fabricated 

throughout the almost 100 years of aerogel history. Following, the most remarkable, and those 

that were prepared in this thesis, are detailed. 

 

 

Figure 5. Aerogel classification based on appearance, composition and microstructure.44,45 

 

3.1. Silica 

Undeniably, the most well-known and frequently seen in commercial applications are silica 

aerogels. For these aerogels, the solid matrix is composed of a sol of silica particles, in which 

the arrangement and interconnection of the NPs determines the main properties of the 

macroscopic structure. The preparation procedure was established by S. Kistler, using sodium 

silicate to form silicic acid, which further polymerizes to silica gel (Figure 6a).18 The hydrolysis 

reaction is driven by acid or base catalysis, and the pH of the media determines the gel quality. 

At low pH long polymer chains are formed, with few crosslinks, while in a basic environment 

branched polymeric structure is formed.46 In a different procedure, silica gels are formed by 

hydrolyzing silicon alkoxide precursors in an acid or based catalyzed reaction.47 

Simultaneously, alcohol and water condensation reactions take place forming siloxane bonds 
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(Si-O-Si) (Figure 6b). During aging, the silica gel network is strengthened by further 

condensation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Preparation procedures to obtain silica aerogels: (a) starting from sodium-silicate and 

(b) silicon alkoxide precursors. 

 

In both described procedures, to dry the wet gels, supercritical and freeze-drying methods have 

been established, resulting in aerogel and cryogel end-products, respectively.46 In contrast to 

other aerogels, silica aerogels can be obtained with proper surface properties by using ambient 

pressure drying. This is usually achieved after the modification of the surface by replacing the 

hydrogen on the surface silanol groups (Si-OH) by hydrophobic alkyl or aryl functional groups. 

Thus, condensation reactions are prevented, which decreases the shrinkage of the gel during the 

drying procedure.46  
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Figure 7. Properties and some applications of silica aerogels. 

 

In most silica aerogels about 80 v% of their body is composed of pores, but this value can reach 

up to 99.8 v%.48 Described surface area values are within the 500-1200 m2g-1 range, making 

them excellent adsorbents for environmental clean-up or as catalyst supports, among other 

applications.49 Due to their extremely low thermal conductivity, they are used as thermal 

insulation materials for skylight windows or heat storage devices.50 These features, together 

with their low density, made them an attractive candidate for the aerospace industry. For 

instance, it was used in the Mars missions for the insulation of the battery packs in the Mars 

Rover. Moreover, particulated silica aerogels are added as a filler in spacesuits or dresses for 

Antarctic missions, since they provide protection against any extreme thermal condition.51 

Another representative property, beneficial only in certain applications, is their hydrophilicity, 

sourcing from the high amount of unreacted silanol groups (Si-OH) on the surface of the 

skeleton. Taking advantage of the high moisture sensitivity, humidity sensors have been 

fabricated based on silica aerogels.52 Nevertheless, this property can also be a weakness for this 

type of materials, as small amounts of water, or even the humidity of the air, force the collapse 

of the solid network. For this reason, often the hygroscopic character is tuned by 

functionalization of the silanol groups with hydrophobic moieties. One important drawback of 

these aerogels is their significant fragility and poor mechanical properties arising from the rigid 

Si-O-Si bonds in the solid framework.53 For practical applications, the framework can be 

reinforced by establishing carbon bonds between the silica NPs through the incorporation of 

polymeric system in the matrix. Other methods, such as the aging of the wet gel or hybridization 

by co-gelation with organic matter, are also used for strengthening purposes.54 Nevertheless, it 

should be taken into account, that along with the increase in the mechanical robustness, usually 

other properties, such as the thermal conductivity or low density, change in an unfavored way.  
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3.2. Polymeric 

The methodology to form polymer aerogels is similar to those previously described.55 Gel 

formation typically starts with the dissolution of the monomers in a solvent, which is followed 

by the formation of solid colloidal particles through the establishment of chemical bonds 

between the monomers. Most frequently, hydrolysis and polycondensation of the precursors 

induces the generation of colloidal clusters. Then, as the polymerization follows, the colloidal 

particles link to each other, forming a 3D network of the polymeric chains (gel). During the 

ageing period, the structure is reinforced due to the still ongoing polycondensation, thus 

increasing the connectivity. Finally, the solvent in the pores of the wet gel is removed by any 

of the typical drying procedures. Polymer aerogels can be produced with very little shrinkage 

and possess better mechanical stability in comparison to silica aerogels, due to the robust 

network and strong chemical bonds. 

Polymer-based aerogels can be divided to those prepared from synthetic and from biobased 

polymers (Figure 5). Synthetic polymer aerogels are synthesized via sol-gel polymerization of 

phenolic resins (e.g., resorcinol-formaldehyde RF), polyureas, polyimides, polyamides, etc.56 

The most famous representative is the RF aerogel, prepared by series of aqueous 

polycondensation reactions between formaldehyde and resorcinol.57 Initially, the addition of 

formaldehyde to resorcinol occurs in the presence of a mild base catalyst (Figure 8a). Then, at 

elevated temperature, the polycondensation occurring between the aromatic and aliphatic 

hydroxyl groups form a 3D crosslinked network, composed of the aromatic rings linked by 

ether and methylene bridges (Figure 8b). The cross-linking reaction and chain growth take place 

before gelation, which is later followed by gel drying.58 The structure of the RF aerogels is 

influenced by the size and the number of the resorcinol-formaldehyde clusters, formed during 

the polymerization step, which is primarily influenced by the reaction parameters. Generally, 

RF aerogels are mesoporous, presenting high surface area values (ca. 1000 m2g-1).59 Synthetic 

polymer aerogels have found widespread commercial application uses, e.g., adsorption, 

catalysis, ion-exchange resins, chromatographic separation, etc., but their insufficient 

biodegradability, and often toxic precursors/degradation products raise concerns regarding their 

sustainable use.58 
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Figure 8. Preparation of resorcinol-formaldehyde polymer involving: (a) addition and (b) 

polycondensation reactions.57  

 

Nowadays, biopolymer-based aerogels are receiving enhanced attention due to their 

cytocompatiblity and biodegradablity.45 They are prepared from renewable sources (sugar cane, 

protein or starches) or from certain biopolymers (chitosan, alginate, cellulose, lignin). Among 

these, cellulose aerogels were first prepared, and are characterized by their high impact 

resistance and capacity to be cross-linked.18 The second most abundant biopolymer after 

cellulose is lignin, but with only very little utilization worldwide as a resource.60 This fact, 

together with the rigidity of the macromolecules presenting numerous functional groups, make 

lignin aerogels an attractive option. The obtained structures show strong mechanical 

performance with still significant compressibility. Owing to their biocompatibility, these 
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aerogels are primarily applied in the biomedical field, such as in tissue engineering, drug 

delivery, implantable devices or wound dressings.45 

 

Polymer-based hybrid aerogels 

Polymers in aerogel structures are often used to improve their robustness and avoid cracking 

and shrinkage during drying, with the aim of providing sufficient mechanical stability for 

further application. Hybrid aerogels have been built using polymers and an inorganic phase, 

such as silica NPs, carbon nanotubes (CNT), graphene flakes, etc.55 the preparation method, the 

polymer can be added directly to the dispersion of the inorganic phase, or the polymerization 

can be triggered from suitable monomers after gelation.61 

 

3.3. Carbon-based 

Carbon aerogels have been constructed with elements as diverse as amorphous carbon NPs, 

CNTs, carbides, carbonitrides, graphene flakes or even nanoparticles of diamond.62–65 These 

aerogels display very low density values, close to that of air. Actually, a carbon-based aerogel 

has been described as the lightest material known on Earth, with a density of 0.16 mg cm-3.66 

Moreover, some of these aerogels possess extremely high surface area, up to 3000 m2g-1, and 

are electrically conductive.67 By customizing the preparation methodology, the bulk and surface 

properties of carbon aerogels can be conveniently tuned, satisfying the demand for diverse 

applications in the areas of energy, such as fuel cells and supercapacitors or the design thermal 

and sound insulators, catalytic supports and chemical adsorbents.68,69 The most relevant carbon-

based aerogels, classified on the basis of the nature of the carbon precursor used for their 

preparation, are described in the followings.  

 

3.3.1. Amorphous carbon 

Amorphous carbon aerogels are made of amorphous carbon NPs. This type of materials was 

initially prepared by the pyrolysis or carbonization of organic polymeric aerogels.63 As a 

precursor, beside the traditional RF aerogel, aromatic-aldehyde pairs, or biomass derivatives, 

such as saccharides, have been recently used.68,70 The carbonization step is carried out in a range 

of 773 - 2773 K in an inert atmosphere. Applying these high temperatures, some densification 

of the structure is observed, but compensated by the outstanding electrical conductivity that can 

be obtained. The interconnected polymeric clusters provide the skeletal network in the 

amorphous carbon aerogels, involving a large amount of micropores formed within the primary 

particles and by the agglomeration of those, while abundant mesopores are simultaneously 
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generated by clusters aggregation.71 In fact, the micropore characteristics are influenced 

primarily by the carbonization procedure, while the meso- and macropores are determined 

mostly by the gelation/drying conditions of the precursor.68 Although the pyrolysis of organic 

aerogels continues to be a widespread technique for obtaining carbon-based aerogels, for more 

than a decade now highly sp2-hybridized carbon species (e.g., CNT or graphene) are used as 

precursors. These aerogels, contrarily to those derived from organic species, are composed of 

primary carbon units with certain crystallinity, and have improved transport and mechanical 

properties.63 

 

3.3.2. Carbon nanotube 

CNTs are empty cylinders composed of either one-layer (single-wall) or multiple concentric 

layers (multi-wall) of hexagonally arranged carbon atoms. Due to their unique arrangement, 

CNTs already possess extraordinary properties in their 0D individual form, such as strong 

rigidity and high electrical conductivity. CNT aerogels can be fabricated by the self-assemble 

of CNT nanoentities, usually using surfactant (e.g., sodium dodecylbenzene sulfonate) to 

improve their dispersibility in the solvent. The drying of the gel is carried out with freeze-drying 

or supercritical drying.72 The establishment of electronic interactions among the separated 

nanotubes makes possible the fabrication of porous aerogels using exclusively CNTs, although 

the van der Waals forces often do not result in sufficiently robust structures. To stiffen the 

aerogel, binders, often made of carbonaceous materials, and polymers can be incorporated 

within the framework. These additives cross-linked the CNTs in the aerogels, while maintaining 

the porous character. Some described CNT aerogels reinforced with polyvinyl-alcohol can 

support weights three orders of magnitude higher than their own mass.72 Nevertheless, the 

incorporation of organic additives compromises other properties, such as conductivity, which 

could affect some of the intended applications. Electrodes, catalysts or sensors have been 

fabricated from these structures.63,72 

 

3.3.3. Graphene and graphene oxide 

First of all, the discrimination between reduced graphene species and the oxidized forms should 

be always taken into account, as their physicochemical properties, processing methods and 

applicability are different. Individual graphene sheets, reduced and oxidized, are two-

dimensional structures, formed by the in-plane hexagonal arrangement of carbon atoms. 

Structural defects in the form of both in-plane and out-of-plane displacements, and/or 

oxygenated functional groups, enrich the planar structure (Figure 9a). 
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Figure 9. Illustration of: (a) 2D graphene, (b) graphene oxide and (c) reduced graphene oxide 

(GO) sheets. 

 

The high theoretical surface area of single-graphite layers (>2500 m2g-1), electrical conductivity 

and chemical, mechanical and thermal stability are some of the characteristics that provide the 

basis for several potential applications of this material.73 For ensuring such outstanding 

properties, a 2D planar lattice structure needs to be achieved in the graphene structure, which 

is concomitant with the absence of any oxygenated functional group distributed over the 

surface. One of the most interesting attribute of the oxygen-rich form, the graphene oxide, is 

that oxygen containing functional groups are decorating the basal plane (mainly hydroxyl and 

epoxide) and the edges of the GO sheets (mainly carboxyl) (Figure 9b).74  The oxygenated 

surface chemistry provides the possibility of establishing an increased number of electrostatic, 

or, in specific cases, covalent interactions, with a wide variety of substances, making GO a 

multipurpose material able to modify and enhance the properties of designed hybrid or 

composite materials. An important feature of the oxygenated graphene is their convenient 

dispersibility in polar liquids. However, other characteristics, such as the electrical 

conductivity, are compromised by the oxygenation of the graphene sheets.75 To acquire the 

desired oxygenated character, GO can be reduced in a post-synthetic treatment, in which by 

choosing the reduction method and experimental conditions fine tuning of the final oxygen 

content is possible (Figure 9c). 

An important drawback common to graphene derivatives, e.g., graphene, graphene oxide and 

reduced graphene oxide, is the significant loss of surface area occurring due to the stacking of 

the flakes during processing. This typical behavior is the result of the high number of - 

interactions established between the layers. Keeping the 2D layers exfoliated by forming a 3D 

aerogel structure is a suitable way to hinder this detrimental phenomenon.74,76 Apart from 

carboxyl 
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epoxy 

group 
hydroxyl 

group thermal / chemical 
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reducing the stacking, extended functionalization with organic or inorganic entities becomes 

feasible in the 3D porous structure (Figure 10). These aspects, together with the generated pores 

within the structure, are especially beneficial in adsorption and catalytic applications, allowing 

appropriate contacts between the reactants and the surface. Finally, 3D monolithic structures 

can be created with the desired shape, since the starting precursor is a liquid gel. Thus, 

personalized aerogels for specific application can be fabricated.  

 

 

Figure 10. Accessibility of the internal structure for: (a) 3D aerogel with exfoliated GO flakes, 

and (b) GO stacked flakes.  

 

3.4. Synthesis of graphene derivatives aerogels 

GO is traditionally fabricated from graphite, an abundant mineral, following the Hummers’ 

method.77 In this process, typically strong oxidizing agents (NaNO3, KMnO4, H2O2) are used 

to obtain graphite oxide by the generation of oxygen species, mainly epoxides, carboxyls, 

carbonyls and hydroxyls, on both sides of the graphitic layers. Aqueous acidic conditions 

(H2SO4, H3PO4, HCl) and sonication are used to exfoliate graphite oxide, obtaining a graphene 

oxide dispersion. The incorporation of the oxygenated functionalities induces a significant 

increase in the interlayer spacing by overcoming the van der Waals forces. Indeed, the interlayer 

separation becomes approximately double, from 0.3 to 0.6 nm. It is worth to mention that total 

exfoliation cannot be achieved, and the system is often constituted by GO clusters of few-layers 

width. During the oxidation of graphite, the aromatic lattice is partially distorted generating 

defects along the flakes. Most research regarding GO preparation usually focuses on the type 

of functional groups added to the surface and the amount of those, tuned by using different 

oxidizing agents and processing conditions. Moreover, the process must be scalable and 

environmentally sustainable.78–80 

Aerogels can be formed from stable suspensions of GO by gelation and drying in a multistep 

procedure.  

a)  b)  
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The most common gelation mechanisms are:  

- Hydrothermal reduction: the gelation of water dispersed GO flakes is carried out in an 

autoclave at high temperature (373-473 K) and pressures higher than the atmospheric. 

During the hydrothermal treatment, the reduction of the GO flakes occurs, since the 

oxygenated groups are mainly eliminated from the structure. The reduction promotes 

the assembly of the flakes into a 3D framework. The hydrogel properties can be well-

controlled by choosing the applied experimental conditions, or even with the addition 

of cross-linking agents.81 

- Chemical reduction: a chemical agent induces the reduction of the GO sheets and their 

self-assembly in a gel. Reducing agents, such as vitamin C, ammonia, ethylenediamine 

(EDA) or hydrazine, are applied. Gels prepared with different reducing agents possess 

different properties. For instance, EDA, besides the reducing ability, also functions as a 

cross-linker agent between the formed rGO sheets, providing stable aerogels with 

enhanced conductivity after the drying.82 Vitamin C, being a relatively strong reducing 

agent, facilitates the formation of highly hydrophobic gels.83–85 

- Cross linking methods: The aim of these methods is to enhance the interactions between 

GO flakes. An easy way of achieving this effect is by acidifying the medium, thus 

increasing the number of protonated oxygen moieties and hydrogen bonding. 

Incorporating additives, containing hydroxyl, oxygen or nitrogen functionalities to 

establish more H-bonds between the GO sheets, is also a feasible way to facilitate 

gelation. Besides, metallic ions, small organic molecules or even biomacromolecules 

(polysaccharides, proteins, DNA) have been also used for increasing the number of 

chemical/physical interactions in the gel.83,86  

- Polymer incorporation: The gelation of GO can be supported by polymers able to 

chemically bind to the GO layers, thus generating steric hindrance and avoiding stacking 

of the flakes.87 Additionally, by using conductive polymers, charge transfer properties 

can be largely augmented.88 
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All typical drying procedures (detailed in section 2.2.2.) have been applied to obtain dry gels 

of graphene/graphene oxide from hydrogels/alcogels. From them, air-drying requires the 

previous reinforcement of the structure, usually achieved by polymer addition.89 Robust 

structures have been built by vacuum-drying, but with high aerogel density in the order of 0.6-

1.2 g cm-3 (Figure 11).90 Nonetheless, it is worth to mention that no extensive research on pure 

graphene xerogels can be found in the literature. 

 

Figure 11. Structures of graphene: (a) xerogel and (b) aerogel. 

 

Freeze-drying causes lower damage in the graphene cryogel structure due to their relatively 

larger mean pore size (meso/macro) in comparison to the silica aerogels with smaller 

mesopores. Thus, the former is more resistant to volume expansion when ice crystals are 

formed. These cryogels usually have relatively low surface area resulting from the lack of 

microporosity and small mesopores.91 Graphene cryogels can be obtained directly from GO 

dispersions, by slightly acidifying the liquid medium to induce gel formation. This method has 

been used because it was the only procedure where most of the oxygen functionalities on the 

GO sheets were preserved. However, the obtained products are brittle without sufficient 

mechanical stability for most applications.61 In case freeze drying is preceded by hydrothermal 

gelation, stable graphene cryogels are obtained. However, the high-temperature used in the 

hydrothermal procedure leads to the formation of cryogels of reduced graphene oxide. 

Graphene aerogels can be obtained by simultaneous gelation and drying at high temperature 

and pressure, e.g., above the critical temperature and pressure of the dispersing fluid. This 

supercritical drying provides graphene aerogels in which the oxygenated groups have been 

a) b) 
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eliminated, but with fine and uniform pore morphology (Figure 12).38 Due to the harsh 

conditions, the reduction of the oxygen functionalities on the GO sheets always take place. 

 

 

 

 

 

 

 

Figure 12. Electron microscopy images of graphene aerogels showing the different pore 

morphology obtained by: (a) freeze-drying85 and (b) high temperature supercritical drying using 

ethanol. Images are adapted.38 

In the previously mentioned preparation methods, either the GO flakes were reduced throughout 

the process (high temperature, reducing agent), or extremely brittle monoliths were obtained 

(one-step freeze-drying). Maintaining the oxygenated character of the aerogel, while providing 

reasonable robustness, was a problem solved by defining a specific preparation procedure based 

on supercritical CO2, established in the group in which this thesis was performed (SFFM group, 

ICMAB-CSIC).92 As an additional advantage, and in contrast to most previously mentioned 

procedures, in the scCO2 process the gelation and drying occurs in one-step inside the same 

high-pressure reactor. 

In the general scCO2 procedure, the dispersion of GO in a convenient solvent (usually a short-

chain alcohol, such as ethanol or methanol) is treated with supercritical CO2 at high pressure 

(20 MPa) and mild temperatures (313-333 K) (Figure 13). Due to the addition of CO2, the 

alcoholic suspension is acidified diminishing the electrostatic repulsion between the 

oxygenated functionalities on the flakes surface. Consequently, the flexible oxidized graphene 

layers can partially overlap with each other, opening the possibility for the establishment of an 

increased number of contact points, which finally results in a self-assembled GO framework. 

The macroscopic 3D structure is stabilized by both - interactions between the basal planes 

of the carbon atoms and hydrogen bonds established by the functional groups. During gel aging 

(ca. 48 h), the alcohol in the pores is replaced by scCO2 in a continuous, relatively slow 

procedure, until the concentration of the alcohol is equal within and surrounding the gel. The 

solvent interchange is favored by the high diffusivity of the supercritical fluid and the specific 

solubilizing capability of scCO2 for short-chain alcohols. However, the shaping of the 3D 

10 m 10 m 

a) b) 
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network is slow, since aerogels recovered under the used experimental conditions at a shorter 

reaction time (e.g., 24 h), are often collapsed structures.  Finally, the solvent is slowly (ca. 0.5 

mL min-1) released from the reactor under isothermal conditions, avoiding the materialization 

of capillary forces. During pressure release, the temperature is maintained above the critical 

point of the media, thus the scCO2 transforms directly to gas without the realization of a liquid-

gas interphase in the fluid. The recovered product is a light-weight aerogel, able to withstand 

further manipulation. Its composition is unique in the literature, due to the applied low 

temperature and the lack of reducing agents, which results in the oxygen functional groups 

preserved on the surface of the graphene layers. 

 

 

  

Figure 13. GO aerogel preparation in the one-pot scCO2 procedure, involving gel formation 

and drying.  
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Properties and applications of graphene-based aerogels 

Due to their unique properties, graphene-based aerogels are excellent candidates for application 

in emerging fields, such as energy storage, energy conversion and environmental protection. 

One of the most important uses of graphene-based aerogels is on efficient energy storage, 

probably one of the biggest challenges that humanity is facing in the next years. Supercapacitors 

have been proposed as potential solutions for energy storage due to their high specific power 

and long lifetime.93 In this respect, graphene-based aerogels, with high surface area, porosity 

and ionic and electronic conductivity, offer enhanced specific power when used as electrode 

materials, being able to improve the energy density and specific capacitance.94 Developing 

systems that are able to convert renewable energy to electrical power is an important step 

towards alleviating the current problems of huge energy consumption. Chemical fuel cells, 

biomass fuel cells and solar cells are able to directly perform this task through electrochemical 

processes, such as oxygen evolution, oxygen reduction and hydrogen production. All of these 

reactions are performed through catalytic processes, being the engineering of a proper catalysts 

required to enhance the catalytic efficiency. Graphene aerogels are able to positively contribute 

to such reactions either by acting as supports to distribute the catalyst or by themselves ensuring 

fast electron transfer on the conductive graphene layers and appropriate contact with the 

reactants due to their high surface area.95 Finally, owing to the hierarchical porous structure, 

and the high surface area, graphene-based aerogels are able to adsorb pollutants, like toxic 

gasses from air, heavy metal ions or dyes from water or other contaminants.96–98 Further 

potential applications rely on the excellent acoustic behavior of graphene oxide aerogel 

composites reinforced with polymers, obtained by their controllable pore size and orientation, 

capable of attenuate the incident sound waves.99 
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4. Metal-organic frameworks 

This section aims to describe MOFs, the second family of porous structures prepared in this 

thesis. A general overview of these materials is first given, including the composition, some 

properties and common preparation methods to obtain MOFs. Then, the attention is turned to 

two particular sub-classes of MOFs: those containing mesopores and those that are lacking long 

range order (amorphous MOFs). Finally, some of the most important applications are presented, 

emphasizing those structures that belong to the previous two sub-classes.  

 

4.1. General description 

4.1.1. Structure 

MOFs are hybrid inorganic-organic structures, composed of metal cations or clusters 

coordinated with polytopic (minimum ditopic) organic linkers. The extension of the composing 

units forms one- (1D), two- (2D) or three- (3D) dimensional structures, depending on the 

number and arrangement of the bonds between the metal centers and the linkers (Figure 14). 

Such arrangement is the consequence of the coordination geometry of the metal nodes and its 

ligands, and the steric characteristics of the linker. 

 

  

Figure 14. Structures of MOFs with different dimensionalities controlled by the linker 

geometry: (a) schematic representation of 1D, 2D and 3D structures, in which metal nodes are 

marked with blue squares, while yellow columns are assigned to the organic linkers, and (b) 

fragments of assembled described frameworks, corresponding 1D MOF-222, 2D MOF-2 and 

3D MOF-101. Images of MOF structures are adapted.100 
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Regarding the void organization in the spatial dimensions, four types of porous structures can 

be distinguished: 0D cavities (refer to pores that are isolated from the others by the walls of the 

framework), 1D channels, 2D layers and 3D intersecting channels. The latter is formed by the 

interconnection of 1D channels directed in several directions (Figure 15).101  

 

 

 

Figure 15. MOFs structures classified based on void organization.  

The high variety of metal centers and organic linkers used as building blocks results in 

numerous possible MOF structures with the flexibility of constructing products with diverse 

physiochemical properties. In the last two decades more than 20000 different MOF structures 

have been studied and reported.102 The following section deals with the choice of building units, 

giving some of the most common categories together with some examples.  

Metal centers  

Metal centers are key compartments of MOFs, as they are largely determining the topology and 

physicochemical properties of the end product. Most metals have been already applied as 

building units, although the most frequent choices are 3d transition metals and divalent or 

trivalent 3p ions.103 In the first described MOF structures, single metal nodes were coordinated 

with ditopic or tritopic organic linkers. This is the case of one of the most studied MOF, the 

ZIF-8, where Zn tetrahedral nodes are coordinated with 2-methyl-imidazolate linkers (Fig. 16).  

Figure 16. Coordination of Zn tetrahedral nodes with 2-methyl-imidazolate linkers forming the 

ZIF-8 framework. Images are adapted.104 
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Since then, the attention turned towards the substitution of single metals by polynuclear 

inorganic metal-based clusters, called secondary building units (SBU). SBUs are composed of 

metal ions (M) connected either via non-metal links, forming M-X-M bonds (X: N or O), or 

through common extension points, such as carboxylate units (M-O-C-O-M). This latter is 

actually the most typical case, offering a wide variety of clusters, with well-defined geometrical 

shape, for instance square or octahedron, guiding the end structure of the MOF.105 SBUs are 

finite entities. One example is the octahedral SBU in MOF-5 composed of four Zn4O tetrahedral 

complexes (Figure 17a). A well-known finite SBU is the copper/carboxylate paddle wheel 

cluster (Cu2(-COO)4) found in the HKUST-1 structure (Figure 17b). In the MIL-100(Fe) and 

MIL-101(Fe) MOFs, the metal-oxide nodes (Fe3O), with trigonal prismatic coordination 

geometry, are giving the centers for a cage-like structure (Figure 17c).106 Additionally, infinite 

metal cluster units in one dimension (referred as rods) can also be positioned among the 

polytopic linkers. A representative example of this structure is the MOF-71, where the SBU has 

the composition of (Co2O(-COO4))∞ (Figure 17d). In this case, the extension points are the 

carbon atoms forming a zig-zag shape and being able to coordinate ditopic linkers.105  

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Examples of the inorganic SBUs from carboxylate MOFs and their coordination 

geometries: (a) MOF-5, (b) HKUST-1, (c) MIL-100(Fe), and (d) MOF-71. Metal-oxygen 

polyhedrons are blue, polygon/polyhedron defined by the carboxylate carbon atoms are red. 

Oxygen atoms are red, while carbon atoms are black. Images are adapted.100,105  
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The previous examples show the importance of the innovation given by the development of 

SBUs, in which the large number and variety of provided coordination points secure the 

position of the metal centers, and ensures a thermodynamically and mechanically stable 

environment, but still a flexible framework.107 In addition, modifications, such as alteration of 

certain cations, changing their oxidation state or generation of defects within the SBUs, further 

increases the diversity of the produced MOFs.108 

 

Organic linkers 

Currently, databases with a large number of organic linkers are available to choose the most 

suitable for the desired structure, taking into account the length, geometry, functionalities, 

number of electron donors, etc. In principle, any organic molecule, having at least two donor 

atoms, which are capable of coordinating with metal centers, can be used as a linker. Typically, 

the donor atoms are oxygen or nitrogen, and most of the described MOFs involve homotopic 

organic units, where all the coordination ligands are of the same type. Most common linkers 

can be classified as carboxylate, nitrogen or azole, but apart from these, other organic anions, 

like sulfonates, phosphonates, or heterocyclic compounds, can also be linker molecules. 

Representative examples of these groups are listed in Figure 18. 

A family of well-known MOFs is the one coordinated through carboxylate linkers. Clear 

examples are the ditopic 1,4-benzenedicarboxylate in the Zr-based UiO-66, and the tritopic 

1,2,4-benzenedicarboxylate in the Cu-based HKUST-1. Among N-donor linkers, the series of 

di- and tripyridine molecules (e.g., 4,4′-dipyridine; 2,4,6-tris(3-pyridyl)-1,3,5-triazine) is 

widely used to precipitate 1D and 2D MOFs.109,110 2-methylimidazolate, the building unit of 

ZIF-8, is a typical example of an azole linker. Beyond the most common categories, biologically 

related organic molecules have great potential in MOF chemistry. For instance, adenine 

nucleobase has been used as a rigid linker, with five potential binding sites, able to coordinate 

with metal nodes, offering augmented number of possibilities for coordination.111 Using planar, 

relatively large, highly symmetric aromatic linkers is appealing for several reasons, such as 

their structural versatility, various options for functionalization and optoelectronic features. 

Widely used examples of this category, are the porphyrin macrocycles.112  
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Figure 18. (a) Precursors of some commonly used organic linkers in MOF synthesis and (b) 

biologically related linkers. Those used in this work are marked with *. 

  

There are plenty of possibilities to modify the macroscopic properties of the MOFs by tuning 

the characteristics of the linkers and metal nodes, as well as the number and type of coordination 

between them. The choice of the building units determines the strength of the metal-linker 

interaction, influencing the thermodynamic stability of the MOF. Carboxylate linkers tend to 

form strong interaction with high-valent metal ions (Zr(IV), Fe(III)), while soft N-donor ligands 

favor coordination to soft divalent metal ions (Zn(II), Cu(II)).113 The coordination mode 

between the linkers and the metal clusters determines the dimensionality and the topology of 

the end product. For example, a V-shaped anionic ditopic linker most likely would grow in one 
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dimension with zig-zag chains, while linkers with several coordination sites favor structures 

with increased dimensionality.114 The number of the coordination points in the linker influences 

the flexibility of the network. As a general rule, MOFs with few coordination points generate 

flexible bonds in the structure that can be bent easily, thus the structure is easily deformed; 

while highly coordinated topologies are rigid.115  

 

4.1.2. Preparation methods 

Apart from choosing the composing units, the appropriate synthesis protocol allows the fine-

tuning of end MOF characteristics, such as porosity, particle size and morphology. The 

principal objective in MOF synthesis is to induce the assembly of the defined inorganic building 

blocks and the organic linkers into a 1 to 3D network. Nucleation and crystal growth can be 

controlled to achieve highly crystalline structures.116 MOFs are frequently synthesized by 

solvothermal/hydrothermal methods, however other synthetic approaches such as 

mechanochemical, microwave assisted, electrochemical, spray drying, sonochemical, layering 

and scCO2 synthesis have been used as preparation options (Table 1).  

For the procedures performed in liquid phase, the protocol is the heating of a mixture of organic 

linkers and a metal salt/cluster in a solvent. In these cases, the control of the synthesis is 

difficult, since, even starting from the same mixture of precursors, often various products can 

be achieved by slightly modifying the reaction conditions, such as time, solvent, pH or 

temperature. All these experimental parameters also have strong influence on the yield, 

morphology, porosity, particle size, etc. Usually, applying mild temperatures is sufficient to 

form the coordination bonds, although this parameter influences the nucleation/crystal growth 

ratio, and thus the crystal size and morphology.117 The pH of the reaction medium affects the 

number of coordination points available in anionic linkers due to the different deprotonation 

level. At high pH values, deprotonation is extended and the coordination number increases.118 

A strongly influencing parameter is the used solvent, which also impacts the linker 

deprotonation degree and rate. Different crystal structures are often achieved by modifying the 

solvent.119 Among other effects, the solvent molecules can coordinate to the metal ions or fill 

void spaces within the network. In the latter, the removal of the solvent molecules is necessary 

to maximize the textural properties of the MOF. The activation is usually carried out using high 

temperature and vacuum, microwave irradiation or supercritical CO2 treatment (Figure 19).120  
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Table 1. Summary of some of the most common preparation methods for MOFs, with the basic 

principles and characteristics related to the experimental conditions and product quality. 

Preparation 

method 
Short principles, source of energy Characteristics 

Solvothermal/ 

hydrothermal 

synthesis121 

Metal precursor and organic linkers are 

heated in a high boiling point solvent 

(less frequently in water) in a closed 

autoclave. The source of energy for 

reaction is thermal. 

- Most frequently used method 

- High crystallinity can be reached. 

- Reactions often take several 

hours/days. 

Mechanochemical 

synthesis122 

Metal salt and organic linkers are 

grinded in a mortar to induce the break 

of intramolecular bonds and chemical 

transformation. 

- Environmentally friendly, as no 

solvent (or only a small amount) is 

used. 

- Fine particles are produced. 

- High yields 

-Low purity in many cases 

Microwave assisted 

synthesis123 

Metal precursors and organic linkers 

are heated in a high boiling point 

solvent. The reaction energy is 

provided in the form of microwaves. 

- Fast crystallization 

- Narrow particle size distribution 

- Precise morphological control 

Electrochemical 

synthesis124 

Metal ions are supplied in the form of 

an anionic dissolution to the reaction 

medium that already contains the 

dissolved organic linker and a 

conducting salt. The MOF is formed on 

the surface of an electrode through an 

electrochemical reaction. 

- Formation of homogenous MOF 

films 

- Mild experimental conditions, 

short reaction time 

 

Sonochemical 

synthesis125 

Metal precursors and organic linkers 

are dissolved in a solvent. Ultrasonic 

radiation is used to provide energy for 

nucleation. 

- Homogenous, accelerated 

nucleation results in small particles. 

- Easy morphological control (with 

reaction time, reagent 

concentration, temperature) 

- Short reaction time 

Layer by layer 

method126 

Functionalized surfaces are 

sequentially immersed in solutions of 

either metal ions or organic linkers. 

-MOF thin films with highly 

oriented growth can be prepared. 

Layering116 

Metal precursor and organic linkers are 

usually dissolved in two different, but 

miscible solvents, which are carefully 

added to a vial. Two different layers are 

obtained. Slow solvent diffusion 

induces the mixing of the reactants and 

the precipitation of the MOF. 

- Large crystals can be obtained, as 

the crystal growth is favored over 

the nucleation. 

- Low yields 

- Performed at room or low 

temperature 

Supercritical CO2 

assisted 

method127,128 

Metal precursors and organic linkers 

are solubilized (or dispersed) in scCO2 

without or with the help or a so-solvent. 

The source of energy is thermal. 

- Small particles precipitate 

- Environmentally friendly 

- Performed at low temperature 
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Figure 19. Typical methods for activating MOFs. 

 

4.2. Mesoporous MOFs 

4.2.1. Particular characteristics 

Most MOFs have pores in the micropore range (<2 nm), hence, they display high micropore 

volume and large surface area values. Several advantages arise from these characteristics (e.g., 

high adsorption capacity, structural stability). However, certain drawbacks are also entailed 

with such small pores.33 Narrow pores are typically not able to accommodate relatively large 

entities (drugs, NPs, etc.), and the functionalization of the walls is also restricted. Fast diffusion 

and mass transport are hindered through the small pores, setting a limit to drug delivery, 

catalytic or gas separation applications. The design of mesoporous MOFs, with pores in the low 

range of mesosize, alleviate these limitations. Mesoporous structures with remarkable values of 

surface area, in the range of 2000-6000 m2g-1, have already been described.129 Generally 

speaking, mesoporous MOFs tend to form more fragile frameworks than microporous MOFs, 

thus appropriate design is necessary to tolerate the instability arising from the large voids.130 

Based on the pore structure, channel-type and cage-type MOFs are distinguished in the family 

of mesoporous MOFs.129 In the former, mesosize channels accessible at least from one, but 

often from three directions, are found. This is the case of the first mesoporous MOF, synthesized 
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by Yaghi et al., the IRMOF-16 (Zn).131 Cage-type MOFs have cavities of mesosize, which are 

often accessible through windows in the microsize range. Some of the most typical examples 

of this class are the members of the MIL family.132
 

 

4.2.2. Preparation methods 

Beyond the general preparation methods to synthesize MOFs, there are specific strategies that 

can be considered to form MOFs with mesopores. Firstly, the choice of ligand and SBU is a 

crucial factor, because the network needs to be robust enough to support the large mesopores. 

Rigid linkers, such as aromatic molecules with limited flexibility are appropriate options, often 

containing carboxyl functional groups to provide sufficiently strong coordination. As for the 

SBUs, for instance robust polynuclear building units are suitable to form strong metal-oxygen 

bonds.33 An apparent strategy to form MOFs with mesoporous cages is to incorporate large 

ligands in the framework using isoreticular chemistry to expanded MOF pores up to the 

mesosize, meanwhile to topology of the MOF is preserved (Figure 20).133,134 Nevertheless, 

ligand extension has the drawback of interpenetration among different networks, which 

drastically reduce the textural properties.130 Similarly to the organic linkers, the size of the metal 

nodes also influences the pore size and the rigidity of the framework.135  

Another approach to increase the size of the cavities is to introduce mesopores into the 

microporous MOFs. This can be accomplished by stepwise ligand exchange, to progressively 

insert long ligands in the place of the short ones.136 Forming a microporous MOFs with 

defective linkers can also result in large functionalized cages.137 Kim et al. established a 

procedure, where MOFs with mesopores (3-20 nm) were formed by removing certain 

constituents from a microporous MOF by hydrolytic transformation.138  

Hierarchical micro/mesoporous systems are also appealing for certain applications and their 

synthesis have been adapted following various approaches. Using surfactants as templates, 

ordered mesopores are generated within the microporous network.139,140 Both hard and soft-

templating methods have been used, followed of template removal. Disordered mesopores can 

be introduced within microporous MOF particles by gelation to obtain MOF gels, where the 

features arising from the MOF and aerogel structure are combined.141 Several examples of MOF 

aerogels have already been presented, demonstrating elevated performance in multiple 

applications.142–144 Nonetheless, the huge potential of these materials still remains unexploited 

due to the high number of structural variations, and pore diversity arising from the combination 

of ordered and disordered pores in different size ranges. 
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Figure 20. Isoreticularly expanded MOF structures by increasing the chain length of the organic 

linker. Images are adapted.133,134 

 

4.3. Amorphous MOFs 

4.3.1. Particular characteristics 

The most investigated MOFs are highly porous materials with crystalline structure. One of the 

main drawbacks of this kind of materials is that its preparation is difficult to scale up 

economically, since synthesizing such highly ordered crystals require specific, often time-

consuming procedures that yield low quantity of product.145 This is one of the reasons why the 

amorphous counterparts of highly crystalline MOFs are gaining attention in the scientific 

literature. These MOFs can be synthesized following direct synthesis approaches. Currently, 

the number of reported amorphous MOFs is close to 100, although some commercial 

representatives have already appeared in the market, e.g., Basolite F300, commercialized by 

BASF, equivalent to MIL-100(Fe).34 The amorphous structures do not present long-range order, 
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but locally their building units are identical to those of the crystalline analogue.146 Still, they 

exhibit diffuse X-ray scattering, thus broad bands in their X-ray diffraction patterns provide 

valuable information. The short-range order has been proved with local proves, such as X-ray 

absorption spectroscopy or solid-state magnetic resonance spectroscopy.34 A powerful 

technique to ascertain local ordering is to generate pair distribution function from X-ray or 

neutron total scattering experiments, which provides insight about certain structural properties 

(e.g., atom-atom distances).147 Besides, more conventional techniques, such as Raman or 

infrared spectroscopy gives useful information about the chemical moieties present in 

amorphous MOFs.  

 

4.3.2. Preparation methods 

The amorphous compounds can be obtained either by amorphization of the counterpart 

crystalline MOF or by direct synthesis (Figure 21).34 In direct synthesis, usually nucleation is 

favored vs. crystal growth by rapid mixing of the reagents. Instead of growing into crystals, the 

nuclei accumulate and form structures surrounding voids. One of the few example reported for 

direct synthesis is the amorphous phase of a zeolitic imidazolate framework Zn(ICA)-2.148 

Actually, the majority of reported examples of amorphous MOFs are based on the 

amorphization approach,  which can be induced by various external forces, like pressure, 

heating, radiation, mechanical stress and electrical discharge. In other cases, chemical treatment 

causes the loss of the long-range order. More specifically, this category involves processes 

where the coordinated solvent is removed, and amorphization occurred by ligand competition 

or by loading with NPs.34 In a less common scenario, amorphous MOFs are directly assembled 

from their precursors. Fe(BTC) aerogels, with solvent impurities in the framework, amorphous 

UiO-66 or FeMn-MOF-74 are some of the reported examples.143,149,150
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Figure 21. Methods to prepare amorphous MOFs. 

 

4.4. Applications 

Taking benefit principally of their exceptional surface properties and significant 

chemical/thermal stability, MOFs have found application in environmental, energy and 

biomedical fields, among many others. Some of the most widespread uses are covering gas 

separation, catalysis, drug delivery and pollutant removal. Apart from these, applications 

counting on unique characteristics of particular MOFs, such as optical, electrical or magnetic 

properties, are also emerging. In the huge family of MOFs, mesoporous frameworks are gaining 

prompt attention in uses where large pores are necessary for encapsulating external substances 

(e.g., drug delivery, catalysis). The possibility of pore functionalization, incorporation of further 

micro- and mesopores, enhanced mass transfer in larger cavities and tunable geometry open up 

new ways for their utilization. At the same time, the particular characteristics of amorphous 

MOFs, such as surface defects are appealing in certain applications.  
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Figure 22. Schematic representation of some of the most common applications of MOFs. 

 

Gas capture and separation 

One of the most well-known properties of MOFs is their exceptional surface characteristics, 

with surface areas higher than 1000 m2g-1, although structures approaching to 7000 m2g-1 have 

also been reported.151 The microvoids generated inside the porous network of MOFs enable to 

trap significant amounts of small molecules, making them exceptional compounds in gas 

separation and capture. Actually, most of the research in MOFs is related to clean energy 

applications, focused on hydrogen (e.g., NU-100) and methane (e.g., HKUST-1 ) storage and 

carbon dioxide (e.g., NU-1000) capture.152–154 An important advantage of MOFs compared to 

other porous materials, such as zeolites or carbons, is the possibility of varying the structure of 

the material (e.g., length of the organic linker, composition of the SBU, functionalization of 

pore walls), thus tuning the surface properties, and, along with that, the adsorbent 

capabilities.155 Among them, using mesoporous MOFs with functional pores and tuned 

geometries, especially precise control of separation is possible.156 The larger cavities, apart 

from small gas molecules are suitable to accommodate large molecules, such as fluorocarbons 

or chlorofluorocarbons.157 Interesting possibility for reversibly store gasses is the pressure-

gas separation catalysis 

arsenic removal 

from water 

drug delivery 

fluorescent tube 

fluorescent 

properties 
magnetic 

properties 



General introduction 

 40 

induced amorphization of the MOF structure, by applying low pressures to cause reversible 

transitions in the structure and alter the porous properties.147 

 

Drug delivery 

MOFs tunability makes these materials suitable for different biomedical applications. 

Particularly, in drug delivery, MOFs with pores of sufficient size (mesopores) are able to 

encapsulate active substances. Typically, the biocompatible MIL(Fe) family has been 

investigated for this purpose, because their relevant surface area (1000-5000 m2g-1) is 

accompanied with relatively large pores in the small mesopore range (2.5-3.0 nm).158 The 

presence of functional groups on the pore walls of these MOFs allowed the interaction with 

loaded substances, resulting in high loading capacity and well-controlled drug liberation, 

avoiding initial burst release. The MIL(Fe) MOFs possess hydrophobic pores that can 

encapsulate hydrophobic active molecules with poor solubility in aqueous media. Pore walls 

can be modified to design hydrophilic surfaces, thus adsorbing preferentially hydrophilic drugs. 

The surface can also be modified to make it charged, thus drugs with opposite charges to the 

MOF walls can be carried efficiently.159 To allow the systemic circulation and to improve the 

pharmacokinetic properties, the size of the MOF particles should be reduced to the nano 

range.160 Amorphization of the framework can be an advantage also in drug delivery, as by 

partially collapsing the framework, the release time can be controlled.161 An important factor 

regarding biomedical applications is the biocompatibility and biodegradability of the MOFs. 

By composing them from biocompatible precursors (bioMOFs), forming sufficiently small NPs 

(<200 nm), controlling the surface chemistry and the stability, several structures have been 

designed to meet these requirements.162 

 

Catalysis 

The use of MOFs in heterogeneous catalysis has developed a high potential in different 

applications, as the porous properties of MOFs can be combined with the possibility of 

immobilizing isolated well-defined active centers in the voids within the structure with a 

suitable environment for performing regio-, shape- and size-selective reactions.163 In these 

applications, mesoporous MOFs often outperform the microporous ones regarding the efficient 

mass transport of large substances, such as reaction precursors and products. MOFs can play 

different roles in the catalytic reactions. On one hand, their compartments can be 

straightforwardly homogenously distributed active centers, where the catalytic reaction takes 

place. The surface of the pores stabilizes the transition state and orients the adsorbate 
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molecules.164 The catalytic reaction can be activated on unsaturated metal centers, when 

coordination vacancies are available, or on the organic linkers, when certain functionalities are 

introduced to them.165 Moreover, high density of structural defects (cleavaged chemical bonds, 

lattice distortion) present in amorphous MOFs could facilitate certain catalytic reactions.166,167 

In an indicative example, the catalytic activity of amorphous and crystalline iron trimesate was 

compared in several reactions. In catalytic reactions, where generally strong Lewis acid sites 

are required, the amorphous MOF showed better performance, even having less of these sites, 

due to its additional Brønsted acid sites (surface defects). Although in oxidation reaction the 

crystalline MOF, benefitting from its structural robustness during Fe(II)/Fe(III) transition, was 

the better choice.167 Following another approach, mesoporous MOFs can provide a stable 

support for the active species to be deposited, such as NPs, enzymes, etc.168 In some cases, 

MOFs have been used as precursors for the formation of catalytic NPs via a decomposition 

reaction.169  

 

Other applications 

Although the most extensive research has been carried out in the previously mentioned fields, 

promising results have been achieved in some other areas as well, where MOFs might be 

competitors to well-known, industrially tested materials. Among these, important 

electrochemical applications can be mentioned, highlighting the case of Co-based MOFs 

showing significant electrical storage capacity and good cycling stability.170 Certain MOFs 

possess magnetic properties, depending on the nature of both metal nodes and organic linkers, 

and their particular level of organization. Among the transition metals, MOFs of the first row 

(Fe, Co, Mn) have a magnetic behavior by usually choosing oxo-, cyano-, and polycarboxylic 

linkers.171 Short conjugated bonds formed among the metal clusters, or radicals present on the 

organic linker, tend to enhance the magnetic characteristics.172 Advantage can be taken from 

such magnetic properties, for example in arsenate removal from water. After the adsorption 

facilitated by the MOFs’ surface properties, the magnetic material can be easily recovered using 

an external magnetic field, instead of more time-consuming filtration and centrifugation 

methods.173,174 Some MOFs are photoluminescent materials due to the excitation of aromatic 

units in the linkers, which can adsorb and emit UV-vis light. Both, the metal units and the 

linkers, can synergically contribute to the luminescence. For example, the electronic transition 

of trivalent lanthanide metal ions (Eu(II/III), Tb(III), etc.) is often accompanied by 

photoemission; while, among the organic linkers, functionalized molecules based on 

naphthalene, anthracene and pyrene, are mostly used as building blocks in luminescent 
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MOFs.174 Such properties can be utilized in several sensing related applications, such as cathode 

ray tubes, fluorescent tubes, pH sensors or X-ray detectors.175,176 

 

4.5. Structure of the MOFs used in this thesis 

In this section the structures of the MOFs used in this thesis are summarized. More detailed 

descriptions are given in each corresponding chapters (Chapter III and Chapter IV). 

 

4.5.1. Iron trimesate 

 

 

 

Figure 23. Precursors and structure of iron(III) trimesate MOF.  

Crystalline iron(III) trimesate (MIL-100(Fe)) was synthesized and structurally elucidated in 

2007.132 This MOF is composed of SBUs of iron octahedra trimers with a shared vertex of an 

O atom. The trimers are connected through benzene-1,3,5-tricarboxylate moieties, leading to 

the formation of hybrid supertetrahedras. These further assembles into a MTN zeolitic 

framework. Two types of mesoporous cages are present in the structure, with 2.5 and 2.9 nm 

diameter, which are accessible through microporous window of ca. 0.6 and 0.9 nm. A Langmuir 

surface area of 2800 m2g-1 was estimated from the N2 adsorption/desorption isotherm, showing 

the characteristic of a microporous solid with two secondary uptakes at low relative pressures, 

corresponding to the mesoporous cages with micropore windows. The compound is thermally 

stable until 543 K. 

MIL-100(Fe) can be hydrothermally synthesized. Firstly, the procedure involves the use of 

hydrofluoric acid, acting as a mineralizing agent, promoting the crystal growth.177 Several other 

techniques have been developed to avoid the use of harsh conditions and toxic compounds, 

resulting in crystalline and amorphous iron trimesate phases with surface areas in the order of 

1500-3000 m2g-1and 1000-1500 m2g-1, respectively (see in Chapter III).178–180 In this work, both 
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crystalline and amorphous phases were synthesized and used for diverse applications in drug 

delivery (Chapter III) and catalysis (Chapter IV). 

 

4.5.2. Porphyrin-based 

 

Figure 24. Scheme for a H2TPyP – metal coordination. 

 

Porphyrin macrocycles are interesting organic linker molecules for MOFs, providing a highly 

symmetric, planar and aromatic building units, with an extremely rich chemistry.181 Both the 

four meso- and the eight β-positions of the porphyrin heterocycle can be substituted, but the 

most frequent cases are the meso-substituted carboxy- or pyridyl linkers. Metal coordination on 

the side substitutions, and also tetra-pyrrole based ligation, are possible inside the porphyrin 

ring, further increasing the diversity of the obtainable structures.112 Their coordination with 

metals or secondary building units, with a suitable composition, size and geometry, lead to 

porous porphyrin MOF structures.182 As for the metal nodes, the first stable porphyrin MOFs 

involved Na(I) or Zn(II) ions, coordinated with carboxyl-substituted linkers.183 After these 

compounds, trinuclear Co-based clusters and ZnO4 SBUs were linked with the same type of 

porphyrin, giving microporous MOFs.184 Since then, a large variety of nodes, forming more 

complex clusters, has been reported.185  
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In this thesis, the 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (H2TPyP) molecule was used 

to synthesize a series of new MOFs. This molecule has the possibility of coordination to metals 

through the N-heteroatom of the pyridyl ring and inside the porphyrin cycle (Figure 24). 

Pyridyl-based ligands typically have affinity to form coordination bonds with soft metal cations 

(Cu(II), Zn(II), Ag(I)). Hence, in this work Zn(II), Cu(II), Co(II) and Ni(II) were chosen to 

build the MOF. The extraordinary physicochemical versatility, and unique electrochemical and 

photophysical properties of porphyrin-based MOFs can be exploited in various applications, 

including (photo)electrocatalysis, organic photovoltaics and biomedical applications, such as 

drug delivery or tumor therapy.112 These aspects are further discussed in Chapter V. 

 

5. Supercritical Fluids 

Supercritical CO2 technology is the basis of all the procedures carried out in this thesis for 

obtaining nanostructured materials. For this reason, defining and describing the most important 

properties of supercritical fluids, and specifically of scCO2, is essential to understand the 

performed work. According to the classical definition, a pure substance is in supercritical 

conditions when its pressure and temperature are simultaneously equal or higher than those of 

its critical point. The critical point is an exact physical (pressure and temperature) parameter 

and defines the lowest conditions of pressure and temperature of the supercritical phase. 

Theoretically, every substance has a critical point. However, in practice, most of the materials 

chemically decompose before reaching the supercritical condition. For practical reasons, only 

fluids with critical values reasonably low have some applicability in these conditions (Table 2). 

In most developed processes, these fluids are used in the region close to the critical point, with 

the reduced pressure (p/pcrit) within 1-10, and the reduced temperature (T/Tcrit) within 1-1.5.186 

Currently, mainly CO2 and water have widely extended large scale relevance, although in 

certain cases, the potential of other supercritical fluids are exploited. For instance, supercritical 

argon, ethane, propane and dimethyl ether have been tested for extracting bioactive compounds, 

showing advantages in certain aspects (low Pcrit, high yield), although the use of scCO2 remains 

the widespread and economically more viable choice for this purpose.187,188 Many other 

solvents (nitrogen, methanol) have been studied as alternatives, but they have not gained broad 

attention, likely due to the abundance, low price and relatively safe use of CO2 and water.  
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Table 2. Critical parameters of some common substances used in supercritical conditions. 

Substance Critical pressure (MPa) Critical temperature (K) 

Carbon-dioxide 7.38 304 

Water 22.1 647 

Argon 4.87 151 

Ethane 4.89 305 

Propane 4.26 370 

Nitrogen 3.39 126 

Methanol 8.10 513 

Dimethyl ether 5.38 400 

 

5.1. General properties of the supercritical phase 

Around the supercritical region, the fluids possess unique properties. Their behavior can be 

studied on the phase diagram showing the relationship between the pressure and temperature at 

each phase transition (Figure 25).189,190 In the phase diagram, the continuous lines mark the 

coexistence of two phases. For each pure substance, above a certain pressure-temperature 

combination, the density of the gas and the liquid is equal, resulting in a single phase, called 

supercritical phase, in which the fluid fills all the available space. By decreasing the temperature 

or the pressure separately, the fluid transforms to liquid or gas, respectively. The supercritical 

fluid/gas transformation occurs without any detectable phase transition (Figure 25). In this case, 

the lack of phase boundaries entails that no surface tension is generated in the system, as it 

occurs in the liquid/gas transition. To develop mathematical models that properly describe the 

supercritical region, it is often divided in two parts by the Widom lines, separating the region 

where the liquid-like or gas-like properties dominates.191 
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Figure 25. Pressure-temperature phase diagram of a fluid showing the phase equilibria lines 

(continuous lines). The supercritical region is above the critical point, separated by the Widom 

line. Adapted images represent the phase transitions of CO2 observed through a sapphire 

window in a flow reactor.192 The clear meniscus established between vapor-liquid phases starts 

to disappear by increasing the pressure and temperature (I), with a further increase of these 

parameters the phase boundary is not distinguishable anymore (II). By decreasing the pressure, 

the supercritical fluid–gas transition occurs without any detectable phase transition (III.).  

 

The main characteristics of the supercritical conditions are generally described in comparison 

with the liquid and gas phases of the fluid (Figure 26). The density, viscosity and the diffusivity, 

which are all function of the pressure and temperature, are usually used to describe these fluids. 

Besides, other physical parameters (heat capacity, heat conductivity, speed of sound, etc.) can 

elucidate specific phenomena observed in supercritical media.193 The density of a supercritical 

fluid can be continuously modified from the liquid-like to gas-like values by changing the 

pressure or the temperature. Close to the critical point, the increase of the pressure causes an 

extreme raise in density, while at high pressures this effect is not that pronounced. Along with 

this, several density-depending parameters are also altered in the supercritical region, such as 

the dielectric constant and viscosity. The modification of these physical parameters is the reason 

behind the liquid-like solubilizing ability that is typical of the supercritical region. In chemistry, 

the solvation of a solute in a solvent is described of being primarily dependent on its close 
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surrounding and the established interactions with the fluid. The high density of supercritical 

fluids can induce significant interactions of the solute-solvent type, together with those of 

solvent-solvent (Figure 26). These interactions cause microscopic local density fluctuations that 

can be extended to the macroscopic dimension. Again, this effect is observable close to the 

critical point, and is the origin of unexpected high solubility of some solutes in supercritical 

fluids.186,194 At the same time, the viscosity values of supercritical fluids are approaching that 

of gasses, meaning that any flowing substance through supercritical media is facing less 

resistance in comparison to liquids. The diffusivity in supercritical media depends on the fluid 

pressure and temperature, and the characteristics of the diffusing component. Under constant 

pressure, the diffusivity tends to increase along with the temperature. Moreover, the pressure 

influences the diffusivity through the density and the viscosity. At a high density and viscosity, 

the diffusion is hindered. On the other hand, at a high pressure (or low temperature) the molar 

volume of the diffusing molecule decreases, which would facilitate the diffusion.186 It is 

important to point out that all these properties are strongly related to each other, and slight 

changes in the pressure or/and temperature can affect them in numerous combinations. 

 

 

 

 

 

 

 

 

 

 

Figure 26.  Schematic representation of the density of a fluid giving place to different regions 

and comparison of average values of liquids, supercritical fluids and gasses.190,195 
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5.2. Supercritical CO2 

5.2.1. Properties 

Among supercritical fluids, undoubtedly CO2 has gained the most attention because of its 

convenient applicability and environmental considerations. In this section some of the 

advantages related to the use of this fluid are discussed. The above mentioned properties for 

supercritical fluids in general can be applied to CO2, playing key roles in its wide spread 

feasibility.  

- The density of CO2 is highly tunable with pressure and temperature, which has a strong 

contribution to the solubility. Hence, by slightly modifying these process parameters, the 

solvating power can be manipulated, facilitating the design of extraction, separation, 

deposition, particle formation, foaming processes.  

- CO2 is a non-polar, linear molecule, with a quadrupole moment. These characteristics of 

the molecule favor the solubilization of non-polar volatile compounds with a low molar mass 

(short hydrocarbons, small aromatics, esters). The presence in the solute of certain atoms or 

functional groups has been reported to enhance the solubility. Typically, high solubility has 

been observed for fluorinated and perfluorinated alkyl chains or even in organometallic 

complexes involving fluorine in the structure.196 A clear example is the behavior of Cu(II) 

acetylacetonate fluorinated derivatives in scCO2, for which a two-order enhancement 

solubility was observed with respect to the acetylacetonate Cu(II) precursor.197 To 

understand this behavior the interactions between the CO2 molecules and the solute have 

been investigated by Monte Carlo simulations.198,199  

- Some processes are better performed with the addition of a small amount of cosolvent (1-

5 v%). The main objective of adding cosolvent is to increase the solubility of polar molecules 

in scCO2 by enhancing the attractive forces between solute and solvent and increase the local 

density of the solvent mixture. Typically, short chain alcohols (methanol, ethanol, 

isopropanol), or less polar dichloromethane or hexane are used for this purpose. Water, the 

most common, cheap and safe solvent, cannot be utilized due to its poor miscibility with 

scCO2. 

- ScCO2 has mass transport properties similar to those of gasses. This property allows the 

fast penetration of this fluid into porous matrices, thus reducing processing time in some 
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applications, such as extraction and impregnation or functionalization. Additionally, this 

parameter has a great impact in reactions carried out in scCO2.  

 

5.2.2. Economic, environmental and safety considerations 

CO2 has a relatively low critical pressure and temperature, which can be easily reached with 

low energy consumption, and allows to process thermally labile substances. Besides, this fluid 

is considered inert, unlike, for instance, the supercritical water, where corrosion due to the 

oxidizing ability of the fluid at high temperature is a notable concern.200 Regarding safety, the 

non-flammable character of the CO2 is an important factor, contrasted to ethane, that has been 

tested as an alternative in extraction processes, but can form explosive mixture with air.201 CO2 

is one of the most abundant components of air, and also the by-product of several industrial 

processes, being the reason behind its low cost in comparison to conventional solvents and 

chemicals. Industrial plants using scCO2 are able to operate with economic efficiency because 

of the relative low operation conditions of pressure and temperature, and also because the post-

processing steps are reduced and the generated volume of waste disposal after scCO2 treatment 

is minimized. As the recycling of the CO2 is already solved in several units, it can be regarded 

practically as zero waste technology in regard of solvent. These considerations facilitate the 

scale-up of scCO2 based processes. The non-toxic character of CO2 has a positive impact on 

security, both in research laboratories and industrial environment. scCO2 technology allows the 

preparation of safe consumables for human use, by replacing organic solvents during 

production, and thus preventing toxic residues in products, such as food, pharmaceuticals or 

cosmetics. CO2 is generally recognized as safe (GRAS) chemical by the United States Food 

and Drug Administration (FDA).202 

 

5.2.3. Concerns related to risk and safety 

Most concerns regarding scCO2 processes are associated with cost and safety. Operating 

chemical units with scCO2 requires high pressure, which entails security issues. The equipment 

must be mounted with series of safety devices to minimize risks. Comparing to conventional 

chemical processes, the high-pressure vessel and further machinery have major initial costs. For 

these reasons, supercritical technology is worth to use only on those cases where tangible 

advantage appears. Regarding feasibility, the low solubility in scCO2 of numerous polar or ionic 

substances, even with the addition of a cosolvent, set the limits for processing a large number 

of materials.  
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5.2.4. Applications examined in this thesis 

Supercritical fluid technology has been applied in numerous fields, from laboratory to industrial 

scales. Some of the most investigated areas are related to natural products, biomedical or 

pharmaceutical applications. Although the first report about the existence of the critical point 

was already released in 1875, wide-spread recognition for supercritical technology was only 

attained in the early 1980s.203,204 First applications, almost invariably, were extraction of active 

components from botanical substrates. Later, in the 1990s, particle formation comes into sight. 

Still, the development of industrial scale processes was delayed due to the lack of awareness in 

large scale potential, and concerns about replacing mature technology with one in relatively 

initial stages, especially because of the use of high pressure and relevant initial investment.190 

Even so, today a large series of already existing or new products are manufactured or 

investigated using high performance scCO2 assisted processes, such as natural food products, 

cosmetics, pharmaceuticals, catalysts, sensors, textile products, etc. The supercritical fluid 

usually has a distinct role in each process, which must be studied case by case. This section 

deals with the main uses of scCO2 in this thesis, which are fundamentally focused in reactions 

(MOFs synthesis), impregnation (composites formation) and drying (aerogels preparation). 

 

Supercritical CO2 in MOF preparation 

- Drying and activation 

Eliminating residual solvent molecules and excess reagents trapped inside the pores is necessary 

to realize high porosity in MOFs.205 Conventional methods, such as thermal activation or 

solvent exchange with a lower boiling point solvent and its subsequent evaporation were widely 

applied for this purpose.19,206 Although with these methods surface properties, far from those 

that were expected by computational estimations were realized.205 Such differences are often 

attributed to the collapse and the blockage of the pores occurring due to the awakening capillary 

forces during the solvent evaporation. In contrary, it was pointed out by Nelson et al., and it is 

in align to our experience, that the relative strength of the bonds within most MOFs are 

sufficiently strong to be able to resist such forces, even in case of high boiling point solvents.207 

This is supported by the fact, that crystalline structure is maintained in thermally activated 

MOFs. Thermogravimetric analysis also suggests thermal stability for MOFs, much higher than 

the boiling point of common solvents in MOF preparation. Low N2 adsorption values seem to 

be more the consequence of the collapse of the voids with mesosize between the particles, 

inhibiting the access of gas molecules to the microporous system.207  



General introduction 

 51 

Alternatively, scCO2 drying can be applied after exchanging the residual solvent to one that is 

miscible with CO2 (e.g., ethanol).208 By avoiding the materialization of capillary forces, 

structures with surface properties much closer to the theoretical values can be obtained. For 

instance, in the order of 3 to 20-fold increase in surface area values was described after scCO2 

drying for MIL-53(Fe) and Cu3(BTC)2 MOFs, without any alteration in the crystalline 

structure.209 Furthermore, there are other methods for activating MOFs, such as freeze-drying 

or chemical treatment, although in these cases indeed the crystal structure can be 

compromised.205  

 

- Synthesis in scCO2  

The solubility of many of the components of MOFs, e.g., polar organic linkers with high 

molecular weight and metal precursors, is low in scCO2. As a consequence, this medium can 

be used as a pristine fluid only in particular cases to synthesized MOFs. Nevertheless, some 

specific class of compounds have the potential to still achieve this aim, thus eliminating the 

need of any additional organic solvent. The first example of the preparation of 1D coordination 

polymers using exclusively scCO2 was reported in 2015 (Figure 27).127 Specifically, copper(II) 

acetylacetonate complexes were coordinated with two linear linkers, namely bidentate 4,4′-

bipyridine (bpy) and 4,4′-trimethylenedipyridine (tpy). In the following years, other 

representatives of the same organometallic family (Zn and Cu-hexafluoro acetylacetonate) and 

bipyridyl or triazine linkers were used to precipitate 1 and 2D MOF crystals without the use of 

any cosolvent added to scCO2.
210,211 3D MOFs microstructures could be also prepared using 

net scCO2, highlighting the synthesis of ZIF-8.212 Moreover, heterometallic coordination 

polymers of Zn(II) and Co(II) with 1,4-bis(4-pyridylmethyl)benzene were synthesized in 

scCO2.
213 The crystals were composed of evenly mixed metals and acted as a field-induced 

single molecular magnet. These examples show that the precipitation of a large number of 

MOFs using pure scCO2 as a solvent is indeed possible, when sufficient solubility of at least 

one of the precursors is achieved. In general, the procedure leads to nano sized crystals, since 

the low attained solubility results in early nucleation stages. A methodology for MOF synthesis 

in liquid and scCO2, preferably without any additional cosolvent, has been patented by the 

ACSYNAM company, which is currently fabricating several well-known MOFs (ZIF-8, 

HKUST-1, MOF-5).214 

Small amounts of a second solvent (2-5 v%) are often used to increase the solubility of the 

reagents in scCO2. Under these conditions, the solvent and cosolvent are forming a single-phase 

solvent mixture, in which the formation of certain MOFs can be achieved.215 In a different 
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approach, a high liquid solvent/CO2 ratio (> 10%) is used. In this case the MOF precursors are 

dissolved in the liquid phase, and the formation of the end product occurs in a CO2 expanded 

liquid mixture. The liquid phase expansion due to CO2 dissolution drives the MOF nucleation 

and growth.209 Dimethylformamide, dimethyl sulfoxide and alcohols have been used to prepare 

various MOFs in scCO2.
209,216 Beside conventional solvents, ionic liquids have attracted much 

attention in MOF synthesis.217,218 These liquids are comprised of cations and anions and can be 

adjusted to possess superior solubilizing ability. The main drawback of the ionic liquids is the 

high viscosity of these fluids that hinders the diffusion of the reagents. The addition of scCO2 

to ionic liquids has been reported to modify the ionic liquid properties, thus facilitating the 

synthesis of diverse MOFs.140,219,220 

 

 

Figure 27. A single chain of the scCO2 synthesized (Cu(hacac)2-bpy)n MOF (top) and the 

propagation of the chain to 3 dimensions (bottom).127  

 

scCO2 assisted impregnation into porous structures 

The immobilization of various substances, such as nanoparticles or small organic molecules, in 

porous supports provides unique characteristics to the end product that cannot be achieved by 

the individual components. Such composites have attained remarkable performance in 

applications related to drug release, catalysis, electron transfer, gas sorption, etc. Conventional 

procedures to synthesize these composites usually involves a liquid as a carrier (impregnation 
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from solution), requires volatile compounds (chemical vapor infiltration, mechanical grinding) 

or applies large mechanical stress (mechanical grinding) for introducing such substances into 

the pores.221–223 All of these techniques exhibit certain advantages and drawbacks, but in general 

the control of the dimension and dispersion of the NPs is challenging.224 For instance, 

homogenous impregnation in the bulk from liquid solutions is sometimes difficult to achieve 

when substrates with fine pores are treated. This is due not only to slow diffusion, but also to 

the competition between the solute and solvent molecules for the substrate adsorption sites.190 

Using scCO2 has the advantage that the solute-solvent competition is eliminated, as the 

condensation of CO2 is impossible under supercritical conditions, and any established 

interaction between the solvent molecules and the internal surface is weak. scCO2 is also able 

to overcome the diffusivity and mass transfer limitations, the drawbacks that are characteristic 

of liquids. Hence, the scCO2 solubilized substances can rapidly penetrate into micro/mesopores, 

being able to extendedly and uniformly decorate the internal structure. 

 

- Immobilization of metallic NPs in porous substrates 

Enhanced catalytic performance of metallic NPs can be reached in metal@porous support, such 

as by using porous MOFs as support. The advantage is, primarily, the prevented aggregation 

with the consequent loss of activity of the metallic NPs during the catalytic processes. The 

impregnation procedure of the metallic NPs inside of a porous substrate is usually performed 

by infusing the reagents. This is the method used when scCO2 is the used solvent. The process 

involves three main stages illustrated in Figure 28. 

 

 

 

Figure 28. General supercritical CO2 impregnation procedure of metallic NPs into a MOF: (a) 

dissolution of the metallic precursor in scCO2, (b) diffusion of the precursor to the interior of 

the pores and adsorption on the pore walls of the support, (c) reduction of the precursor to obtain 

the desired metallic form.224 

a) b) c) metal precursor reduced metal 

reduction 



General introduction 

 54 

The first step (a) is often aided with a cosolvent and carried out at high pressure to improve the 

solubility of the metal salt. Moderate temperatures are used to avoid the early decomposition 

of the precursor. In case of using organometallic precursors (diketones, dithiocarbamates, 

macrocycles, organophosphates, etc.), the addition of cosolvents is sometimes not needed, since 

these compounds show enough solubility in pristine scCO2. The second step (b) is the 

impregnation, when the already dissolved metal precursor penetrates into the pores and gets 

deposited on the internal surface. Finally, the transformation of the metal precursors to the 

active metallic NPs (c) is usually carried out by the injection of a reducing agent, such as H2 or 

alcohol, or also by a heat treatment causing the decomposition of the precursor. An interesting 

and convenient approach is to carry out the reduction under the scCO2 atmosphere. In this way, 

the organic by products coming from the precursor can be released upon depressurization.225 

Several examples are reported in the literature dealing with metallic NPs encapsulated into 

mesoporous substrates. Some Co-, Ni and Ru NPs derived from organometallic complexes have 

been encapsulated in mesoporous silica and activated carbon supports using exclusively 

scCO2.
224 Similarly, uniformly dispersed Pt NPs, derived from an organometallic platinum 

complex, have been deposited onto porous alumina, silica and carbonaceous substrates without 

the use of a cosolvent.226 The impregnation of MOFs, particularly into those that possess large 

micropores or small mesopores, is also described in the literature. For instance, the 

impregnation of H2PtCl6 into the pores of MIL-101(Cr) (pore size 2 nm) has been carried out 

using an ethanol/scCO2 mixture, which was further reduced with H2 flow to obtain 

monodispersed Pt NPs.227 A Ru-salt has been impregnated into nanorods of a lanthanum-BTC 

MOF by using a methanol/scCO2 mixture at high temperature. After reduction, the composite 

demonstrated high stability due to the strong intermolecular interaction established between the 

carboxylate groups of BTC and Ru.228 

 

- Drug impregnation in porous substrates 

It has been recognized long time ago that simple pills and injections are not suitable for the 

administration of some active compounds. The reasons are low bioavailability, fast drug 

absorption and thus short medical effect, high toxicity, and so on. A more effective therapy, 

with a designed and prolonged drug release profile, can be achieved by the use of controlled 

drug delivery systems, where the bioactive compound is released to a specific location and rate. 

The scCO2-assisted impregnation process of active ingredients in porous substances has been 

used since the initial stages of the supercritical fluid technology development.190 The 

impregnation procedure involves the following three main steps: 
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a) solubilization of the pharmaceutical in scCO2, often with the aid of a cosolvent, 

b) diffusion of the drug into the porous substrate, and 

c) elimination of the solvent by depressurization. 

The positive impact of using scCO2 when processing pharmaceuticals is two-fold. First, the low 

temperature conditions needed in the process reduces the risk of any degradation of the 

bioactive compounds, which are often sensitive to thermal decomposition. Second, leaving no 

residual organic solvent diminishes the toxicity of the end product. Moreover, the intrinsic 

sterility of processes carried out in compressed CO2 is of particular interest.190 In comparison 

to impregnation from a liquid phase, the excess of usually expensive bioactive compound can 

be recovered straightforwardly in the dry form upon depressurization. Literature on the use of 

scCO2 for drug impregnation covers mainly the use of aerogels, biopolymers, silica and zeolites 

as porous substrates.229 MOF loading using this fluid as a carrier is much more scarce, although 

the high and regular porosity of most MOFs, together with their amphiphilic internal structure, 

makes them excellent candidates for drug delivery systems.230,231 Examples are the 

impregnation in ibuprofen into MIL-53(Fe) and MIL-100(Fe) with the aid of hexane 

cosolvent.232  Caffein and carvacrol could be impregnated into carboxylate-based MOFs 

without the aid of any cosolvent, attaining drug loadings >30 wt%.233  

 

Polymer foaming with supercritical CO2 

Compressed CO2 can be used as a blowing agent in polymers. This process has gained 

increasing popularity in the production of porous polymer structures for a wide variety of 

applications, involving thermal insulation, packaging materials, molecular separation, catalysis, 

dielectric application, drug delivery systems or synthetic scaffolds for regenerative 

purposes.234–237 In the latter, together with the foaming, one-step impregnation of bioactive 

substances can simultaneously be carried out aided by scCO2. In a general foaming process, as 

the scCO2 dissolves in the matrix, the swelling of the polymer occurs and its glass/melting 

temperature decreases. Usually, in comparison to other foaming methods (e.g., gas or liquid 

foaming), lower temperature is required in the supercritical approach, which is favorable for 

the impregnation of thermally labile biological substances. The penetration of the impregnated 

component is facilitated through the entangled polymer chains in the plasticized state, thus high 

loading can be reached.238 During pressure release, the plasticizing effect is gradually 

eliminated, causing the vitrification of the polymer. At the same time, the supersaturation of the 

dissolved CO2 in the matrix causes a thermodynamically instable state, that induces cell 
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nucleation and growth. The foaming procedure continues until the foam is rigid enough to resist 

further expansion.239 The manufacturing method and the properties of the polymer determines 

the cellular morphology and biocompatibility of the foamed product. In this sense, the 

sustainability (low toxicity, low flammability, recyclability, etc.) of the scCO2 provides 

important advantages in biomedical applications. Furthermore, the tunability of scCO2 with 

processing conditions (pressure, temperature), being determinant for the interactions between 

the polymer and the fluid, allows the formation of foams with variable characteristics (pore 

size, interconnectivity, stiffness). At high, temperature the density of the CO2 and its solubility 

into the polymer decreases, while the diffusivity is enhanced. On the contrary, with a pressure 

increase, the solubilization of CO2 is favored, thus high supersaturation and enhanced 

nucleation are attained. The pore size is influenced by the depressurization rate, e.g., slow 

venting results in pores of large diameter with increased the interconnectivity, while fast venting 

produces small, often isolated, pores. The supercritical foaming process has certain limitations. 

The use of pure scCO2 is limited to amorphous polymers with relatively low glass temperature. 

The foaming of the polymer often needs to be promoted with plasticizing agents or organic 

solvents. A regular phenomenon, occurring due to the high diffusivity of the scCO2, is that the 

outside layer of the foam is non-porous, and needs to be removed before application.236,239  

 

scCO2 in aerogel preparation 

ScCO2 is an efficient media to obtain light-weight porous aerogels, as has been described in 

2.2.2. and 3.4 sections. The drying process is preceded by gelification in a liquid solvent, which 

is later interchanged with CO2 in the pores of the wet gel. Finally, phase transition from the 

supercritical to the gas phase occurs, lacking the awakening of capillary forces, thus the porous 

structure is preserved in the dry product. Aerogels with various types of composition have been 

already prepared with scCO2 drying, including silica, cellulose, carbon-based, polymer, etc. In 

the last decades, scCO2 technology for aerogel preparation has been applied at industrial scale 

in textile and cosmetic sectors.41,240,241 
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Objectives 
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The focus of this thesis was built around two classes of porous compounds, all prepared using 

scCO2 assisted procedures: (i) graphene-oxide aerogels, and (ii) metal organic frameworks 

(MOFs), particularly iron trimesates and porphyrin-based MOFs. These materials in their 

pristine form already possess promising properties given by the surface characteristics, 

porosity, robustness, chemical tunability, etc., but to exploit their full potential, they often need 

to be functionalized or be involved in composites. By combining them with further substances 

(porous or non-porous), beside retaining most of their positive features, new characteristics 

arise. An efficient tool to fabricate such nanoporous functional composites is the use of scCO2. 

The role of this medium can be diverse throughout the preparation, e.g., solvent, antisolvent, 

drying agent, etc. It is worth to mention that, in many circumstances, the only way for obtaining 

the target material is by using this fluid. The methodology for synthesizing graphene oxide 

aerogels in scCO2 was developed and patented in 2018 in the group where this thesis was carried 

out and, ever since, several examples of functionalizing the aerogel matrix were successfully 

accomplished. Besides, the in situ preparation of MOFs in scCO2 media is a process first 

developed in the same group in 2015, with a large number of newly discovered MOF and 

coordination polymer phases. Even though, the potential of these classes of compounds is not 

yet totally attained, regarding the preparation method, processing and possible applications. 

Thus, developing new systems based on these porous materials, functionalizing them with 

different substances and involving them in new complex composite formulations, can open 

further possibilities towards enhanced, functional porous solids for new applications. With the 

objective of progressing in the develop of functional porous composites, the mentioned 

precedents give the basic principles for the preparation of the materials synthesized in this work.  

Five particular technical and scientific objectives were settled for the development of this thesis 

that are listed in the followings. 

1. To in situ synthetize mesoporous materials by using green technology based on scCO2. 

The focus is on graphene oxide aerogels and MOFs. Both products are optimized to be 

used in diverse applications either as pristine compounds or composites. 

2. To design processing methods based on scCO2 green technology to synthesize 

functional mesoporous composites. Graphene oxide aerogels and MOFs are used as 

supports, which are further functionalized with either organic molecules 

(pharmaceutically active drug ingredients) or nanoparticles (catalytically active NPs) 

specifically selected for target applications. 
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3. To analyze the physicochemical properties of the newly synthesized pristine compounds 

and composites, as well as the intermediates obtained throughout the preparation 

processes. Protocols on the use of solid state characterization techniques are thus 

stablished. 

4. To assess the performance in catalytic applications of catalytic NPs@graphene oxide 

aerogel and catalytic metal-clusters@Fe(BTC) MOF system. The target processes are 

the hydrogenation of CO2 to methanol (typical NPs are based on copper and zinc oxide) 

and the photocatalytic H2 formation from methanol/water (typical NPs are based on 

platinum and titanium dioxide).  

5. To test different biological applications for the synthesized pristine and functionalized 

composite MOFs, with the target on azelaic acid@Fe(BTC) for transdermal drug 

delivery, and metalloporphyrin zinc MOFs for photodynamic cancer therapy. 

 



 

  

 

Equipment and methodology 

In this section, the high-pressure equipment used for the preparation of the 

materials obtained in this thesis (GO aerogels, carboxylic (Fe) MOFs and 

porphyrin MOFs, and composites derived from these structures) is described. 

The general procedure to operate the system and the applied techniques to 

characterize the new substances are detailed. 
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1. High pressure equipment 

Most of the preparation methodologies presented in this thesis are based on the use of scCO2. 

For reaching this condition, the critical values of this fluid need to be exceeded. The critical 

values for CO2 are in an easily accessible range of both temperature and pressure (304 K and 

7.38 MPa, respectively), but, in practice, processes are carried out in a higher pressure range 

(20 MPa) to tune the physical properties, such as the density or diffusivity of the medium. 

Meanwhile, regularly mild temperature is applied (318-353 K). Besides, the chemical nature of 

the reagents and cosolvents added to the high pressure equipment was chosen to avoid corrosive 

interactions. Accordingly, high pressure reactors and accessories were selected from the market 

and adapted for the conditions required in the designed processes. Figure 1. gives an overview 

of the system, displaying the main parts together with the most important operational and safety 

elements. 

 

 

Figure 1. Scheme of the high pressure equipment. 

Reactor vessel and accessories 

The reactor vessel is the main compartment of the system, where the reagents are placed and 

contacted with the supercritical fluid for the reaction to take place. Cylindrical reactors of 100 

and 200 mL volume are used. The 100 mL reactor was manufactured by TharDesign, with 

opposite sapphire windows, while the 200 mL reactor was home-made, following the same 

scheme but without the sapphire windows. Thus, the 200 mL reactor can operate at harsh 

conditions with high volume of solvent. The windows in the 100 mL reactor are used to 
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visualize any phase transformation and the current state of the reaction. Experiments were 

performed in batch mode. The choice of the building material is crucial, since it must withstand 

the applied high pressure/temperature and, sometimes, corrosive conditions. The reactors used 

in this work were constructed with stainless steel 316SS, which satisfy safety criteria. The rate 

settled in the safety devices as the maximum allowable working pressure and temperature is ca. 

35 MPa at 393 K, which is high enough to allow operation, but much lower than the maximum 

pressure supported by the reactor. Optionally, stirring can be applied in the vessels by means 

of the addition of a magnetic bar to the vial and placing a magnetic stirrer below the reactor. 

This system is routinely used, often several times in a week, thus easy manipulation is 

important. Hence, the in and out tubes of the vessels are connected with hand-tight screw caps 

and quick fit closures for the CO2 inlet and outlet, allowing fast and safe operation. Polymeric 

O-ring sealings are used in the connecting parts to diminish the possibility of leakage of the 

reactor. Accessories, such as thermocouples for temperature control, analogic manometers and 

digital electronic sensors for pressure measurement, and safety devices, are added to the vessel 

compartment. The operating units are connected with 1/4” or 1/8” 316SS stainless steel tubing. 

 

Figure 2. Photos of the compartments of the high-pressure equipment: (a) chiller and pump, 

(b) 100 mL reactor, (c) MOF and aerogel samples visible through the sapphire window during 

preparation.  

 

 

a) b) c) 
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High-pressure valves 

The reactor system is equipped with two types of valves, needle valves for flow control and 

ball-types for on/off service. Valves are responsible for regulating the gas flow (in and out) with 

CO2 and releasing the media after the reaction. Precise flow regulation is extremely important, 

especially in the outlet, because slow isothermal pressure release is required for obtaining 

appropriate products. Uncontrolled pressure drop can induce local freezing in the outlet tubes 

and valves, resulting in plugging. Moreover, extremely fast pressure release can originate 

mechanical forces that damage the samples, particularly the fragile aerogels. Needle valves are 

mounted before and after the high-pressure pump to separate the chamber from the CO2 bottle 

and the reactor. (Figure 1) Ball valves are used in our system to isolate different sections of the 

system, such as two reactor segments or the CO2 bottle from the atmosphere to avoid leakage 

in case of cylinder closure failure. 

High pressure pump and cooling system 

A Teleydine ISCO D260 syringe pump is used to increase the pressure of the CO2 to the 

operating condition. In order to avoid cavitation, the fluid needs to be kept in liquid phase inside 

the pump, which is accomplished by cooling the inlet CO2 to a temperature below 273 K with 

a Lauda Ecoline RE 106 Chiller. The pump is rated to 50 MPa. While using the pump, particular 

attention needs to be turned to the proper isolation of the pressurized section, to protect the 

surrounding compartments, and the CO2 cylinder from exceeding their nominal pressure. 

Safety accessories 

The system is equipped with various pressure relief devices that opens to atmosphere in an 

unexpected event leading to pressure increase above the settle limit value. This value is much 

lower than the pressure rating of the units. For the designed equipment, rupture discs were 

preferred in comparison to relief valves, as their failure is less probable in case of any solid or 

sticky contamination. Rupture disks open completely and instantaneously in case of 

overpressure, while relief valves open only partially to evacuate the section to a pressure below 

a certain settle value.  Rupture discs are mounted on the CO2 cylinder rated at 13 MPa. The 

pump and reactor have rupture disks opening at 35 MPa. The rupture disks are equipped with a 

silicon tube to safely guide the expanding fluid to the fume hood in case of opening. The 

complete high pressure system, apart from the CO2 cylinder, is built inside a fume hood with a 

safety glass to minimize risks that might affect the operator. 
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2. Methods 

2.1. Preparation methods 

Often, multiple-step preparation procedures are required to build up the functional porous 

composites synthesized in this work. The selection of the chosen methodology is based on the 

desired properties for the final material. In this thesis, preference was given to design simple 

and sustainable processes, when possible. The main preparation steps are summarized in Figure 

3, while the detailed procedure for each different end product is described in each corresponding 

chapter. 

The processes of synthesis involve conventional chemistry for the preparation of some of the 

constituents of the composites (e.g., precipitation methods for bimetallic or MOF NPs). Then, 

the high pressure scCO2 technology is used for diverse purposes: 

- gel formation and drying, while maintaining the porous structure in case of GO-based 

aerogels (Chapter I and II) 

- facilitating the elimination of organic solvent in case of Fe(BTC) MOF (Chapter III) 

- drug or metal-based salt impregnation to the pores of Fe(BTC) MOF (Chapter III and 

IV) 

- polyvinyl alcohol-based pellet formation with scCO2 foaming (Chapter III) 

- reaction solvent in porphyrin-based MOF preparation (Chapter V).  

Eventually, some materials require post-synthetic treatment to obtain the desired products, such 

as thermal reduction. 
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Figure 3. Main preparation steps applied in this thesis for synthesizing nanostructured porous 

materials. 
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Operation of the reactor 

The procedure for operating the high pressure reactor is similar in all cases, even different 

products are pursued. A general description of the process is given following, matched with the 

codes on Fig. 1, while specific descriptions for each material are presented in the relating 

chapters. The scCO2 procedure starts with setting the cooling system of the pump to ca. 271 K. 

Then, a vial filled with precursors, either as a solid powder or dispersed/dissolved in a small 

amount of organic solvent (e.g., 1-2 mL) is placed in the high pressure vessel. After sealing the 

reactor at room temperature, the pump and the vessel are filled with liquid CO2 up to the 

pressure of the bottle, ca. 6 MPa. The inlet and outlet valves of the pump are closed, and the 

pressure of the confined CO2 in the pump cylinder is increased up to 20 MPa. By carefully 

opening the outlet valve of the pump and the inlet valve of the reactor, the compressed CO2 is 

slowly added to the reactor. The operating temperature is set to the target value, in general in 

the 318-353 K range, and the pressure is adjusted to the final value of 20 MPa. These conditions 

are maintained until the reaction is completed (24 – 96 h). After isolating the vessel, the 

remaining CO2 is released from the pump and the tubes located before the reactor. To recover 

the end product, the outlet valve of the reactor is slowly opened and the fluid is released to the 

atmosphere, while controlling the gas flow by bubbling in water. Finally, the temperature is 

decreased to room temperature and the sample is collected from the reactor vessel. 

2.2. Characterization techniques 

In this section, the main characterization techniques applied in this thesis are described, 

including their principles, the instrumentation and the information deduced from data analysis. 

Increased attention is devoted to those key techniques that were used more frequently and 

provided the most important information to understand the properties of the materials 

synthesized in this work. 

 

2.2.1. X-ray diffraction (XRD) 

X-ray diffraction is a non-destructive, non-contact characterization technique, ideal for the 

identification of crystallographic structures, chemical composition and some physical 

properties of crystalline solid materials.1 The X-ray wavelengths (0.01 – 10 nm) are in the range 

of the spacings of the atomic-scale lattice planes, thus can interfere with the crystalline planes 

and provide relevant information about the structure of the crystals. The X-rays are generated 

in a cathode ray tube by accelerating electrons using a high voltage difference and bombarding 

them into a target material, most commonly copper. The striking of the target anode causes the 
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emission of X-rays, which is a superposition of continuous and discrete (Kα, Kβ) radiation, latter 

being characteristic for the anode. Monochromatic X-rays are selected with filters, concentrated 

and directed towards the sample. Routinely, Kα radiation of copper is used, possessing a 

wavelength of 1.5418 Å. When the X-ray beam collide the sample, it is scattered by the atoms. 

At particular angles of the incident light, the scattered beams are in phase, satisfying the Bragg’s 

law, thus they interfere constructively resulting in intensity maximums. The diffracted X-rays 

are detected and processed and can be converted to interplanar spacings, characteristics of the 

unit cell of the particular materials.2 The recorded reflection intensities are used to resolve the 

structure or deduce further information about mono- or polycrystalline samples. 

 

Single crystal and powder X-ray diffraction 

Two main methods can be distinguished when researching the crystal structure of solid 

materials, namely single crystal X-ray diffraction (SCXRD) and powder X-ray diffraction 

(PXRD). SCXRD is very powerful to accurately elucidate cell dimensions and details regarding 

atomic arrangements for structures composed of relatively few atoms (< 100) in the asymmetric 

unit; however, it requires the preparation of single crystals, large and stable enough for a reliable 

analysis.3 As this is often not possible, PXRD is used to study powdered materials. The analyzed 

powder is composed of randomly oriented crystallites and the diffraction intensities are given 

by the contribution of those. In PXRD, the intensity of the scattered light is represented 

customarily in the function of the diffraction angles, giving so-called diffraction patterns. In 

this work, single-crystal X-ray diffraction experiments were performed in the XALOC 

beamline at the ALBA synchrotron (Spain) to solve the crystal structure of a MOF. Moreover, 

PXRD patterns were recorded using a Siemens D5000 diffractometer, working with the Cu Kα 

incident radiation. The measured range was within the 2θ = 2-80º interval. Data was acquired 

in steps of either 0.01 or 0.02º step, depending on the required resolution. Although structure 

determination is not possible as accurately as in case of the analysis of single crystals, diverse 

information about the bulk of the polycrystalline material -including physical and chemical 

properties- can be deduced.  

a) Crystal phase identification: most frequently, crystalline phases are identified by 

comparison with recorded diffraction patterns collected in data bases (JCPDS cards) or from 

patterns simulated directly from SCXRD crystallographic data using different softwares (e.g., 

Mercury). Each pure crystalline solid substance possesses a diffraction pattern, that acts like a 

fingerprint and can be independently detected in a mixture of substances. Some analytical and 
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graphical methods have been described for peak identification.1 Contrarily, amorphous 

compounds are lacking the long-range order, thus no diffraction peaks are discernable in the X-

ray spectra, and different techniques are required for their structural characterization.4 

b) Crystallite size calculation: the diffraction pattern can be used to estimate the crystallite size 

from peak broadening, which occurs when the domain size decreases from bulk to nanoscale. 

More specifically, three factors contribute to the broadening of the peaks: (i) the used 

instrumental, (ii) the crystallite size and (iii) the local lattice strain that arises from crystal 

imperfections.5 The instrumental broadening can be minimized by measuring a standard (e.g., 

lanthanum hexaboride) under the same conditions, while the strain broadening can be 

distinguished from the target size broadening, as the angle dependence is much larger.2 The size 

broadening of a peak is, then, calculated from the full width at the half maximum of the peak 

and corrected with the instrumental value (𝛽𝑐𝑜𝑟𝑟)) at a specific angle (𝜃). The domain size of 

the crystallites (𝐷) is estimated using the Scherrer equation.6 

𝐷 =
𝐾 ∙ 𝜆

𝛽𝑐𝑜𝑟𝑟 ∙ cos⁡(𝜃)
 

where 𝐾 is the Scherrer constant dependent on the morphology of the crystalline domain and 𝜆 

is the applied X-ray wavelength. It is worth to note that the visual particle size not necessarily 

matches the domain size calculated from X-ray diffraction, as the particles in the powder 

usually consist multiple crystallites.4 

c) Detection of crystal defects, alloy formation and pore filling: XRD analysis is suitable for 

detecting crystal defects in the structure, the presence of impurities or the formation of an alloy.2 

Defects on a crystalline structure can be originated by the expulsion of atoms from their lattice 

sites, thus increasing the interlayer lattice spacing causing the shift or the broadening of the 

peaks or a loss of intensity.7 Frequently, such changes in the crystal structure are analyzed using 

more advanced instruments, such as in situ high temperature XRD or ex situ parallel beam 

XRD, capable of recording high-resolution spectra, although they often requires the preparation 

of single crystals.8 In porous materials, the filling of the pores with solvents or solutes can be 

directly followed by the gradual decrease of the intensity of specific peaks in the XRD pattern. 

The reason is the loss in periodicity experienced by the filled pores.9,10 

 

2.2.2. Fourier-transform infrared spectroscopy (FTIR) 

Infrared spectroscopy is a well-established technique for the structural analysis of molecules by 

detecting their chemical bonds and functional groups. The wavelength of the electromagnetic 
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radiation in the infrared region is in the same range as the vibrational frequency of the chemical 

bonds, thus it can be absorbed by the molecules by promoting transitions between the 

vibrational levels of their lowest electronic energy state. Before directing the IR light to the 

sample, it is transformed to an interferogram by splitting the beam and, then, reflecting and 

recombining them with a different path. The interferogram passes through the sample and the 

transmitted signal is converted to a spectrum by Fourier transformation. Data is commonly 

plotted as the absorption or transmission values versus the wavenumber. Two widely used 

sampling methods are applied, the transmission and the attenuated total reflectance (ATR) 

methods. In transmission mode, the radiation is passing through the solid sample dispersed in 

KBr, giving information about the bulk. High resolution can be reached. On the contrary, in the 

ATR mode the light penetrates only around 0.5-2 µm in the sample, thus, the information is 

provided only from the surface. The advantage of ATR relies on the fact that it does not require 

sample preparation, since the material to analyze can be directly placed on the ATR prism that 

transmits the IR light. This method only gives reliable results at wavenumbers higher than 600 

cm-1, because below this value the most commonly applied prisms (ZnSe and Ge) absorb the 

IR radiation. In this work a Jasco 4700 Spectrophotometer was used using both sampling 

methods. The presence or absence of functional groups in different samples was qualitatively 

studied using this technique. IR frequencies corresponding to specific covalent bonds were 

compared to data published in literature. Moreover, from the measured relative peak areas, 

assumptions were made about the occurrence of molecular fragments. This technique allowed 

to follow the molecular changes upon sample reduction. The purity of the samples was 

investigated based on the presence and prevalence of unwanted moieties. Finally, the desired 

incorporation of guest molecules is also detected with this technique. 

 

2.2.3. N2 adsorption/desorption measurements 

N2 adsorption/desorption at low temperature is a standard technique aimed to study the textural 

properties of porous solid materials, such as surface area, pore volume, pore size distribution, 

etc. Automatic physisorption equipment (Micromeritics), with static manometric 

determination, was used for this purpose. In this equipment, before sample measurement, the 

free volume in the analysis tube surrounding the adsorbent is calibrated using helium. Then, a 

known amount of N2 at 77 K is added to the calibrated tube which contains the adsorbent. The 

adsorption takes place until an equilibrium is reached and, as a consequence, the pressure in the 

tube decreases. The difference between the pressure at the equilibrium and the one given 

initially is used to determine the amount of adsorbed gas. The adsorbed gas volume is measured 
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at several pressure values from low vacuum (p/p0 = 10-4) to atmospheric pressure and their 

representation provides the adsorption isotherm. 

The general mechanism of N2 sorption in heterogeneous surfaces, involving different pore sizes, 

is schematized in Figure 4.11 Due to the high adsorption potential in micrometric pores, the 

filling of these is achieved in the first place at very low relative pressures. Next, slowly 

increasing the pressure, a monolayer of the adsorbate is formed on the wall of the pores with 

mesopore diameter. Once this first covering layer is established, further layers start to 

accumulate inside the pores. After a certain relative pressure, capillary condensation begins. 

This phenomenon occurs because the gas condenses to a liquid-like phase in the small confined 

space at pressures lower than the saturation pressure in the bulk. By further increasing the 

pressure, multilayer formation in macropores is also possible at relative pressures close to 1. 

During the desorption process by decreasing the relative pressure, the liquid adsorbate 

evaporates and gets released slowly from the surface. 

 

 

 

 

Figure 4. Schematic representation of the process of nitrogen adsorption on porous surfaces. 
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The sorption process is described by representing the adsorbed amount of N2 vs. the relative 

pressure, providing the adsorption isotherm. The shape of the isotherm describes the nature of 

the adsorption process, arising from the textural properties of the adsorbent, thus the surface 

characteristics of the porous materials can be assessed. IUPAC classifies six types of isotherms, 

which are characteristic of microporous (type I), mesoporous (type IV and V) and non-porous 

or macroporous (type II, III, VI) materials (Figure 5).12  Among these types, the materials 

synthesized in this thesis are predominantly mesoporous, hence they show the behavior of type 

IV isotherms. However, for the studied mesoporous MOFs, the pore size is extremely close to 

the micropores, only slightly larger than 2 nm. As a consequence, these materials are better 

described with type I isotherm, in which the curve is concave to the x-axis, the initial steep 

increase in the adsorption branch, is due to the strong adsorptive-adsorbent interaction in the 

narrow mesopores. The type IV isotherm displays hysteresis loops related to capillary 

condensation, in which the adsorption and desorption branches follow different paths.13,14 The 

shape of the hysteresis loop depends on the texture of the sample, giving the basis for the 

IUPAC classification of loop shapes in H1 – H5 groups (Fig. 6).13  

- H1: adsorbents containing uniform mesopores with a cylindrical shape.  

- H2: complex mesopore structures, for example with ink-bottle shape pores, where 

during the desorption process a pore-blocking mechanism occurs, due to the small 

diameter of the neck of the pores in comparison to the pore body. 

a) pore-blocking in pore-necks with narrow size distribution 

b) pore-blocking, in pore-necks with wider size distribution 

- H3: non-rigid aggregates of plate-like particles or presence of macropores. No limitation 

occurs in the adsorption at high pressure. 

- H4: similar to H3, but with the additional presence of micropores. 

- H5: containing both open and partially blocked mesopores. 
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Figure 5. Type I-VI adsorption isotherms based on IUPAC classification, corresponding to 

microporous adsorbents (I), macroporous/non-porous adsorbent with strong adsorbate-

adsorbent interaction (II), macroporous/non-porous adsorbent with weak adsorbate-adsorbent 

interaction (III), monolayer adsorption and capillary condensation in mesoporous solids (IV), 

multilayer adsorption and capillary condensation in some mesoporous systems with weak 

adsorbate-adsorbent interaction (V) and layer-by-layer adsorption on macroporous/non-porous 

solids (VI). Images are adapted.12,13  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Empirical classification of hysteresis loops given by IUPAC classification. Images 

are adapted.13  
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From the adsorption isotherms, various textural properties can be determined using 

mathematical models, which are briefly discussed in the next paragraphs. 

 

Specific surface area: for mesoporous materials, this parameter is calculated using the BET 

theory, named after Brunauer, Emmett and Teller, who developed the following equation.  

𝜃 =
𝐶 ∙ 𝑝

(1 − (
𝑝
𝑝0
) (𝑝0 + 𝑝(𝑐 − 1))

 

In this equation, 𝜃 represents the surface coverage (amount of adsorbate / monolayer 

equivalent), 
𝑝

𝑝0
⁡is the relative pressure, while C is the BET constant, related to the energy of 

monolayer adsorption. 

Even the method is also widely applied to microporous materials, the BET equation was 

designed for mesoporous structures with Type IV isotherms. In the presence of micropores, 

special attention needs to be taken to obtained data.13 The model determines the effective area 

available for adsorption from the specific amount of adsorbed N2. The most accurate fit is 

achieved above 0.3 p/p0 relative pressure.15 To calculate the specific surface area two steps need 

to be performed. First, the monolayer capacity is derived, representing the amount of adsorbate 

that is sufficient to completely cover the surface with one monolayer of molecules. Then, by 

adopting the cross-sectional area of the N2 molecule, the monolayer capacity is transformed to 

the surface area. 

Pore volume: mesopore volume is often calculated from the adsorbed amount of gas 

corresponding to the plateau of the Type IV isotherms (ca. p/p0 = 0.95). Using the condensate 

density (assuming that liquid N2 is filling the pores), the mesopore volume can be estimated. 

Applying this approach, it is assumed that at the upper relative pressure range (p/p0 > 0.95) the 

isotherm is horizontal, meaning that no significant amount of macropores is present. The 

micropore volume must be estimated following different methods, such as t-plot , αs or Dubinin-

Radushkevich equation.13,16 

Pore size distribution: Regarding the pore size distribution analysis, the model proposed by 

Barret, Joyner and Halenda (BJH) is the most commonly used to assess mesopores.17 This 

method is based on the Kelvin equation. As mentioned above, in confined meso spaces capillary 

condensation occurs, meaning that the gas-liquid transition takes place at lower pressure than 

the saturation pressure in bulk. This shift in the condensation depends on the radius of the 
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confined space (pore size). Such that, from the adsorption isotherm at each point, where this 

phenomenon occurs, information can be obtained about the volume of the gas adsorbed in 

different radius. This radius (Kelvin radius) is smaller than that of the actual pore, because when 

the capillary condensation begins already a monolayer is covering the surface of the pore. For 

calculating the actual pore radius, the Kelvin radius needs to be corrected with the thickness of 

the already adsorbed film.13 The IUPAC classification regarding pore size is based on these 

frontiers in the adsorption behavior. Pores in the mesopore range (2-50 nm) is filled at such 

relative pressures (ca. 0.39-0.95) when the capillary condensation occurs and the Kelvin 

equation can be applied to this interval.18 For the evaluation of micropore size, often semi-

empirical methods are used, such as the Horváth and Kawazoe model.19 

 

In this work the textural properties of the synthesized materials were assessed by N2 

adsorption/desorption at 77 K using an ASAP 2020 Micromeritics Inc.. The samples were 

outgassed prior to the analysis for 24 h under vacuum and elevated temperature, typically at 

353-423 K to remove all the physisorbed substances. The same equipment was used to analyze 

the sorption of CO2 at 273 K, interesting to evaluate the sorption capacity of a catalyst crucial 

for the catalytic application. Apart from the characteristics of the bare materials, any changes 

in the textural properties occurring during the modification of the samples, such as 

impregnation, deposition with NPs or thermal reduction, could be followed using this 

technique.  

 

2.2.4. Electron microscopy 

Electron microscopy is a visual tool for analyzing the morphological and structural features of 

samples in nano- and microscale. Two common types of electron microscopy can be 

distinguished, the scanning (SEM) and the transmission (TEM), both being suitable for 

obtaining high-resolution images by bombarding the surface of the samples with a focused 

electron beam under vacuum. In case of SEM, the beam is scanning the surface of the sample 

in a raster over a region and the images are created from the detection of the elastically scattered 

electrons (BSE) originated from the deeper part of the sample (in the order of 103 nm), or 

secondary electrons (SE) coming from the top 1-10 nm of the surface. In TEM a broader beam 

of electron is transmitted through a thin layer of the sample and the signal is detected on the 

opposite side of the specimen, generating images about the internal structure and allowing even 

higher magnification in comparison to SEM.20Arising from the origin of the signal, SEM 

provides lower resolution images than TEM, but carries compositional information, while SEM 
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is also suitable to study the topography of the material. The two techniques require different 

sample preparation.  

- For SEM, the samples were placed either on a carbon tape or on top of a silicon wafer, 

and regularly covered with a few nanometer thickness Pd/Au layer to ensure a 

conductive surface, thus inhibiting electrostatic charging that may result in low quality 

images. The Pd/Au metal cover was made using a K550 Sputter Coater. SEM images 

were taken using a Quanta Fei 200 microscope at high vacuum and an electron beam of 

10-20 kV.   

- For TEM, a very thin layer of the sample is necessary, as the major part of the electron 

beam needs to be transmitted to obtain informative images. To prepare the samples, 

some drops of a diluted dispersion of the solid sample are placed on a copper grid, used 

as a support, and let to dry in open air. TEM images were taken with JEOL 1210 

instrument of nanoparticles in <100 nm range. 

 

2.2.5. Energy dispersive X-ray spectroscopy (EDS) 

Vacancies are created in the inner shell of an atom by bombarding a solid with an electron 

beam, which are filled by electrons from the outer-shell. This relaxation process is accompanied 

with X-ray radiation, which is characteristic for each element, as there is a direct correlation 

between the frequency of the emitted X-ray and the atomic number. Together with the image 

created by the transmitted or scattered electron beam, the pattern can be related with the spatial 

location of the elements. In EDS, the complete elemental spectrum for every pixel of the image 

is collected, and each detected element is associated with a color for visualization, such that 

electron micrographs with the locations of the elements can be displayed. The EDS system can 

be set on TEM or SEM, but due to the better resolution of TEM it gives compositional 

information in a smaller scale than SEM. Although this technique is suitable to identify the 

relative proportion of most of the elements in the sample, those that has a low atomic number 

(< 10), or are present in a low concentration, are not emitting enough characteristic X-ray. In 

this work, a Quanta Fei 200 microscope mounted with an EDS detector was used to identify the 

relative percentage of metals in several appointed spots of bimetallic nanoparticles, as well as 

impregnated MOFs. The distribution of metallic particles in some sections was studied with 

XHRSEM FEI Magellan 400L STEM microscope by creating compositional maps of assigned 

sample areas. 
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2.2.6. X-ray photoelectron spectroscopy (XPS) 

XPS is a technique capable of analyzing the elemental composition of the outer surface (1-10 

nm) of solid samples. Moreover, it provides information about the chemical state of the 

elements composing the surface. The solid samples are exposed to high-energy X-ray radiation, 

that expulse core electrons from the surface atoms. By measuring the kinetic energy of these 

electrons, the binding energies can be calculated, which are sensitive to the chemical 

environment of the atom and characteristic of the element and its state. Data are usually 

interpreted as the intensity corresponding to the binding energy. From the peak areas the relative 

concentration of the elements can be estimated. To analyze different states of the same element, 

the peaks need to be deconvoluted by a specific software, as there are only slight differences 

between the binding energies.21 Beside the photoelectrons, Auger electrons are also emitted 

from the surface atoms, which carries further information about the electronic state of the 

compounds. After the expulsion of the core photoelectron, another electron from the outer shell 

can fill the created vacancy, and the energy release can result in the emission of an Auger 

electron. From the kinetic energy of the expelled photoelectron and Auger transitions, the Auger 

parameter can be calculated. Additionally, displaying the most intense photoelectron binding 

energies vs. the Auger kinetic energies, the Wagner plot is established, which is a visual tool 

for chemical state identification. The position of different chemical species on the plot gives an 

indication about their chemical state, environment, interaction with other species, etc. In the 

NIST XPS database, energies of photoelectron and Auger-electron spectral lines are collected 

for most of the elements and can be used as the identification reference for surface species.22  

In this thesis, XPS analysis was carried out in a Specs Spectrometer to determine the percentage 

and oxidation state of metals and their interactions in bare and graphene oxide supported 

bimetallic nanoparticles, as well as for analyzing metal-MOF composites. 

 

2.2.7. Inductively coupled plasma mass spectrometry (ICP-MS) 

ICP-MS is used for the quantification of the elemental constituents in solids up to trace levels. 

During measurements, the samples are fully decomposed to their elements, ionized and the ions 

are sorted by their mass-charge ratio before being detected by an ion detector. An Agilent 7700x 

ICP-MS was used in this work to determine atomic contents of supported bimetallic 

nanoparticles, as well as of bare MOFs and those impregnated with metal. Prior to the analysis, 

the samples were digested at high temperature in hydrochloric, nitric and hydrofluoric acids 

(3:1:0.5 v/v). 
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2.2.8. Dynamic light scattering (DLS) 

The hydrodynamic size of small (nano)particles can be measured based on their Brownian 

motion when they are dispersed in a solution. In DLS analysis, a dispersion of nanoparticles is 

pointed with laser light that gets scattered in all directions. The intensity of the scattered light 

is detected as a function of time and linked with the size of the particles. Smaller particles move 

with higher speed in the dispersion than larger particles, thus exhibiting faster fluctuations. 

Hence, by using the parameters influencing the motion and the scattering (viscosity, 

temperature, and refractive index of the dispersant) the particle size distribution in the 

dispersion can be estimated. With this technique, the hydrodynamic diameter is determined 

assuming spherical particles. In comparison to TEM or SEM, which are direct techniques 

measuring particle size, DLS is an indirect technique. This measurement is used for particles in 

the submicron range, since homogenous stable dispersions are required. The sedimentation of 

large particles must be avoided, because they are disturbing the random Brownian motion. 

Besides, from the width of the size distribution the polydispersity index can be envisaged.23 In 

this thesis, two different equipment were used, a Zetasizer Nano ZS Malvern Instrument and a 

DLS Coulter LS230. Data on the hydrodynamic size of the MOF particles and graphene oxide 

aerogel fragments after ultrasound treatment in water were obtained. 

 

2.2.9. UV-vis spectrophotometry 

Phenomena of absorption, fluorescence, phosphorescence etc. occurs when a solid or liquid 

sample is irradiated with UV or visible light. Light absorption on liquid/solid samples and 

reflectance on solids are analyzed to identify and quantify molecules, and to study their optical 

properties. The incident photons of UV and visible light are absorbed by some molecules in the 

samples. The absorption gives the energy to induce electronic transitions from a low to a high 

energy level. The energy of these transitions is characteristic of the material. Thus, plotting the 

wavelength vs. the degree of absorption, qualitative and quantitative determination of the 

molecules can be performed by previously collecting data on a calibration curve. In case of 

diffuse reflectance spectroscopy, the UV-vis beam is directed to a solid powder or a surface, 

and the reflected diffuse light is produced in all directions of the hemisphere of the incident 

light. The detected spectra are composed of the combination of several optical phenomena, such 

as multiple reflectance, scattering and refraction, and they are informative about the properties 

of the sample.24 In this thesis, UV-vis spectrometry was used to analyze the optical properties 

of porphyrin-based MOFs by their absorption in water dispersion using Varian Cari 5000 
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equipment, while diffuse reflectance UV-vis spectra were recorded for a photoactive solid, 

namely graphene oxide based aerogels with Jasco V‐560 equipment. 

 

2.2.10. Photoluminescence spectroscopy (PL) 

PL spectroscopy is a non-destructive technique, widely used to study the optical characteristics 

of photoactive materials. The electronic properties of a sample are analyzed based on the 

emitted light produced by the relaxation of a photoexcited electron from a higher to a lower 

electronic state. Often, PL intensity is used to study the recombination processes of the 

photoexcited electron-hole pairs of semiconductor materials used as photocatalysts. High PL 

intensity indicated high recombination rate of the charge carriers, which generally results in 

low photocatalytic efficiency. In this thesis, Jasco FP‐8300 was applied to study the PL spectra 

of photoactive graphene oxide based materials. 

 

2.2.11. Raman spectroscopy 

Raman spectroscopy studies the scattered light induced by the interaction of chemical bonds 

with a high intensity laser beam. A minor part of this scattered light is found at a different 

wavelength than the incident radiation, and this shift (Raman shift) is in the focus of the 

technique, carrying structural information about the sample. The Raman spectrum is the 

fingerprint of a molecule, thus suitable for rapid identification of materials, phases, 

investigating crystallinity or detecting contaminants. This technique is widely used for studying 

indirectly the rate of disorder in carbon nanostructure. In this work, this technique was used to 

estimate the reduction of GO aerogels during thermal treatment, using a WITec alpha 300 R 

confocal Raman microscope (WITec, Germany). 

 

2.2.12. Elemental analysis (EA) 

In elemental analysis the ratio of particular elements, typically carbon, hydrogen and nitrogen, 

is quantified. The elements are analyzed in the gaseous state attained by sample combustion. In 

this thesis, a Flash EA2000 Thermo Fisher Scientific analyzer was applied to explore the 

composition of porphyrin-based MOFs. 

 

2.2.13. Thermogravimetric analysis (TGA) 

The thermal stability of materials is routinely analyzed by thermogravimetric analysis. The 

weight change occurring during constant heating, usually in N2, air or Ar atmosphere is 

precisely monitored. The relative amount of components in a composite can also be evaluated 
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with this technique, if the constituents possess very different thermal stability. In this thesis, the 

thermal properties of porphyrin-based MOFs were evaluated under N2 using a Perkin Elmer 7 

equipment. 

 

Table 1. List of characterization techniques applied in this thesis, and the location of the place 

where the analysis was performed. 

Characterization technique Abbreviation Location 

Powder X-ray diffraction PXRD ICMAB-CSIC 

Single-crystal X-ray diffraction SCXRD ALBA synchrotron 

Fourier-transform infrared spectroscopy FTIR ICMAB-CSIC 

N2 adsorption/desorption measurements - ICMAB-CSIC 

Scanning electron microscopy SEM ICMAB-CSIC 

Transmission electron microscopy TEM ICMAB-CSIC 

Scanning transmission electron microscopy 

with energy-dispersive X-ray spectroscopy 

STEM-EDS ICN2 

X-ray photoelectron spectroscopy XPS INCAR-CSIC 

Inductively coupled plasma mass 

spectrometry 

ICP-MS INCAR-CSIC 

Dynamic light scattering DLS ICMAB-CSIC 

UV-vis spectroscopy (absorption) UV-vis ICMAB-CSIC 

UV-vis diffuse reflectance spectroscopy UV-vis DRS Univ. do Porto 

Photoluminescence spectroscopy PL Univ. do Porto 

Raman spectroscopy - Univ. do Porto 

Elemental analysis EA IQAC-CSIC 

Thermogravimetric analysis TGA ICMAB-CSIC 
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In this section a short summary of the results obtained in this thesis is provided. 

The report is distributed in two parts based on the type of the studied material. 

First, composites based on graphene oxide aerogels are discussed, then the 

attention is turned towards MOF-based samples. Detailed discussion is given in 

the corresponding chapters.  

 
Summary of the results 
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1. Introduction 

 

In this thesis, composites based on two classes of porous solids (MOFs and GO aerogels) were 

synthesized. All of them are characterized for possessing pores, primarily in the mesoscale 

range. For all of the preparation procedures, supercritical CO2 was used, playing a diverse role 

in the synthesis (aerogel structuration and drying, solvent for impregnation, reaction solvent 

etc.). The porous materials were further functionalized and/or involved in a composite to reach 

specific properties, suitable for chosen applications. 

2. GO aerogel-based composites 

First, aerogels based on graphene oxide, with disordered pore arrangement were prepared. The 

basis of this work was settled in 2018 in our group, when, for the first time, robust pristine GO 

aerogels were successfully prepared using scCO2 technology.1 Due to the mild applied 

conditions and the lack of reducing agents in the process, the oxygen functionalities of the GO 

sheets were preserved. This approach contrasts with most reported procedures that generally 

result in reduced graphene-based aerogels. Such rich surface chemistry of GO offers the 

possibility for anchoring substances (e.g., NPs, polymers) to the GO flakes, thus assembling 

functional GO aerogels. After successfully synthesizing composites of GO involving MOF 

NPs2,3 and Fe3O4 NPs,4 our attention turned towards dispersing catalytic active metal NPs 

within the GO aerogel matrix (Figure 1).  

 

 

Figure 1. Illustration of metal NPs, as potential catalytic centers, dispersed on graphene oxide 

flakes and the formed composite aerogel. The oxygen-based functionalities of the GO are 

preserved through the aerogel formation. 

metal NP deposited 

on GO flakes 

metal@GO aerogel 

gelation and drying in 

scCO2 
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This idea seemed to be achievable and carries an important potential, first because the 

nanometric size of the metallic particles generally used in catalytic systems fits well with our 

system, where the average size of the GO flakes is of few microns. In catalytic applications, the 

homogenous dispersion of the NPs on the support is of extreme importance to avoid the loss of 

activity due to aggregation. Such distribution is assured by the interactions between the 

functionalities on the GO flakes and the metallic NPs. This factor, together with the 

meso/macroporosity provided by the GO aerogel support that plays a key role in the reactant 

and product diffusion, resulted in new, promising catalytic systems showing high performance. 

2.1. CuZnO@rGO composites for CO2 hydrogenation to methanol 

First, bimetallic NPs of CuO/ZnO were synthesized to be further deposited on the GO flakes, 

thus to build 3D composite aerogels. The synthesis involved the co-precipitation of CuOZnO 

NPs, the structuration of the CuOZnO@GO aerogels using scCO2, and further H2 treatment to 

obtain the final CuZnO@rGO catalyst. Homogenously distributed nanoparticles deposited on 

the GO flakes, composing the meso/macroporous aerogel, were displayed (Figure 2).  

 

 

 

 

 

 

 

 

Figure 2. (a) and (b) SEM images of the CuZnO@rGO aerogel, (c) EDS elemental mapping of 

Zn and Cu (green and red, respectively), acquired from the STEM image (left) of sample 

CuZnO@rGO (yellow circles indicate few areas of sintered Cu NPs). 
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The aerogel was used as a catalyst for the gas phase CO2 hydrogenation reaction used in the 

production of methanol. This study was carried out in collaboration with the GICOM research 

group in the Department of Chemical Biological and Environmental Engineering in the 

Universitat Autònoma de Barcelona. The effect of both the catalyst design (architecture and 

composition) and the reaction conditions (ratio of active centers to gas molecules, flow rate and 

distribution) were investigated with regards to the MeOH yield, conversion and the MeOH 

selectivity vs. CO. For this, three different systems were tested: the bare NPs, the composite 

aerogels directly synthesized in a tubular reactor, and the smashed aerogel (Figure 3a). The 

results showed outstanding methanol selectivity, near 100 % up to temperatures as high as 260 

ºC at 10 bar using the smashed aerogels (Figure 3b). This result shows even more prospect, 

when it is compared to the performance of the bare NPs, for which this value was only 7% 

under similar experimental conditions, accompanied with diminished methanol yield, as well. 

(20 mgMeOHgCu
-1h-1 vs < 5 mgMeOHgCu

-1h-1 at 260 ºC and 5 mLmin-1 flow). 

 

 

 

 

 

 

Figure 3. (a) Three different tested systems and (b) the obtained results regarding the selectivity 

of the samples. 

These results were explained on the basis of the role of the rGO in the composite aerogel in 

acting as CO2 reservoir, its hydrophobic character for water repulsion, and its ability to hinder 

the negative effects of NPs sintering and alloy formation between the two metals. 

2.2. Pt/TiO2@rGO composites for photocatalytic H2 production from methanol 

Excited by our previous results, we explored the use of these materials in other fuel production 

processes. Along these lines, performing catalysis in liquid phase using the aerogel composites 

a) b) 
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seemed more challenging, because of possible issues to maintain some of the aerogel properties 

in liquid phase, and the different permeation behavior of the reactant and products in liquid 

solvent inside the porous catalyst. This time, the chosen model reaction was the photocatalytic 

H2 production reaction from methanol/water, which required to disperse expensive Pt/TiO2 NPs 

within the GO aerogel.  

Pt/TiO2 NPs were prepared by drop-casting, followed by calcination and reduction steps. The 

bimetallic NPs were deposited on GO flakes and a 3D aerogel was thus formed. In this case, 

mild reduction under N2 atmosphere was applied with the aim of reducing some of the 

oxygenated functionalities of the GO support. A porous morphology with homogenously 

dispersed NPs on the rGO flakes was depicted for the Pt/TiO2@rGO catalyst (Figure 4). 

 

Figure 4. SEM images of Pt/TiO2@rGO aerogel composite. 

The measurement of the photocatalytic H2 production from aqueous methanol was carried out 

in collaboration with the Laboratory of Separation and Reaction Engineering – Laboratory of 

Catalysis and Materials in the Universidade do Porto (Portugal). Within the framework of a 

three months research stay, I performed the catalytic experiments under the direction of prof. 

Joaquim Faria and prof. Cláudia G. Silva. A systematic study with the focus on maximizing the 

H2 production was carried out, optimizing all the reaction conditions (water/methanol ratio, 

catalyst concentration), the catalyst composition (Pt/TiO2/rGO ratio) and architecture (size of 

the aerogel pieces). As for the reaction conditions, the highest H2 yield was obtained using a 

0.5 gNPL−1 catalyst concentration in a 0.5 v/v methanol/water reaction solution. These 

parameters were settled for the following experiments. An important factor, resulting in two-

fold enhancement in the H2 production was the mild reduction of the GO support (Figure 5a). 

This effect was assigned to the generation of new electronic pathways upon the partial 

restoration of the graphene network, and the favored adsorption of the methanol in the reduced 

structure. Taking into account the dark color of the GO, smashing the one-piece monolith to 
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small pieces caused a 10-fold increase in the H2 production, due to the improved light exposure 

of the active sites and increased reagent and product diffusion (Figure 5b). 

 

Figure 5. The effect of (a) the GO reduction to rGO, and (b) the smashing of the one-piece 

monolith on the H2 production rate. 

The catalyst composition also had an important effect on the performance. Thus, a 9:1 wt 

NP:GO composite, with a Pt content in the order of 0.9–0.5 wt% related to the total NP weight, 

was the most favorable. In the optimized system, H2 production rate was remarkably higher 

(18800 µmolH2 h−1 gNP
−1) than the values found in the literature for similar Pt/TiO2/rGO 

catalysts and reaction media (2000–10000 µmolH2 h
−1 gNP

−1). 

3. MOF-based composites 

Following the interest in the field of porous composites, this thesis also focused on the 

preparation of MOFs under scCO2 conditions. The MOF samples, possessed pores in the low 

region of the mesoscale (2-3 nm), and were actually lacking long-range order (semiamorphous 

MOFs). These materials were either used in the as-synthesized form, or drugs or metal-based 

compounds were encapsulated in the pores. Formulations appropriate for biomedical or 

catalytic application were obtained. 

3.1. Azelaic acid@Fe(BTC) for cutaneous drug delivery 

The targeted MOF for drug delivery was the semiamorphous mesoporous iron trimesate 

Fe(BTC), the counterpart of the crystalline MIL-100(Fe) MOF. A green preparation procedure 

a) b) 
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involving scCO2 as a drying agent to obtain empty-pore Fe(BTC) powder at the nanoscale (10-

20 nm) was developed. Then, the impregnation of a topical antibiotic drug, azelaic acid, into 

the porous structure was carried out, using scCO2 as the impregnation vector 

(sc_AzA@Fe(BTC)). The drug-loading was compared with the traditional encapsulation 

methodology from aqueous solution (w_AzA@Fe(BTC)). Using the supercritical medium, 

significantly higher drug uptake values were attained than in the conventional method, likely 

owing to the lack of adsorption competition between the solvent and the solute molecules for 

the substrate sorption sites (Table 1). 

Table 1. AzA loading (wt%) measured with different techniques, e.g., TGA and HPLC. 

 

 AzA loading (%) 

sc_AzA@Fe(BTC) 17±3 

w_AzA@Fe(BTC) 7.9±0.9 

 

As this composite was considered to be employed as an effective structure for a drug delivery 

system, an appropriate formulation needed to be designed. For this purpose, a biocompatible 

polymer, polyvinyl-alcohol (PVA) was chosen as a support, which is also suitable to disperse 

the drug-loaded MOF. Macroporous patches, involving the PVA-matrix and the dispersed 

loaded MOF were formed using the scCO2 medium for polymer plasticization and foaming 

(Figure 6). 

 

 

Figure 6. Preparation of macroporous patches involving the PVA-matrix and the dispersed 

loaded MOF. 

Finally, the drug delivery and permeation profiles of the patches were investigated using in 

vitro and ex vivo tests by using porcine skin. This study was performed in collaboration with 

the IMDEA Energy Inst. in Madrid. The total amount of AzA diffused or retained through the 

skin is within the range of those typical in current commercial formulations. 
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3.2. Reduced copper clusters@Fe(BTC) composites for CO2 hydrogenation to methanol 

and methane 

Taking into account the successful drug impregnation into the porous Fe(BTC), showing high 

drug loading, the encapsulation of an organometallic compound with relatively small size and 

appropriate solubility in scCO2 was intended in the same MOF. The aim of this study was to 

build a novel composite, where the metal centers are uniformly dispersed in the mesopores of 

the Fe(BTC) MOF (Fig. 7). The reduced metal phase serves as small and dispersed catalytic 

centers, as their growth and aggregation are hindered by the walls of the MOF cages. 

  

 

 

 

 

 

 

 

 

Figure 7. Reduced copper clusters (brown spheres) homogenously distributed in the 

mesoporous framework. 

For this purpose, scCO2 soluble copper acetylacetonate was chosen as the metal source, thus 

the impregnation was achievable without the use of any cosolvent. To reach a catalytically 

active material, with copper centers in a low oxidation state (+1 and 0), the composite was 

subjected to reduction in H2 atmosphere. The catalytic activity of the reduced composite was 

tested again in CO2 hydrogenation reaction. Methanol yield, conversion and selectivity were 

contrasted to the results obtained for the pristine (Fe(BTC)) MOF and previous studies 

performed using the typical CuZnO catalyst.  Based on the obtained results in this study, the 

impregnated Fe(BTC) with clusters of reduced copper can produce significant amounts of 

methanol without the incorporation of ZnO species. Further optimization of the catalytically 

active composite is currently under investigation. 

3.3. Synthesis of porphyrin MOFs 

Based on the previous research in our group on the synthesis of MOFs in scCO2 media,5,6 part 

of this thesis addressed the preparation of a series of porous metalloporphyrin frameworks using 

scCO2 as a reaction solvent. 5,10,15,20-tetra(4-pyridyl)porphyrin (H2TPyP) linker and four 
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metal complexes M(hfac)2 M= Cu, Zn, Co, Ni (hfac: 1,1,1,5,5,5-hexafluoroacetylacetonate) 

were used as precursors to form the porous MOFs, generically named as [M-TPyP]n. All 

prepared materials were obtained as MOFs formed through the metal coordination to the 

exocyclic pyridine moieties in the porphyrin.   

 

Figure 8. Scheme of coordination of [M-TPyP]n MOF. 

For Cu, Zn and Co, incomplete metal coordination of the inner pyrrole ring throughout the 

structure was observed (Fig. 8). These defects lead to a certain level of disorder and limited 

crystallinity. In addition, crystalline [{Co(hfac)2}2H2TPyP]n was obtained from layering, which 

allowed structure elucidation from single crystal X-ray diffraction. From all the obtained MOFs, 

the [Zn-TPyP]n was selected to be tested as a photosensitizer in photodynamic therapy (PDT) 

in SKBR-3 tumoral cell line. Activating this compound with UV-light leads to the formation of 

reactive oxygen species. These highly reactive species induce cell death via oxidative processes, 

giving the basis for a potential cancer therapy. The PDT measurements were carried out in 

collaboration with the Department of Cellular Biology, Physiology and Immunology in the 

Universitat Autónoma de Barcelona. According to the results, outstanding performance was 

achieved, since after 15 min of irradiation at 630 nm, almost 70% of tumor cells died after 72 

h (Fig. 9). 
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Figure 9. Photodynamic treatment effects after 15 min irradiation. Cell viability was 

determined by Alamar Blue for SKBR-3 cells incubated without (control) or with 1 µM or 5 

µM of product for 4 h followed by cell wash. Cell viability was determined after incubation (24 

h) either in dark conditions (not irradiated) or after 15 min irradiation at λex620-630 nm 

(irradiated) and at 72 h. Three independent experiments were performed for each set of 

conditions. Asterisks indicate statistically significant differences in the cell viability between 

control and product at each time-point and condition. 
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  Role of Graphene Oxide Aerogel Support 

on the CuZnO Catalytic Activity: 

Enhancing Methanol Selectivity in the 

Hydrogenation Reaction of CO2 

Chapter I 

This chapter is based on the following published article: 

M. Kubovics, A. Trigo, A. Sánchez, G. Marbán, A. Borrás, J. Moral-Vico, A. M. 

López-Periago, C. Domingo, Role of Graphene Oxide Aerogel Support on the CuZnO 

Catalytic Activity: Enhancing Methanol Selectivity in the Hydrogenation Reaction of 

CO2, ChemCatChem, 2022, 14, e202200607. 

A novel graphene oxide aerogel supported CuZnO catalyst was synthesized for the 

selective CO2 hydrogenation to methanol. The graphene oxide support played 

crucial role in the immobilization of the active nanoparticles, as well as in hindering 

the formation of diluted Cu-Zn surface alloy, which resulted in superior activity and 

methanol selectivity in comparison to unsupported CuZnO catalyst. 
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Abstract 

A novel CuZnO multicomponent catalyst, involving reduced graphene oxide (rGO) as a 

support, was synthesized to be applied in the catalytic hydrogenation of CO2 to methanol. The 

CuZnO@rGO composite was prepared as a 3D aerogel by a two-step process involving 

supercritical CO2 for macrostructuration and H2 treatment for reduction. Electron microscopy 

was applied to visualize the meso/macroporous morphology formed by the supercritical drying. 

The elemental mapping depicted a homogenous distribution of CuZnO nanoparticles deposited 

on the rGO flakes. It was demonstrated that methanol production increases for the 

CuZnO@rGO composite in comparison to unsupported similar CuZnO nanoparticles. This 

behavior was ascribed to a different interaction established between the Cu0 and ZnO 

nanoparticles used as synthetized or deposited on rGO. It is shown that the highly reduced rGO 

component stimulates H2O desorption produced during the hydrogenation reaction, thus it 

serves as a support hindering the sintering of Cu0 nanoparticles. The formation of a diluted 

surface alloy of Zn into Cu0 was determined for the unsupported CuZnO NPs, while for the 

CuZnO@rGO aerogel composite, the absence of any additional phase, e.g., a surface alloy or 

reduced ZnO, was confirmed. The composite aerogels show excellent MeOH selectivity at high 

temperature (up to 260 ºC) and low pressure (10 bar). 
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1. Introduction 

The world is already experiencing important indications of the imponderable climatic negative 

consequences caused by the rising of human CO2 emissions and its elevated concentration in 

the atmosphere.1 For this reason, both CO2 capture and its further transformation into valuable 

products are currently research hot topics.2,3 In this framework, the conversion of CO2 to value-

added chemicals, e.g., light hydrocarbons and short chain alcohols, has been demonstrated to 

be efficiently achieved using heterogeneous catalysis. Among the obtained products, the 

synthesis of methanol (MeOH) has attracted remarkable interest, since it is a compound with 

an increased demand, not only for a wide range of daily goods, but also as a biodegradable 

fuel.4–7 The overall industrial process of MeOH production from CO2 involves an initial 

activation step, performed with ZnAl2O4, followed by water removal and MeOH synthesis over 

CuZnO/ZrO2/Ga2O3.8 The main disadvantage of this process is economical, since it requires 

two different catalysts and reactors. Current research is thus focused on the development of an 

efficient catalyst for one-step CO2 conversion. CuZnO/Al2O3, the flagship catalyst for the 

synthesis of MeOH from CO and H2,2 is being considered for CO2 transformation. However, 

in the reaction of CO2 with H2, the production of CO as the main component instead of MeOH 

cannot be prevented when using this catalyst.9–11 To shift the equilibrium in the hydrogenation 

reaction from CO to MeOH, the process must be carried out at high pressure (ca. 50–100 bar) 

and low temperature.12 Notwithstanding the above, industrial methanol synthesis from CO2 

over CuZnO/Al2O3 needs to be operate at high temperature (ca. 250–300 ºC) to activate the 

inert CO2 molecule, which is detrimental for the exothermic production of MeOH vs. the 

endothermic formation of CO.3,13 Moreover, catalyst nanoparticles (NPs) are prone to sintering 

at high temperature, again reducing MeOH yield.14,15 Even using harsh conditions of pressure 

and temperature, the CuZnO/Al2O3 catalysts exhibit important disadvantages, such as short 

life-time, low activity for CO2 conversion and more importantly low selectivity to MeOH.  

Most efforts reported for the CuZnO system are targeted to design the best catalyst in regard 

of CO2 conversion, but neglecting the consequences of low MeOH selectivity. Nevertheless, 

the increase in the selectivity of CO2 conversion to MeOH vs. CO might be considered as very 

important in industrial processes, just to avoid the formation of undesired by-products, that are 

difficult to separate. Based on that, of paramount importance of the research performed in this 

work was the development of a composite catalyst, based on the low cost CuZnO, with 

improved selectivity for MeOH, preserved even at high temperature, which would allow an 

efficient CO2 activation, and that works at low pressure to make the process economically 
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attractive with low installation and operation costs. In the scientific literature, the general trend 

to increase MeOH selectivity have consisted in adding to CuZnO different nanoparticulate 

promoters, such as Al2O3, MgO, ZrO2, Ga2O3, Y2O3,16,17 and/or supports chosen from non-

metallic matrices, such as metal-organic frameworks, zeolites, porous silica, layered double 

hydroxides, porous polymers or carbonaceous materials, including activated carbon and 

graphene derivatives.18–25 The objective of using these additives is always to achieve a large 

Cu0 surface area, high Cu0 dispersion and improved interaction with ZnO. In this work, a 

particular mode of reduced graphene oxide (rGO) is investigated as support for these purposes. 

Graphene-based supports possess many properties that provide further benefits in 

heterogeneous catalysis, such as enhanced electron mobility, thus assisting the reaction through 

charge-transfer processes, high mechanical strength, giving mechanical sustenance for the 

anchored NPs, and also thermal stability.26 

The use of 3D graphene-based structures as supports for the catalytic NPs has been described 

recently, highlighting the advantages of using 2D materials27 with high surface area for efficient 

NP dispersion.26,28 In this work, these structures were built by using a supercritical CO2 (scCO2) 

route, starting with the formation of graphene oxide (GO) aerogels decorated with CuO and 

ZnO NPs.29 This unique method applies mild temperature conditions during gelling and drying, 

thus preserving the fascinating surface chemistry of GO, with a large amount of carboxylic, 

epoxy and hydroxyl functional groups. The oxygenated groups on GO enable the easy 

functionalization of the flakes with catalyst NPs.30 The further reduction of GO to reduced GO 

(rGO) ensures superior electron mobility.27,31 The catalytic activity of the synthetized materials 

was tested in a low pressure CO2 hydrogenation reaction described to produce methanol. 

Extensive solid state characterization of the catalyst, before and after catalysis, was performed. 

The catalytic performance and the selectivity of the 3D nanostructured material was compared 

to that of CuZnO unsupported NPs. The importance of the role of rGO support in the catalytic 

process was established in terms of its influence on the characteristics of the Cu0-ZnO 

interaction of deposited NPs, deduced from X-ray photoelectron spectroscopy data. The 

synthetized composite aerogels show excellent MeOH selectivity at high temperature (up to 

260 ºC) and low pressure (10 bar). Other positive effects for MeOH production triggered by 

rGO addition were improved CO2 adsorption and enhanced H2O desorption during reaction. 
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2. Materials and methods 

2.1. Materials 

For the preparation of the catalytic NPs, Cu(NO3)23H2O and Zn(NO3)26H2O, purchased from 

Sigma-Aldrich, and Na2CO3, provided by Carlo Erba, were used. For the aerogel preparation, 

a GO water dispersion, with a concentration of 4 mgmL-1, was supplied by Graphenea Inc. 

(Spain). The water was further interchanged with ethanol (Carlo Erba).29 Compressed CO2 

(99.95 wt%) was utilized for the composite aerogel synthesis. For the reduction of the catalyst, 

a flow of pure H2 was employed, while a mixture of CO2/H2 with a molar ratio 1:3 was applied 

during the catalytic conversion experiments. All these gases were delivered by Carburos 

Metálicos S.A. 

2.2. Synthetic methods 

The end composite CuZnO@rGO was obtained following a step-wise synthetic protocol, 

involving conventional chemistry to prepare the precursor CuOZnO NPs, scCO2 technology to 

settle the GO aerogel composite, and finally, reduction with H2. 

Preparation of CuOZnO NPs  

CuOZnO NPs, with a molar ratio of either 2:1 or 1:1, were used as the starting material to 

obtain the catalytic units. They were prepared based on a conventional co-precipitation method 

reported elsewhere.32 In short, either 2.4 or 1.2 g of Cu(NO3)2.3H2O and 1.5 g of 

Zn(NO3)2.6H2O were dissolved in 10 mL of distillated water. The solutions were heated at 70 

ºC and, then, 6 mL of 1 M Na2CO3 was added dropwise to the mixtures under stirring, until a 

pH of 7 was reached and maintained. The mixture was further stirred for 2 h at 70 ºC, and, after 

cooling down, a white precipitate was collected by centrifugation, which was washed with 

distilled water thrice. The obtained solid was dried in an air oven overnight at 110 ºC. Next, it 

was calcined at 350 ºC in a tubular oven under a flow of air during 4 h. 

Preparation of CuOZnO@GO composite aerogels 

A scCO2 process, schematized in Fig. 1, was used for the preparation of the composite aerogels 

by using an ex situ approach.33 A weighted amount of the prepared CuOZnO NPs was dispersed 

in a GO-ethanol dispersion (3.5 mgmL-1) to obtain a 3:1 NP:GO weight ratio. Composite 

aerogels were prepared inside of a stainless steel column for straightforwardly use as a fixed-

bed column in the equipment for methanol production. In each experiment, part of the 

dispersion was added to small assay tubes to obtain a similar product for structural 
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characterization. The column and the tubes were filled with 2.2 and 1 mL of each ethanol 

dispersion, introduced into the high pressure reactor and treated with scCO2 at 45 ºC and 200 

bar for 48 h. This is a scCO2 protocol previously established to obtain robust aerogels of GO.29 

Then, the reactor was isothermally depressurized at a flow rate of ca. 0.5 mLmin-1 and cooled 

down to room temperature, thus avoiding the liquid-to-gas transition of the fluid and preserving 

the 3D open structure of the aerogel. Grey, cylindrical monoliths were taken out from the assay 

tubes, while the column with the aerogel inside was further used as a fixed-bed reactor in the 

catalytic reaction. An aerogel of ca. 30 mg of the CuOZnO@GO composite was built in situ 

in a column of 0.7 x 5 cm (id x length). 

Reduction of CuOZnO NPs and CuOZnO@GO aerogels 

Previous to the catalytic experiments, samples were reduced with a flow of pure H2 (20 mLmin-

1) at 350 ºC for 2 h in a stepwise progressive heating process, involving a temperature ramp of 

5 ºCmin-1, but keeping the sample for 30 min at 100, 200 and 300 ºC. The stepwise process is 

especially important for two reasons, first to minimize NPs sintering, and second to preserve 

the structure of the GO monoliths intact by avoiding their explosive breakage during reduction, 

due to the release of large amounts of H2O and CO2. The reduction step was straightforwardly 

carried out in the catalytic reaction set-up. 

2.3. Structural Characterization 

Pristine NPs and aerogel monoliths were characterized in the as-synthesized form (CuOZnO 

NPs and CuOZnO@GO aerogel), and also in the reduced spent catalyst, i.e., after reduction 

and catalytic cycle (CuZnO NPs and CuZnO@rGO aerogels). The structural characterization 

was performed by powder X-ray diffraction (XRD) in a Siemens D5000, using Cu Kα incident 

radiation with a step scan of 0.01º in the 2θ 5-55º range. Scherrer equation was applied to XRD 

data to estimate the crystallite size of Cu0 and ZnO. The molecular arrangement was 

investigated by means of Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 

Spectrophotometer), after dispersing the samples in KBr. The textural properties were 

determined by N2 adsorption/desorption experiments at -196 ºC using an ASAP 2020 

Micromeritics Inc. Previous to the analysis, samples were degassed at 80 ºC for 20 h. The 

surface area (Sa) was calculated with the Brunauer-Emmet-Teller (BET) equation. The same 

equipment was used to measure the adsorption isotherms of CO2 at 0 ºC. The morphology of 

the NPs and the composite monoliths was investigated by using scanning (SEM, Quanta FEI 

200) and scanning/transmission (STEM, XHRSEM FEI Magellan 400L) electron microscopes. 
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The latter was also used to perform the elemental mapping of selected samples by using energy 

dispersive spectroscopy (EDS) (X-Max Ultim Extreme EDX Oxford Inst.), with a resolution 

of ca. 1 nm. STEM images were used to estimate the size of the NPs in the reduced samples. 

Histograms of particle size distribution were obtained by measuring the size of ca. 150 NPs in 

the images. The Cu and Zn atomic contents in the reduced composites were determined by 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x) after high 

temperature solid digestion in hydrochloric, nitric and hydrofluoric acids (3:1:0.5 v/v). Ex situ 

X-ray photoelectron spectroscopy (XPS) was carried out in a Specs Spectrometer to determine 

the percentage and oxidation state of copper and zinc in the reduced samples. For the analysis 

monochromatic Al-Kα radiation emitted from a double anode at 14 kV and 175 W was used. 

The binding energies of the resulting spectra were corrected employing the binding energy of 

adventitious carbon (284.6 eV) in the C1s. The backgrounds were corrected using Shirley 

baselines. All the analyzed regions (XPS Cu2p, Zn2p and Auger ZnLMM and CuLMM) were 

deconvolved by means of mixed Gaussian-Lorentzian functions (90:10). The quantitative 

analyses were based on atomic sensitivity factors stored in the CasaXPS database 

(v2.3.12Dev6). XPS, ICP and N2 adsorption/desorption data was used to estimate the Cu0 

exposed surface area in the different samples. 

2.4. Catalytic activity 

The activity of the synthesized catalysts with respect to the hydrogenation of CO2 to obtain 

methanol and CO was evaluated by using a fixed-bed tubular flow reactor system (Process 

Integral Development Engineered & Tech.). For the catalytic measurements, the aerogels were 

used either as-synthetized, i.e., as a monolith filling the column, or were first extracted from 

the column, then smashed in small pieces (several microns) and finally added again to the 

column distributed over glass wool. For the CuZnO NPs, ca. 30 mg of powder was added to 

the same column that was plugged at both ends with glass wool. Two different gas flow rates 

of 5 and 10 mLmin-1, which corresponded to gas hourly space velocities (GHSV) of 10 and 20 

LCO2gcat
-1h-1, respectively, were investigated. Measurement values were taken at 10 bar and 

different temperatures, in the range 200-280 ºC, when steady-state was reached. The percentage 

of MeOH in the gaseous product was analyzed by an online gas chromatograph (Shimadzu 

GC-2010) with a flame ionization detector (FID). CO and CO2 in the produced gas mixture 

were measured by using an Agilent Tech. 7890B GC system, with a thermal conductivity 

detector (TCD) and He as a carrier gas. The CO2 conversion was calculated from the percentage 

of introduced CO2 and the formed CO and methanol, assuming that under the used 
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experimental conditions all the converted CO2 was transformed to these two products. The 

methanol space-time yield (STY) was determined as the produced weight of MeOH with 

respect to the time and active catalyst (Cu0) weight. The selectivity towards MeOH was 

calculated from the ratio of the amounts of produced MeOH and CO.  

3. Results and discussion 

3.1. scCO2 synthesis method 

Converting graphene sheets to graphene aerogels with a 3D structure has been demonstrated to 

be one of the best methods to prevent restacking of the flakes, thus attaining a high degree of 

exfoliation that facilitates functionalization and surface reactions. rGO aerogels are often 

prepared from the greatly dispersible GO precursor by a high temperature hydrothermal 

reduction method.34–37 Quite the opposite, a low temperature scCO2 approach was followed in 

this work for the preparation of CuOZnO@GO precursor aerogel, which after reduction with 

H2 transforms to CuZnO@rGO aerogel (Fig. 1).  

 

Figure 1. Schematic representation of the synthetic protocol followed to obtain the precursor 

CuOZnO@GO composite using supercritical CO2, then the CuZnO@rGO aerogel upon in-situ 

reduction with H2, and finally the catalytic CO2 hydrogenation to methanol. 
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The scCO2 solvent is used for the gelling and drying of GO/CuO/ZnO ethanol dispersions, thus 

avoiding the collapse of the interconnected meso/macroporous structure of the gel phase.29 

During supercritical treatment, the deposition of the NPs onto the GO sheets surface is driven 

by electrostatic interactions with the oxygenated functional groups of the support, mainly –OH 

and C-O-C. Finally, the elimination of the ethanol/scCO2 solvent is carried out without crossing 

the liquid phase of the mixture, thus overcoming the materialization of capillary forces and the 

collapse of the 3D structure.  

3.2. Catalyst composition and morphology 

CuZnO@rGO composite aerogel catalysts, involving Cu0 as the active phase, ZnO as the 

promoter and rGO as the support, were studied in this work. One of the most important 

functions of ZnO promoter has been described as limiting aggregation and sintering of Cu0 NPs 

during reduction and thermocatalysis.2 For this reason, ZnO should be incorporated to the 

system in a significant percentage. As the optimized composition, the molar ratio of the oxides 

in the precursor CuOZnO NPs was fixed in this work at 1:1. In fact, preliminary experiments 

performed with a weight ratio of 2:1 indicated a high degree of sintering for the NPs in the end 

product (CuZnO@rGO), evidenced by a low surface area value, measured by N2 

adsorption/desorption analysis of only 53 m2g-1, while for the 1:1 sample the surface area was 

almost double, of 94 m2g-1 (see Fig. 2a for the recorded isotherms).The value measured for the 

net 1:1 NPs was 39 m2g-1. Hence, experiments in this work were performed with the 1:1 wt. 

CuO:ZnO NPs system that, after reduction, has a calculated Cu0:ZnO weight ratio of 0.8:1. 

This ratio approximately matches the values measured by ICP (0.9:1 wt.). To prepare the 

composite CuZnO@rGO, the weight ratio of the NP:GO was fixed at 3:1, which after reduction 

results in a ratio of ca. 4:1 wt. for CuZnO:rGO. The ICP weight composition for this sample 

was 0.9:1:0.5 wt. (Cu0:ZnO:rGO). Measured CO2 adsorption isotherms of the reduced samples 

(Fig. 2b), indicated that, at atmospheric pressure, the volume of gas adsorbed was two-fold in 

the CuZnO@rGO sample (ca. 10 cm3g-1) compared to the bare NPs (ca. 5 cm3g-1).  



Chapter I 

 117 

Figure 2. Isotherms obtained for the reduced samples: (a) N2 adsorption/desorption for samples 

with 1:1 and 2:1 Cu0:ZnO ratios, and (b) CO2 adsorption isotherms of bare and deposited 1:1 

NPs. 

The morphology of the reduced aerogels was characterized by electronic microscopy. SEM 

images taken of the CuZnO@rGO monolith displayed the typical 3D porous interconnected 

meso/macroporous structure of supercritically prepared graphene aerogels, decorated with 

deposited NPs (Fig. 3).29 For the reduced CuZnO system, ZnO faceted NPs can be observed 

intercalated between rounded Cu0 NPs in the STEM images (Fig. 4a). For CuZnO@rGO 

aerogel, the morphology consisted of catalyst NPs distributed on the surface of rGO (Fig. 4b). 

The selected 4:1 composition for CuZnO:rGO in the aerogel allows building a catalyst with a 

loading of Cu0 NPs high enough to have a considerable number of active sites, but at the same 

time, displaying a relatively low degree of aggregation. EDS analysis, performed on a section 

of the CuZnO@rGO aerogel, confirmed the homogeneous distribution of the Cu and Zn 

components in the sample, as well as a low degree of sintering of Cu0 NPs occurring during 

reduction and/or catalysis (Fig. 4c). Indeed, only few spots with high density of copper can be 

observed by performing the EDS mapping of this sample. Histograms of particle size 

distribution obtained from STEM pictures of reduced samples (insets in Fig. 4a,b) gave similar 

average particle size (29±5 nm diameter) for the pristine and rGO deposited NPs (Table 1). 

Actually, with this technique it was not possible to distinguish between Cu0 and ZnO NPs.  

 (a) (b) 
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Figure 3. SEM images of the CuZnO@rGO aerogel at two magnifications: (a) portion taken 

from one-piece monolith (b) piece of smashed aerogel. 

 

Figure 4. STEM micrographs of: (a) CuZnO NPs (green arrows indicate some ZnO 

cubic/hexagonal NPs, which are placed in between Cu0 rounded and larger NPs), (b) 

CuZnO@rGO aerogel (red arrows indicate few large Cu0 particles), and (c) EDS elemental 

mapping of Zn (green in the center) and Cu (red in the right), acquired from the STEM image 

(left) of sample CuZnO@rGO (yellow circles indicate few areas of sintered Cu NPs). 
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Table 1. Estimated particle size using TEM and XRD for characterization. 

 dTEM (nm) dXRD (nm) 

 Cu0 and ZnO NPs Cu0 (111) ZnO (101) 

CuZnO 29 ± 6 20 23 

CuZnO@rGO 29 ± 7 20 23 

 

3.3. Catalyst structure 

Phase changes occurring during reduction were analyzed by FTIR (Fig. 5a) and powder XRD 

(Fig. 5b). Actually, FTIR was applied to demonstrate the reduction of GO to rGO, while XRD 

technique was mainly used to extract information on the reduction of the metal oxide phase. 

FTIR spectra (Fig. 5a) showed that for the as-synthesized and reduced aerogel samples a wide 

absorption band appears in the range of 450-600 cm-1, indicating the presence of metallic oxide 

NPs.38,39 The spectrum of CuOZnO@GO is characterized by a large number of signals assigned 

to the oxygenated groups in GO, such as stretching's of O-H at ca. 3500 and 1620 cm-1, C=O 

at 1710 cm-1, C-O-C at 1380 cm-1, C-OH at 1220 cm-1 and C-O at 1060 cm-1. For the 

CuZnO@rGO sample, the bands corresponding to the oxygenated functionalities of GO 

disappeared from the spectrum. Only those corresponding to OH at 1220 and > 3000 cm-1 are 

still apparent, and assigned to sorbed water on the catalyst surface and on the used KBr.  The 

methylene signals between 2925-2850 cm-1 are present in rGO, and the bands of C=C stretches 

at 1550 cm-1 increased in intensity, thus indicating a total reduction of GO to rGO. This was an 

expected result, since the chemical conditions used for reduction were extremely harsh in 

regard of the oxygenated groups of GO, e.g., 350 ºC under H2 atmosphere, followed of 

treatment at 280 ºC under a flow of high pressure H2 (5-10 bar).  

The broad XRD peaks of GO and rGO phases in the CuOZnO@GO and CuZnO@rGO 

aerogels, expected at 2θ ca. 11 and 25º, respectively,40 can be sense in the recorded patterns 

(Fig. 5c). Note that the peak at 2θ ca. 11° representative of GO in CuOZnO@GO disappear in 

CuZnO@rGO, indicating the total reduction of the GO phase under H2 atmosphere. The XRD 

patterns of the pristine CuOZnO NPs and CuOZnO@GO composite displayed both the most 

intense peaks of the oxides. Hence, the crystal structure of the metal oxides was preserved 

throughout the scCO2 process, and the somehow expected ZnCO3 phase, represented by a peak 

at 2θ=32.5º, was not formed. During the treatment with H2, the CuO phase was reduced to 

copper metal with the development of sharp peaks corresponding to Cu0 crystals. For all the 

studied samples, the Cu0 signals were consistently shifted to lower angles compared to 

simulated lines, which indicates a distortion of the Cu0 crystalline network. 
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Figure 5. Structural characterization: (a) FTIR spectra (peaks between 2360 and 2330 cm-1 are 

an artefact of the measurement related to CO2 presence and must be ignored), (b) XRD patterns 

in which grey dotted lines mark simulated ZnO dotted lines (2θ=31.8, 34.4 and 36.3º) and black 

dotted lines mark Cu0 most intense peaks (2θ=43.3º and 50.5º), both as defined by single-

crystal data. Peaks at 2θ=35.1 and 38.2º in CuOZnO and CuOZnO@GO are for CuO and (c) 

XRD patterns of CuOZnO@GO and CuZnO@rGO in 2θ 5-55º range. 

This shift was significant for the pristine CuZnO NPs (ca. 1º in 2θ), while it was attenuated to 

only 0.3º in the composite. Whether the shift was originated by bulk defect equilibria, e.g., 

microstructural strains and defects in Cu0 appearing upon reduction due to an intimate contact 

between the metal and ZnO41 or by alloy formation,42–45 cannot be deduced from XRD data, 

(c) 

 (a) (b) 
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since both effects lead to an increase in the Cu0 lattice parameters.46,47  On the contrary, XRD 

data was suitable to estimate the average crystallite size of Cu0 and ZnO.48 The Scherrer 

equation was applied to the most intense peaks in each pattern, corresponding to Cu0 (111) and 

ZnO (101). The crystallite sizes were calculated from the full width at half maximum. 

Instrument peak broadening was corrected by using lanthanum hexaboride. In both studied 

samples, XRD averaged crystal size values were 20 and 23 nm for Cu0 and ZnO (Table 1), 

respectively, which is in the range of TEM measurements. XRD diameters of particle size are 

used in this work for further calculations.  

The reduced catalysts (Cu0ZnO NPs and Cu0ZnO@rGO aerogel) were further investigated by 

XPS to complement the non-conclusive XRD analysis in regard of the established Cu-ZnO 

interactions. The complete description of XPS data (Table 2) and deconvolved curves are given 

in the followings (Fig. 6).  

Table 2. XPS results for the different samples. 

 Sample → Cu0ZnO NPs Cu0ZnO@rGO 

Cu/Zn mass ratio 
XPS 0.61 0.52 

ICP 1.10 1.12 

B.E. shift (eV) 0.95 0.17 

Cu2p3/2 peaks (B.E., eV) 

#1 930.5 932.7 

#2 932.3 934.6 

#3 (sat) - 940.8 

 #4 (sat) 941.7 944.0 

Cu2p3/2 peaks (fraction) 

#1 0.41 0.35 

#2 0.19 0.21 

#3 (sat) - 0.04 

 #4 (sat) 0.07 0.06 

Zn2p3/2 peaks (B.E., eV) 
#1 1019.8 1021.9 

#2 1021.1 1022.4 

Zn2p3/2 peaks (fraction) 

#1 0.61 0.47 

#2 0.08 0.22 

#2 - - 

#3 (sat) - - 

K.E. CuLMM (eV) 915.5 916.2 

K.E. ZnLMM (eV) 986.7 988.4 

α' Cu 1846.0 1849.0 

α' Zn 2006.5 2010.3 

 

The XPS found values of the Cu/Zn atomic ratio (0.6 and 0.5 in the net NPs and aerogel, 

respectively) were significantly lower (ca. twice) than those evaluated by ICP (ca. 1.1 for NPs 

and aerogel), meaning that the ZnO NPs should be preferentially dispersed on the surface of 
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the copper particles. Essentially, the ICP ratio is taken as the most representative value of the 

bulk material, while the XPS ratio gives an idea of the surface composition, which, indeed, 

would be markedly important in the catalytic process. Binding energy positions, Auger 

parameters and chemical state (Wagner) plots for Cu2p and Zn2p (Fig. 6 and Fig. 7) are here 

used to understand the trends found for the synthesized CuZnO NPs and CuZnO@rGO aerogel. 

For the Cu2p3/2 region, both samples displayed the main peak at the lowest binding energy in 

this region (930.5 and 932.7 eV, respectively) that is assigned to Cu0/Cu+, and a small peak at 

slightly higher binding energy (932.3 and 934.6 eV, respectively) that suggests the presence of 

a very small fraction of Cu2+.49 The little significant area of the shake-up satellite peak at 

941.7 eV (#4), not present on cuprous or metallic copper, further indicates the presence of a 

small amount of Cu2+.50,51 Both Cu0 and Cu+ species are believed to contribute to the activity 

of Cu-based catalysts.  

Figure 6. Cu2p and Zn2p regions for the different samples: (a,b) Cu0ZnO NPs, and (c,d) 

Cu0ZnO@rGO aerogel. 

The Zn2p3/2 of CuZnO NPs and CuZnO@rGO aerogel were characterized by a main peak at 

binding energies of 1019.8 and 1021.9 eV, respectively, separated in both cases 23.1 eV from 

the main peak in the Zn2p1/2 region. This gap is typical of the Zn2+ state,52 and, more 

specifically, corresponds to the tetrahedral form of ZnO. However, the low value of the binding 

energy found for ZnO in CuZnO NPs (ca. 2 eV below the value of crystalline ZnO) indicates 

amorphization of the surface of the oxide (Fig. 7a),53,54 likely due to successful substitution of 
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Zn2+ by copper ions and the formation of a Cu-Zn alloy at the interphase.55 Furthermore, the 

combination of low values of binding energy in Cu2p3/2 and Zn2p3/2 has been ascribed to Cu 

ions with the capacity to substitute successfully Zn2+ ions in the ZnO lattice.55 

An extremely low value of the Auger parameter was found for zinc in CuZnO NPs (2006.5 eV, 

Fig. 7a). This observation was confirmed by the Cu position of this sample on the copper 

Wagner’s plot, situated in the range of low binding energy (Fig. 7b). Finally, the low value of 

the Auger parameter for copper (1846 eV), is commonly ascribed to highly dispersed Cu0. 

Figure 7. Wagner’s plots of the two studied samples for: (a) zinc, and (b) copper. Empty circles 

correspond to data points for zinc56, and copper57–59. Red  indicates sample Cu0ZnO NPs, 

while blue  represents Cu0ZnO@rGO aerogel. 

For the Cu0ZnO@rGO sample analyzed in the Cu2p region (Fig. 6c), the main peak at 932.7 

eV (#1) is assigned to Cu+.50 The shake-up satellite peaks at 940.8 (#3) and 944.0 eV (#4) 

confirm the presence of some amount of Cu2+, already suspected by the existence of the peak 

at 934.6 eV (#3).50,51,60 It cannot be disregarded the possibility that the peak at 934.6 eV and 

the shake-up satellite at 944.0 eV may correspond to highly dispersed Cu2+ linked to Zn 

hydroxyls.61,62  
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The Zn2p3/2 region for the CuZnO@rGO (Fig. 6d) is characterized by a peak (#1) placed at a 

binding energy of 1021.9 eV, separated 23.1 eV from the main peak in the Zn2p1/2 region. 

These values are strong evidence for Zn2+ state, and more specifically correspond to the 

tetrahedral form of ZnO.53,54 

On the contrary to the CuZnO NPs, for the CuZnO@rGO aerogel, no amorphization of the 

ZnO phase was observed. Moreover, the position of the binding energy for Cu in this sample 

was placed in the upper zone of the copper Wagner’s diagram, thus evidencing a mainly 

reduced state of copper (Fig. 7b).63 The position of zinc was close to crystalline ZnO in the 

diagram (Fig. 7a).56 Hence, XPS measurements clearly indicate that the formation of a Cu-Zn 

bimetallic alloy was only clearly evidenced for the net CuZnO NPs, and not for the deposited 

NPs on rGO.  

Cu0 surface area calculations 

XPS data was also used to estimate the exposed surface area of Cu0 in the CuZnO system. Cu0 

surface area was calculated using the total surface area of the CuZnO NPs, measured by N2 

adsorption /desorption and the Cu/Zn molar fraction on the surface of the NPs obtained by XPS 

measurements. A value of 1.46·1019 Cu atomm-2 surface density was used for copper,64 

corresponding to one monolayer of the metal. To calculate the surface density of Zn, one layer 

of the unit cell was considered as the monolayer, which consists in total two Zn and two O 

atoms.65 The volume of one unit cell is 47.6 Å, and the lattice constant can be approximated as 

the cubic root of the unit cell volume, giving d = 3.62 Å.66 The projected area of this unit cell 

–approached with a cube- is 13.1 Å2, thus the surface density of the Zn is estimated as two Zn 

atoms in each 13.1 Å2, resulting in 1.52·1019 Zn atomm-2. 

The fractional surface coverage by ZnO and Cu can be estimated from the Cu/Zn surface molar 

fraction measured by XPS as follows: 

A%Cu =

XCu ∙ NAv

ρCu,surf

XCu ∙ NAv

ρCu,surf
+

XZn ∙ NAv

ρZn,surf

∙ 100 =

0.61 ∙ 6 ∙ 1023

1.54 · 1019 Cu atom
m2

0.61 ∙ 6 ∙ 1023

1.54 · 1019 Cu atom
m2

+
1 ∙ 6 ∙ 1023

1.52 · 1019 Zn atom
m2

∙ 100

= 37.7% 

where XCu /XZn = 0.61 is the Cu/Zn surface molar fraction, measured by XPS (Table 2), NAv 

is the Avogadro constant, while ρCu,surf and ρZn,surf are the surface density of the metal atoms 
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in a monolayer. Consequently, 37.7 % of the surface monolayer is covered by a Cu atoms, 

while 62.3 % is covered by ZnO. 

From the total surface area measured by N2 adsorption/desorption (SBET), the fractional 

coverage can be transformed to surface area corresponding to Cu0 and ZnO. 

SCu (
m2

gNP
) =

A%Cu

100
∙ SBET = 0.377 ∙ 39

m2

gNP
= 15

m2

gNP
 

𝑆𝑍𝑛𝑂 (
𝑚2

𝑔𝑁𝑃
) =

A%ZnO

100
∙ SBET = 0.623 ∙ 39

m2

gNP
= 24

m2

gNP
 

The contribution of the NPs to the surface area in the CuZnO@rGO composite was 

approximated by the ICP measured weight fraction of the NPs and the surface value obtained 

for the net NPs. For both, bare NPs and aerogel, the estimated exposed surface area values for 

Cu0 and ZnO were ca. 15 and 25 m2g-1, respectively. The increase in the surface area indicates 

that the ZnO is preferentially dispersed onto the copper NPs, reducing the exposed surface of 

Cu0. 

3.4. Catalytic activity screening 

The catalytic activity of the synthesized samples was investigated in the reaction of CO2 

hydrogenation to methanol. A multifaceted bibliographic revision indicates that significant 

differences, and even contradictory results, for the catalytic activity can be observed among the 

diverse CuZnO catalysts described in the literature.22–24,67–77 Schematically, representative CO2 

conversion and MeOH selectivity values that have been obtained with CuZnO systems are 

represented in Fig. 8, showing an extremely broadened data distribution. The widespread of 

the results is the consequence not only of building different catalysts, in regard of composition, 

used promoter/support and particle size, but also of analyzing them under different 

experimental parameters, such as temperature, pressure, flow rate and flow distribution, added 

mass of catalyst, reactor set-up, and so on. In any case, experimental conditions scattering 

makes difficult to contrast literature results with newly designed products. In this work, the 

most reliable approach to analyze the effect of the addition of promoters and/or supports has 

been considered to perform the comparison of the catalytic behavior of the composite system 

with that of a similar product lacking of the support and measured in the same equipment under 

similar experimental conditions. Only in this way, effects such as CuZnO composition and 

particle size, as well as set-up parameters, can be eliminated from the analysis. Temperature 

and pressure, as well as gas flow composition (H2:CO2 ratio) and rate, have been described as 
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the most relevant operational parameters in the studied fixed-bed hydrogenation reaction of 

CO2. As it is shown in Fig. 8, temperatures and pressures in the ranges of 220-270 ºC and 10-

40 bar, respectively, have been chosen in the literature to evaluate most studied CuZnO 

catalysts, often by fixing the H2:CO2 ratio to 3:1. The catalytic tests in this work were 

performed at standard temperatures (200-280 ºC) and stoichiometric H2:CO2 ratio (3:1), but in 

the lowest pressure range (10 bar). 

 

 

Figure 8. Literature data and those obtained in this work of CO2 conversion and MeOH 

selectivity in the CO2 hydrogenation reaction to methanol using the CuZnO system, either as 

bare NPs or supported on different matrixes.22–24,67–77 

Effect of temperature 

Rising the temperature from 200 to 280 ºC resulted in a constant increase of the STY of MeOH 

for all the tested catalysts. This effect is exemplified in Fig. 9, in which STY data is represented 

both vs. the weight of Cu0 and CuZnO in the composite. This interpretation mode aims to cover 

cases in which the ZnO is acting as a mere promoter to avoid Cu0 NPs aggregation and those 

involving ZnO as a cocatalyst.78,79 Nonetheless, a large degree of increase in the STY values at 
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the studied temperatures was observed for the CuZnO@rGO monoliths in either representation 

when compared to net CuZnO NPs (Fig. 9a).  

 

Figure 9. Representative STY catalytic data represented either vs. Cu0 (full symbols and 

straight lines) or CuZnO weight (empty symbols and dotted lines) in the catalyst, obtained at 

GHSV of 10 LCO2gcat
-1h-1 (5 mLmin-1, round symbols) and 20 LCO2gcat

-1h-1 (10 mLmin-1, 

diamond) for samples: (a) CuZnO (grey) and CuZnO@rGO monolith (yellow), and (b) 

smashed CuZnO@rGO at GHSV of 10 LCO2gcat
-1h-1 (blue) and 20 LCO2gcat

-1h-1 (orange).  

Remarkably, the methanol selectivity was maintained at 100 % up to high temperature values 

( 220 ºC) for the composite aerogels, while it constantly decreased with temperature for 

pristine NPs (Fig. 10). Hence, at any of the studied temperatures, the addition of rGO to the 

system increases the CO2 conversion to methanol when compared to pristine CuZnO NPs 

treated under similar reaction pressure (10 bar) and flow rate (5 mLmin-1). For instance, at 220 

ºC a value of selectivity of only 20 % was measured for the net NPs, while it increased to near 

100 % in the CuZnO@rGO catalyst. Increasing the reaction temperature to 240 ºC provoked a 

reduction in the MeOH selectivity for both systems; however, the methanol selectivity of the 

CuZnO@rGO catalyst was still of 80 %, while that of the bare NPs was reduced to only 10 %. 

The result is a significant increase of the methanol production rate, ca. fourfold, by using rGO 

at temperatures of 220 ºC and higher. Although, usually, increasing the conversion values is 

anticipated to be accompanied with reduced methanol selectivity, in the studied CuZnO@rGO 

system the selectivity was increased concomitantly with the conversion of CO2 to methanol. 

(a) (b) 
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This behavior is attractive to facilitate the thermal activation of CO2 molecules, which at low 

temperature are highly stable. 

 

 

Figure 10. Methanol selectivity for the studied samples at different temperatures and GHSVs. 

CuZnO represents bare NPs, while CuZnO@rGO m and CuZnO@rGO s are the one-piece and 

smashed aerogels, respectively. 

Effect of pressure 

As mentioned in the introduction, one of the main objectives of this work was to design a 

catalyst able to effectively work under reduced H2 pressure for safety and economic 

reasons.76,80,81  Thus, even being a detrimental factor for total CO2 conversion, the use of low 

pressure, e.g., 10 bar, was here considered important, since milder reaction conditions are being 

anticipated for future CO2-to-methanol processes. Even though many existing publications 

studied the catalytic properties of similar CuZnO catalysts, it is very rare to find documents 

with studies operating at pressures lower than 20-30 bar.71 Note that at high pressures, 

conversion values could be increased because of broadening in the thermodynamic constraints.  

Effect of GHSV 

A second pertinent catalytic factor, often neglected, but substantially influencing the CO2 

conversion, is the amount of solid catalyst added to the reactor contrasted to the used flow of 

the inlet H2:CO2 gas. Most bench-scale catalytic tests depicted in the literature are carried out 
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with fixed-bed columns of 1 cm diameter and 10-20 cm length, to which catalyst powder was 

added in a weight range of 0.25-5 g, and operated at a GHSVs of 2-50 LCO2gcat
-1h-1.22–24,67–77 

majority of these tests meet the characteristic of active site excess, i.e., the catalyst loading is 

enough, most likely in excess, to give an extremely high probability for the gas molecules to 

collide and be activated by the solid NPs, which lead to elevated conversion values. On the 

contrary, as it can be inferred from the analysis of diverse scientific reports, presented in Fig. 

8, most of the experiments carried out with a low amount of catalyst, e.g., 0.5 g or less, and at 

a high GHSV displayed low CO2 conversion values, potentially limited by the amount of added 

catalyst. This is certainly the case for the essayed systems in this work, in which the amount of 

solid catalyst added to the column was of only 0.03 g, including the inactive support. This low 

value of the added mass of catalyst was chosen on the basis of the possibility given by the 

supercritical synthesis of straightforwardly preparing the CuZnO@rGO aerogel inside of a 

fixed-bed column. Note, that aerogels are low density materials. Particularly the rGO aerogels 

in this work, even with the added CuZnO NPs, have a density of only 10 mgcm-3.  

The absolute value of flow rate can be also an important factor to be considered in porous 

matrices, in which the diffusion of CO2 into the pores (and of product out of the pores) can be 

an important kinetic constrain. In general, low flow rates are favorable for increasing the 

internal diffusion and, thus, the conversion values in highly porous catalysts.82 Nevertheless, 

this factor is less significant for non-porous supports, which make difficult to straightforwardly 

compare catalytic results. Two operation mode regarding the GHSV were studied in this work, 

namely 20 LCO2gcat
-1h-1 (10 mLmin-1) and 10 LCO2gcat

-1h-1 (5 mLmin-1). The effect of decreasing 

the flow rate, while keeping constant the number of active centers loaded to the column, was 

twofold. On one side, the residence time of the CO2 and H2 molecules inside the column was 

raised, which increases the probability for the gas molecules to find an active site for collision 

due to enhanced time for diffusion inside the porous matrix. On the other side, the amount of 

gas travelling throughout the column diminishes, thus reducing the number of CO2 molecules 

that can be transformed by unit time. The experimentally observed behavior for the 

CuZnO@rGO system was some decrease in the MeOH production rate when decreasing the 

flow rate (Fig. 9b). However, under the conditions of low flow, keeping all the other parameters 

constant, a remarkable MeOH selectivity of near 100 % was attained up to temperatures as 

high as 260 ºC. Contrarily, the increase in the GHSV was leading to higher conversion values, 

which is often concomitant to a decrease in the selectivity of the process. It has been 

demonstrated that high CO2 conversion values can lead to partial deactivation of the catalyst 

due to the increase of the surface coverage with reaction products or intermediates. Particularly, 
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the formation of water, produced in an equimolar amount with respect to MeOH, has been 

described as a cause of the decrease in selectivity at high conversion values, since water is 

responsible for the partial oxidation of Cu0 metallic sites, inhibiting the formation of MeOH.69,78 

Effect of sample preparation 

The previous analysis of the effect of some experimental parameter (pressure, flow rate, 

catalyst loading) in the catalytic conversion of CO2 to methanol indicates that the limit for 

methanol production in the CuZnO@rGO aerogel was not the design of the material, but the 

used set-up. Hence, it would be possible to further improve and rationalize the methanol 

production rate by modified aspects ahead of the material composition or design. Prime 

example is the way in which the catalyst is added to the fixed-bed column. The use of monoliths 

straightforwardly grown into the catalytic columns, although interesting from an operational 

point of view, not only substantially limits the amount of applicable catalyst, but also prompts 

the establishment of preferred flow pathways for H2 and CO2 (Fig. 11). The latter is an 

important factor in heterogeneous porous systems that causes the gas molecules to bypass large 

portions of active catalyst. Actually, due to shrinkage, ubiquitous during aerogels drying, the 

generation of void at the interphase between the CuZnO@rGO monolith and the column is 

unavoidable. Through this void space a large part of the gas can flow without restrictions and 

without colliding with catalyst NPs, resulting in a lower number of activated CO2 molecules 

(Fig. 11a). To minimize this effect, the CuZnO@rGO aerogel monolith growth in the column 

with ca. 0.030 g weight was extracted, smashed in small pieces and added again to the column, 

but distributed over glass wool. The smashing of the aerogel was gentle, since the objective 

was to break the aerogel in small pieces of few hundreds of microns, but without losing the 

macro/mesoporous character, which is still evident in the SEM pictures of the smashed portions 

(Fig. 3b). In point of fact, the main objective of building mesopores in the rGO 3D aerogels 

was, on one hand, to have a system with high specific surface area (ca. 100 m2g-1) available for 

metal active centers deposition on both sides of the flakes, and, on the other hand, to increase 

the internal mass transfer of the reactants and products by creating large mesopores in the 

aerogel vs. small mesopores and micropores in aggregated NPs, the latter being one of the most 

important kinetic bottle-neck to be solved in the heterogeneous catalysis mechanism.27 Ahead 

of improving flow distribution, by breaking the monolith in small pieces it is expected to 

facilitate reactants access to the catalytic active sites at the interior and, simultaneously, the 

diffusion of products to the exterior, in both cases by reducing internal diffusion length (Fig. 

11b). The experimental observation obtained by smashing the CuZnO@rGO aerogel in small 
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pieces was a significant increase in the methanol production rate, for instance from 7.2 to 20 

mgMeOHgCu
-1h-1 at 220 ºC, and from 20 to 30 mgMeOHgCu

-1h-1 at 260 ºC (Fig. 9). Outstandingly, 

the smashed aerogel maintains the selectivity to MeOH at 100 % up to a temperature as high 

as 260 ºC (Fig. 10). A second important effect of smashing the aerogel is that it allows to 

significantly increase the amount of catalyst added to the fixed-bed column, and, hence, the 

total conversion of CO2 by decreasing the GHSV without modifying the absolute flow rate. 

Figure 11. Schematic representation of the effect of CuZnO@rGO sample preparation on the 

conversion of CO2 to methanol at high temperature and pressure (H2 is omitted for clarity), 

indicating resulting products, for: (a) one-piece monolith and (b) smashed aerogel.  

3.5. Mechanistic considerations 

For most studied CuZnO@support catalysts, efforts have been mainly focused in finding 

systems with enhanced CO2 conversion, but often neglecting the usually concomitant 

consequences of low MeOH selectivity. For instance, Cu0ZnO NPs have been previously 

deposited on rGO or nitrogen-doped rGO supports reporting conversion values at 15-20 bar 

higher than those measured in this work (at 10 bar), but with methanol selectivity values either 

not studied or being in the order of only 15-30 % at 250 ºC.24,26,28 The highest reported methanol 

selectivity value for a similar system involving rGO and CuZnO NPs was 30 % (at 240 ºC), 

but the addition of the expensive ZrO2 promoter was needed, together with an applied reaction 
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pressure to 20 bar.22 The work performed here with the designed CuZnO@rGO aerogel gives 

clear evidences of the main effect of using rGO aerogel as a support of the CuZnO NPs, being 

an outstanding increase in MeOH selectivity to near 100 % maintained, in the most favorable 

conditions, in the temperature range of 200-260 ºC. For the exothermic reaction of CO2 

conversion, MeOH selectivity becomes an extremely important issue because CO is the main 

secondary product. MeOH, together with water, is obtained by the exothermic straightforward 

reaction of CO2 and H2. In contrast, CO is obtained in two endothermic reactions, involving, 

the first, the reverse water-gas shift reaction of CO2 and H2 to give CO and water and, the 

second, the decomposition of methanol into CO and H2. Hence, the use of high temperature 

should be a disadvantage to increase the selectivity of MeOH vs. CO. Even so, for the thermally 

efficient methanol production the use of relatively high temperature is needed, in order to 

reduce the kinetically-limited activation of the critically inert CO2 molecule with a threshold 

of near 240 ºC.83,84,85 From an operational point of view, a MeOH selectivity close to 100% is 

also advantageous, since product condensation (water and ethanol) could be easily utilized as 

a method for CO2 separation/recycling, thus circumventing drawbacks of unconverted feed 

gas.86 On the contrary, in systems with low MeOH selectivity, exhausted CO2 is mixed with 

large amounts of difficult to separate CO. In this work, it is remarked that the secondary 

reactions related to CO formation are not occurring at high temperatures, in some cases up to 

temperatures as high as 260 ºC, by using the designed CuZnO@rGO aerogel composite. 

Several reasons are outlined to explain this behavior: 

(i) The formation of water in the catalytic hydrogenation reaction of CO2 during MeOH/CO 

production is known to be responsible for the partial oxidation of Cu0 metallic sites in the 

CuZnO NPs, hindering the formation of MeOH and directing the reaction to CO.69 In the 

systems studied in this work, the hydrophobicity of rGO support in the basal plane is 

expected to inhibit the adsorption of water and to protect Cu0 from oxidation and sintering 

at high temperatures. This effect circumvents catalyst deactivation during MeOH production 

due to extensive surface coverage with water. A more conventional option to speed water 

desorption from the adsorbent surface is to increase reagents flow rate, e.g., from 5 to 10 

mLmin-1 in this work, which in our case implied an increase in the total methanol yield (Fig. 

9b), but concomitant with a decrease in the methanol selectivity (Fig. 10). Hence, the option 

of using hydrophobic substrates seems more appropriate to increase methanol production 

rate by gaining methanol selectivity.  
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(ii) The widely accepted dual site mechanism for stepwise hydrogenation of CO2, which 

involves the dissociative adsorption of H2 on metallic copper surface and the adsorption of 

CO2 on and near the surface of ZnO and ZnO-Cu0 interface,87 indicates preferential MeOH 

vs. CO production at high concentration of adsorbed CO2. As demonstrated with the 

isotherms of CO2 adsorption measurements on pristine and deposited NPs on rGO (Fig. 2b), 

the presence of rGO highly enhances CO2 adsorption. Hence, rGO can act as a CO2 

reservoir, thus favoring MeOH formation.  

(iii) The morph structural arrangement of the NP aggregates would play one of the most 

important roles in the catalyst selectivity towards methanol.69,84 Evidently, the organization 

of Cu0 and ZnO structure and established interfacial contacts were influenced in the studied 

catalysts by the presence of rGO. The planar surface of rGO, together with the possibility 

of the NPs to be deposited on both sides of the flakes, is expected to facilitate NPs 

dispersion, to increase exposed Cu0 surface area and to decrease NPs sintering during 

reduction and catalytic tests. In the dual site mechanism, the nature and location of the Cu-

ZnO active sites have been the subject of a vast number of researches, although low 

consensus has been attained.45–47,69–72 Actually, debate is still continuing distinguishing 

several active sites categories, such as Cu species (Cu0 and Cu+), Cu-ZnO interface with 

ZnO oxygen vacancies, defective Cu surface, Cu-ZnO alloy, and so on. The historical 

description of the Cu-ZnO interface was dominated by the Cu-Zn alloy active site 

approach.42–44 This appears to be the structure obtained for the pristine CuZnO NPs 

synthetized in this work after reduction, for which XPS data indicated the formation of a 

diluted alloy of Zn in Cu. This mechanism has been described by the "active site creation 

model", in which ZnO provides Zn atoms to the Cu surface upon reduction leading to the 

formation of the alloy.42–45 On the contrary, the formation of the alloy was not detected 

during the XPS study for the CuZnO@rGO aerogel. Nevertheless, even not detecting the 

formation of the alloy by XPS, the MeOH production rate was highly enhanced with respect 

to bare similar NPs. Actually, recent studies have indicated that the formation of a Cu-Zn 

alloy at the interphase is not required to achieve high methanol yields and selectivity 

values.25 Quite the opposite, the formation of the alloy can significantly decrease the 

conversion rate, due to the limited ability of the alloy to activate H2.47 Hence, the system 

constituted by Cu0 and ZnO NPs deposited onto the surface of rGO would be better 

described by the "bulk defect equilibria model", with abundant Cu0 microstructural strains 

leading to edge/defect sites with coordinately unsaturated reactive atoms, necessary for 
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facilitating hydrogen spillover, and creation of ZnO-Cu0 interfacial active sites.15,41,69,84,88–90 

The catalytic behavior of the CuZnO@rGO sample is in line with recent studies that 

advocated for an enhancement of the intrinsic activity of copper due to strain imposed at the 

ZnO interphase causing misfit at the contact surface,76 but without significant alloy 

formation. This experimental observation is rationalized on the basis of the oxygenated 

character of the precursor GO substrate (Fig. 12). 

 

Figure 12. Illustration of the ongoing process occurring during the reduction step to form rGO 

from GO and CuZnO from CuOZnO (under H2 atmosphere), previous to the catalytic 

procedure (under H2 and CO2 atmosphere). For the bare CuOZnO NPs (grey frame), the Cu-

Zn alloy formation occurs at the interface, while for the CuOZnO@rGO aerogel the alloy 

formation is mainly inhibited during reduction by the water expelled from the oxygen 

functionalities on GO surface. 

The oxygenated functionalities of GO, during the reduction of CuOZnO@GO to CuZnO@rGO 

at high temperature, would expel important amount of water. The water molecules, generated 

near the oxides can be used by the system to re-oxidize back to ZnO the traces of reduced zinc, 

bare CuOZnO NPs 

supported CuOZnO@GO monolith 
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thus inhibiting the permanent formation of the alloy.47 On the contrary, during the reduction of 

bare CuOZnO NPs, lacking of the oxygenated support, the development of reduced Zn at the 

Cu-ZnO interphase leading to Cu-Zn alloy formation is favored (Fig. 12, inset).  Both, water 

and Cu-Zn alloy, are produced in continuous ongoing processes during the reduction step; 

therefore, they can be mutually balanced, since the formation of the alloy is considered a 

reversible phenomenon when it occurs only at the interphase.   

4. Conclusions  

CuZnO NPs supported on rGO aerogels are designed as efficient 3D catalysts, tested here in 

the CO2 hydrogenation reaction in terms of methanol yield and selectivity. The composite 

aerogel CuZnO@rGO was synthesized by using a green method applying supercritical CO2 for 

the nanostructuration and the fabrication of 3D devices with macro and mesoporosity, followed 

of H2 reduction. The development of a highly selective catalyst is performed taking into 

account that the leading pathway to MeOH in CO2 hydrogenation is determined by both the 

reaction conditions (ratio of active centers to gas molecules, flow rate and distribution), and 

the design (composition and architecture) of the applied catalyst. Under the most favorable 

conditions, MeOH selectivity values of near 100 % were preserved for the aerogel composite 

CuZnO@rGO up to temperatures as high as 260 ºC at a pressure as low as 10 bar, while the 

MeOH selectivity of bare CuZnO NPs was of only 7 % under similar experimental conditions. 

Ahead of the highly hydrophobic character of rGO for water repulsion and its behavior as a 

reservoir for CO2 adsorption, reasons related to the morpho-arrangement of the Cu0 and ZnO 

NPs on the rGO surface explain the different catalytic behavior of the aerogel and the bare NPs. 

Results are rationalized on the basis, that the presence of the oxygenated GO support in the 

CuOZnO@GO precursor alleviated, with respect to net NPs, those negative effects of sintering 

and alloy formation during the necessary high temperature reduction step. This phenomenon 

highlights the benefits of the low temperature scCO2 synthetic method that allows the formation 

of highly oxygenated precursors. The designed CuZnO@rGO catalysts are not yet optimized, 

but already show interesting MeOH activity and outstanding MeOH selectivity for low-

pressure/high temperature catalytic processes. Lowering H2 pressure has the advantage of safer 

operation. Importantly, the designed catalysts are superior to the existing products with respect 

to their ability to reduce the presence of CO to a minimum in favor of methanol production at 

high temperature, which can make the process economically viable.  
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Photocatalytic hydrogen production using 

porous 3D graphene-based aerogels 

supporting Pt/TiO2 nanoparticles 

Chapter II 

This chapter is based on the following published article: 

M. Kubovics, C. G. Silva, A. M. López-Periago, J. L. Faria, C. Domingo, 

Photocatalytic hydrogen production using porous 3D graphene-based aerogels 

supporting Pt/TiO2 nanoparticles, Gels, 2022, 8, 719. 

 

Graphene oxide aerogel supported Pt/TiO2 catalyst was synthesized in this work for 

photocatalytic hydrogen production from aqueous methanol solution. A 

comprehensive evaluation of the synthesized photocatalyst was carried out with a 

focus on the target application. 

 



Chapter II 

 144 

Abstract 

Composites involving reduced graphene oxide (rGO) aerogels supporting Pt/TiO2 nanoparticles 

were fabricated using a one-pot supercritical CO2 gelling and drying method, followed by mild 

reduction under a N2 atmosphere. Electron microscopy images and N2 adsorption/desorption 

isotherms indicate the formation of 3D monolithic aerogels with a meso/macroporous 

morphology. A comprehensive evaluation of the synthesized photocatalyst was carried out with 

a focus on the target application: the photocatalytic production of H2 from methanol in aqueous 

media. The reaction conditions (water/methanol ratio, catalyst concentration), together with the 

aerogel composition (Pt/TiO2/rGO ratio) and architecture (size of the aerogel pieces), were the 

factors that varied in optimizing the process. These experimental parameters influenced the 

diffusion of the reactants/products inside the aerogel, the permeability of the porous structure, 

and the light-harvesting properties, all determined in this study towards maximizing H2 

production. Using methanol as the sacrificial agent, the measured H2 production rate for the 

optimized system (18800 µmolH2 h
−1 gNPs

−1) was remarkably higher than the values found in 

the literature for similar Pt/TiO2/rGO catalysts and reaction media (2000–10000 µmolH2 h
−1 

gNPs
−1). 
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1. Introduction 

Hydrogen (H2) is one of the most promising carbon-neutral alternatives as a renewable energy 

source, mainly due to its high calorific value and attainable purity.1 Large-scale H2 production 

via photocatalytic water splitting is a simple and cheap method, although the low reached 

conversion values (ca. 1%) cause the procedure to still be in-efficient and economically 

unviable.2 Consequently, the study of new catalytic systems that enhance the conversion is 

important to improve the efficiency and sustainability of the process.3 Heterogeneous 

photocatalysis, working via water splitting or by the photoreforming of organic waste, is an 

attractive solution for H2 production, since the utilization of solar energy moderates urgent 

environmental and energy issues.4 

In the photocatalytic H2 production process, a light beam with sufficient energy irradiates a 

semiconductor material. The thus attained excited electrons (e−) and holes (h+) migrate onto the 

surface of the catalyst and act as reducing and oxidizing agents, respectively. Hence, the 

reduction and oxidation potentials of the reactant (e.g., water, alcohol, glycerol) must be within 

the band gap of the photocatalyst.5 Semiconductors, such as titanium dioxide (TiO2), cadmium 

sulfide (CdS), and carbon nitride (C3N4), fulfill this condition and are often used as 

photocatalytic systems.6-8 TiO2 is traditionally one of the most utilized semiconductors owing 

to its highly negative conduction band potential, and thus strong reduction ability. This oxide 

is chemically stable, cheap, and abundant. However, its use also experienced some drawbacks. 

First, due to its wide band gap, UV light is necessary for activation, and this light is present in 

a percentage lower than 5% in sunlight.9 Second, TiO2 experienced an extremely rapid 

recombination rate of the photogenerated h+ and e−, in the order of 10−12 − 10−11 s, while a value 

in the interval of 10−9 − 10−7 s is required for capturing the generated species in a successful 

redox reaction.7 To improve the photocatalytic efficiency, the semiconductor must be combined 

with agents that can scavenge the photogenerated e−, e.g., Pt.1,10 It is worth mentioning that Pt 

has been recently included in the list of “critical raw materials -with economic importance, but 

high supply risk” by the European Commission.11 The target objective must be to decrease our 

dependence on these critical raw materials by minimizing their percentage of use in the 

designed product.12 

A newly designed and feasible strategy to moderate the detrimental effects of the large band 

gap and high e−/h+ recombination rate of TiO2 is to incorporate graphene into the catalyst.13 

Undoubtedly, 2D graphene sheets are becoming a top choice as catalyst compartment/supports 

due to their unique physicochemical properties, related to their large surface area, high thermal 
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and electrical conductivity, and ability to tailor the band gap energy level of the 

semiconductor.14-16 Furthermore, due to its high work function, e− from the conduction band of 

the semiconductor can be accepted and transferred by the graphene.17 In parallel, the 2D sheets 

ensure an appropriate surface for extensively anchoring the semiconductor in the form of 

nanoparticles (NPs), which can be deposited on both sides of exfoliated graphene flakes, 

displaying the end composite with a high concentration of active sites for the catalytic 

reaction.18,19 The main drawback of using this support is the large tendency of 2D graphene 

flakes to aggregate, which results in the poor accessibility of the reagents and the light to the 

catalytically active NPs trapped between the flakes, e− transport hindering, and the poor 

diffusion of the gaseous product.7,20,21 The penetration depth of the UV light in TiO2 is limited 

to ca. 100 nm; thus, the formation of large aggregates of NPs would result in an increased 

amount of semiconductors not affected by the radiation.22 Several works can be found in the 

literature using composites of (Pt)TiO2 NPs and reduced graphene oxide (rGO).22-28 These 

systems are composed of either multiple stacked layers of rGO covered with NPs 

agglomerates26,27 or photoactive NPs covered with an rGO layer.28 In other works, the 

aggregation of the Pt/TiO2 NPs has been directed to build 3D porous composites with rGO 

added as an additive.29,30  

In this study, a different approach is presented to build a 3D structure, in which an rGO aerogel 

matrix provides support for the photoactive NPs: Pt/TiO2@rGO. The precursor is a 3D aerogel 

structure of graphene oxide (GO): Pt/TiO2@GO. GO is a highly oxygenated precursor, with 

mainly hydroxyl, epoxy, and carboxylic functionalities, easily exfoliated in polar liquids, and 

capable of establishing strong metal–support interactions to ensure NPs dispersion and to avoid 

NPs leaching during catalytic reaction.31-33 As with other common aerogels,34,35 those of GO 

have a low-density network with a meso/macroporous structure. The Pt/TiO2@GO intermediate 

composite was synthesized in the form of a monolith using a previously described one-pot 

supercritical CO2 (scCO2) methodology.36 After aerogel synthesis, the number of oxygenated 

groups on the support can be modulated by thermal treatment to prepare the desired 

Pt/TiO2@rGO end product.37 The macroscopic size and variable shape of the synthesized 3D 

aerogel macrostructures bring advantages of operability and recoverability. The obtained 

aerogel composites were structural and texturally characterized. Moreover, the new catalytic 

system was evaluated for its photocatalytic H2 production in aqueous methanol solutions. The 

process was adjusted for effective H2 production regarding the reaction conditions (catalyst 

concentration, composition of reaction mixture), catalyst composition (Pt:TiO2:rGO ratios), and 

architecture (one-piece monolith or smashed aerogel). Optimizing the Pt/TiO2@rGO composite 
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leads to H2 production rates in an aqueous methanol solution of ca. 2–10 times higher than the 

values reported for similar systems in the literature.25,29 

 

2. Materials and methods 

2.1. Materials 

For the preparation of the Pt/TiO2 NPs, chloroplatinic acid hexahydrate (H2PtCl6.6H2O) and 

TiO2 NPs (AEROXIDE P25, ca. 20 nm), provided by Alfa Aesar and Evonik, respectively, 

were used. For the aerogel preparation, a GO water dispersion of 4 mgmL−1, supplied by 

Graphenea Inc. (Spain), was employed. Ethanol and methanol were purchased from Carlo Erba. 

Liquid CO2 (99.95 wt%), N2 and H2 gasses were delivered by Carburos Metálicos S.A. 

 

2.2. Synthetic methods 

2.2.1. Preparation of NPs of xPt/TiO2 composite 

NPs of Pt/TiO2 with different Pt contents were prepared following a reported incipient 

impregnation deposition and followed by reduction methodology.38 Briefly, a weighted amount 

of H2PtCl6.6H2O, e.g., 2.7, 13, or 26 mg, was dissolved in 2.5 mL of ultrapure water and used 

to obtain Pt/TiO2 composites with 0.1, 0.5, and 1.0 wt% Pt contents, respectively. Each Pt 

solution was added dropwise to 1 g of TiO2 NPs at a rate of 8.33 μL min−1, achieved by using 

a peristaltic pump, while the resulting slurry was continuously sonicated. After that, the 

deposited suspension was kept under sonication for 2 h. The dense dispersion was dried at 100 

°C overnight in an air oven. The recovered powder was treated at 200 °C in a tubular oven, 

increasing the temperature with a heating ramp of 10 °C min−1, first under N2 for 1 h and then 

reduced under a H2 flow of 50 mL min−1 for 3 h. A grey powder was obtained and named as 

xPt/TiO2, where x indicates the added Pt weight content in percentage. 

 

2.2.2. Preparation of xPt/TiO2@rGO composite aerogels 

For the composite aerogels, a suspension of GO in ethanol with an adjusted con-centration of 

3.5 mg mL−1 was first prepared from water dispersion following a reported protocol.36 

Weighted amounts of bare TiO2 and composed xPt/TiO2 NPs were dispersed by sonication in 

aliquots of 1 mL of the GO-ethanol suspension to obtain weight ratios of 2:1 and 6:1 for 

NPs:GO. The suspensions were added to assay tubes of ca. 1 cm diameter and 2 mL volume 

and placed in a 200 mL high-pressure reactor (TharProcess). The aerogels were prepared by 

drying the suspensions with scCO2 in the batch mode, keeping the autoclave at 200 bar and 45 
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°C for 48 h (Figure 1).36 Finally, the CO2 was slowly released from the reactor under isothermal 

conditions. The xPt/TiO2@GO samples were recovered as one-piece cylindrical monoliths. The 

reduction of the recovered 3D GO aerogels to rGO was carried out in a tubular oven at 300 ºC 

under N2 flow. To reach the target temperature, a heating ramp of 5 °C min−1 was used, 

upholding the temperature for 20 min after reaching 100 and 200 °C, and then maintaining it 

for 2 h at 300 °C. The reduced xPt/TiO2@rGO aerogels were also recovered as one-piece 

monoliths and used either as-synthesized or smashed into small pieces. 

 

Figure 1. Scheme of the scCO2-assisted synthesis for Pt/TiO2@rGO aerogels. 

 

2.3. Characterization 

The platinum content in the xPt/TiO2@rGO aerogels was quantified by inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent 7700x) after digesting the samples in 

hydrochloric, nitric, and hydrofluoric acids (3:1:0.5 v/v). The structural characterization of the 

prepared NPs and the reduced composite aerogels was performed by powder X-ray diffraction 

(PXRD) in a Siemens D5000, using the Cu Kα incident radiation with a step scan of 0.02° in 

the 2θ 5–40° range. The size of the NPs was estimated using PXRD data and the Scherrer 

equation. Surface functional groups were studied by Fourier transform infrared (FTIR) 

spectroscopy (Jasco 4700 Spectrophotometer), after the dispersion of the samples in potassium 

bromide (KBr). Raman spectra were recorded to ascertain the reduction in GO by using an 

excitation wavelength of 532 nm. The morphology of the composite aerogels and the size of 
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the NPs, as well as their degree of dispersion on the rGO platelets, were investigated by 

scanning (SEM, Quanta FEI 200) and transmission (TEM, JEOL 1210) electron microscopies. 

The BET (Brunauer, Emmet, Teller) surface area (Sa), the BJH (Barrett, Joyner, and Halenda), 

and cumulative adsorption pore volume (Vp) were determined by collecting N2 

adsorption/desorption isotherms at 77 K (ASAP 2020, Micromeritics Inc., US), after degassing 

the samples at 393 K for 20 h. For the smashed aerogels, dynamic light scattering (DLS Coulter 

LS230) was used to study the hydro-dynamic size of the aerogel broken pieces dispersed in 

methanol/water (0.5 v/v). The wettability of the reduced and non-reduced composites was 

investigated by water contact angle measurement (Biolin Sci. Attension Theta Lite) after 

preparing a compressed pellet with the monoliths. The optical properties of the aerogels were 

investigated by UV-vis diffuse reflectance (Jasco V-560) and photoluminescence (Jasco FP-

8300) spectroscopies using the smashed solid samples. For the UV experiments, barium sulfate 

(BaSO4) powder was used as blank. 

 

2.4. Photocatalytic H2 production 

The photocatalytic activity of the synthesized composite aerogels for H2 production was tested 

by immersing the reduced monoliths, either as recovered in one piece or ultrasonically smashed, 

in an aqueous methanol solution. For the one-piece samples, a specifically designed basket 

composed of polylactic acid (PLA) polymer was fabricated with 3D printing to hold four 

monoliths and prevent them from floating during the reaction. The basket was settled inside a 

cylindrical glass reactor of 20 mL that was filled with 14 mL of a methanol/water mixture 

(Figure 2).  

 

Figure 2. Scheme of the catalyst reactor setup and picture of the vessel involving the hand-

made support holding the one-piece aerogel monolith. 
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For the tests with the smashed aerogels, four monoliths were added to the methanol/water 

solution, gentile sonicated for 5 min in an ultrasonic bath, and poured into the 20 mL reactor 

vessel without the basket but under mechanical stirring (100 rpm). The methanol percentage in 

the methanol/water mixture was varied from 0.01 to 1 v/v. Different aerogel catalyst 

concentrations, from 0.04–2.67 gaerogel L
−1 (equivalent to 0.03 to 2 gNPsL

−1) were also tested. 

Before starting the catalytic reaction, the system was purged with N2, and a stream of this inert 

gas was continued at a rate of 7.5 mL min−1 during the entire experiment. The reaction mixture 

was irradiated with a four visible-LED system placed at a 4 cm distance from the cylindrical 

reactor wall. The emission spectrum is shown in Figure 3. The average nominal irradiance of 

each LED was 45.0 mW cm−2, determined by using a UV–vis spectroradiometer (OceanOptics 

USB2000+). The H2 production rate was analyzed online every 10 min in the headspace of the 

reactor by using a gas chromatograph (Inficon 3000 MicroGC). The results are expressed 

referring to either the rate of H2 production [µmolH2 h
−1] or the rate per mass of the NPs 

[µmolH2 h
−1 gNPs

−1]. Steady-state H2 production data recorded after 60 min were calculated for 

all the analyses performed with the smashed monoliths. 

 

Figure 3. Emission spectrum of the used light source. 

 

3. Results and discussion 

3.1. Aerogel synthesis 

The xPt/TiO2@rGO composite aerogels were synthesized through the intermediate 

xPt/TiO2@GO aerogel (Figure 1), involving a non-reduced GO matrix containing a high 

amount of oxygenated functional groups, mainly hydroxyl, epoxy, and carboxylic, which are 

located on the basal plane and at the edges of the 2D platelets. The oxygenated functionalities 

facilitate the dispersion and exfoliation of GO in aqueous and polar solutions via simple 
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sonication. Moreover, preserving the oxygenated functional groups in GO during scCO2 aerogel 

synthesis was essential to ensure the presence of many anchoring points on the substrate for the 

NPs, which guarantees the establishment of strong interactions with a net or composed 

hydrophilic TiO2 involving hydroxyl groups on the surface.32,39,40 Three different compositions 

for the NPs in the intermediate were tested, namely, 1Pt/TiO2@GO, 0.5Pt/TiO2@GO, and 

0.1Pt/TiO2@GO, corresponding to an initially mixed amount of Pt with the TiO2 NPs of 1, 0.5 

and 0.1 wt%, respectively. To activate the aerogel for the catalytic process, the xPt/TiO2@GO 

intermediate samples were exposed to a temperature of 300 ⁰C in a N2 atmosphere. This 

treatment eliminates most of the oxygenated groups in GO. The reduction step is crucial to 

further achieve an efficient photocatalytic reaction, since important graphene-like 

characteristics, such as high e– mobility, are partially restored by removing some of the 

oxygenated groups. Hence, the rGO matrix can act as an efficient sink, where the 

photogenerated e– are stored and transferred.13,41 During reduction, ca. 30 wt% is eliminated 

from the sample, corresponding mostly to oxygenated functionalities. Taking this into account, 

the estimated ratios of the NPs:rGO phase in the xPt/TiO2@rGO samples were calculated as 

3:1 and 9:1, corresponding to the intermediates with NPs:GO ratios of 2:1 and 6:1, respectively. 

The Pt content in the reduced composites was measured by ICP-MS, giving values close to the 

expected quantity, 0.9, 0.5, and 0.1 wt%, percentages calculated concerning TiO2 weight. Thus, 

practically, no noble metal loss occurs during the preparation procedure. The obtained samples 

were named as 0.9Pt/TiO2@rGO, 0.5Pt/TiO2@rGO, and 0.1Pt/TiO2@rGO. 

 

3.2. Aerogel structure 

The composite components, as well as the intermediate xPt/TiO2@GO and reduced 

xPt/TiO2@rGO aerogels, were structurally analyzed by PXRD. Figure 4a shows the main 

signals in the patterns obtained in the 2θ interval of 20 to 40°, with the lines corresponding to 

anatase (2θ = 25.4, 37.0, 37.9, and 38.7°) and rutile (2θ = 27.4 and 36.2°), which were identical 

in the bare TiO2 P25 and composed Pt/TiO2 patterns. The signal of GO is described to appear 

at low angles, ca. 11°.42  
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Figure 4. Structural characterization of bare NPs and as-synthesized or reduced aerogel compo-

site for the 1Pt/TiO2@GO (2:1) and 0.9Pt/TiO2@rGO (3:1) samples: (a) PXRD patterns, (b) 

Raman spectra, in which D and G bands are indicated with dashed lines, (c) FTIR spectra, and 

(d) N2 adsorption/desorption analysis of the reduced aerogel. 

 

This signal could be observed for the intermediate non-reduced sample as a minor peak at this 

2θ (Figure 5), while it disappears from the pattern of the reduced composite. The broadening of 

the diffraction lines was used to estimate NPs diameter by using the Scherrer equation. For bare 

TiO2 and binary xPt/TiO2 NPs, a size of ca. 21–22 nm was estimated, similar to that observed 

with TEM microscopy (Figure 6a,b). The NPs size in the reduced composites was similar, ca. 

19–20 nm. The estimated particle size was, in all cases, in the range of the mean value given 

for the commercial TiO2 P25 (ca. 20 nm). Consequently, no significant alteration of the 

crystalline structure or in the particle size of the TiO2 took place throughout the deposition of 

Pt on its surface or the during aerogel formation and reduction. 

a) b) 

c) d) 
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Figure 5. XRD spectra of the non-reduced 1Pt/TiO2@GO and reduced 0.9Pt/TiO2@rGO (3:1) 

composites. The small peak representative of GO is marked with a grey dashed line. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. TEM images of: (a) bare TiO2, and (b) 0.9Pt/TiO2 NPs obtained by subjecting 

1Pt/TiO2 NPs to the reduction treatment. 

 

Raman spectroscopy was used to investigate the structural changes occurring in the GO 

functional groups during the reduction process of the aerogel. The as-synthesized and reduced 

aerogels recorded spectra were characterized by the presence of the typical G and D bands at 

1590 and 1345 cm−1, respectively (Figure 4b). The G band is generated by the in-plane 

vibrations of sp2-bonded carbon atoms (C–C stretching), while the D-band represents the out-
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of-plane sp3 vibrations corresponding to the defects in the graphitic structure. The ratios of the 

intensities of the D and G bands (ID/IG) were 0.90 and 0.97 for the GO and rGO composite 

aerogels, respectively. This result indicates that both synthesized and reduced samples have an 

elevated degree of sp3 defects in the graphitic structure. For the xPt/TiO2@GO samples, the 

defects represent the highly oxygenated character of GO. For the xPt/TiO2@rGO composites, 

defects not only originated from the residual oxygenated groups but there are also structural 

defects (holes, vacancies, dislocations, etc.) caused by the thermal treatment applied for sample 

reduction. It has been described that reduction under relatively mild conditions, such as the ones 

used in this work, triggers the formation of these defects in rGO.43 A considerable number of 

new sp2 graphitic domains are formed, but of small size.44 Moreover, a broadened band 

observed in the 2700–3000 cm−1 region of the Raman spectra, the usual position of the 2D peak 

in graphene, is indicative of randomly oriented multilayer graphene composing the aerogels.45 

Finally, the presence of the NPs in the composite was noticed by the detection of the TiO2 bands 

at 151, 394, 515 and 630 cm−1. The oxygenated character of GO in the intermediate composite 

and reduced aerogel was further analyzed by FTIR spectroscopy. The spectra of the 

intermediate samples (Figure 4c) show the GO functional groups by displaying the vibrational 

modes of C=O at 1719 cm−1, C-OH at 1221 cm−1, C-O at 1060 cm−1, C-O-C at 1370 cm−1, and 

OH at 1618 and 3400 cm−1, the latter indicating also adsorbed water. The reduced sample 

displayed an intense C=C band at 1550 cm−1, indicating the partial restoration of the graphitic 

structure. However, the bands of most of the oxygen groups in GO were somehow preserved in 

the rGO samples, only the peaks corresponding to epoxy vanished totally, while the peak at 

3400 cm−1 corresponding to the hydroxyl groups diminished. The presence of the NPs in the 

composites is shown by the intense and broad stretching band appearing at 500–800 cm−1. 

Raman and FTIR characterization indicate that, under the used experimental conditions for the 

reduction, 300 °C and a N2 atmosphere, the GO phase was partially reduced, but a significant 

amount of oxygenated functionalities was conserved in the structure of rGO. 

 

3.3. Textural properties and morphology 

The textural properties of the synthesized aerogels were analyzed by N2 adsorption/desorption 

at low temperatures. Figure 4d shows the isotherm recorded for the sample 0.9Pt/TiO2@rGO 

(3:1), representative of all the studied systems, while the isotherms of the precursors are 

displayed in Figure 7a. The isotherm of the 0.9Pt/TiO2@rGO is 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 
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microporosity. A similar shape was found for the non-reduced GO precursor, while the 

0.9Pt/TiO2 NPs constitute a meso-porous system originated by particle aggregation. The Sa 

value for the 0.9Pt/TiO2@rGO sample was in the order of 110 m2g−1. This value is inferior to 

that found in the non-reduced GO sample (ca. 150 m2g−1) but is superior to pristine NPs (ca. 50 

m2g−1).  

 

 

Figure 7. (a) N2 adsorption/desorption isotherms for the 0.9Pt/TiO2@rGO sample compared to 

the precursors GO and 1Pt/TiO2 NPs and (b) BJH volumetric pore size distribution calculated 

from the adsorption branch of the isotherm. 

 

Drying gels with scCO2 is known to produce relatively denser aerogels than drying at the critical 

point of the alcohol due to moderate shrinkage occurring upon gelation and drying. In this work, 

a diameter of ca. 0.8 cm was measured for the cylindrical aerogel intermediates xPt/TiO2@GO, 

indicating that they suffered some contraction in the axial direction since they were synthesized 

in a vial of 1 cm diameter. Further, some extra tightening occurs during reduction, leading to 

monoliths of ca. 0.7 cm diameter for the end products xPt/TiO2@rGO. Aerogels with 

mesoporosity homogeneously distributed along all the mesopore range were obtained (Figure 

7b), with a BJH Vp of 0.30 cm3g−1 and an average mesopore size of 10 nm. 

All the different xPt/TiO2@GO synthesized intermediate aerogels have similar morphology; 

they are highly porous with a sponge-like macrostructure, as shown in the SEM image of Figure 

8a. The SEM images of the reduced monoliths displayed, similarly to the intermediates, a 3D 

structure with interconnected meso- and macropores (Figure 8b). 
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Figure 8. SEM images of samples: (a) 1Pt/TiO2@GO (2:1), and (b) 0.9Pt/TiO2@rGO (3:1), 

representative of the morphology of as-synthesized and reduced aerogels. 

 

In most of the as-synthesized and reduced samples, the NPs can be discerned as a highly 

dispersed phase deposited on the surface of the GO or rGO plates (Figure 9a). However, the 

formation of large aggregates was also detected for the samples with the highest NPs:rGO (9:1) 

ratio (Figure 9b). 

 

 
 

Figure 9. TEM images of the 0.9Pt/TiO2@rGO samples with NPs:rGO ratios: (a) 3:1 and (b) 

9:1. 

 

 

a) b) 

a) b) 
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3.4. Aerogels optical properties 

The optical properties of the reduced composites, as well as those of bare TiO2 and rGO, were 

analyzed by UV-vis diffuse reflectance spectroscopy to investigate the samples’ photoresponse 

(Figure 10a). TiO2 was active in the UV zone and exhibited an abrupt absorption edge around 

400 nm, while rGO displayed a continuous absorption in the visible range. For the reduced 

composites, a broad background absorption in the visible range was observed as a consequence 

of rGO black characteristics, more notable in the sample with the lowest percentage of NPs, 

e.g., xPt/TiO2@rGO (3:1). The contribution of the NPs to the absorption in the UV zone can be 

clearly appreciated in the composites’ spectra, although with a red shift in the adsorption edge 

that was slight, to 450 nm, for the (9:1) composite and pronounced, to 750 nm, when the amount 

of rGO was increased in the (3:1) sample. This shift indicates an increased photoresponse in 

the visible range of the composite aerogels with respect to net TiO2 NPs. To study the indirect 

optical band gap of the photocatalyst, a Tauc plot was determined, calculated from the UV-vis 

absorption spectrum (Figure 10b).46,47 For the bare TiO2, a band gap energy of 3.1 eV was 

estimated from the x-axis intercept of the extrapolated line fitted to the linear region of the plot. 

The effect of the Pt content was analyzed for the xPt/TiO2@rGO (3:1) composites with an x 

range of 0.9–0.1 wt%. The three measured bandgap values (at Pt contents of 0.9, 0.5, and 0.1 

wt%) were of ca. 1.5 eV, thus demonstrating the low influence of this parameter. Contrarily, 

enhancing the ratio of NPs:rGO in the 0.9Pt/TiO2@rGO sample from 3:1 to 9:1 results in an 

increase in the bandgap from 1.5 to 2.8 eV, with a concomitant increase in the transition energy 

of the photoexcited electrons. This phenomenon is assigned to the generation of impurity energy 

levels above the valance band in the NPs upon their incorporation onto the rGO surface. Thus, 

for the excitation of the charge carriers, less energy is required.48 It is worth mentioning that 

the shift in the absorption edge and the decrease in the band gap energy are both more notable 

in the studied compounds than in similar published systems, reporting shift values of only 0.1–

0.4 eV.17,26 This important result is explained by the formation of a large number of Ti–O–C 

bonds in the xPt/TiO2@rGO samples, established between the surface of the TiO2 and the rGO 

flakes,49 and occurring during the reduction and elimination of water from the pre-settle 

hydrogen bond interactions Ti–OH...OH–GO in the xPt/TiO2@GO intermediates. Although the 

low band gap energy in the (3:1) aerogel suggests a high photoresponse, this feature does not 

necessarily mark out the best photocatalyst system, since other factors should be taken into 

account. Importantly, using a high amount of rGO can evoke some activity loss, as the dark 

flakes can shield some active NPs, such that not all catalytic units are exposed to the light. 

Hence, to design the right catalyst, a compromise must be attained between the percentage of 
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components (NPs:rGO) in the composite; on the one hand, to increase the band gap through the 

decrease in the number of NPs and, on the other hand, to reduce darkness via a decrease in the 

proportion of rGO. 

 

Figure 10. Optical characterization of bare NPs and reduced aerogel composites: (a) UV-vis 

diffuse reflectance spectra, (b) band gap energy determined from the Tauc plot (the linear part 

of the plot is extrapolated to the x-axis), (c) photoluminescence spectra at an excitation 

wavelength of 320 nm, and (d) samples of xPt/TiO2@rGO (3:1) with different Pt ratios. 

 

Photoluminescence experiments were carried out to study the recombination rate of the 

photogenerated e−/h+ pairs in the aerogel catalyst. One of the main drawbacks described for the 

use of TiO2 semiconductors in photocatalytic processes is the fast recombination of the 

photogenerated species.7 This behavior is clearly evidenced in the photoluminescence spectrum 

with an intense emission after the photoexcitation of the bare NPs under UV light at 320 nm 

(Figure 10c). A wide luminescence band is observed for TiO2, with a maximum at 410 nm 

a) b) 

c) d) 
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(close to the band gap energy of TiO2), which is followed by a less intense signal at 468 nm. 

The spectra of the reduced xPt/TiO2@rGO (3:1) and (9:1) composites did not have the same 

pattern as that of net TiO2, being indeed similar to that of rGO. Thus, the photoluminescence 

intensity was diminished in the composites with respect to bare NPs, which is a usual behavior 

originated by the e– acceptor and transport features given by the rGO support, resulting in 

suppressed charge recombination and less intense light emission. However, the composites with 

the lowest percentage of rGO showed the weakest photoluminescence intensity values, 

indicating that there is an optimal rGO content regarding the recombination rate. For the 

composite with the largest number of NPs, quantitatively more photoelectrons can be generated, 

thus resulting in a high number of potential recombinations and increased photoluminescence 

intensity. The deposited Pt on the TiO2 surface has been described to act as an electron sink, by 

trapping the electrons and further transferring them to the rGO support.25 Comparing the applied 

Pt ratios, e.g., 0.1, 0.5, and 0.9 wt%, the lower the Pt loading, the weaker the photoluminescence 

response (Figure 10d). This result suggests that Pt can also act as a recombination center.50 

 

3.5. Photocatalytic hydrogen production 

Studies of photocatalytic H2 production were performed to evaluate the new catalytic system. 

For that, the applied conditions were first extensively examined and optimized. The most 

favorable conditions for the use of the new catalyst in a particular catalytic process would 

depend on both the character of the material (composition and structure) and the setup used. In 

this study, the analysis is focused on the optimization of the synthesized xPt/TiO2@rGO 

composite aerogel in regard to its photocatalytic activity in irradiated aqueous methanol 

solutions. The applied setup for the photocatalytic reaction is schematized in Figure 2. The 

studied parameters were catalyst reduction degree (from any to mild reduction), catalyst 

architecture (one-piece monolith or smashed aerogel), methanol concentration in the aqueous 

solution (from 0.01 to 1 v%), the added amount of catalyst to the reactor (from 0.03 to 2 gNPs 

L−1), Pt percentage in the catalyst (from 0 to 1 wt% in the Pt/TiO2 NPs), and NPs ratio with 

respect to rGO (3:1 and 9:1). In a typical experiment performed with the sample 

0.9Pt/TiO2@rGO (3:1), the aerogel was recovered after the photocatalytic reaction and 

analyzed in regard to composition. The sample maintained the ratio 3:1 for NPs:rGO, thus 

indicating the lack of NPs leaching, which opens the door for the recyclability of the material. 
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3.5.1. Aerogel reduction degree 

The straight use of GO monolithic aerogels with highly hydrophilic character in polar solvents 

causes the destruction of the macroscopic structure, provoked by strong electrostatic 

interactions with the solvent once it is immersed into the liquid. To avoid this drawback, the 

reduction in the GO phase to rGO was the applied solution in this work. The reduction step 

must be precisely controlled, since excessive reduction leads to highly hydrophobic aerogels 

that can suffer from low wettability when soaked in polar liquids, such as the water/methanol 

reaction medium used in this work. Hence, reaching an appropriate reduction degree of the GO 

composite aerogel is crucial to design an efficient catalyst in which the aqueous solution must 

easily travel inside the 3D structure.7 In this work, a soft thermal treatment was applied for the 

reduction of the intermediate aerogel NPs@GO to NPs@rGO, e.g., 300 °C under a N2 

atmosphere. A reduced aerogel with amphiphilic properties, involving graphitic hydrophobic 

regions and remaining hydrophilic oxygenated groups (hydroxyl and carboxyl), was thus 

synthesized. The decrease in hydrophilicity after reduction was depicted by water contact angle 

measurements, showing an increase in the contact angle for the reduced composite (58.9°) in 

comparison to the non-reduced (21.8°) (Figure 11). The relatively still high wettability found 

for the reduced composite is the consequence of the residual oxygenated groups and the 

involvement of the more hydrophilic TiO2 NPs, as well. 

 

 

Figure 11. Contact angle measurement of: (a) 0.9Pt/TiO2@rGO and 1Pt/TiO2@GO 

composites, measured with a water droplet. 

 

For the analyzed catalytic process, the necessity of reducing the GO support to rGO was 

established in a preliminary experiment in which the H2 evolution with time was compared for 

similar samples either non-reduced (1Pt/TiO2@GO (2:1)) or reduced (0.9Pt/TiO2@rGO (3:1)) 

under similar conditions in the catalytic reactor (0.5 v/v methanol/water solution, 0.5 gNPs L
−1, 

a) b) 
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and smashed aerogel). The obtained results indicate that the reduction step was necessary to 

improve the efficiency of the catalyst (Figure 12a). 

Indeed, the H2 production in steady-state conditions was more than doubled for the reduced 

aerogel, increasing from 3280 µmolH2 h
−1 gNPs

−1 in the 1Pt/TiO2@GO (2:1) intermediate to 

7070 µmolH2 h
−1 gNPs

−1 in the 0.9Pt/TiO2@rGO (3:1) aerogel. The reasons for the positive effect 

on the H2 production rate of the GO reduction are two-fold. On one hand, upon the removal of 

the oxygenated groups on the GO surface, the graphitic structure is partially restored, although 

in small spots due to defect generation.43,44 Nevertheless, rGO would own more electrical 

pathways than GO, enhancing the conductivity of the matrix that plays a key role in transferring 

the photogenerated e–, thus preventing re-combination and improving H2 production 

efficiency.51 On the other hand, the more hydrophobic reduced structure favors the adsorption 

of the methanol sacrificial agent over water and maintains it close to the Pt/TiO2 NPs to boost 

h+ consumption, which was beneficial for production.26 

 

 

Figure 12. H2 production rate at different experimental conditions: (a) using the non-reduced 

1Pt/TiO2@GO (2:1) and reduced 0.9Pt/TiO2@rGO (3:1) aerogels (reaction conditions: 0.5 v/v 

methanol/water, 0.5 gNPs L
−1, smashed aerogel), and (b) using the 0.9Pt/TiO2@rGO aerogel as 

a one-piece monolith (green) and smashed (purple) (reaction conditions: 0.5 v/v 

methanol/water, 2gNPs L
−1). 

 

 

a) b) 
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3.5.2. Aerogel architecture 

Fabricating GO-based composite aerogels using scCO2 makes possible the creation of 3D 

monolithic meso/macroporous architectures. Preliminary tests were performed using a set-up 

designed for the straight use of the monoliths (Figure 2). Four of these cylinders were 

simultaneously used with a total weight of ca. 40 mg, which represents a catalytic NPs 

concentration of 2 gNPs L
−1 in the reactor filled with 14 mL of a 0.5 v/v methanol/water solution. 

Under these conditions, a specific H2 production of 180 μmol h−1 gNPs
−1 was reached at the 

steady state for the sample 0.9Pt/TiO2@rGO (3:1) (Figure 12b). Compared to the literature, this 

value is similar to those given in some of the published works (e.g., 100–400 μmol h−1gNPs
−1 

using TiO2/Pt/rGO composites25), although it is considered to be in the low range of H2 

production.26,27,29,30 Definitely, the most important drawback of using monolithic one-piece 

aerogels in the catalytic experiment is relays in the small amount of sample exposed to light, so 

that during irradiation most of the Pt/TiO2 NPs in the interior part of the monolith remains 

inactive. Moreover, a long reaction time was needed to reach the steady state, in the order of 

200 min, which was related to the slow diffusion of reactants in the monolithic aerogels with 

low permeability due to certain densification originated by shrinkage and high tortuosity. 

Diffusion is further hindered in non-stirred setups such as the one used in this work for the one-

piece monoliths. Agitation was not used to avoid turbulence damage to the integrity of the 

monoliths during the measurements. Hence, in spite of the great prospect of applying 

monolithic aerogels to diminish the loss of active sites during recycling,7 the utilization of one-

piece aerogel photocatalysts in liquid media appears to still face significant challenges.52  

To improve the catalytic activity of the aerogels, a second set of experiments was performed by 

first dispersing the reduced monoliths in small pieces in the aqueous methanol solvent, using 

for that soft and short sonication. The aim of the ultrasonic treatment was not to re-exfoliate the 

rGO flakes but to break the monoliths into pieces. The DLS characterization of the obtained 

dispersion gave a bimodal pattern with peaks at ca. 10 and 20 µm hydrodynamic sizes, 

representative of the size of the broken pieces of aerogel (Figure 13). 

After this treatment, the H2 production rate for the sample 0.9Pt/TiO2@rGO (3:1) increased to 

1600 μmol h−1 gNPs
−1, with the particularity that this high rate was achieved after only 40 min 

(Figure 12b). The shortening in the required time to reach equilibrium is related to an increase 

in the catalyst permeability occurring for the small pieces with shorter throughout distances 

than the one-piece monoliths. Hence, permeability, even having similar absolute values for the 

smashed and one-piece aerogels is not the key parameter limiting the catalytic activity of the 

micrometric samples. The setup involving small pieces has the advantage that measurements 
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can be performed under stirring, thus minimizing drawbacks related to reagent diffusion, 

adsorption, and desorption. Moreover, the small pieces of aerogel are continuously moving in 

the turbulences created by agitation, thus giving more chance for the catalytic NPs for being 

irradiated by light. All these factors lead to an enhancement in the H2 production rate. 

 

 

 

 

 

 

 

 

Figure 13. DLS analysis of the 0.9Pt/TiO2@rGO (3:1) aerogel dispersed in an aqueous 

methanol solution (0.5 v/v). Data measured after 5 min of ultrasound treatment. 

 

3.5.3. Methanol concentration 

Concerning methanol sacrificial agent concentration in the aqueous solution, diverse, even 

contradictory results have been published on TiO2-based systems used for photocatalytic H2 

production. Actually, some of them conclude that methanol contributes less than its 

stoichiometric ratio to the overall H2 formation,53 while others confirm that the overall reaction 

can be described as the photoconversion of exclusively methanol.54 In fact, it is expected that 

an increase in the methanol concentration in the aqueous solution results in enhanced H2 

production, whether it comes either from the water/sacrificial agent or the sacrificial agent 

exclusively, due to the more effective scavenging of the photo-generated h+ by the alcohol. 

Water is known to play an important role in the complete oxidation of alcohol to CO2, making 

its presence necessary.55 For instance, water has the ability to fasten the essential desorption of 

the reaction products from the catalyst surface, thus enhancing the reaction rate. As a 

consequence, after a certain increase in methanol concentration, the decrease in H2 production 

generally occurs due to the hindered adsorption of water on the catalyst surface already 

occupied by alcohol molecules. To optimize this parameter for the developed catalyst, methanol 

was applied in increased concentrations in the aqueous solution, from 10 to 100 v% (0.01 to 1 

v/v). Experiments were performed with the smashed aerogel of sample 0.9Pt/TiO2@rGO (3:1) 

and a catalyst concentration of 2 gNPs L
−1. The measured flow rates of the produced H2 at the 

steady state, e.g., at 60 min for each methanol concentration, are shown in Figure 14a.  
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Figure 14. H2 production rate in steady-state conditions (60 min) for 0.9Pt/TiO2@rGO (3:1) 

smashed aerogel: (a) influence of methanol concentration (2 gNPs L
−1), and (b) influence of NPs 

concentration (0.5 v/v methanol/water), in which results are expressed as the non-specific 

(µmolH2 h
−1, blue) and specific (µmolH2 h

−1gNPs
−1, orange) production rates. 

 

Initially, the increase in the methanol-to-water ratio favored the H2 production rate up to a 

maximum reached at a concentration of ca. 0.5 v/v. Thereafter, a further increase in the alcohol 

concentration results in a smooth decrease in the H2 evolution. Commonly, a behavior of a sharp 

decline in H2 generation has been observed for similar catalysts.56,57 The lack of severe 

decrease, caused by excess methanol on the catalytic efficiency of the studied composite, is 

here related to the swelling characteristics of the used rGO support. Although the photocatalytic 

reaction is induced by the photogenerated h+ and e– on the Pt/TiO2 NPs, the swelling of the rGO 

support is influenced by the polarity of the solvent, which affects the interaction between the 

dispersed active sites on the rGO surface and the reactants. Applying methanol in high 

concentrations would enhance the swelling of the aerogel pieces since methanol interaction 

with the hydrophobic graphitic regions in the rGO support would be stronger than for water.58 

The swelled structure would allow better accessibility for the reactants to the attached NPs. 

Hence, the above-mentioned adverse effects of the excess of methanol are somewhat 

compensated by aerogel swelling, and the H2 production is maintained at a relatively high level 

in all the studied ranges of alcohol concentration. 

 

 

 

a) b) 
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3.5.4. Catalyst concentration 

The effect of the catalyst loading, referring to the number of NPs, was investigated in the 

concentration interval of 0.03 to 2 gNPs L−1 (equivalent to 0.04–2.67 gaerogel L−1) for the 

0.9Pt/TiO2@rGO (3:1) smashed aerogel dispersed in 0.5 v/v water/methanol solution. The 

production rate of H2 was measured at a steady state (60 min) (Figure 14b). In the studied 

interval of concentration, the H2 flow rate, expressed as the specific value, e.g., normalized to 

the catalyst NPs weight (µmolH2 h
−1 gNPs

−1), was very high at low catalyst loading (0.03–0.125 

gNPs L
−1), and then substantially decreased at high concentrations (> 0.5 gNPs L

−1). However, 

this result, which could be taken at the first instance as an indication of the benefits of working 

at a very low concentration of catalyst, is just a mathematical artifact since, in fact, the total 

amount of the produced H2 can be considered as being in the low range. The representation of 

the catalytic data as a function of the non-specific H2 production rate (µmolH2 h
−1) indicates 

that the total amount of evolved H2 sharply increases with the catalyst loading up to a value of 

ca. 0.5 gNPs L−1. Thereafter, H2 production slightly decreases by increasing catalyst 

concentration. This decrease is likely due to light blocking by an excess of dark solid catalyst 

dispersion.59  

 

3.5.5. Catalyst composition 

Platinum content 

Regarding the catalyst composition, one important parameter for regulating the photocatalytic 

activity in the reaction of H2 production is the amount of Pt added to the TiO2 NPs. The presence 

of Pt is necessary for suppressing the recombination of the photo-generated e– and h+ in the 

TiO2 semiconductor, thus enhancing the formation of H2. Intimate Pt–TiO2 contact at the 

interphase is also necessary to maximize the H2 production efficiency.60 To analyze this 

parameter, a series of experiments was performed with smashed xPt/TiO2@rGO (3:1) aerogels 

with four different values of Pt content in the NPs: 0, 0.1, 0.5, and 1.0 wt%. In previous works 

involving Pt/TiO2/rGO systems, the proportion of the noble metal is also within this range, 

typically 0.4–1%,17,25,26,29 which facilitates data comparison. Measurements were carried out at 

the optimal reaction conditions previously established, e.g., 0.5 v/v water/methanol and 

smashed catalyst with a concentration of 0.5 gNPs L
−1. Primary tests indicated that without the 

addition of the noble metal (sample TiO2@rGO), the H2 evolution was negligible, with a value 

of only 60 µmolH2 h−1 gNPs
−1. This result corroborates previous findings pointing to the 

inactivity of TiO2 NPs without the use of a co-catalyst.61 In the studied range of noble metal 

loading, the H2 production increases concomitantly with Pt content (Figure 15a). The decline 
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in H2 evolution was smoother when the Pt content was decreased from 0.9 to 0.5 wt% than from 

0.5 to 0.1 wt%. This observation indicates that, although the overall H2 production was the 

highest with the sample of 0.9 wt% Pt content in TiO2, the total amount of noble metal can be 

halved without losing significant activity. This is an important result since Pt is the most 

expensive component of the catalyst; therefore, the amount of noble metal incorporated into the 

composite would be crucial in any industrial process and must be reduced as much as possible. 

The design of a catalyst involving an important reduction in the use of Pt is currently an 

important goal targeted by the European Commission.62  

Figure 15. Specific H2 production rate for smashed aerogel samples: (a) xPt/TiO2@rGO (3:1) 

with different Pt content, and (b) 0.9Pt/TiO2@rGO with 3:1 and 9:1 NPs:rGO ratios. Reaction 

conditions: 0.5 v/v methanol/water, 0.5 gNPs L
−1. 

 

NPs:rGO ratio 

The influence of modifying the NPs:rGO ratio in the 0.9Pt/TiO2@rGO composite was 

investigated by increasing this value from 3:1 to 9:1. This modification resulted in a 2.7-fold 

enhancement in the H2 production efficiency, from 7070 to 18800 µmolH2 h−1gNPs
−1 at the 

steady state (Figure 15b). The foremost effect of increasing the NPs loading in the composite 

was to enhance the light-harvesting of the catalyst since, statistically, the probability for the UV 

radiation to contact active centers rises. On the contrary, the large amount of rGO in the aerogel 

with the lowest number of NPs shields an important portion of the active centers, hindering 

a) b) 



Chapter II 

 167 

overall catalyst activity.63 Moreover, the steady state in H2 evolution was reached at 10 and 90 

min for the 3:1 and 9:1 samples, respectively. Increasing the rGO percentage in the composite 

should raise the hydrophobic character of the aerogel, thus improving the accessibility of the 

methanol vs. water in the pores. Excess amounts of methanol close to the photogenerated holes 

facilitate the fast h+ trapping by the alcohol, such that in the initial phase of the reaction, the H2 

production already reaches its limit.58 Hence, the sample with the lowest proportion of NPs has 

the advantage of rapidly reaching the steady state, while the sample with the higher proportion 

revealed the largest H2 production rate. One point that should be underlined particularly is that 

the value of the H2 production rate obtained for the 0.9Pt/TiO2@rGO (9:1) catalyst exceeds ca. 

2–10 times the values published for similar systems using aqueous methanol solutions as 

reaction media and involving Pt/TiO2/rGO in the catalyst.25,29 

 

4. Conclusions 

Three-dimensional porous Pt/TiO2@GO and Pt/TiO2@rGO composite aerogels were prepared 

using the one-step low-temperature green supercritical CO2 method. The produced aerogels are 

intended for the photocatalytic production of H2 from aqueous methanol solutions. For this 

application, optimal working operational conditions resulting in the highest H2 production rate 

were settled as a 0.5 gNPs L−1 catalyst concentration in a 0.5 v/v methanol/water reaction 

solution. A two-fold increase in the H2 production was observed when the GO support was 

mildly reduced to rGO, an effect assigned to the generation of new electronic pathways upon 

the partial restoration of the graphene network, and the favored adsorption of the methanol in 

the reduced structure. The moderate H2 production rate observed when a one-piece monolith 

was used (180 μmol h−1gNPs
−1) was significantly improved (ca. 10-fold) when the aerogels were 

broken into small pieces (1600 μmol h−1gNPs
−1), shortening also the time needed to reach the 

equilibrium from 200 to only 40 min. This enhancement is the result of the improved light 

exposure of the active sites and increased reagent and product diffusion. Increasing the 

NPs:rGO ratio from 3:1 to 9:1 caused a 2.7-fold increase in the H2 evolution due to the reduced 

amount of shielded, and thus inactive, NPs. Regarding the catalyst composition, low Pt 

percentages, in the order of 0.9–0.5 wt%, can be used, still giving a high H2 production rate. In 

the most favorable conditions, an H2 production of 18800 µmol h−1 gNPs
−1 was measured for the 

0.9Pt/TiO2@rGO (9:1) aerogel catalyst in aqueous methanol, which is remarkably high 

compared to the reported similar Pt/TiO2/rGO systems. 
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Abstract 

Supercritical CO2 (scCO2) technology is used here as an efficient method to assist in the 

preparation of a cutaneous polymeric formulation based on drug containing metal-organic 

framework composites. The supercritical fluid is used in three steps: (i) as a drying agent for 

the nanosized mesoporous matrix, (ii) as the impregnation vector of a topical antibiotic drug, 

and (iii) as a plasticizing and foaming fluid to obtain dispersions of the hybrid material into a 

biocompatible polymer, e.g., the macroporous patch. The materials were characterized using 

solid state technics. The drug delivery and permeation profiles of the patches were investigated 

using in vitro and ex vivo tests by using porcine skin. These analyses suggest that scCO2 

impregnation is an easy and fast strategy to prepare composite devices able to progressively 

release and diffuse the incorporated drug throughout the skin, paving the way to efficiently 

prepare cutaneous devices for topical or systemic therapies.  
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1. Introduction 

Research in ordered porous materials is currently at an exciting stage in its technological 

evolution, mainly driven by the discovery of metal-organic frameworks (MOFs).1 MOFs are 

defined as crystalline porous materials, built from metal centers connected by polytopic organic 

linkers. Most of the MOFs reported to date display large surface area (up to 10000 m2g-1), which 

is generally concomitant with pore sizes in the micropore range.2,3 While high values of surface 

area are desirable for applications related to sorption and/or catalysis, such narrow pores would 

reduce mass diffusion rate. Additionally, these pores can result to be inaccessible for 

functionalization or unsuitable for hosting desired large molecules, often limiting the 

applications of microporous MOFs to processes involving small diameter gasses. In contrast, 

MOFs with cavities in the range of mesopore (> 2 nm), even having microporous apertures in 

the micropore range (ca. 0.5-1.0 nm) and presenting lower surface area values than the 

microporous counterparts, have the advantage of high pore volume, with tunable pore sizes, for 

easy accommodation of large molecules.4-6 In particular, great progress has been made in the 

development of the mesoporous metal (Cr, Fe, Sc, Al, V) trimesate MIL-100 family. Among 

them, iron(III) trimesates, including the crystalline MIL-100(Fe) (crystallographic cages of 

diameters 2.5 and 2.9 nm) and its semi-amorphous analogue Fe(BTC), have attracted enormous 

interest for controlled drug delivery applications involving large guest molecules (e.g., drugs, 

nucleic acids, enzymes), as they both display mesopores and biocompatible features.7-10 

However in case of the MIL-100(Fe) and Fe(BTC) the mesopores are accessible through 

microporous windows, the large pore volume makes them suitable for the accommodation of 

drugs due to the possible flexibility of the framework of MOFs and the facile diffusion of the 

drug inside these pores.5  

A large variety of methodologies has been established over time to prepare iron(III) trimesates, 

evolving towards the development of sustainable routes entangling non-toxic solvents. 

Thereby, micrometric MIL-100(Fe) was first synthetized in a hydrothermal reaction involving 

Fe(0), fluorhydric acid and trimesic acid (H3BTC),11 or Fe(III) and trimesate ligand,12 with 

surface areas of ca. 1500-2500 m2g-1; and later, by conversion in water of green rust 

(Fe(II)/Fe(III)) precursors at room temperature.13 Afterwards, bench scale procedures for the 

synthesis of MIL-100(Fe) and Fe(BTC) nanoparticles (NPs) were developed on the basis of a 

soft reaction involving Fe(III) salts dissolved in water and H3BTC.14 In general, Fe(BTC) 

products have surface areas lower than MIL-100(Fe), in the order of 1000-1200 m2g-1. 
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Regardless of the synthetic method, crystalline and semi-amorphous compounds need extensive 

post-processing washing/activation to attain the mentioned values of surface area.15 

Additionally, bottom-up mass-production methods, currently used to fabricate polymer 

composite pharmaceuticals, have severe limitations related to high cost and reduced purity of 

the end product. Toxic and hazardous organic solvents are often needed. Moreover, traditional 

methods employed in polymer processing imply the use of high temperatures or plasticizers 

(e.g., chlorofluorocarbons) for polymer viscosity reduction purposes.16 By the same token, the 

generation of polluted aqueous waste streams in the processing of biomedical systems, together 

with the energy needed to remove water from products, make a significant contribution to 

global environmental pollution. As a consequence, major advances are required to reduce the 

use of both volatile/toxic organic solvents and water in the pharmaceutical and biomaterials 

industries. Regarding biomedical applications and sustainability, the use of CO2, classified as a 

safe solvent in drugs and food manufacturing by the American and European medicine 

agencies, in supercritical CO2 (scCO2) technology is widely presented as a green alternative 

during the preparation of pharmaceutical formulations.17,18 In this context, the objective of this 

work is the development of an eco-friendly, fast, and economically attractive three-steps 

approach based on scCO2 for the development of a medical device (patch), intended for 

cutaneous sustained drug release. The process involves the use of scCO2 in all the three steps 

of the cutaneous patch preparation: (i) synthesis of a nanoparticulate mesoporous iron(III) 

trimesate matrix (Fe(BTC)) in dioxane and scCO2 drying, (ii) scCO2 impregnation of the matrix 

with an active pharmaceutical agent (API), and (iii) formulation of the drug-loaded matrix with 

a polymer and simultaneous shaping onto a cellular pellet to obtain skin patches by scCO2 

foaming.  

The precipitation of Fe(BTC) has previously been explored in mixtures of scCO2 and ionic 

liquid (IL) solvents; however, the recovered product was highly contaminated with difficultly 

removable IL.19 Currently, there is a long experience in eco-friendly techniques for MOFs 

preparation and activation involving utterly scCO2.
20-22 Based on this knowledge, this work 

primarily addresses the design of a new, one-pot sustainable scCO2 method to obtain Fe(BTC) 

NPs with high surface area, i.e., free of adsorbed non-volatile solvents, which reduces the need 

of post-processing treatment, since the solvent is eliminated from the reaction medium as a gas. 

This multi-faceted research for green chemistry continues by using the known advantages of 

scCO2 in the processing of MOFs-based drug delivery systems.23 Over the past few decades, 

scCO2 has been presented as an excellent transport vector to impregnate solid matrices, as this 

approach enables the elimination of the use of organic solvents and increases solute diffusivity 
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in narrow pores.24,25 However, only few reports have been found describing the use of scCO2 

for drug loading of MOFs,26,27 which result in an unexplored field further studied in this work. 

Azelaic acid (AzA), an antibacterial and anti-inflammatory active compound, normally used in 

the dermatological treatment of skin disorders, was here chosen as the API to analyze the scCO2 

impregnation of iron(III) trimesate. AzA has been previously used as a linker in a bioMOF,28 

and also incorporated within the pores of different mesoporous MOFs by using a liquid 

diffusion approach.29 

Originally, this work addresses the preparation of MOFs-based skin patches obtained by 

applying scCO2 foaming technology. Foams are defined as materials with high porosity at the 

microscale and low density, which are particularly attractive in tissue engineering and 

transdermal drug delivery, among other applications.30 The use of cutaneous patches is a 

valuable solution for the administration of drugs with low oral bioavailability, as it is the case 

of AzA, and is alternative to reduce fluctuations in drug levels. Environment-friendly low 

molecular weight poly(vinyl-alcohol) (PVA) was selected as a typical biodegradable and water-

soluble synthetic polymer to provide patches with suitable topical properties (i.e., 

biocompatibility, prophylaxis against infections, lubricity, etc.).16 Aside, PVA shows good 

mechanical strength and thermal stability, excellent film-formation qualities and commercial 

low-cost availability. For pharmaceutical applications, it is considered as an essential 

technological innovation to use environmentally friendly blowing agents for foaming instead 

of toxic chloro- and hydrochloro-fluorocarbons. Hence, scCO2 appears again as a suitable 

strategy for this purpose. Actually, scCO2 foaming technology has been widely used in the 

production of microcellular glass polymers,31 also for the preparation of patches,32 but never in 

the preparation of MOF-based cutaneous patches. Transdermal drug delivery patches are built 

here by composing, in a high pressure CO2 atmosphere, pellets of PVA and particulate iron(III) 

trimesate loaded with AzA. Controlled expansion of scCO2 was applied to obtain the patches 

with a cellular morphology, which facilitates fluids diffusion.33 Once prepared, the drug 

delivery and stability of the patches were studied using in vitro and ex vivo conditions. The 

efficiency of the supercritically processed patches was compared with devices of similar 

composition made via a press-molding approach using previously optimized methods.34  

The main novelty in this work relies on the fact that scCO2 has been used in all the steps of the 

fabrication of MOF-based cutaneous patches (i.e., synthesis of the porous MOF, drug 

impregnation and patches composing and foaming) avoiding the use of toxic solvents by 

combining scCO2 foaming and drying processes.  
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2. Materials and methods 

2.1. Materials 

All reactants were commercially obtained and used without further purification. The used 

Fe(III) reagents (Merck) for the preparation of Fe(BTC) and MIL-100(Fe) were iron(III) nitrate 

nonahydrate (Fe(NO3)3·9H2O) and iron(III) chloride hexahydrate (FeCl3·6H2O), respectively. 

The Fe(III) precursors were reacted, respectively, with H3BTC, supplied by Merck, and ethyl 

ester 1,3,5-benzenetricarboxylic (EE-BTC, 97%), obtained from Alfa AesarTM. AzA and PVA 

(MW 72000, 98% hydrolyzed), used for drug impregnation and patch formation, respectively, 

were both obtained from Merck. The solvents, compressed CO2 (99.95 wt.%), dimethyl 

sulfoxide (DMSO) and 1,4-dioxane, were delivered by Carburos Metálicos S.A., Fischer 

Scientific and PanReac AppliChem, respectively. Ethanol (EtOH), used for the washing of the 

MOFs, was purchased from Scharlau. Phosphate-buffered saline (PBS) solution was obtained 

from Sigma Aldrich. The adhesive film (Leukoflex®) was purchased from a local drug store.  

2.2. Methods 

High pressure synthesis based on scCO2 has been used in all the steps of the fabrication of 

MOF-based cutaneous patches: (i) synthesis of the porous MOF, (ii) drug impregnation and 

(iii) patches composing and foaming. Conventional synthesis methods were also applied in each 

step for comparison. Table 1 shows the experimental procedure used to obtain each different 

sample. 
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Table 1. Experimental procedures used to obtain the different samples showing some of their 

main characteristics. 

Sample Reagents Method Characteristics 

 

Iron(III) trimesate synthesis  crystal size 

[nm] 

Sa 

[m2g-1] 

Fe(BTC) Fe(III)/  

H3BTC 

scCO2 10-20  

(agg. 100-300) 

 

1290 

MIL-100(Fe) Fe(III)/  

H3BTC 

hydrothermal 300-700 1542 

AzA impregnation  AzA loading 

[wt%] 
Sa 

[m2g-1] 

sc_AzA@Fe(BTC) Fe(BTC)/  

AzA 

scCO2 

diffusion 

17 ± 3.0 35 

w_AzA@Fe(BTC) Fe(BTC)/  

AzA 

water 

diffusion 

7.9 ± 2.2  

sc_AzA@MIL-100(Fe) MIL-100(Fe)/ 

AzA 

scCO2 

diffusion 

15 ± 2.0 98 

w_AzA@MIL-100(Fe) MIL-100(Fe)/ 

AzA 

water 

diffusion 

8.9 ± 0.4  

Patches preparation  AzA permeab-

ility 8 h [%] 

J 24h 

[µgcm-2h-1] 

sc@PVA sc_AzA@MIL-

100(Fe)/PVA 

scCO2 

foaming 

7.5 ± 1.6 146 

pm@PVA sc_AzA@MIL-

100(Fe)/PVA 

press 

molding 

6.0 ± 0.7 60 

 

2.2.1. Fe(III) trimesates synthesis methods 

Two different methods were used for the synthesis of the two studied iron(III) trimesate phases: 

NPs of Fe(BTC) were precipitated by a scCO2 route, while small microcrystals of MIL-100(Fe) 

were hydrothermally synthesized. 

Synthesis of Fe(BTC) aided by scCO2: The synthesis pathway is schematized in Fig. 1(a). Two 

vials were prepared, each with 0.20 g of H3BTC (0.95 mmol) ultrasonically dispersed in 1.5 

mL of dioxane. Then, 0.58 g of Fe(NO3)3.9H2O (1.44 mmol) were added to each vial and shaken 

to homogenize the mixtures. A colloidal orange powder instantaneously precipitated into the 

vials, which rapidly gelified. One of these vials was left to partially dry under atmospheric 

conditions. The second vial was placed in a high-pressure reactor (TharDesign, 100 mL 

volume) for the supercritical processing, which was sealed and then filled with liquid CO2 at 6 

MPa. The reactor was heated up to 70 °C, and finally pressurized at 20 MPa. The vial was 
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maintained under these conditions with stirring for 48 h. Finally, system depressurization was 

carried out by the slow and isothermal release of CO2, and the reactor was allowed to cool down 

to ambient temperature. The as-synthetized powder, from either the air-dried or supercritical-

dried vial, was washed by centrifugation with water (2 x 10 mL) and EtOH (2 x 10 mL), and 

then dried overnight under vacuum in a desiccator. Sample Fe(BTC) was recovered with a yield 

of 70 wt.%, calculated with respect to the activated MOF.  

Synthesis of MIL-100(Fe) by hydrothermal method: MIL-100(Fe) was synthetized following 

a reported method.35 In short, 2.70 g of FeCl3·6H2O (10 mmol) and 2.24 g of EE-BTC (6.6 

mmol) were dispersed in 50 mL of H2O. The mixture was placed in a Teflon-lined autoclave 

and heated at 130 ºC for 3 days. Then, the orange solid was recovered by filtration and washed 

with absolute EtOH (3 x 10 mL). The solid was then suspended in 1 L of EtOH, refluxed under 

stirring for 3 h, and then, the same procedure was carried out in deionized water. The solid was 

then suspended in a KF solution (0.1 M, 100 mL, 3 h). Finally, it was suspended in 150 mL of 

Milli-Q water (2 h, RT) and recovered by filtration. 

2.2.2. Drug impregnation 

scCO2 and water diffusion impregnation methods were used to obtain drug loaded MOF 

systems.  

Diffusion from scCO2: in the supercritical approach (Fig. 1b), previous to drug impregnation, 

0.15 g of each prepared iron(III) trimesate sample (Fe(BTC) or MIL-100(Fe)) were activated 

at 150 ºC for 20 h under secondary vacuum. During the activation process, the color of the MOF 

changed from light orange, corresponding to the hydrated phase, to brown. The activated MOF 

was added to a vial, covered with paper filter, and placed in the 100 mL high-pressure reactor. 

In a different vial, 0.10 g of AzA were dissolved in 200 µL of DMSO. A small stirring bar was 

added to this vial and placed beside the first one in the reactor. During manipulation, the vials 

and reactor were maintained under N2 atmosphere. The vessel was then filled with liquid CO2 

up to 6 MPa, heated at 60 ºC, and finally pressurized to 20 MPa, thus reaching supercritical 

conditions for the fluid, which were maintained overnight, while gently stirring the vial of the 

drug. Finally, the temperature was decreased to 40 ºC, the CO2 was released, and the vessel was 

allowed to cool down to ambient temperature. An orange dry powder was recovered from the 

MOF vial, while the vial of the drug was visually empty. Drug-loaded samples were named 

sc_AzA@Fe(BTC) and sc_AzA@MIL-100(Fe).  
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Diffusion from water: for comparison purposes, drug loading was also performed using a 

previously described conventional water diffusion protocol.36 In this case, the AzA aqueous 

solubility should be first improved by deprotonating the molecule to Az2-. The deprotonated 

form (Az2-) of the acid (pKa1 = 4.55 and pKa2 = 5.60) was prepared by dissolving AzA (0.10 

g, 0.53 mmol) in 50 mL of a NaOH aqueous solution (0.02M) using a molar ratio 1:2.37 The 

final pH of the solution was adjusted to 6 with HCl (0.01M). After the pH of the solution was 

adjusted to 6, 0.06 g of either Fe(BTC) or MIL-100(Fe) were suspended in 20 mL of the 

previously prepared Az2- solution under stirring for 24 h at room temperature. The drug-loaded 

materials, named as w_AzA@Fe(BTC) and w_AzA@MIL-100(Fe), were recovered by 

filtration and washed with H2O (3 x 5 mL).  

2.2.3. Patches preparation 

scCO2 and press molding methods were used to formulate pellets of PVA, intended to be used 

as patches, composed of the AzA supercritically impregnated MOF.  

scCO2 approach: in the supercritical method (Fig. 1c), the pellets were prepared by adding a 

small amount of DMSO as a plasticizer for the polymer to overcome the foaming drawbacks of 

extended hydrogen bonding in PVA. In a vial, 0.10 g of the supercritically impregnated 

sc_AzA@MIL-100(Fe) sample were dispersed in 300 µL of DMSO. 0.10 g of PVA were then 

added and mixed with a spatula, obtaining a homogenous dark orange dispersion. Almost 

immediately, the mixture started to swell. The vial was placed in the 100 mL high-pressure 

reactor, which was then filled with liquid CO2 up to 6 MPa, heated at 60 ºC, and finally 

pressurized to 20 MPa, maintaining these conditions for 24 h. Finally, the temperature was 

decreased to 40 ºC, the CO2 was isothermally released with ca. 0.5 mL/min flow rate and the 

vessel was allowed to cool to ambient temperature. As a result, a light orange 10 mm-diameter 

and 2 ± 0.5 mm-thickness pellet was obtained and denoted as sc@PVA.  
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Figure 1. Schematic representation of the scCO2 method used for: (a) the synthesis of Fe(BTC) 

NPs, (b) their impregnation, and (c) pelletization with a polymer. 

Press molding: for comparison, composite patches were also prepared by an easy and rapid 

compression press molding approach, following a procedure described elsewhere.29 Briefly, 
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0.10 g of supercritically impregnated MOF sc_AzA@MIL-100(Fe) sample and 0.10 g of PVA 

were mixed by manual milling. The resulting powder was readily put onto a 12 mm diameter-

size wafer mold and pressed at 1 ton for 1 min, obtaining pellets of 0.6 ± 0.1 mm thickness. 

These samples were denoted as pm@PVA. Control patch was prepared by press molding 

(control@PVA) using a mixture of 0.17 g of PVA and 0.03 g of AzA, corresponding to the 

amount of AzA found in the sample sc_AzA@MIL-100(Fe). All these experiments were 

quadrupled performed. 

2.3. Characterization 

2.3.1. Solid state characterization 

Structural characterization was performed by powder X-ray diffraction (XRD) in a Siemens 

D5000 using Cu Kα incident radiation, from 2θ = 2 to 30º with a step scan of 0.02º. Fourier 

transform infrared (FTIR) spectroscopy in KBr pellets was used to analyze the molecular 

composition of the pristine and impregnated MOFs. Dynamic light scattering (DLS, Zetasizer 

Nano ZS Malvern Inst.) was used to estimate particle size distribution after bath-sonication of 

the MOF particles dispersed in water during 1 h. The textural properties were determined by 

N2 adsorption/desorption experiments at -196 ºC using an ASAP 2020 Micromeritics Inc. MOF 

samples obtained before and after drug impregnation were degassed during 24 h, using 

temperatures of 150 ºC for the former and only 70 ºC for the later to avoid drug evaporation. 

Brunauer-Emmet-Teller (BET) surface area (Sa) was estimated in the relative pressure range 

of ca. 0.05-0.20. Morphological features of the precipitated MOF particles were examined by 

using scanning (SEM, Quanta FEI 200) and transmission (TEM, JEOL 1210) electron 

microscopes. SEM pictures of the cross-section of the foamed PVA composites were obtained 

after immersing the sample in liquid N2 and breaking by impact the frozen pellets.  

2.3.2. Encapsulated drug quantification 

The amount of encapsulated AzA was calculated by combining thermogravimetric analysis 

(TGA) and high-performance liquid chromatography (HPLC). TGA was performed using a 

Perkin Elmer STA 6000 under an air flow of 100 mLmin-1 and a ramp of 5 ºCmin-1. The method 

to extract the analytes (H3BTC and AzA) is based on a method previously described.38 H3BTC 

and AzA extraction were performed by degrading a known amount of loaded MOF (ca. 10 mg) 

with PBS (pH=7.4, 1 M, stirring 24 h). Then 10 mL of MeOH were added and the mixture was 

stirred for an additional hour. The samples were centrifuged (10000 rpm for 10 min) and filtered 

through 0.2 µm sterile syringe filter. Finally, the supernatants were evaporated, and the dry 
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residue was dissolved in 4 mL of MeOH and 4 mL of acetonitrile. Prior to the injection into the 

HPLC system, samples were diluted in the mobile phase. By HPLC, quantification of H3BTC 

and AzA was performed using a reversed phase Jasco LC-4000 series system, equipped with a 

PDA detector MD-4015 and a multisampler AS-4150 controlled by ChromNav software (Jasco 

Inc., Easton, MD, USA). A purple ODS reverse-phase column (5 µm, 4.6 x 150 mm2 Análisis 

Vínicos) was employed. AzA was analyzed after its derivatization to der-AzA, as it is described 

elsewhere.39 For H3BTC, the mobile phase consisted of a 50:50 solutions (v/v) of MeOH and 

buffer 0.04 M, pH = 2.5 (NaH2PO4 (2.40 g, 0.02 mol) and Na2HPO4 (2.84 g, 0.02 mol) dissolved 

in 1 L of Milli-Q water, with pH adjusted to 2.5 using H3PO4 (85%)). For der-AzA, the mobile 

phase was a 20:80 solutions (v/v) of acetonitrile and buffer 0.5 mM, pH = 4 (NH4HCO3 (0.39 

g, 0.5 mmol) dissolved in 1 L of Milli-Q water, with pH adjusted to 4 using HCl 1 M). The 

injection volume was set at 30 µL with a flow rate of 1 mLmin-1 and the column temperature 

was fixed at either 25 or 40 ºC for H3BTC or der-AzA, respectively. The standard calibration 

curves showed a good correlation coefficient R2 = 0.99. The chromatogram of standard 

solutions showed a retention time (rt) of 3.51 min (identified as H3BTC, λmax at 225 nm), and 

6.67 min (identified as der-AzA, λmax at 255 nm). All experiments were carried out in triplicate 

(n = 3). 

2.3.3. AzA ex vivo permeation test 

Fresh porcine ears were obtained from a local slaughterhouse and after cleaning, the outer 

region of the ear was cut. Afterwards, the skin was dermatomed to 1.2 mm (using a Brown air 

Dermatome Zimmer) and stored at -20 ºC. Skin samples were placed in a simple model of Franz 

diffusion chambers with the inner area of the stratum corneum faced to the donor compartment 

and the dermis to the receptor one, leaving an available diffusion surface of 0.62 cm2. The 

receptor compartment was filled with 5 mL of PBS (pH = 7.4), and kept at 32 ºC for 24 h. Both 

different formulation patches together with the control (sc@PVA, pm@PVA, and 

control@PVA) were readily placed on the top of the stratum corneum (final patches contact 

surface = 0.41 cm2) and covered by an impermeable polymeric film (Leukoflex®). Ex vivo 

permeation studies were performed during 24 h, collecting 1 mL of the receptor fluid after 1, 

4, 8, and 24 h, being immediately replaced with 1 mL of fresh medium at the same temperature. 

The obtained aliquots were analyzed by HPLC in order to quantify the AzA and H3BTC content. 

The diffusion flux (J) was calculated using the following equation: 

𝐽 = 𝑚/𝐴𝑡 
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where J is the flux of a mass of compound m moving through a cross-sectional area A during t. 

It has to be noted that identical AzA content was used in all prepared patches. Finally, the 

patches remaining on the skin surface were removed, cleaning the skin with fresh PBS. Later, 

the skin was dried and cut for the AzA and H3BTC quantification following an extraction 

procedure described elsewhere.40 It should be noted that the amount of the possible ligand 

leached during the drug diffusion was measured in order to determine the MOF stability. 0.5 

mL of sodium dodecyl sulphate (SDS, 0.01 M) and 1 mL of PBS (0.5 M, pH = 7 (NaH2PO4 (30 

g, 0.25 mol), and Na2HPO4 (35.5 g, 0.25 mol)) were added to ca. 0.20 g of skin in an assay 

tube. This mixture was homogenized by grinding with a Potter-Elvehjem tissue grinder, and 

then sonicated for 1 h. About 15 mL of MeOH were added and the mixture was stirred for 2 h. 

Then, samples were centrifuged at 10000 rpm for 10 min and filtered through 0.2 µm sterile 

syringe filter. Finally, the supernatants were evaporated, and the dry residue was dissolved in 4 

mL of MeOH and 4 mL of acetonitrile. Prior to the injection into the HPLC system, samples 

were diluted in the mobile phase (buffer 0.5 M, with the pH adjusted to 7 using H3PO4 (85%)). 

All the ex vivo studies were carried out in quadruplicate (n = 4) in different days. The normality 

of data distribution was tested by one-way ANOVA test. Data are shown as the mean and the 

standard deviation. A value of p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. One-pot synthesis of Fe(BTC) aided by scCO2 

Associated with their large potential in relevant industrial applications (separation and catalysis, 

among others), many different synthetic methods have been proposed for the preparation of 

benchmarked iron(III) trimesate MOFs, with a clear tendency to safety and sustainability (e.g., 

avoiding dangerous organic solvents, harsh acids and high temperatures).41 For this reason, 

several methods based on water have been developed to synthetize crystalline MIL-100(Fe) or 

semi-amorphous Fe(BTC) materials. This work focuses on developing an alternative, based on 

the use of green scCO2 for the straightforward preparation of Fe(BTC) with high surface area. 

The synthesis is carried out by mixing an Fe(III) salt (e.g., Fe(NO3)3) and H3BTC. However, 

none of these reagents is soluble in scCO2 and, as a consequence, an aid solvent need to be 

used. Dioxane was selected as a cosolvent (volumetric ratio with respect to dense CO2 of 1.5 

v%), since it has two Lewis-basic oxygen atoms able to help in the deprotonation of the H3BTC 

during iron(III) trimesate synthesis. Prior to the scCO2 addition, the mixing of the Fe(III) salt 

and H3BTC in a small amount of dioxane produced the immediate formation of a gel. XRD 

analysis of this gel, after drying under atmospheric conditions, and further washing and vacuum 
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drying, indicates that Fe(BTC) was likely already formed at this stage, as the pattern of this 

compound corresponded to that of the supercritically treated end compound (sample Fe(BTC) 

air dried in Fig. 2(a)). This observation indicates that, in the supercritical method, the main 

endeavor of scCO2 is to dry this gel in a controlled way to obtain and improved end product. 

The important peak broadening in the Fe(BTC) XRD pattern indicates a high degree of 

structural disorder and small crystal size for this semi-amorphous solid. On the contrary, the 

XRD pattern of the hydrothermally formed MIL-100(Fe) is consistent with the simulated 

pattern from single-crystal structural data.42  

 

Figure 2. XRD patterns obtained for: (a) pristine iron(III) trimesate samples and simulated 

MIL-100(Fe), and (b) impregnated samples with AzA and composed with PVA, in both cases 

processed with scCO2. 

FTIR spectra (Fig. 3(a)) of Fe(BTC) and MIL-100(Fe) samples exhibited representative bands 

of Fe(III) trimesate. One of the most remarkable bands in these spectra is the C=O stretching 

vibration at ca. 1700 cm-1, corresponding to free carboxylic acid, assigned to unreacted trimesic 

acid. It is worth to mention that the intensity ratio of the bands BTC (1625 cm-1)/H3BTC (1700 

cm-1) was significantly smaller for the as-synthetized Fe(BTC) than for the as-synthetized MIL-

100(Fe) (before washing procedure), and additionally an intense peak at ca. 1250 cm-1 was 

observed in the latter assigned to the C-H in-plane bending mode of H3BTC. These observations 

indicate that the as-synthetized sample prepared under supercritical conditions contains less 

amount of residual H3BTC than as-synthetized MIL-100(Fe), thus facilitating a priori their 

posterior purification. Thus, while the Fe(BTC) sample was washed only with water/ethanol, 

the MIL-100(Fe) purification required a further washing with KF (see experimental section). 
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After these specific washing steps, the band of the free acid was very small in the spectra of 

both studied samples Fe(BTC) and MIL-100(Fe), indicating low amount of residual reagent in 

the pores. Additionally, for the supercritical process, the elimination of dioxane cosolvent 

during depressurization at the end of the process was supported by the absence of C-H bands at 

2800-3000 cm-1. Its elimination can be justified by the CO2-philic character of the two ether 

oxygen atoms in dioxane, which makes dioxane highly miscible in scCO2.
43 This fact is 

extremely advantageous to reduce the toxicity risks associated to the use of dioxane in the 

preparation of pharmaceutical formulations. 

 

 

Figure 3. FTIR spectra of: (a) pristine MOFs before (as-synthetized) and after applying the 

washing procedure, all of them exhibiting representative carboxylate bands at 1624 cm-1 for 

C=O stretching, and at 1442 and 1371 cm-1 for -O-C-O- asymmetric and symmetric vibrations. 

C-H benzene bending vibrations were visible at 1082 and 1043 cm-1 (out-of-plane), and at 759 

and 703 cm-1 (in-plane); and (b) impregnated samples with AzA. 

Particles of iron(III) trimesate prepared by the supercritical and hydrothermal methods differ 

not only in the structure, e.g., semi-amorphous and crystalline, but also in the mean particle size 

that was analyzed at the dry state (electronic microscopy) and suspended in water (light 

scattering). The morphological analysis performed by electronic microscopy evidences 

different habits for the precipitated samples. Compared to the relatively well-faceted 

submicrometric octahedral crystals (mostly below 0.5 µm) observed by SEM in the MIL-
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100(Fe) sample (Fig. 4(a,b)), the near spherical NPs observed for Fe(BTC) were considerably 

smaller, although highly aggregated (Fig. 4(c,d)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEM images at different magnifications of samples: (a,b) MIL-100(Fe), and (c,d) 

Fe(BTC). 

To estimate the size of the Fe(BTC) NPs, the use of TEM images becomes necessary (Fig. 5). 

Analysis of TEM images indicates the formation of very small particles of ca. 10-20 nm that 

agglomerate in structures of ca. 100-300 nm. For the MIL-100(Fe) hydrothermally precipitated 

sample, the DLS volumetric particle size distribution ranged between 300 and 700 nm with a 

mean hydrodynamic particle size of ca. 400 nm (Fig. 6). On the contrary, for the Fe(BTC) 
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supercritically obtained sample, the size given by DLS measurements was in the range of 200-

350 nm, indicating the size of the aggregates. 

 

Figure 5. TEM images at different magnifications of sample Fe(BTC). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. DLS measurements of the precipitated MOFs. 
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The permanent porosity of the synthetized iron(III) trimesate phases was determined by N2 

sorption measurements at low temperature (Fig. 7). MIL-100(Fe) and Fe(BTC) displayed a type 

I isotherm (IUPAC classification), with enhanced N2 adsorption at low relative pressures 

corresponding to the filling of the small mesopores. A surface area value of 1542 m2g-1 was 

measured for the MIL-100(Fe) microcrystals, while this parameter was slightly reduced for 

Fe(BTC) to a value of 1290 m2g-1. According to the BET theory, the parameter C in this 

equation is exponentially related to the energy of monolayer adsorption.44 For the studied 

samples, the increase of the value of C from 120 in MIL-100(Fe) to 220 in Fe(BTC)  is 

associated with adsorption on high-energy surface sites for the later caused by defects on the 

pore walls. Both studied iron(III) trimesate systems display some capillary condensation 

accompanied by hysteresis at high relative pressure, indicating mesoporosity originated from 

interparticle void. 

Figure 7. N2 adsorption-desorption isotherms obtained for the pristine and scCO2 impregnated 

MOFs. 

3.2. AzA-loaded MOF formulations 

AzA is loaded into the pores of iron(III) trimesate MOFs by impregnation through the diffusion 

of the guest from either a supercritical solution or a liquid solvent, i.e., water. In the supercritical 

approach, a very small amount of DMSO co-solvent (0.2 v%) was added to shorten the 

impregnation time due to the low solubility of AzA in scCO2 under working conditions (in the 

order of 10-6 mole fraction).45 In this line, AzA is highly soluble in DMSO (ca. 10 mgmL-1), 
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scCO2.
46 Deprotonated Az2- aqueous solutions were used in the conventional liquid 

impregnation approach. The drug content of the different impregnated samples was determined 

by both TGA and HPLC methods (Table 2). Remarkably, AzA loadings using the scCO2 

impregnation route was around the double of the values reached using conventional liquid 

impregnation. This result, stressing the interest of the supercritical impregnation, could be 

explained by the important adsorption competition stablished between solvent and solute 

molecules for the substrate sorption sites in the case of water impregnation. This competition 

is eliminated in scCO2, since supercritical fluids are essentially not adsorbed, thus allowing 

higher drug loadings than in conventional liquids. Further, for both impregnation solvents, AzA 

impregnation in Fe(BTC) was on a similar range than that obtained for the MIL-100(Fe). 

Therefore, we can conclude here that scCO2 is the best option to attain high drug loadings. 

 

Table 2. AzA loading (wt%) measured with different techniques, e.g., TGA and HPLC. 

Sample 

AzA loading [wt%] Average 

(%) 

Error (%) 

TGA HPLC 

sc_AzA@Fe(BTC) 19 15 17 3.0 

w_AzA@Fe(BTC) 8.5 7.3 7.9 0.9 

sc_AzA@MIL-100(Fe) 13 16 15 2.2 

w_AzA@MIL-100(Fe) 8.6 9.1 8.9 0.4 

 

Aside from an important cargo loading, the MOFs structures were maintained, as evidenced by 

XRD analysis (Fig. 2(b)). However, the diffraction peaks at low angles (< 3.8º) observed for 

the pristine solids, representative of the presence of mesoporous cages, disappeared (e.g., 

sc_AzA@Fe(BTC)) or were reduced in intensity (e.g., sc_AzA@MIL-100(Fe)) due to 

mesopore filling effect with the organic drug. In addition, no reflections of AzA crystals were 

observed in the XRD patterns of the drug-loaded products, indicating that the drug was 

incorporated into the pores molecularly by adsorption or in an amorphous form due to small 

size. In agreement to this, N2 adsorption isotherms after AzA entrapping indicate almost no 

residual porosity for these materials, with surface area values < 100 m2g-1 (Fig. 7). Hence, likely 

the drug might completely fill the accessible pores blocking the entrance of N2. Regarding the 

FTIR spectrum of AzA, it is mainly characterized by the stretching vibrations of -CH2 at 2920 

and 2850 cm-1 and of –C=O at ca. 1685 cm-1 (Fig. 3(b)). These bands were also observed in the 
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spectra of the impregnated samples, although for all of them the AzA carboxyl band was shifted 

to ca. 1705 cm-1, indicating some definite interactions between the carboxylic groups of the 

drug and the walls of the mesopores in the carrier. Hence, molecular adsorption seems more 

plausible than amorphous NPs precipitation as the loading mechanism.  

3.3. Topical AzA-containing Fe(BTC)/PVA formulations 

Prior to the evaluation of these mesoporous materials in terms of AzA delivery under topical 

conditions, composite patches, well-adapted for cutaneous administration, were prepared with 

PVA using two different strategies: (i) scCO2 foaming (sample sc@PVA) and (ii) press-

molding (samples pm@PVA and control@PVA). The material chosen for analysis was 

supercritically impregnated AzA into MIL-100(Fe), because the biosafety of topical patches 

involving these products was previously demonstrated in human volunteers. 47,48 In these tests, 

intact skin without irritation, corrosion, or reddening was observed after 24 h (topical 

formulation are usually applied for a maximum of 8-24 h period). As previously mentioned in 

the introduction, the biodegradable character, biocompatibility and aqueous solubility of PVA 

make this polymer a proper selection to form mechanically suitable patches.16 Often, PVA 

based composites are prepared by thermoplastic processing to avoid the use of toxic solvents 

necessary in solution methods. However, the melting temperature of PVA is very close to its 

thermal degradation, and moreover, it is not applicable when labile pharmaceutical compounds 

are involved. As an alternative, scCO2 can be used of as a blowing agent, providing plasticity 

to the polymer at the low-temperature range, below their glass-transition temperature.49 

Plasticization decreases the viscosity of the polymer, being lower than that observed in existing 

molding processes. For PVA nanocomposites, plasticization with CO2 must be combined with 

the use of a small amount of a liquid plasticizer, as the DMSO used in this work, which 

facilitates the initial homogeneous dispersion of the impregnated MOF particles into the 

polymer.50 This way, disk-shaped test pieces (10 mm-diameter and 2 ± 0.5 mm-thickness) were 

first prepared via a general molding process in a round-bottom vial by plasticizing the mixture 

of the AzA-loaded MOF and the PVA powder with DMSO in the mold. Then, the system was 

further plasticized using scCO2 at a temperature as low as 60 ºC. The controlled expansion of 

the compressed CO2 dissolved into PVA led to the nucleation and growth of gas bubbles inside 

the composite, resulting in an interesting cellular morphology with interconnected pores of 

around 2-5 m (Fig. 8). The crystalline structure of the MOF upon processing by supercritical 

foaming was still outlined in the XRD pattern (Fig. 2(b)). Besides, needle crystals of AzA were 

neither visible on the SEM pictures nor in the XRD pattern, indicating that AzA was not 
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significantly segregated from the MOF during the supercritical designed process for composite 

preparation.  

 

 

 

 

 

 

 

 

 

Figure 8. SEM images of the sc@PVA sample at different magnifications. 

Finally, ex vivo permeation assays were carried out to determine the release and skin barrier 

crossing of AzA through Franz diffusion chambers.51 This cell consists in two compartments 

(receptor and donor) separated by a skin membrane, e.g., the inner region of the porcine ear, 

considered as a suitable model of human skin permeability. The stratum corneum of the skin 

was placed in the donor compartment in contact with the patch formulations covered by an 

impermeable film (Leukoflex®) to avoid dryness, and the receptor chamber was filled with 

PBS (pH = 7.4). The porcine skin was previously dermatomed to a thickness of ca. 1.2 mm, 

removing the fatty layer and keeping the upper layers. The amount of drug able to reach the 

adipose tissue and/or systemic circulation was easily quantified by HPLC within the receptor 

chamber (referred as diffused AzA) and expressed as the percentage with respect the total drug 

cargo. A progressive skin bypass was evidenced in both preparations (Fig. 9). During a typical 

cutaneous contact time of 8 h, AzA progressively bypasses the skin barrier from both patches 

preparations (7.5 ± 1.6 % or 1.2 mgcm-2 for sc@PVA, and 6.0 ± 0.7 % or 1.0 mgcm-2 for 

pm@PVA, being on the range of PVA control group (control@PVA) (8.3 ± 1.3 % or 1.5 mgcm-

2). The AzA diffusion is thus improved when compared with other reported systems, f.i., ~ 4 % 

or 73 µgcm-2 for commercialized products, data corresponding to 24 h in porcine tissue.51 

Finally, no leached linker was detected in none of the samples, highlighting the stability of the 

formulation. 
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Figure 9. Amount of drugs able to reach the adipose tissue / systemic circulation quantified by 

HPLC within the receptor chamber (referred as diffused AzA) and expressed as the % with 

respect the total drug cargo. 

Despite a proper drug release crossing of the tested patch formulations, an important amount of 

the initially loaded drug did not reach the receptor compartment. In this regard, the amount of 

AzA retained within the skin was estimated as the sum of the amounts of the stratum corneum 

and viable skin layered (epidermis and dermis, see Fig. 10). The AzA skin retention from 

sc@PVA based patches (2.60 % or 0.42 mg for both formulations) is similar or even improved 

when compared to other reported formulations (e.g., 3.4 % or 0.13 mg of AzA in a commercial 

cream, 4.7% or 0.40 mg of AzA in ethanolic-based gel, and 12 % or 0.58 mg of AzA in 

microemulsion).49,52 Notably, the AzA retained within the skin in the control formulation was 

significantly higher than that in the MOF-patches, more precisely around 2-fold higher. Again, 

no linker was detected in none of the samples, highlighting the stability of the formulation. The 

diffusion seems to be dependent on the PVA polymer since no significant (p<0.05) were 

observed for all the prepared formulations. On the contrary, the retained drug in the skin is 

significantly lower when using MOFs-based formulations (pm@PVA and sc@PVA) than the 

PVA patch. Thus, the MOF is controlling the AzA release rate, favouring a sustained drug 

release and the reduction of potential AzA side effects (skin irritation).53 This result highlights 

the influence of the formulation on the drug biodistribution and bioavailability and could be 

explained by the fact that the total drug content is available in the polymer from the beginning 
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in the control sample, while the AzA is progressively released from the MOF to the PVA in the 

composite patch. The iron(III) trimesate based patches can therefore have a topical and non-

systemic action by targeting the different levels of the skin (stratum corneum, epidermis and 

dermis), but also lead to a systemic action through a percutaneous absorption, achieving a 

combined effect. This is particularly important considering that the combination of these two 

administration routes is recommended in the treatment of some diseases (e.g., eczema in 

children).54 

 

Figure 10. Amount of AzA diffused out and retained in the skin in case of the patches prepared 

with press-molding and scCO2 approach and the control patch. 

Finally, the diffusion flux (J) was estimated at 24 h, obtaining different values for each 

formulation: 146.5 µgcm-2h-1 for sc@PVA, 60.1 µgcm-2h-1 for pm@PVA and 175.5 µgcm-2h-1 

for control@PVA. The diffusion flux for AzA was 1.2 and 3-fold times slower from the 

sc@PVA and pm@PVA than from the control, respectively, indicating the progressive 

diffusion controlled by the drug release and extending the half-life of this drug. Note that AzA 

should be applied twice a day, with a topical half-life time of 12 h. In fact, it is well-know that 

the formulation strongly impacts on the cutaneous permeation of APIs.55 Comparing with 

commercial formulations, the obtained diffusion fluxes are within the range of commercial 

devices (e.g., 80.5 µgcm-2h-1 for AzA-FINACEA®).50 These findings suggest that aside from 

the benefits of using the scCO2 strategy for MOF synthesis, AzA incorporation and patch 

preparation (fast, efficient, scalable, environmentally friendly), the prepared formulation lead 
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to a progressive release, improving the half-life time of the drug while achieving a combined 

(local and systemic) therapeutic effect. 

4. Conclusions 

The MOF synthesis, drug impregnation and device preparation can be easily performed using 

a simple, scalable, efficient and environmentally friendly three-steps supercritical CO2 method. 

Thus, the benchmarked mesoporous iron(III) trimesate (Fe(BTC)) was first obtained as a dry 

and empty-pore powder at the nanoscale (10-20 nm) in a high yield (70 wt%), whilst 

minimizing the need of additives and organic solvents addition, or cleaning steps. Then, MOFs 

loading with the antibiotic AzA was carried out by diffusion from scCO2 in a more efficient 

way than by traditional impregnation from water, attaining significantly higher drug uptake 

values in the former (17 ± 3 vs 7.9 ± 0.9 wt% for AzA in Fe(BTC)). Finally, environmentally 

friendly cutaneous adapted formulations with additional macroporosity were successfully 

prepared also by scCO2 using the AzA-loaded iron(III) trimesate materials and PVA polymer, 

facilitating the topical delivery and skin permeation of the drug at a controlled rate within a 

duration compatible with topical therapies. Remarkably, the total amount of AzA diffused or 

retained through the skin is within the range or better (diffused) than that of current commercial 

formulations. The fast and easy methodology presented here (no additive one-step drug 

impregnation and pellet formulation) using scCO2 could be potentially applied to any cutaneous 

soluble drug in scCO2, and particularly to those unstable in solution. 
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scCO2 assisted Cu-loading on Fe(BTC) 

semiamorphous MOF: application in 

catalytic CO2 hydrogenation 

Chapter IV 

This work summarizes the preparation of a copper clusters-Fe(BTC) 

catalyst using supercritical CO2 for the homogenous impregnation of  

catalytically active centers within the porous structure of the MOF. The 

composite was successfully applied as a catalyst for CO2 hydrogenation. 
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Abstract 

The most common issue regarding typical copper-based catalysts is the aggregation of the 

active metal centers and the consequent deactivation. Traditionally, in Cu-based catalyst for 

CO2 hydrogenation, ZnO is used as a spacer between the copper species, so the aggregation of 

the copper nanoparticles is minimized. In this work, a newly developed system is presented, 

where iron trimesate MOF (Fe(BTC)) is serving as a mesoporous support, and the catalytic 

copper clusters (CuCs) are well dispersed within its pores. The growth and the aggregation of 

the copper clusters are hindered by the confinement of the active entities in the MOF cages. 

The CuCs@Fe(BTC) composite catalyst was prepared using a sustainable supercritical CO2 

method, where this media is acting as an impregnation vector to load the organometallic copper 

into the MOF pores. The subsequent in-situ H2 reduction produces the active catalyst. The 

efficiency of the impregnation and the distribution of the copper phase was studied by several 

characterization techniques, highlighting energy dispersive spectroscopy and N2 adsorption-

desorption. The results depict important enhancement in the loading when the semiamorphous 

iron trimesate was used, in comparison to the crystalline counterpart (MIL-100(Fe)). The 

catalytic performance of the semiamorphous composite was tested in the CO2 hydrogenation 

reaction at 10 bar. A significant amount of methanol was produced, actually superior to that of 

the traditional CuZnO catalyst (10 vs 3.3 mgMeOHgCu
-1h-1). At high temperature (T > 200 °C) 

important amounts of CH4 and CO were also detected. 
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1. Introduction 

The massive amount of CO2 emitted to the atmosphere is currently entailing serious 

environmental concerns. As it is known, reducing the released quantity of CO2 would moderate 

the catastrophic consequences of the greenhouse effect. One of the potential ways to relieve the 

pressure from carbon emission is to utilize CO2 to produce value-added chemicals and fuels, 

e.g., via hydrogenation, which opens the way towards a circular carbon economy.1 In this sense, 

CO2 is not anymore considered only a waste that needs to be treated, but also an important C1 

compound used as chemical feedstock.2 A large variety of different products, from 

hydrocarbons to oxygenated carbons, such as methanol (MeOH), methane (CH4), ethanol 

(EtOH), short chain olefins and aromatics, can be produced using CO2 as the raw material. Out 

of these compounds, methanol and methane are often the targets for different reasons.3,4 

Methanol is of particular interest in the production of fuels due to its high energy density, and 

due to additional advantages related to easy storing and simple recycling of remaining CO2.  

From a stoichiometrical point of view, less H2 is required for the formation of methanol vs. 

methane, which is a determining factor regarding cost efficiency. Nevertheless, methanation 

processes using waste CO2 and renewably-sourced H2 is recently attracting much attention, 

since it offers an alternative to natural gas with a low carbon footprint.5  

Most catalytic systems for CO2 hydrogenation involve active metal sites dispersed in a 

promotor and a support, all offering an immense variety of possibilities. On one hand, the metal 

sites/promoter pair substantially determines the reaction products. Overall, Cu/ZnO based 

catalysts are used for methanol production, while composites containing transition (Fe, Co, Ni) 

or noble (Pd, Ru, Rh) metals have been investigated in methanation reactions.3 On the other 

hand, the support has the role of improving the dispersion of the active metal sites, as well as 

modulating metal-support interactions, thus improving the CO2 quantitative conversion and 

product selectivity.6 Metal oxides and carbides, porous zeolites and metal-organic frameworks 

(MOFs) or carbon based materials (activated carbon, graphene, carbon nanotubes, etc.) have 

frequently been utilized as supports. MOFs, with high structural and thermal stabilities, have 

lately gained attention as catalytic supports, owing to their large internal surface area, 

interconnected porous structure and uniformly dispersed metal nodes.7 The archetypical 

microporous UiO-66, HKUST-1 and ZIF-8 MOFs, and the (near)mesoporous NU-1000, 

MOF-5 and the MIL-100 family have been investigated as catalysts. Active centers in MOFs 

can be inherent to the structure or attained in post-synthetic reactions, such as by thermal 

decomposition of the framework8 or transmetalation.9 (Fig.1a) More recently, semiamorphous 
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MOFs emerged into the spectrum of relevant catalysts due to their easy preparation and intrinsic 

structural defects, e.g., metal vacancies or missed linkers, often leading to improved catalytic 

activity.10,11  

 

 

Figure 1. Illustration of different types of MOF and metal@MOF composite catalysts. 

 

Functionalization of MOFs with active centers by the addition of catalytic groups to the 

framework during synthesis can be performed. Among these, binding of metal centers by 

linkers’ functional groups,12 or even coordination of active metals on free binding sites of SBUs, 

provided by missing linker defects have been presented.13 (Fig. 1b) In addition, the catalytic 

activity in MOFs can be realized by composing them with catalytic species that are not part of 

the framework. Most of the developed composite systems involve the coverage of the exterior 
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surface of microporous MOFs with metallic nanoparticles14 or the attainment of core-shell 

structures in which the MOF grow surrounding the catalyst.15,16 (Fig. 1c) A less explored model 

implies the confinement of small metal clusters (MCs) into the pores, which can significantly 

extend the catalytic properties of the material. (Fig. 1d) These nanoscale clusters, highly 

efficient in catalysis, can only be stabilized thanks to the boundary and protection provided by 

the MOF channels. Actually, there are only few examples of this type of materials, involving 

clusters of Pd and Pt.17,18 The close contact between the embedded metallic clusters and the 

reagents in the confined space has been considered to play an important role in the catalytic 

performance by facilitating charge transfer. 

The main objective of this work is to advance in the fundamental understanding of the category 

of products designed as MCs@MOF, applied to confined heterogeneous catalysis for CO2 

hydrogenation. In this case, only MOFs with large pore size, e.g., extended reticular19 and 

mesoporous MOFs, are susceptible of being impregnated with metal precursors and still to 

remain accessible for the diffusion of the reagents and products of the catalytic reaction. Well 

studied examples of mesoporous MOFs are chosen in this work for impregnation, the crystalline 

MIL-100(Fe) and the semiamorphous counterpart Fe(BTC).20 For the semiamorphous 

Fe(BTC), the importance of defects in the structure has been already pointed out in acid 

catalyzed reactions of acetalization and epoxide ring-opening.21,22 On the contrary, MIL-

100(Fe) has demonstrated superior catalytic activity in oxidation reactions.23 In these MOFs, 

the structural mesopores (and defects in the semiamorphous counterpart) are providing suitable 

space for confining the metallic clusters homogeneously dispersed within the structure. As a 

metal catalyst, copper clusters (CuCs) were loaded into the pores of the iron trimesates, since 

this is known to be the proper catalyst for CO2 hydrogenation reactions.  

The impregnation of MOFs with metals is usually carried out by infusion into the pores of a 

metal precursor or by transmetalation, both in liquid phase; followed by reduction with 

chemicals also dissolved in the liquid phase.12,24 Hindered diffusion due to liquid solvent 

viscosity, development of capillary forces in mesopores and competition between the solvent 

and the solute for the substrate adsorption sites are usual drawbacks found in this synthetic 

route. In this study, an alternative procedure is proposed based on the use of supercritical CO2 

(scCO2) as the solvent for the impregnation of a metal precursor into the MOF pores. scCO2, 

with enhanced diffusion and mass transfer properties, is essentially not adsorbable under 

supercritical conditions. Hence, scCO2 assisted impregnation has been developed as a highly 

efficient method for the loading of organic molecules into porous substrates and polymers.25 
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Nevertheless, the application of the scCO2 process to metals has still unexploited potential, 

mainly due to the limited choice of precursors that can be solubilized in this fluid.26,27 The 

organometallic copper acetylacetonate, with significant solubility in scCO2, was here selected 

as the metal precursor. Further reduction with H2 resulted on the formation of the catalyst. The 

reduction step turned out to be the key to design the low pressure CO2 hydrogenation reaction 

studied to produce methanol in this work. Extensive solid state characterization of the 

synthesized catalysts, before and after catalysis, was performed. Notably, the most effective 

catalyst was constructed by using semiamorphous Fe(BTC) as the support. 

 

2. Materials and methods 

2.1. Materials 

For the preparation of pristine and impregnated MOFs, iron nitrate monohydrate 

(Fe(NO)3.9H2O), iron(II) chloride (FeCl2), sodium hydroxide (NaOH), trimesic acid (H3BTC) 

and copper acetylacetonate (Cu(acac)2), purchased from Merck, were used as reagents. Dioxane 

and ethanol were provided by PanReac and Scharlau, respectively. Compressed CO2 (99.95 

wt%) for impregnation, H2 (pure) for the catalyst reduction and CO2/H2 mixture (molar ratio 

1:3) for the catalytic experiments, were all delivered by Carburos Metálicos S.A.  

2.2. Synthetic methods 

2.2.1 Synthesis of Fe(BTC) and MIL-100(Fe) 

The experimental procedure used for the synthesis of MIL-100(Fe) is based on a previously 

reported method.28 Briefly, an aqueous basic solution (NaOH, pH ca. 11) of H3BTC was added 

dropwise to a second aqueous solution of FeCl2 to attain a mixture with a 1:5 molar ratio and 

pH of ca. 5, which was further stirred for 24 h. Orange crystals were precipitated and recovered 

by centrifugation. The preparation of Fe(BTC) was carried out following a scCO2 assisted 

procedure described elsewhere.29 A gel was first prepared in dioxane by mixing H3BTC and 

Fe(NO3)3.9H2O in a molar ratio of 1:1.5. The vial was placed in a high-pressure reactor, which 

was sealed and filled with scCO2 at 70 ºC and 20 MPa under stirring. After 48 h, the system 

was isothermally depressurized and then cooled down to ambient temperature to recover a dry 

orange powder. In both cases, the as-synthesized powder was washed by centrifugation first 

with water and then with EtOH, and finally dried overnight under vacuum in a desiccator. The 

products were activated under high vacuum (ca. 10 Pa) at 150 ºC during 20 h to remove residual 

substances from the pores, thus obtaining brown powders. Upon activation, the yield was 

measured giving values in the order of 70-75 wt%. 
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2.2.2. Synthesis of Cu(acac)2@MOF 

200 mg of each activated MOF were wrapped into a filter paper bag, while 200 mg of Cu(acac)2 

were added to a glass beaker with a stir bar (Fig. 2). Both compounds were placed in a 100 mL 

autoclave. The high pressure reactor was sealed and filled with liquid CO2 up to 6 MPa, then 

heated at 80 ºC and, finally, pressurized up to 20 MPa. These conditions were maintained under 

stirring (200 rpm) for 72 h. After that, the system was depressurized and cooled down to room 

temperature, and a brown powder was recovered from the paper bag. 

 

Figure 2. Scheme of CuCs@MOF composite preparation. 

 

2.2.3. Synthesis of CuCs@MOF 

The Cu(acac)2@MOF samples (ca. 0.15 g), and the pristine MOFs (ca. 0.10 g) for comparison, 

were subjected to reduction under a pure H2 flow (20 mLmin-1) at 250 ºC, applying a heating 

ramp of 5 ºC min-1. The process was carried out in a tubular column with the sample powder 

distributed over glass wool. The reduction time was of 2 h. 

2.3. Structural characterization 

The as-synthesized and reduced spent catalysts were characterized by solid state techniques. 

The structural characterization was carried out in the powder X-ray diffractometer (XRD) 

Siemens D5000, using Cu Kα incident radiation with a step scan of 0.01° applied in the 2θ 

range of 5-55°. Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 

Spectrophotometer) was used to ascertain the molecular composition. The textural properties 
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were determined by N2 adsorption/desorption experiments at -196 ºC performed with an ASAP 

2020 Micromeritics Inc. The surface area was determined from the N2 isotherm by using the 

Brunauer-Emmet-Teller (BET) equation. The Barrett-Joyner-Halenda (BJH) method was 

applied to estimate the pore volume from the adsorption branch in the isotherm. The 

morphology of the composites was investigated with a scanning electron microscope (SEM, 

Quanta FEI 200). Elemental mappings were recorded in a scanning/transmission (STEM, 

XHRSEM FEI Magellan 400 L) electron microscopes by using energy dispersive spectroscopy 

(EDS) in a X–Max Ultim Extreme EDX Oxford Inst. equipment, with a resolution of ca. 1 nm. 

Copper and iron content was determined in reduced composites by inductively coupled plasma 

mass spectrometry (ICP-MS, Agilent 7700x), after high temperature solid digestion in 

hydrochloric, nitric and hydrofluoric acids (3:1:0.5 v/v). Ex situ X-ray photoelectron 

spectroscopy (XPS, Specs Spectrometer) was carried out to determine the oxidation state of the 

copper nanoparticles and any potential modification of the iron in the MOF occurring during 

synthesis/reduction. For XPS, the powdered samples were compacted into disc-shaped tablets. 

The analysis was carried out using monochromatic Al-Kα radiation emitted from a double 

anode at 12 kV and 200 W. The binding energies of the resulting spectra were corrected 

employing the binding energy of adventitious carbon (284.6 eV) in the C1s region. The 

backgrounds were corrected using Shirley baselines. All the analysed regions (C1s, O1s, Cu2p 

and Fe2p) and Auger CuLMM were deconvoluted by means of mixed Gaussian-Lorentzian 

functions (90:10). The quantitative analyses were based on atomic sensitivity factors stored in 

the CasaXPS database (v2.3.12Dev6). 

2.4. Catalytic activity tests 

The described reduction process with H2 was performed in situ in the fixed-bed tubular flow 

reactor system (Process Integral Development Engineered & Tech.). The same system was used 

to measure the activity of the catalyst with respect to the hydrogenation of CO2. For that, after 

the reduction program, the H2 flow was switched to the gas mixture of CO2:H2. The pressure 

was set to 10 bar, while the gas flow rate was fixed at 10 mLmin-1. After the steady-state was 

reached (ca. 20 min), MeOH production was measured at the temperature range 180-240 ºC 

using an online gas chromatograph (Smiadzu GC-2010) with a flame ionization detector (FID). 

The percentage of CO, CO2 and CH4 was simultaneously quantified using an Agilent Tech. 

7890B GC system, with a thermal conductivity detector (TCD) and He as a carrier gas. 

Methanol space-time yield (STY), CO2 conversion and selectivity between MeOH and CH4 vs. 

CO were calculated to assess the catalytic performance. 
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3. Results and discussion 

3.1. Synthesis of pristine MOFs 

Two sustainable synthetic processes were here used to prepare MIL-100(Fe) and Fe(BTC) 

MOFs, the first based on the use of Fe(II) and water, and the second on the use of Fe(III) and 

scCO2. The slow oxidation of the ferrous cations in aqueous basic media led to the 

straightforward precipitation of the MIL-100(Fe) crystalline phase, denoted by the development 

of a well-defined XRD pattern, matching the one published from single-crystal data (Fig. 3a).20 

On the contrary, by using the ferric cation, the semiamorphous character of the scCO2 

precipitated Fe(BTC) was reflected in strong peak widening, indicating a high degree of 

structural disorder for this phase (Fig. 3b). Nevertheless, the broad peaks at 2θ = 4 and 11º in 

the XRD pattern match the MIL-100(Fe) accumulated narrow peaks in this area, indicating 

structural similarities.30  

  

 

Figure 3. XRD pattern of the pristine form and the composites of the (a) crystalline MIL-

100(Fe) and (b) semiamorphous Fe(BTC). 

 

The different end products are related to the reaction mechanism stablished in each synthetic 

route. The crystalline character of MIL-100(Fe) is achieved through the slow formation of the 

solid phase in water, originated by the transformation of Fe2+ in Fe3+, giving well-faceted 

micrometric octahedral crystals in the range of 0.5-1 μm (Fig. 4a). In scCO2, the reaction 

proceed through the initial formation of a gel in dioxane, constituted by colloidal amorphous 

particles, which is further dried with the supercritical fluid preventing crystal growth and 
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leading to semiamorphous Fe(BTC) isometric nanoparticles with sizes in the order of 10-20 nm 

(Fig. 4b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Morphological SEM analysis of samples: (a) MIL-100(Fe), (b) Fe(BTC), (c) 

Cu(acac)2@MIL-100(Fe), and (d) Cu(acac)2@Fe(BTC).  

Regarding the N2 physisorption analysis, both samples displayed a type I isotherm, with 

enhanced adsorption in the low pressure region. The highest intraparticle adsorption value was 

measured for the crystalline MIL-100(Fe) (Fig. 5a). For the semiamorphous Fe(BTC), defects 

on the pore walls likely generated significant blockage, thus reducing adsorption (Fig. 5b). As 

a consequence, a higher value of the apparent BET surface area was calculated for MIL-100(Fe) 

with respect to Fe(BTC) (1560 vs. 1074 m2g-1, respectively), concomitant with a decrease of 

the BJH pore volume observed for the later (0.56 vs. 0.32 cm3g-1, respectively). Both MOFs 

(a) (b) 

(c) (d) 

1 µm 500 nm 

20 µm 20 µm 
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displayed some hysteresis at high relative pressures due to capillary condensation in the 

interparticle mesopores.  

 

 

Figure 5. N2 adsorption-desorption isotherms of the pristine form and the composites of the (a) 

crystalline MIL-100(Fe) and (b) semiamorphous Fe(BTC). 

 

3.2. Impregnation of the MOFs with the catalyst precursor 

The second step to generate the target catalyst involves the addition of the precursors of the 

catalytically active units to the MOF. Persisting in the aim of developing sustainable processes, 

the use of green scCO2 was surveyed in this work to allow the transport of the solute precursor 

from the solution to the MOF pores. An essential prerequisite to achieve this goal is to attain 

some solubility of the precursor in the supercritical fluid under reasonable values of pressure 

and temperature, e.g., < 250 bar and < 100 ºC. The use of low pressure values would reduce 

process costs, while the use of low temperatures avoid the early thermal decomposition of the 

precursor or support. The molecular precursor was searched among the organometallic copper 

family, since the typical inorganic copper salts are insoluble in scCO2. In particular, the 

Cu(acac)2 molecule was chosen. This organometallic has a reasonable solubility in supercritical 

CO2, in the order of ca. 5∙10-5 mole fraction under working conditions.31 Moreover, Cu(acac)2 

is stable in scCO2 up to temperatures of 150 ºC.32 Finally, the precursor has the proper size to 

diffuse along the MOF channels. Actually, the crystalline MIL-100(Fe) porous structure is 

defined by crystallographic cages of diameters 2.5 and 2.9 nm, while in the semiamorphous 

Fe(BTC) the average pore size approximates the largest cage (2.9 nm). However, the cages are 

only accessible through micropore windows of 0.6-0.9 nm, which must be taken into account 
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to analyze the molecular sieving behavior of the MOFs. The Cu(acac)2 is an elongated molecule 

with approximated dimensions of 0.5 x 0.7 nm. Therefore, this guest molecule has a suitable 

size to be entrapped in the small mesopores of the iron(III) trimesate MOFs, and also to diffuse 

through the micrometric windows connecting those pores.  

Large differences were found regarding the Cu(acac)2 impregnation behavior in scCO2 for the 

crystalline and semiamorphous studied MOFs. For the crystalline MIL-100(Fe), the 

impregnation into the pores was negligible. In these tests, most of the Cu(acac)2 reagent was 

eliminated dissolved in the scCO2 phase during depressurization, and only some recrystallized 

Cu(acac)2 needles were deposited on the reactor walls and on the bulk MOF sample (Fig. 4c). 

The XRD pattern of the Cu(acac)2@MIL-100(Fe) sample did not display the main peaks of 

Cu(acac)2, placed at 11.3 and 11.7º. This sample still displayed a large value of surface area 

and pore volume, ca. 650 m2g-1 and 0.25 cm3g-1, indicating low levels of impregnation, reached 

probably only on and near the exterior surface (Fig. 5a). On the other hand, using the designed 

set-up, the Cu(acac)2@Fe(BTC) composite was recovered from the sample holder as a brown 

powder, not presenting the Cu(acac)2 purple needles as a contaminant. SEM images depicted 

similar morphology for the pristine (Fig. 4b) and impregnated Fe(BTC) (Fig. 4d). In the 

Cu(acac)2@Fe(BTC) sample, the amount of deposited guest molecules in the interior of the 

semiamorphous Fe(BTC) pores was quantified as 32 wt%, value obtained gravimetrically 

comparing pristine and impregnated samples. In the XRD pattern of this compound, again the 

most intense peaks of Cu(acac)2 were not present (Fig. 3b) and the observed signals matched 

those of pristine Fe(BTC). This fact is often observed in impregnation processes in confined 

spaces of reduced dimensions, which is related to either molecular adsorption on the pore walls, 

or to the precipitation of not diffracting amorphous particles. Nevertheless, the representative 

peak for the mesopore cages in the Fe(BTC) at 3.9º almost disappear from the pattern.29 The 

decrease in the intensity of this band can be taken as an indication of pore loading with guest 

molecules. The successful loading of the semiamorphous MOF was also evidenced by the 

massive decrease of the BET surface area and pore volume, from >1000 m2g−1 and 0.30 cm3g−1 

in net Fe(BTC) to <100 m2g−1 and 0.03 cm3g−1 in Cu(acac)2@Fe(BTC), thus leaving almost no 

residual porosity in the impregnated sample (Fig. 5b). Finally, the presence of Cu(acac)2 in the 

pores of Fe(BTC) was confirmed by FTIR spectroscopy (Fig. 6). The spectrum of the pristine 

semiamorphous MOF exhibited the bands of iron(III) trimesate, represented by various sharp 

bands in the zone below 1300 cm−1. This spectrum also corroborates the total elimination of the 

used dioxane in the scCO2 synthetic process, since the typical C-H bands for this solvent at 

2800–3000 cm-1 were not apparent. For the Cu(acac)2@Fe(BTC) sample, the bands at 1622 and 
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1566 cm−1 and at 1444 and 1370 cm−1 correspond to the asymmetric and symmetric stretching 

vibrations, respectively, of the carboxylate groups in BTC coordinated to iron sites.33 The 

composite also displayed two extra bands at 1520 and 1021 cm-1, assigned to impregnated 

Cu(acac)2, and corresponding to C=C stretching coupled to C=O and CH3 rocking coupled to 

C=C bending, respectively.34,35  

 

Figure 6. FTIR spectra of the the pristine Fe(BTC) and its composites. Peaks at 1520 and 1021 

cm−1, corresponding to impregnated Cu(acac)2 is marked with dashed line, while the shift of the 

BTC band upon reduction is marked with red dotted line. 

 

Different scCO2 impregnation mechanisms were deduced for the crystalline and 

semiamorphous iron(III) trimesates, with bulky impregnation attained only into the Fe(BTC) 

MOF. The process of impregnation is driven by the equilibrium attained between the solubility 

of Cu(acac)2 in scCO2 and its affinity for the pore walls, the later related to the composition and 

number of defects on the internal surface of the MOF. This interaction can be ascertained 

through the analysis of the C parameter in the BET equation inferred from the N2 isotherm, and 

exponentially related to the energy of monolayer adsorption (see in the Equipment and 

methodology section).36 Fe(BTC) displayed an exceptionally high value of this parameter 

(315), denoting heterogeneity on the pore walls due to its semiamorphous nature conditioned 

by large number of defects. This value was reduced to 80 in the crystalline MIL-100(Fe) with 

atomically homogeneous pore walls. Hence, in amorphous Fe(BTC), strong sorption of 

Cu(acac)2 on the high-energy defects surface sites is favored vs. solvation by scCO2, while in 

the crystalline MIL-100(Fe) seems to be the other way around. Additionally, a large number of 

Brönsted acid sites is present in the semiamorphous MOF, which has been demonstrated to play 

a key role for the copper incorporation into the structure.37 In the impregnation process, the 
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particle size of the host is also an important parameter to be taken into account.38 Intraparticle 

transport limitations are reduced by reducing particle size. For the micrometric particles in the 

MIL-100(Fe), the reagents could not easily penetrate totally into the pore structure, while they 

certainly travel through the small nanometric entities of Fe(BTC). 

 

3.3. Catalyst production by reduction 

In the particular case of the hydrogenation reaction of CO2 to methanol, the typical catalyst is 

shaped with low cost reduced copper moieties, often mixed with ZnO, used as a promotor to 

avoid nanoparticles aggregation and sintering, and a support to attain a suitable selectivity.39 In 

this study, once the synthesis of the precursor Cu(acac)2@MOF was optimized, the objective 

was to activate the composite to obtain the catalyst. This was achieved by reducing the precursor 

in a H2 flow at 250 ºC. The chosen method was the in situ growth of reduced copper clusters 

(CuCs) into the constrained void space of the MOF pores, giving place to structures of the 

CuCs@MOF type. This method has the advantage of certainly avoid the formation of particles 

with excessive size for catalysis, and, simultaneously, circumvent the sintering of the fine 

catalytic entities during reduction and operation, both factors considered main drivers of 

catalyst deactivation. The process was analyzed for the Cu(acac)2@Fe(BTC), with a significant 

amount of impregnated copper precursor. A weight loss of ca. 45 wt% occurred for the sample 

during reduction, which indicates the release of large amounts of acetylacetonate ligands, in the 

form of acetylacetonate, and smaller decomposition products (acetone, ethane, methane),40 and 

likely few linkers of the MOF to complete the measured considerable weight loss. A concurrent 

loss of some crystallinity for the CuCs@Fe(BTC) sample was also observed, denoted by the 

intensity decrease of the characteristic Fe(BTC) bands (Fig. 3b). The absence of the band at 

3.9º again indicates that the channels in the MOF are loaded with guests. Note that subjecting 

the pristine Fe(BTC) MOF to similar reduction and catalysis treatment (H2/CO2), the peak at 

3.9º was still displayed in the XRD pattern (Fig. 3b). The relative amount of metals in the 

composite was quantified by ICP, giving values of 9.5 and 35 wt% of copper and iron, 

respectively. The elimination of acetylacetonate from the composite was reflected in the 

decrease of the signals at 1520 and 1021 cm-1 on the FTIR spectra (Fig. 6). The shift of the BTC 

band from 1566 cm-1 in Fe(BTC) to the lower frequency of 1536 cm-1 in the composite indicates 

the establishment of interactions between the linker in the MOF and the reduced copper species. 

By eliminating partially the organic part of the impregnated organometallic, the apparent 

surface area of the CuCs@Fe(BTC) increases with respect to Cu(acac)2@Fe(BTC), attaining 

values of in the order of 330 m2g-1 with an open pore volume of 0.22 cm3g-1 (Fig. 5b). 
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The distribution of copper and iron on the reduced composite was analyzed by elemental 

mapping. The obtained maps indicate that both metals were well-distributed over the sample 

(Fig. 7). 

 

 

Figure 7. TEM image (a) and EDS maps of the CuCs@Fe(BTC) composite, showing the Fe 

(b) and the copper (c) distribution. 

 

In the copper map, only few dense spots, assigned to large nanoparticles located outside the 

Fe(BTC) pores, can be discriminated. These particles are the origin of the low intensity peak at 

2θ 43.3º, corresponding to metal copper observed in the XRD pattern of the CuCs@Fe(BTC) 

sample (Fig. 3b), since the impregnated confined copper clusters, being the predominant phase, 

are too small to be detected as a crystalline compound by this technique. Nevertheless, these 

copper particles would not be effective in any catalytic process due to both, their relatively large 

size and low quantity. The composite CuCs@Fe(BTC) was further studied by XPS to complete 

the analysis of the structure. The technique was used to determine the oxidation states of the 

metals in the composite. The binding energies and fractions of the recorded main XPS peaks 

are indicated in Table 1. 

Table 1. XPS results for the different samples. 

  CuCs@Fe(BTC) 

Atomic ratio (XPS) 

Cu/C 0.021 

Fe/C 0.080 

O/C 0.601 

Fe/Cu 3.78 

B.E. shift (eV) 1.66 

C1s peaks (B.E., eV) 

#1 284.6 

#2 285.4 

#3 288.4 

C1s peaks (fraction) 

#1 0.644 

#2 0.120 

#3 0.236 

a) b) c) Fe Kα1 

 

Cu Kα1 

 

500 nm 
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O1s peaks (B.E., eV) 
#1 531.7 

#2 533.3 

O1s peaks (fraction) 
#1 0.936 

#2 0.064 

Cu2p3/2 peaks (B.E., eV) 

#1 933.0 

#2 934.9 

#3 (sat) 941.1 

 #4 (sat) 944.8 

Cu2p3/2 peaks  

(Cu2p fraction) 

#1 0.215 

#2 0.234 

#3 (sat) 0.283 

#4 (sat) 0.038 

Fe2p3/2 peaks (B.E., eV) 

#1 710.9 

#2 712.6 

#3 (sat) 716.8 

Fe2p3/2 peaks  

(Fe2p fraction) 

#1 0.234 

#2 0.161 

#3 (sat) 0.286 

K.E. CuLMM (eV) 916.2 

α' Cu 1849.4 

 

For this sample, the relative amount of carbon with respect to iron (Fe/C=0.08) corresponds to 

an atomic ratio for Fe:C of 1:12, which is noticeably superior than the atomic ratio derived from 

the empirical formula of Fe(BTC) (Fe/C=0.11 in C9H3FeO6) corresponding to 1:9. The C1s 

region shows the typical profile of the trimesic acid units in the Fe(BTC) MOF (Fig. 8a),41 in 

which the area ratio of peaks at 285.4 and 288.4 eV, attributed to C-O and C=O groups, 

respectively, is ca. 2. The ratio expected in pure Fe(BTC) is 1, so the sample has an excess of 

C=O groups. In the O1s region, the area of peak at 533.3 eV, attributed to C-O, is smaller than 

the area of peak at 531.7 eV, attributed to C=O and coordinated metal-oxygen bonds (Fig. 8b).42 

The excess of oxygen is also observed by measuring the O/Fe atomic ratio with a value of 7.5, 

higher than the stoichiometric O/Fe ratio for pure Fe(BTC) (O/Fe=6). The carbon and oxygen 

excess are ascribed to residual acetylacetonate groups and derivatives of this moiety not totally 

reduced on the spent catalyst. Regarding the Fe2p region, the peaks at 710.9 and 712.6 eV 

(Table 1) are ascribed to Fe2+/Fe3+ (Fe3O4) and Fe3+ (Fe2O3) species, respectively, whereas the 

presence of a satellite at 716.8 eV further confirms the existence of Fe3+ (Fig. 8c).43 The peak 

area ratios suggest that the Fe3+ was slightly reduced during the H2 treatment, e.g., ~59 at% 

correspond to +2/+3 and 41 at% to +3.  On the surface, the metallic composition stablished by 

XPS is ca. 79 at% Fe and 21 at% Cu, giving a 3.8:1 Fe:Cu atomic ratio, very close to the value 

measured in the bulk sample with ICP (3.6:1 Fe:Cu). These equal values prospect a 

homogenous distribution of the metals on the composite, the impregnation and reduction 
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processes minimize the amount of copper nanoparticles deposited outside the MOF pores, as 

already observed by elemental mapping (Fig. 7).  

 

 

Figure 8 C1s (a), O1s (b), Fe2p (c) and Cu2p (d) region of the XPS spectra of CuCs@Fe(BTC) 

composite. 

 

The Cu2p3/2 region displays four characteristic peaks. The peak at 933.0 eV might be assigned 

to Cu/Cu+,44 while the peak at 934.9 eV indicates the parallel presence of some amount of 

Cu2+.45 The shake-up peaks at 941.1 and 944.8 eV (Fig. 8d) confirm the latter, because these 

satellites do not occur on cuprous or metallic copper.46 According to the peak area fractions, 

reduced copper account for around 48 at% of total copper, the rest being Cu2+. The binding 

energy point in the copper Wagner’s plot47,48,49 for the CuCs@Fe(BTC) composite is placed 
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between the Cu2+ and Cu+ lines, thus confirming a mixture of oxidation states in the sample 

(Fig. 9). 

 

Figure 9. Copper Wagner-plot of the CuCs@Fe(BTC) composite. Empty circles correspond to 

data points for copper.47,48,49 

 

 Overall, the XPS results imply that the hydrogen treatment resulted in the partial reduction of 

ca. 50 wt% of the Cu(acac)2 impregnated moieties. Moreover, the excess of C and O in the 

structure also indicates that the total elimination of acac moieties from the system was not 

achieved. It is known that the reduction of Cu(II) β-diketonates often requires the use of very 

strong reducing agents.50 The sequential dissociation and reduction of Cu(acac)2 in a reducing 

atmosphere has been described as: Cu(acac)2  Cu(acac)  Cu, giving different amounts of 

Cu2+, Cu+ and Cu end products as a function of the experimental conditions.40 Molecular 

hydrogen was chosen in this work as a reducing agent because a preliminary trial showed that, 

under working conditions, H2 was able to reduce net Cu(acac)2 powder to metallic copper (Fig. 

10). 
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Figure 10. XRD spectra of the reduced net Cu(acac)2 to metallic copper. 

 

However, XPS analysis indicates that the reduction behavior of the Cu(acac)2 molecules located 

inside the MOF pores was not equally effective. Cu and Cu+ were simultaneously formed, with 

Cu+ species as the dominant, at least on the surface. Nevertheless, the use of H2 has relevant 

operational advantages, since reduction and catalysis can be performed consecutively in the 

same holder, without intermediate sample manipulation, simply by switching the gas. Taking 

into account that both Cu and Cu+ species are described to contribute to the activity of copper-

based catalysts51,52 and that the use of H2 as a reducing agent would simplify the design of any 

catalytic hydrogenation reaction, this method was considered to be the most efficient reduction 

approach. However, the process of reduction must be still optimized to attain a high degree of 

reduction. The first parameter to study is the temperature, settled here far away of the typical 

350 ºC used for fully inorganic supports. Because of the organic component in the MOF, which 

has limited thermal stability, the reduction temperature was limited to a safety maximum of 

only 250 ºC. Moreover, the influence of transport limitations, and thus the reaction time on the 

elimination of the acac moieties from the pores during reduction in highly loaded composites 

should be analyzed, since it is reflected on the relatively low degree of reduction attained. 

 

3.4. Catalytic tests 

First of all, the pristine MIL-100(Fe) and Fe(BTC) MOFs were tested for their catalytic activity 

in the CO2 hydrogenation reaction. These materials were in situ subjected to the standard 

reduction process with H2 at 250 ºC used in this work. Catalysis experiments were performed 

at 10 bar with a 5 mLmin-1 flow of H2/CO2 in the temperature range of 180-240 ºC. The chosen 

H2/CO2 molar ratio was 3:1, stoichiometric for methanol formation. Under working conditions, 

5 25 45 65
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the catalytic activity of the crystalline MIL-100(Fe) was negligible. On the contrary, Fe(BTC) 

showed measurable activity itself, giving MeOH STY values of 0.2 mgMeOHgredcat
-1h-1 at 240 °C 

with a selectivity in the order of 25 %. Such disparities on the catalytic behavior of the 

crystalline and semiamorphous MOFs are related to the different structural characteristics. 

Likely, defects in Fe(BTC) entail a large number of bare coordination sites in the Fe3+/Fe2+ 

nodes, which might promote the dissociation of H2.
53  

The effectiveness as a catalyst of using CuCs impregnated in Fe(BTC) was demonstrated in a 

series of CO2 hydrogenation tests. It is worth to mention that experiments in this work were 

performed at low H2/CO2 pressure, e.g., 10 bar, and not at the typical pressures > 50 bar. The 

absolute CO2 conversion values were in the order of 0.5 wt%, which even being relatively low, 

are the expected for low pressure CO2 hydrogenation processes.54,55 The design and 

optimization of the low pressure route is necessary to make future CO2-to-methanol processes 

economically attractive and energetically sustainable. Hence, even being the low pressure a 

detrimental factor for total CO2 conversion, the use of low pressure is considered advantageous 

from an operational point of view. Hence, results could only be properly compared to those 

obtained using other materials under similar experimental conditions. At 240 ºC, a five-fold 

increase in the measured MeOH STY value (0.9 mgMeOHgredcat
-1h-1) was observed for the 

CuCs@Fe(BTC) sample with respect to pristine Fe(BTC). The methanol yield was compared 

to that produced by the typical CuZnO catalyst measured in the same equipment at 10 bar and 

240 ºC.54 For proper comparison, the methanol production rate values were recalculated based 

on the weight of copper in the sample. STY values of 3.3 and 10 mgMeOHgCu
-1h-1 were measured 

for CuZnO and CuCs@Fe(BTC), respectively. (Fig.11a) These results are comparable with 

other Cu-MOF systems (0.1-12 mgMeOHgCu
-1h-1), although none of the previous cases used iron-

based MOFs.56  
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Figure 11. (a) Methanol space-time yield of the CuZnO and CuCs@Fe(BTC), related to the 

copper weight of the catalysts and (b) selectivity of the latter composite. 

 

The influence of the temperature was studied in the interval of 180-240 ºC. Increasing the 

temperature resulted in enhanced CO2 conversion, concomitant with a constant increase of the 

STY of MeOH (Fig. 11a). However, all this occurs together with a significant evolution of 

secondary products, including the expected CO at T>200 ºC, but also CH4 at T>220 ºC. 

Considering methane and CO as sub-products, the selectivity to MeOH of the CuCs@Fe(BTC) 

was of 100 wt% at 180 ºC, but decreases to ca. of 30 wt% at 240 ºC. The CO2 transformation 

to methanol and methanation reactions are expressed as in equations (1) and (2), respectively.  

CO2 + 3H2 → CH3OH + H2O        (1) 

4H2 +CO2 →CH4 +2H2O        (2) 

CO is an expected intermediate formed in the reverse water gas shift reaction (eq. (3)).  

CO2 + H2 → CO +H2O        (3) 

The origin of methane is more uncertain, since it is not commonly found when using Cu 

catalysts. Stoichiometrically, higher H2:CO2 ratios are required for the methanation reaction 

than for the formation of methanol. Actually, the experimental conditions used in this work, 

e.g., Cu catalyst vs. noble metal and a feed gas mixture with a H2:CO2 3:1 ratio, were selected 

for the prevalence of the hydrogenation reaction producing methanol over methane.3 Even 

though the formation of a relatively high amount of methane was measured in the catalytic 

activity tests, together with CO and CO2 in the gaseous fraction of the end product, mostly 

liquid methanol was produced. Actually, the CH4 STY yield was of 4.9 mgCH4gCu
-1h-1 at 240 ºC, 

practically half of the MeOH yield. The reasons for the significant amount of formed methane 

are believed to be related to the catalyst composition. First, the blending of Cu/Cu+ and 
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Fe+2/Fe+3 have been described to constitute a catalyst with some efficiency in the formation of 

methane.57,58 Second, the adsorption of CO2 into the pores of Fe(BTC) can lead to the 

attainment of high local H2:CO2 ratios in the proximity of the catalytic centers, again favoring 

the formation of methane.3 Finally, during the catalytic tests H(acac) molecules are released 

due to the continuous reduction of the Cu(acac)2 and of the remaining Cu(acac). From this 

secondary product, methane molecules are easily produced through further transformation and 

loss of water and acetone.¡Error! Marcador no definido. In this study, only the mentioned three products 

(MeOH, CH4 and CO) were investigated, although presumably other hydrocarbons with longer 

chains might also be formed, typical for Fe-based catalysts.59 

 

4. Conclusions 

In the search of a green approach for composite catalyst construction, scCO2 was the solvent 

selected to carry out the synthesis. In this respect, this work aims to open the spectrum of 

possibilities for the scCO2 synthesis of composites involving metal clusters or nanoparticles by 

selecting adequately the organometallic precursors. The impregnation of both, crystalline MIL-

100(Fe) and semiamorphous Fe(BTC), was attempted using this technology. However, the 

process was only successful for the Fe(BTC) MOF, which was impregnated with Cu(acac)2, 

and further reduced to CuCs@Fe(BTC). In the vast majority of studies, methanol production 

via CO2 hydrogenation is realized over bifunctional catalysts, commonly Cu-ZnO interface, 

required to activate the CO2 reduction. No extensive research has been found on composites of 

the iron trimesate type, loaded with copper species into the pores for the use as a catalyst in 

CO2 hydrogenation reactions, being this study pioneer in the area. Based on the results of this 

study, the CuCs@Fe(BTC) sample can produce significant amounts of methanol without the 

incorporation of ZnO species. The most important role of ZnO is to act as a spacer among 

copper nanoparticles, preventing their aggregation, which is associated to the deactivation of 

the catalyst. In the CuCs@Fe(BTC) composite, the porous structure of the MOF is taking this 

role by acting as a support for dispersing the copper phase, and moreover by confining the 

clusters into the cages that physically hinders the growth and aggregation of the copper species. 

As a result, considerable amount of methanol production can be achieved without the 

involvement of ZnO. 
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  Supercritical CO2 synthesis of porous 

metalloporphyrin frameworks: 

application in photodynamic therapy 

Chapter V 

This chapter is based on the following published manuscript: 

M. Kubovics, O. Careta, O. Vallcorba, G. Romo-Islas, L. Rodriguez, J.A. Ayllón, C. 

Domingo, C. Nogués, A. M. López-Periago, Supercritical CO2 synthesis of porous 

metalloporphyrin frameworks: application in photodynamic therapy, Chemistry of 

Materials, 2023 

 

In this work a series of porous metalloporphyrin frameworks were prepared using 

supercritical CO2 as solvent, involving 5,10,15,20-Tetra(4-pyridyl) porphyrin 

linker and four metal (Cu, Zn, Co, Ni) 1,1,1,5,5,5-hexafluoroacetylacetonate 

complexes. The Zn-based MOF was selected as potential photodynamic therapy 

showing outstanding performance. 
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Abstract 

A series of porous metalloporphyrin frameworks prepared from the 5,10,15,20-tetra(4-

pyridyl)porphyrin (H2TPyP) linker and four metal complexes, M(hfac)2 M= Cu(II), Zn(II), 

Co(II), Ni(II) (hfac: 1,1,1,5,5,5-hexafluoroacetylacetonate), were prepared using supercritical 

CO2 (scCO2) as a solvent. All the materials, named generically as [M-TPyP]n, formed porous 

metal-organic frameworks (MOFs), with surface areas of ~ 450 m2g-1. All MOFs were formed 

through the coordination of the metal to the exocyclic pyridine moieties in the porphyrin linker. 

For Cu(II), Zn(II) and Co(II), incomplete metal coordination of the inner pyrrole ring 

throughout the structure was observed, giving place to MOFs with substitutional defects and 

leading to a certain level of disorder and limited crystallinity. These samples, prepared using 

scCO2, were precipitated as nano to micrometric powders. Separately, a layering technique 

from a mixture of organic solvents was used to crystalize high quality crystals of the Co(II) 

based MOF, obtained with formula [{Co(hfac)2}2H2TPyP]n. The crystal structure of this MOF 

was elucidated by single-crystal synchrotron X-ray diffraction. The Zn(II) based MOF was 

selected as potential photodynamic therapy drug in the SKBR-3 tumoral cell line showing 

outstanding performance. This MOF resulted to be non-toxic, but after 15 min irradiation at 

630 nm, using either 1 or 5 µM concentration of product, almost 70 % of tumour cell died after 

72 h.  
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1. Introduction 

Porphyrins are key building block precursors in many areas of synthetic chemistry. As an 

important example, the preparation of metal-organic frameworks (MOFs) containing porphyrin 

linkers is currently of great interest, as they can form coordination networks with multiple 

applications such as catalysis, sensors for molecular recognition,1-3 or drugs for cancer 

treatment.4-6 In the latter, porphyrins are the most extensively used material for  photodynamic 

therapy (PDT).7 The PDT procedure is based on the local application of a photosensitizer in the 

affected area that, by light radiation of a certain wavelength, induces the formation of reactive 

oxygen species (ROS)8 able to destroy the harmful cells through either necrosis or apoptosis.9 

In this technique, the use of net porphyrins is often limited by their low bio-stability in aqueous 

media, self-aggregation and non-selective tumour targeting.10 Some of these drawbacks can be 

significantly attenuated by building porous structures in which the porphyrins are the organic 

linkers located between metal-containing species, thus obtaining porphyrin based MOFs. From 

them, the so-called 4th generation of photosensitizers is built,11 where the porphyrin moieties 

are somehow isolated and their aggregation is hindered.12 The first report on PDT using 

porphyrins as building blocks in MOFs involves the use of Hf(IV)13 and Zr(IV)14 as metal 

centres for head and neck cancer and cervical cancer, respectively.  

Among the most studied porphyrin MOFs are those involving Zr(IV), giving high stability and 

structural diversity,15 Ti(IV), applied in photocatalysis,16 and divalent Zn(II), Co(II), and Cu(II) 

cations, forming usually very stable 2D sheet-like structures.17-19  Less common, but equally 

functional, are the porphyrin-based MOFs with pyridyl motifs that can form supramolecular 

structures through self-assembly.20 In particular, 5,10,15,20-tetra(4-pyridyl)porphyrin 

(H2TPyP), linker chosen in this study, which possess several potential coordination sites. The 

inner tetratopic unit can be coordinated by displacing the two protons of the N-H pyrrole sub-

units, and the exocyclic four pyridyl groups linked to the porphyrin ring can potentially 

coordinate from one to four metal ions, which can greatly enrich the structure and functionality. 

Nevertheless, not many examples of MOF constructions are found in the literature for this type of 

pyridyl-based porphyrin linkers, presumably because H2TPyP has an extremely low solubility in 

most conventional liquid solvents, which difficult enormously their processing. In fact, H2TPyP 

is only partially soluble in chloroform, dimethylformamide and trichloroethane. Examples with 

total metal complexation are the coordination of Zn(II) ions with the pyridyl groups of adjacent 

H2TPyP molecules, and the same structure but with Ag(II) coordinated to the pyrrole units 

forming 2D coordination polymers.21 Two other examples of full coordination in TPyP2- were 
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obtained using Cu(II), and consists on porous 2D coordination networks involving the 

paddlewheel Cu(II) tetraacetate [Cu2(AcO)4] secondary building unit22 or the  Cu(hfac)2.
23

 In 

both cases, the Cu(II) fulfilled different tasks, since it acts as a metal source to metallise the 

porphyrin ring by interchanging Cu(II) with the two central protons of the NH pyrrole ring, and 

as a neutral node maintaining the ligands AcO or hfac. 

Described H2TPyPs based MOFs have been obtained using long-lasting synthetic methods 

(from weeks to months), either using layering (solvent diffusion) or solvothermal approaches. 

These techniques produce high quality crystals proper for single crystal X-ray diffraction 

resolution, but in extremely small yields. Besides, these approaches can have the limitation of 

solvent incorporation into the pores of the MOF, which can modify the structure of the final 

product. Currently, the synthesis of MOFs is currently beyond the study of their fundamental 

framework, as in many circumstances, developing key applications do not necessarily imply 

having well resolved crystal structures. In fact, amorphous or semi-amorphous MOFs have also 

show high capability to perform certain applications, such as in drug delivery systems.24 In this 

way, the search for new preparation methods involving short reaction times, low temperatures 

and avoiding toxic solvents, while achieving large yields is under strong surveillance, even if 

the quality of the crystals is partially compromised. Among the different techniques developed 

to synthetized MOFs and coordination polymers, those based on supercritical CO2 (scCO2) have 

proven to be excellent for precipitating materials in high yield. scCO2 has been traditionally 

used for removing entrapped solvents within MOF structures. However, in the last few years, 

it has also been used in our research group as a solvent for the synthesis of MOFs, either by 

using exclusively scCO2,
25-27 or adding a co-solvent,28 with interesting applications in medicine 

(bioMOFs),29  sensors30 or gas adsorption after hybridized with graphene aerogels.31 In essence, 

the use of the scCO2 technology has proved excellent to prepare materials for biomedical 

applications.32  In the search for new applications, and as a part of an ongoing work, we have 

explored here the possibilities of precipitating MOFs based on the H2TPyPs porphyrin linker in 

scCO2. Four metal hexafluoroacetylacetonate complexes (M(hfac)2, M=Cu(II), Zn(II), Co(II), 

Ni(II)) were used to complete the MOF structure, using only scCO2 as a solvent or adding a 

small amount of chloroform as a co-solvent, when necessary. In order to obtain crystals for the 

structural elucidation, a layering approach was attempted for all the studied products. However, 

this approach only allowed to attain proper crystals for the MOF involving Co(II), which was 

further elucidated in regard of the crystalline structure. Finally, the scCO2 precipitated Zn(II) 

MOF was successfully tested as a potential photosensitizer in PDT therapy.  
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2. Materials and methods 

2.1. Materials 

The organic linker 5,10,15,20-tetra(4-pyridyl)porphyrin, the metallic units of copper, zinc, 

cobalt and nickel hexafluoroacetylacetonate ([Cu(hfac)2]·xH2O, [Zn(hfac)2]·2H2O, 

[Co(hfac)2]·xH2O, [Ni(hfac)2]·xH2O), the solvents chloroform (CHCl3), methanol (MeOH) and 

1,1,2-trichloroethane (Cl3Et), and sodium anthracene-9,10-dipropionic acid (Na-ADPA) and 

perinaphthenone, used for the singlet oxygen measurement, were all purchased from Sigma 

Aldrich. CO2 (99.995 %) was supplied by Carburos Metálicos S.A., Air Products Group 

(Spain). 

 

2.2. Methods 

2.2.1. Synthesis of MOFs 

scCO2 synthesis: [Zn-TPyP]n, [Cu-TPyP]n and [Ni-TPyP]n MOFs were obtained in pure scCO2. 

Reactions were performed in a 10 mL vial placed into a 100 mL high-pressure autoclave with 

two opposite sapphire windows (TharDesign). The vial was charged with 0.34 mol of the metal 

complex M(hfac)2 and 0.11 mol of the organic linker, standardising a molar ratio of ca. 3.1:1 

for M(II):H2TPyP in all cases. A small magnetic bar was also added and the vial was finally 

capped with cellulose filter paper. In case of [Co-TPyP]n, ~ 5 v% of CHCl3 was also added as 

co-solvent. Experiments were performed using scCO2 at 20 MPa and 60 ºC, stirring the powder 

into the vial at 500 rpm, and for 72 h. After this running time, samples were cleaned with a flow 

of fresh CO2 at high pressure to remove the excess of unreacted M(hfac)2. Finally, the reactor 

was slowly depressurized and cooled down to room temperature, to recover in all cases a fine 

garnet coloured dry powder, in an average yield of 85 wt%.  

Layering: crystallization assays using the layering approach were tried for all studied metals. 

However, only the one involving Co(II) successfully produced crystals available for the 

structural elucidation. For this experiment, H2TPyP (0.025 mmol) was dissolved in 10 mL of 

Cl3Et/MeOH (3:1) and layered with 2 mL of fresh MeOH. A solution of [Co(hfac)2(H2O)x] 

(0.104 mmol) in 10 mL of MeOH was carefully layered onto the pristine MeOH layer. After 

several weeks at room temperature, purple needle-like crystals precipitated. The crystals were 

carefully filtered, rinsed with fresh MeOH and finally dried under vacuum. 
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2.3. Characterization 

The structure of the obtained samples was analysed by powder X-ray diffraction (PXRD) with 

a Siemens D5000 X-ray powder diffractometer using the Cu Kα incident radiation. The 

diffraction patterns were recorded from 2θ=5 to 30º, with a step scan of 0.02º counting for 1 s 

at each step. The morphological analysis was performed using a QUANTA FEI 200 FEG-

ESEM scanning electron microscope (SEM). The thermal properties of the samples were 

evaluated by thermogravimetric analysis (TGA, Perkin Elmer 7). Measurements were carried 

out under a N2 atmosphere raising the temperature at a rate of 10 ºCmin-1. Fourier transformed 

infrared (FTIR) spectra of the solid samples dispersed in KBr were recorded on a Perkin Elmer 

Spectrum apparatus. The textural properties were determined by N2 adsorption/desorption 

experiments, performed at -196 ºC, using an ASAP 2020 Micromeritics Inc equipment. The 

samples were previously degassed at 120 ºC for 24 h. The Brunauer-Emmet-Teller (BET) 

surface area (SBET) of the precipitated compounds was estimated in the relative pressure range 

of ca. 0.05-0.20. The micropore Langmuir surface (SLangmuir) was also calculated, together with 

the micropore volume (Vmp) estimated by the t-method. Elemental analysis was performed with 

a Flash EA2000 Thermo Fisher Scientific analyser. Ultraviolet-visible (UV-Vis) absorption 

measurements in water were carried out in a Varian Cary 5000 apparatus with an operational 

range in the spectrophotometer of 190-3300 nm. Dynamic light scattering (Zetasizer Nano ZS 

Malvern Inst.) was used to measure the hydrodynamic size. 

Single-crystal X-ray diffraction (SCXRD) experiments for [{Co(hfac)2}2TPyP]n were 

performed in the XALOC beamline at the ALBA synchrotron (Spain). Data were collected at 

100 K with a 0.72931 Å wavelength using the Dectris Pilatus 6M detector placed at 120 mm 

from the sample. The 9-scans were performed from 0 to 360º in steps of 0.5º with a collection 

time of 0.15 step-1. The scan was repeated at three different N angles (0, 45 and 90º), and merged 

afterwards to increase the completeness and redundancy when possible. Data were indexed, 

integrated and scaled using the XDS software.33 The crystal structures were solved by intrinsic 

phasing and refined with SHELXL (version 2014/7)34 using Olex2 as a graphical interface.35 

2.4. Measurement of singlet oxygen (1O2) production 

2.4.1. Singlet oxygen detection via fluorescence decay of ADPA 

Singlet oxygen formation was detected using a Cary Eclipse spectrofluorimeter (Agilent). The 

process involved measuring the fluorescence decay of ADPA upon irradiation in the presence 

of the [Zn-TPyP]n photosensitizer.36
 For this, 100 µl Na-ADPA water solution (1.2 mM) was 

added to 3 mL of [Zn-TPyP]n dispersion in water (0.15 mgmL-1). The mixture was irradiated at 



Chapter V 

 

 

234 

630 nm during 15 min, using the same light source as for the photodynamic treatment 

(PhotoActivation Universal Light PAUL device, GenIUL). After each 5 min, the mixture was 

introduced to a quartz cuvette of 1 cm, and the fluorescence emission spectra of the mixture 

was recorded in the 380-600 nm range, using an excitation wavelength of 355 nm. 

2.4.2. Singlet oxygen quantum yields () measurement 

Room-temperature singlet oxygen phosphorescence was detected at 1270 nm with a Horiba-

Jobin-Ybon SPEX Nanolog spectrofluorimeter using the DSS-IGA020L detector. The use of a 

Schott RG 1000 filter was essential to eliminate from the infrared signal all the first harmonic 

contribution of sensitizer emission in the region below 850 nm. The singlet oxygen formation 

quantum yield was then determined by direct measurement of the phosphorescence at 1270 nm 

following irradiation of the aerated aqueous dispersions of the samples. Perinaphthenone in 

dichloromethane was used as standard reference, applying equation (1). 

ɸ𝛥 = ɸ𝛥
𝑟𝑒𝑓 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛1270 𝑛𝑚

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 1270 𝑛𝑚
𝑟𝑒𝑓

   (1) 

being ɸ𝛥
𝑟𝑒𝑓

 the singlet oxygen formation quantum yield of the reference compound (ɸ𝛥
𝑟𝑒𝑓

 =

0.79). 

 

2.5. Cell culture experimenters of [Zn-TPyP]n 

Biological experiments were performed using the SKBR-3 cells line, a tumorigenic human 

mammary epithelial cell line (ATCC, USA). Cells culture was carried out in McCoy’s 5A 

modified medium (Gibco) supplemented with 10 % foetal bovine serum (Gibco) in a 37 °C 

humidified incubator set to 5 % CO2 (standard culture conditions). For both analysis, toxicity 

evaluation in the dark and under irradiation (photodynamic experiments), cells were seeded in 

4- or 24-well plates at a density of 3.5 × 104 cells per well. For Confocal Laser Scanning 

Microscopy (CLSM) experiments, cells were seeded in special confocal 35 mm dishes provided 

with glass coverslip bottom (µ-Dish 35 mm, high Glass Bottom, Ibidi GmbH) at a density of 

1.75 × 105 cells per well. All product treatments were performed 24 h after cell seeding. Stock 

product dispersions were prepared in filtered distilled water to a final concentration of 1 mM. 

Then, stock solutions were diluted in cell media obtaining a final product concentration of 1, 5 

and 10 µM. 
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2.5.1. Dark toxicity evaluation   

The toxicity of the product in the absence of irradiation (from now on, dark toxicity) was 

evaluated by determining cell viability at two different time points (24 and 72 h post-incubation) 

by the Alamar Blue assay. Briefly, 24 h after cell seeding, cells were incubated for 24 h with 

different concentrations of product (0 (control), 1, 5 and 10 µM) previously treated with an 

ultrasonic bath. Later, cell media was removed, and cells were washed four times with Hank’s 

Balanced Salt Solution (HBSS, BioWest) to remove any product remains, followed by fresh 

media addition. Viability was assessed twice, right after media addition (viability at 24 h) or 

after an additional 48 h incubation in standard culture conditions (viability at 72 h). Three 

independent experiments were performed for each condition. 

2.5.2. Photodynamic treatments  

 Photodynamic treatments were performed following the same protocol as for the dark toxicity, 

but this time SKBR-3 cells were incubated with 1 or 5 µM products for 4 h. After 4 h incubation, 

cell media was removed, and cells were washed four times with HBSS to remove any product 

remains, followed by fresh medium addition. Later, cells were either kept in dark conditions 

(not irradiated) or irradiated for 15 min using a PhotoActivation Universal Light device (PAUL, 

GenIUL), in the range of 620–630 nm (red light) and with a mean intensity of 55 mWcm-2 (light 

dose of 33 Jcm-2). Cell culture viability assessments were performed twice, right after 

irradiation (viability at 24 h) or after being incubated for an additional 48 h in standard 

conditions (viability at 72 h), using the Alamar Blue Assay. Three independent experiments 

were performed for each condition. 

2.5.3. Alamar Blue assay 

Cell viability was determined using the Alamar Blue cell viability reagent (Thermo Fisher 

Scientific). Briefly, after product incubation either during 4 or 24 h, cell media was removed, 

and cells were washed four times with HBSS before adding 10 % Alamar Blue in fresh medium. 

Cells were then incubated for 4 h in standard conditions in the dark. After incubation, media 

was collected, and 200 µL of the solution was transferred to a black bottom Greiner 

CELLSTAR® 96 well plate (Sigma Aldrich). Finally, the fluorescence of the media was 

measured at 590 nm wavelength, after excitation at 560 nm on a Spark multimode microplate 

reader (Tecan). Three independent experiments were performed for each condition. 
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2.5.4. Product internalisation 

To visualise if there was any product internalisation, 1.75 x 105 cells were seeded on confocal 

35 mm dishes provided with glass coverslip bottom. After 24 h of cell seeding, 1 µM of product 

was added to the culture. After product incubation (4 or 24 h) in standard conditions in the dark, 

cells were washed four times with HBSS to remove non internalised product and incubated with 

5 μL of wheat germ agglutinin (WGA) 448 for 15 min to detect the limit of the cells. Then, 

images were acquired with a Leica TCS-SP5 AOBS spectral Confocal Laser Scanning 

Microscope (Leica Microsystems) using a PlanApochromatic 63X objective lens. WGA-Alexa 

Fluor 488 (plasma membrane) and product excitation was carried out using 405 and 488 nm 

laser lines, respectively, using a sequential mode. Different PMT devices (600-763 nm for 

product fluorescence emission and 500-550 nm for WGA fluorescence emission (membrane)) 

were used to detect each corresponding spectral range. Series of images were further analysed 

with Fiji software (Image J - NIH). 

2.5.5. Statistical analyses 

The statistical analysis was performed using GraphPad Prism version 6.01 for Windows, 

(GraphPad Software). Quantitative results were analysed using a two-way ANOVA with a 

minimal significance level set at p ≤ 0.05. In the figures, significance is represented by an 

asterisk, which means that the values are significantly different from their control (p < 0.05). 

3. Results and discussion 

3.1. scCO2 synthesis 

It is generally recognised that when preparing MOFs, the solvent of choice is highly important, 

since it can affect several parameters, such as structure, morphology, crystallinity and particle 

size of the end product. As mentioned in the Introduction section, reported MOFs involving 

H2TPyP as a linker have been obtained using techniques where the yield was compromised 

towards obtaining high quality crystals. This work explores the use of green scCO2 as an 

efficient solvent for the preparation of new H2TPyP based MOFs at a high yield and in the 

absence of large amounts of toxic solvents. For achieving this target, hexafluoacetylacetonate 

metal ligands (M(hfac)2), with typical high solubility in scCO2, were used. In this method, the 

use of neutral metallic nodes is preferred due to the limited capacity of scCO2 for dissolving 

ionic materials. Being scCO2 the solvent used in this work for product synthesis, reagents 

solubility in this fluid is an important parameter determining product characteristics. Reagents 

solubility values in this fluid were first empirically estimated by a simple visual method carried 
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out in the sapphire windows reactor. Weighted amounts of micronized powder were added to 

the reactor that was then filled with scCO2 under typical reaction conditions chosen for MOFs 

synthesis (e.g., 20 MPa, 60 ºC). The turbidity of the system, maintained under vigorous stirring, 

was observed for periods of several hours. Only for the H2TPyP linker, the turbidity was 

permanent, indicating very little solubility in scCO2. In regard of the metal precursors, 

experimentally it was observed that solubility decreases as follows: Co(hfac)2 > Zn(hfac)2 ~ 

Cu(hfac)2 > Ni(hfac)2. Solubility values of these substances have been compiled in the 

literature,37 but they are not totally coincident with our observations, likely due to the different 

level of hydration of the reagents. Tests performed in this work pointed out to Ni(hfac)2 having 

the lowest solubility value compared to the other metal precursors, concurrent with its high 

hydration level.  

Since some of the used reagents were not highly soluble in scCO2, the process was first 

optimized by adjusting the synthetic parameters to avoid the presence of large amounts of 

unreacted molecules after MOF precipitation, which can contaminate the end product. The first 

trial consisted in using a large excess of M(hfac)2 with respect to the organic linker (molar ratio 

6:1). However, no significant changes in regard of structure or purity of the end product were 

observed when comparing this ratio to the stoichiometric molar ratio corresponding to the 

addition of enough metal for reaching full complexation of all the potential binding sites in the 

H2TPyP, e.g., the four pyridine groups and the inner pyrrole ring. Accordingly, further trials 

were carried out using a 3.1:1 M(hfac)2:porphyrin molar ratio, aiming to minimise also the 

presence of remaining M(hfac)2 after MOF precipitation. An exception to this rule was the 

precipitation of the MOF of Co(II), for which whatever the experimental conditions, large 

amounts of unreacted H2TPyP were always present in the end product. Thus, to precipitate this 

MOF, CH3Cl co-solvent was employed to enhance linker solubility. Initial experiments were 

carried out lasting 3 h, but after this short period of time, mixtures of end products and unreacted 

H2TPyP were always recovered. Hence, the influence or reaction time was studied by increasing 

the reaction time in steps, up to a week. The withdrawal of the diffraction peaks of the pure 

porphyrin linker in the PXRD patterns was chosen as the standard indication of the evolution 

of the H2TPyP towards the end product. Analysing the results, after 72 h no further changes in 

the pattern were observed, thus the reaction time was standardised at this time for all of the 

metals to complete the reaction.  
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3.2. Structure of the synthetized MOFs 

Several attempts were performed to synthetize high quality crystals of all the studied porphyrin-

derived MOFs. Used techniques were layering and the solvothermal approach, in which the 

reagents were kept at 120 ºC in dimethylformamide in closed vials during 72 h.  From all of the 

performed trials, only the layering of Co(II) and H2TPyP in Cl3Et/MeOH resulted in crystals of 

the necessary quality for performing structural elucidation by SCXRD. From the rest, only fine 

particles were precipitated, characterised by PXRD (Figure 1) and not corresponding to the 

phases precipitated in scCO2. The characteristics of the rest of the scCO2 precipitated new 

compounds were determined by comparison with the PXRD pattern of the Co(II) derived 

porphyrin, either prepared by the scCO2 method or simulated from the single-crystal structural 

data. 

 

Figure 1.  Capillary PXRD patterns of reaction products from the layering runs of Cu(II), Zn(II) 

an Ni (II) reacted with H2TPyP. 

3.2.1. [{Co(hfac)2}2H2TPyP]n structure 

The porphyrin-derived MOF of Co(II) precipitated from layering, with formula 

[{Co(hfac)2}2H2TPyP]n, do not show the metal coordination in the inner porphyrin ring as 

shown in Figure 2(a). Crystallographic data is presented in Table 1.  

5 10 15 20 25 30

Ni-TPyP

Cu-TPyP

Zn-TPyP

2 theta (º)

In
te

n
si

ty
 (

au
)



Chapter V 

 

 

239 

Table 1. Crystallographic data for compound [{Co(hfac)2}H2TPyP]n determined by single 

crystal diffraction. 

Compound [{Co(hfac)2}H2TPyP]n 

Empirical formula C15H7.5CoF6N2O2 

Formula weight 391.19 

Radiation X-rays 

T (K) 100(2) 

Wavelength (Å) 0.72932 

System, space group Monoclinic, C 2/m (12) 

a (Å) 22.913(10) 

b (Å) 25.721(4) 

c (Å) 6.524(1) 

β (°) 105.60(2) 

V (Å3) 3703.25 

Z 8 

Dcalc (g cm-3) 1.403 

µ (mm-1) 0.597 

F(000) 1560 

Crystal size (mm3) 0.100x0.060x0.040 

hkl ranges -31≤h≤31, -35≤k≤35, -8≤l≤8 

2θ range (°) 1.248 to 29.967 

Reflections collected/unique/[Rint] 125748/5021/[Rint = 0.0546] 

Completeness 98.6% 

Refinement method Full matrix least-squares on |F|2 

Data/restrains/parameters 5021/0/234 

Goodness of fit (GOF) on |F|2 1.134 

Final R indices [I>2σ(I)] R1 = 0.0483, wR2 = 0.1401 

R indices (all data) R1 = 0.0500, wR2 = 0.1416 

Largest. Diff. peak and hole (e Å-3) 0.945 and -0.995 

 

The four pyridines coordinated to metal clusters forming a polymeric structure. This synthesis 

is believed to be thermodynamically and kinetically favoured. The coordination of the pyridines 

is a highly favourable process because the exocyclic groups are highly exposed towards the 

approach of the metal clusters, and the orbital geometry of the nitrogen is also favourable. In 

addition, Co(hfac)2 can coordinate the pyridine without the elimination of any of its hfac 

moieties, thus maintaining the ligands and reducing the necessary reaction energy. This addition 

process occurs in one-step, without the release of any component, and therefore it can occur in 

a fast and effective way. On the contrary, the use of large metallic clusters might sterically 

hinder the access of the Co(hfac)2 units to the inner pyrrole ring. Furthermore, the coordination 
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to the pyrrolic ring would imply the substitution and elimination of the proton in the pyrrol (N-

H) and the elimination of the hfac moiety as hexafluoroacetilcetone upon metal coordination. 

Overall, the metal coordination of the pyrrolic ring is a highly energetic process, and therefore 

less probable to occur in comparison to the pyridine M(hfac)2 addition. Since the synthesis of 

the Co(II) MOF is performed at room temperature, it can be assumed that, in the apparent 

competing reactions pyridine-metal vs. pyrrole-metal, the lack of temperature as energy input 

is detrimental for the later vs. the former. 

[{Co(hfac)2}2H2TPyP]n belongs to the monoclinic crystal system, with space group C2/m (12). 

The asymmetric unit contains one cobalt atom, one hfac ligand and a quarter of the porphyrin 

linker. The crystal structure resembles to the previously described for 

[{Cu(hfac)2}CuTPyP·6H2O]n,
23 in particular on the framework structure, space group and cell 

parameters. However, the Co(II) compound in this work shows three key differences: (i) it 

contains Co(hfac)2 nodes instead of Cu(hfac)2 nodes, (ii) the porphyrin is non-metallated, and 

(iii) the pores do not contain any solvent. The structural analysis revealed a 2D sheet 

coordination polymer comprising trans configured Co(hfac)2 nodes, joined by four-connected 

H2TPyP, acting as tetratopic linkers, trough the four pyridyl groups. The ensemble defines a 

(4,4)-net with a rhomboidal distortion from a regular square grid. The porphyrin ring system is 

essentially flat, although it is slightly inclined respect to the main sheet planes defined by the 

Co(II) positions (angle 5.67) (Figure 2(b)). The pyridyl rings are 74.07(12) ((76.55(8) in the 

copper compound) tilted relative to the mean plane of the porphyrin macrocycle. The 

coordination sphere about Co(II) is essentially a distorted elongated octahedron, involving four 

oxygen donor atoms of the chelating hfac ligands in a plane, Co-O bond length of 2.06 Å, and 

the axial positions occupied by two nitrogen atoms from pyridyl groups belonging to two 

different H2TPyP linkers, Co-N bond length of 2.15 Å. The bond angles about Co(II) show 

some deviations from the ideal 90 (values between 85 and 95), and, besides the pyridyl ring 

plane, are not perpendicular to the Co-O4 plane 72.27 (Figure 2(c)). The polymeric sheets are 

stacked, but with some offset. Therefore, the distance between main planes of adjacent sheets, 

4.84 Å, is shorter than the closer Co-Co separation, 6.52 Å (Figure 2(d)). 
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Figure 2. Plots of the crystal structure of compound [{Co(hfac)2}H2TPyP]n: (a) numbering 

atoms, (b) and (c) showing different plane orientations, and (d) the stacking. 

 

The stacking defines channels parallel to the c-axis. The channels have alternative 

protuberances in the a and b directions (Figure 3(a,b)). The estimated accessible volume is 22 

v% per unit cell. Crystal are stable when subjected to humidity in air, although it is worth noting 

that it is very unusual for a crystal with such a high solvent accessible volume to be stable when 

exposed to open atmosphere. The pore size was measured along the a-axis, giving a value of 

14 Å. Several weak interactions are established among layers, resulting in stable 3D crystals, 

e.g., C–H···F contacts that involve the β- carbon pyrrole atom and CF3 groups of neighbour 

layers (H13···F2 2.542 Å), interactions between the H of the pyridine rings and O from the hfac 

ligand, and weak F···F contacts (Figure 2(d)).  
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Figure 3. Plots of the crystal structure of compound [{Co(hfac)2}H2TPyP]n showing the 

channel voids: (a) a, and (b) b directions. 

3.2.2. [M-TPyP]n MOFs prepared in scCO2 

scCO2 was selected as the reaction media for synthesizing this type of materials as it plays many 

important roles within MOFs synthesis and activation. The solubility of the reagents in different 

solvents guides nucleation and crystal growth kinetics, while the protic/aprotic character of the 

solvent determines the crystallized phase. scCO2 is an aprotic non-polar solvent, with a strong 

quadrupole moment, that has Lewis acid character. Moreover, it acts as an excellent solvent for 

neutral and fluorine containing metal groups, which makes it an ideal solvent for M(hfac)2 metal 

clusters. Hence, the role of scCO2 in the synthesis of the [M-TPyP]n MOFs is being a solvent 

for the metallic node added to the reaction media in the form of M(hfac)2. The solubility of 

polar compounds in scCO2 has historically been increased by adding small quantities of liquid 

co-solvents to the fluid. However, it was previously demonstrated for ZIF-838 and curcumin29 

3D MOFs that these materials can also be precipitated in scCO2 being only one of the reagents, 

e.g., the metal complex, soluble in the fluid.  The formation of the [M-TPyP]n MOFs is 

suggested to proceed in scCO2 by the interaction of dissolved M(hfac)2 molecules with weakly 

bonded H2-porphyrin molecules located on the surface of the porphyrin, giving place to 

[(M(hfac)2)x-HyTPyP] complexes and to MOF nuclei. 

It is well known that metal coordination of the pyrrolic ring provides thermodynamic stability 

to the structure; however, in all of the cases presented here, there was no full coordination of 

the pyrrolic ring. As previously explained, the formation of [M-TPyP]n MOFs in scCO2 is ruled 

by the reactivity between the nitrogen atoms of the pyridine and the pyrrol and the metal bonded 

to hfac. As scCO2 is an aprotic solvent, the free nitrogen would not undergo protonation, and 
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therefore all the N: (the four pyridines and the inner tetrapyrrol ring) are available for bonding 

in this solvent. The fact that all possible N-M bonds were not completed, even adding an excess 

of metal, is assumed to be related to the steric hindrance of the M(hfac)2 to enter the porphyrin 

ring, and the lack of enough energy under working conditions to break the M-hfac bond. To 

test which moiety reacts in preference with the metal, UV-Vis titration experiments in CHCl3 

were carried out taking the Zn(II) MOF as the case study (Figure 4). 

 

Figure 4.  Titration experiments of H2TPyP with Zn(hfac)2. The porphyrin concentration was 

0.025 mgmL-1. The concentrations for the metal were 0.025 mgmL-1 (red), 0.0625 mgmL-1 

(blue) and 0.125 mgmL-1 (purple). 

For this, a solution of Zn(hfac)2 at different concentrations was added dropwise to a solution of 

H2TPyP. In all cases, even the most concentrated one, the four Q bands typical of the pyrrole 

ring remain present, thus indicating the lack of complexation that is exhibited by the declining 

to only two Q bands. The H2TPyP porphyrin has two different ways of binding to metal: (i) the 

metalation of the central ring, which requires simultaneously both the deprotonation of the two 

pyrrole groups in the porphyrin, and the substitution of the two acetylacetonate ligands in the 

metal, and (ii) the coordination of the pyridine groups to the metal without the need of 

displacing the acetylacetonate ligands. Both reactions can enter into competition. However, it 

is foreseeable that the mechanism of reaction is multistage and, in any case, more complex than 
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the bonding of the pyridine groups necessary to form the two-dimensional network in the MOF. 

The obtained results in this work indicate that in scCO2 the reaction produces a material with a 

partial degree of metalation. Hence, although both reactions compete and occur simultaneously, 

the bonding of the pyridine groups is favored, e.g., is faster than the metalation. Probably, if a 

porphyrin is incorporated into the crystal lattice before being metallized in the central ring, it is 

highly unlike to be metallized afterwards, since the metal precursor M(hfac)2 is too bulky to 

diffuse through the pores of the MOF. Another argument in favour of this hypothesis is derived 

from the nature of the [{Co(hfac)2}2H2TPyP]n compound, obtained by slow diffusion of 

reagents in organic solvents, and in which the porphyrin rings are not metallized. This indicates 

that, under the close to equilibrium experimental conditions used for obtaining single crystals, 

the metallic precursor is favourably consumed to form the crystal lattice bonding to the pyridine 

groups than to metallize the central ring of the porphyrin. It was found that, even under rapid 

mixing conditions, and using an excess of metallic precursor, part of the porphyrin rings has no 

option of incorporating metal in the central ring, and the four characteristic Q bands of the 

protonated pyrrole ring are always observed (Figure 4). 

3.2.3. Structural PXRD analysis 

The PXRD patterns of the different samples are shown in Figure 5 in the 2θ range of 5 to 30º. 

For comparison, they are contrasted to the simulated PXRD pattern of [Co(hfac)2}2H2TPyP]n, 

resolved in this work, and to the published structure of [{Cu(hfac)2}2CuTPyP]n (Nuwcak),23 

that contained six molecules of water within the structure. Both, simulated PXRD patterns show 

three characteristic peaks at 2θ 5.2, 6.8 and 8.0o. These peaks are also present in the scCO2 

prepared MOFs of Cu(II) and Zn(II), with a slight shift to lower angles attributed to the 

heterogeneity produced by the coordinated/uncoordinated pyrrole ring. Besides, most of the 2θ 

peaks between 10 and 18º found for the Co(II) resolved MOF and Cu(II) Nuwcak´s were also 

present in the different porphyrin samples. In short, for the scCO2 synthesised Cu(II) and Zn(II) 

MOFs, PXRD analysis indicates similar diffraction peaks, as well as similar relative intensities, 

which is an indication of predominant isostructural features. By contrast, the scCO2 prepared 

Co(II) and Ni(II) MOFs can be considered as semi-amorphous compounds when analysing their 

PXRD patterns. This is a clear example of a MOF, the porphyrin derived MOF of Co(II), that 

could be prepared as fully crystalline and semi-amorphous material. The possibility of obtaining 

pairs of semi-amorphous / fully-crystallized MOFs was first described for mesoporous 

carboxylates of Fe(III), involving the MIL-100(Fe) and Fe-BTC pair.24 The semi-amorphous 

product maintains the crystallographic structure of the crystalline counterpart, as well as a 
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significant percentage of the porosity. It should be remarked that, for some applications, the 

semi-amorphous material surpasses the characteristics of the crystalline product.39 In the scCO2 

synthesis, semi-amorphous MOFs were obtained when using the most (Co(II)) and less (Ni(II)) 

soluble metal reagents. 

Figure 5. PXRD experimental patterns of [M-TPyP]n MOFs prepared in scCO2 compared to 

the single-crystal simulated patterns of [{Cu(hfac)2}2CuTPyPx6H2O]n (Nuwcak)23 and 

[{Co(hfac)2}2H2TPyP]n. 

 

The published structure of Nuwcak Cu(II) MOF showed a fully metal coordinated (outer and 

inner ring) product, whereas the Co(II) MOF precipitated in this work does not contain any 

metal ion in the inner pyrrole ring. Nevertheless, both PXRD patterns, simulated from single-

crystal data, were mostly similar in the number of peaks, position and relative intensities (Figure 

5). This indicates that the presence or absence of the metal in the pyrrole ring hardly causes any 

changes in the lattice or the crystallographic structure. 

3.3. Atomic and molecular composition  

To further ascertain the presence or absence of the metal in the inner ring of the [M-TPyP]n 

MOFs synthetized in scCO2, the composition was measured by performing elemental analysis 

5 10 15 20 25 30
2 theta (º)

In
te

n
si

ty
 (

au
)

[Ni-TPyP]n

[Co-TPyP]n

[Zn-TPyP]n

[Cu-TPyP]n

simulated-[{Co(hfac)2}2H2TPyP]n

simulated-[{Cu(hfac)2}2CuTPyP]n



Chapter V 

 

 

246 

for C, H and N atoms and ICP for the metal. Analysed data indicates the precipitation of 

materials with intermediate atomic proportions in respect to the values expected for fully free-

base or metallated porphyrin (Table 2). 

Table 2. Experimentally measured C, H and N molar percentages obtained by elemental 

analysis, presented together with metal molar percentages by ICP for the samples precipitated 

in scCO2. 

Sample Atom Exp. data Derived viable formula  

[Cu-TPyP]n  C 46.44 [(Cu(hfac)2)2Cu0.32 (H2)0.67TPyP]n 

1.0 % H2TpyP    H 1.96 

  N 6.99 

  Cu 9.22 

[Zn-TPyP]n C 46.74 [(Zn(hfac)2)2Zn0.30(H2)0.70TPyP]n 

  H 1.94 

 N 7.40 

 Zn 9.31 

[Co-TPyP]n C 44.45 [(Co(hfac)2)2Co0.70(H2)0.30TPyP]n 

  H 2.00 

 N 6.40 

 Co 9.24  

[Ni-TPyP]n C 44.64 [(Ni(hfac)2)2NiTPyP]n 

3.5 % Ni(hfac)2   H 

N 

Ni 

1.67 

6.63 

14.31 

 

Often, these results do not indicate the precipitation of a mixture of two crystallographic MOF 

phases, one with the pyrrole coordinated and one non-coordinated, but rather correspond to a 

single compound with the free-base form of porphyrin and the metalloporphyrin evenly mixed 

along the structure. Different results were obtained depending on the metal complex used for 

sample preparation. Considering that all the derived porphyrins underwent exocyclic 

coordination with M(hfac)2 at the four pyridine moieties, the coordination of the metal inside 

of the ring could only be partial for Cu(II), Zn(II) and Co(II) MOFs, as it is schematized in 

Figure 6. For Cu(II) and Zn(II), ca. 30 % of the pyrrole rings was coordinated by a metal, while 

for the Co(II) the metalloporphyrin form reach the 70 % likely due to the high solubility of 

Co(hfac)2 in scCO2 that favours the metalation of the porphyrin. In another situation, for Ni(II), 

an excess of metal of ca. 3.5 wt% was measured in the derived porphyrin MOF, even 

considering full exocyclic and endocyclic coordination. Taking into account the low solubility 
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of Ni(hfac)2 in scCO2, the measured metal excess was attributed to the presence in the end 

product of unreacted reagent.  

 

 

Figure 6. Scheme of the generic coordination of [M-TPyP]n MOFs. 

The FTIR spectra of the synthetized [M-TPyP]n MOFs are shown in Figure 7. All the scCO2 

synthetized samples displayed similar bands. At high wavenumbers, the signal at 3300 cm-1 

corresponds to the N-H stretching of the inner pyrrole ring. This band was highly reduced in 

intensity with respect to free H2TPyP and shifted to higher wavelengths upon complexation 

with the metal. Besides, a new band emerges corresponding to the N-M bond at ~1000 cm-1 

indicating that some metal is inserted into the porphyrin ring. The bands at 1636 and 1200 cm-

1 were assigned to the C=O of the acetylacetonate in hfac and C=N, respectively. The bands at 

1690-1540 -1 and 1380 cm-1 were assigned to C=C and C-N stretching vibrations, respectively. 

The C=N band at 1400 cm-1 of the free pyridine was for the MOFs slightly shifted to higher 

wavelengths (ca. 15 cm-1). The two bands at ~ 1644 and 1600 cm-1 are assigned to ν(CO-) of 

the ligand, and confirm that the metal complex ligand (hfac group) was not released upon 

assembly of the metal to the pyridine group. The crystalline and semi-amorphous Co(II) MOFs 
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present slight differences in the FTIR spectra. Essentially, the signal at 1000 cm-1, 

corresponding to the N(inner pyrrole ring)-Co bond in the semi-amorphous [Co-TPyP]n, is 

absent in the sample obtained from layering with formula [{Co(hfac)2}2H2TPyP]n.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. FTIR spectra of [M-TPyP]n MOFs compared to pure H2TPyP. 

 

3.4. Thermogravimetric analyses  

The thermogravimetric decomposition curves of the different MOFs were compared to that of 

the free H2TPyP (Figure 8). H2TPyP decomposition started at an onset temperature of 450 ºC, 

ending at 700 ºC, with a two-stage weight loss. The first (19 wt%, 450-475 ºC) is attributed to 

the loss of the peripheral pyridine groups, and the second (25 wt%, 475-540 ºC) corresponds to 

the decomposition of the tetrapyrrol ring. The ratio of these to weight loss values is close to the 

theoretical values of pyridine (50 wt%) and tetrapyrrol (50 wt%) molecules in the porphyrin. 

The total weight loss was only of ca. 50 wt% up to 800 ºC. The residue has been attributed to 

the formation of thermal stable carbides. A comparison of the decomposition temperature of 

pristine H2TPyP with HxTPyP in the different MOFs reveals that the former has considerably 

more thermal stable than the corresponding metal counterparts. This behaviour has been already 

described for metallated Zn(II), Cu(II), Ni(II) and Co(II)) tetra(p-carboxylic acid 

phenyl)porphyrins.6 All MOFs showed initial weight losses in the range of 125 to 190 oC, 

attributed to the evaporation of the hfac. This was followed by several weight loss steps 

assigned to thermal decomposition, varying from metal to metal, which is attributed to the 
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heterogeneity of the network structures. The final residue, varying from 38 wt% in Ni(II) to 25 

wt% in Cu(II) MOFs, was assigned to the formation of metal oxides. From the studied 

compounds, the gradation of thermal stability is Ni(II) > Co(II) > Zn(II) > Cu(II) MOFs. This 

behaviour has already been described for other porphyrin related materials, and related to the 

size of the ionic radius of the metal.37 

 

Figure 8. TGA curves of pure H2TPyP and [M-TPyP]n MOFs.  

3.5. Morphological and textural properties  

The morphology of the precipitated MOFs was observed by SEM (Figure 9). For all the 

samples, the size of the precipitated particles was in the nano to low micrometer range. Cu(II) 

(Figure 9(a,b)) and Zn(II) (Figure 9(c,d)) MOFs precipitated as crystalline particles of 

heterogeneous diameters, from nano to micro sizes, where Cu(II) grow in an elongated way, 

and Zn(II) in a very well dispersed form. The hydrodynamic diameter was evaluated for the 

Zn(II) MOF by DLS, giving a mean value of ca. 140 nm (Figure 10). Crystals obtained from 

Co(II) (Figure 9(e,f)) precipitated with a large size, as a columnar crystals with defined edges. 
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Figure 9. SEM images of [M-TPyP]n MOFs: (a,b) Cu(II), (c,d) Zn(II), (e,f) Co(II), and (g,h) 

Ni(II). 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 10. DLS measurement of [Zn-TPyP]n sample in water. 

This is attributed to the enhanced solubility of Co(hfac)2 in scCO2 when used together with 

CHCl3 co-solvent, which also favoured the solubility of the organic linker H2TPyP and, thus, 

the crystal growth. A completely different scenario was observed when using Ni(hfac)2 as the 

metal source. As it was assessed, Ni(hfac)2 is the least soluble in scCO2 of all the studied metal 

complexes, which appears to have an effect in the precipitation of the MOF. The Ni(II) based 

MOF contains numerous nanometric entities (Figure 9(g,h)). In this case, nucleation is clearly 

favoured over crystal growth. This fact is reflected in the precipitation of nanometric (< 20 nm) 

particles, resulting in a poorly defined PXRD (Figure 5). To improve the crystallinity of this 

MOF, the use of CHCl3 as a co-solvent was attempted, but the final product was not suitable 

for characterisation, as a large amount of pyridine linker, unfeasible to be separated, remained 

unreacted. Only few SEM images are reported in the literature showing the morphology of 

similar compounds obtained in organic solvents. Well-formed structures, namely micro-lumps 

and micro-prims, have been described for the coordination of zinc-10,15,20-tetra(4-

pyridyl)porphyrin with Cu(OAc)2, but needing the use of cetyltrimethylammonium bromide for 

adjusting the coordination reaction and improving the crystal growth.40 

Textural properties were obtained by measuring N2 adsorption-desorption isotherms at low 

temperature (Table 3). Despite of the different compositional and morphological characteristics 

measured for the scCO2 precipitated porphyrin derived MOFs, all of the compounds had a 
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similar N2 adsorption behaviour, showing type I isotherms assigned to microporous products 

(Figure 11). 

Table 3. Textural properties of the different porphyrin MOFs synthetized in scCO2. 

Sample SBET  

(m2g-1) 

SLangmuir 

 (m2g-1) 

Vmp  

(cm3g-1) 

[Cu-TPyP]n 460 490 0.31 

[Co-TPyP]n 480 520 0.36 

[Zn-TPyP]n 480 520 0.34 

[Ni-TPyP]n 480 535 0.32 

Figure 11.  N2 adsorption-desorption isotherms at -196 ºC for all samples.  

For the samples prepared using scCO2, theoretical surface areas could not be measured due to 

uncertainties in the structure definition and large number of defects in the semi-amorphous 

compounds. These samples were evaluated experimentally. 

The BET surface area values were consistently derived at ~ 480 m2g-1, with a micropore volume 

of ~ 0.30-0.35 cm3g-1. This is a clear indication that, independently of the ratio of the metallized 

ring, the textural properties were not compromised by this fact. On the contrary, the textural 
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properties of the Co(II) MOF obtained from layering could not be measured due to the low 

amount of sample obtained using this technique. In this case, the theoretical surface area was 

calculated from the representation of the crystal structure taking into account void size. The 

pore shape was adjusted to a cylinder, using an equivalent diameter of 9.1 Å. This led to a 

theoretical estimated surface area of ~ 1700 m2g-1. Using this value, the calculated cell volume 

corresponds to 814 Å3, equal to the crystallographic value. Comparing to published data for 

other H2TPyP MOFs, the only value of surface area found reported was for the compound 

involving the paddlewheel Cu(II) tetraacetate [Cu2(AcO)4], which was in the order of  800 

m2g-1.22 

3.6. Photodynamic characterization 

The [Zn-TPyP]n was tested in this work as a potential PDT compound, because Zn(II) has been 

reported to be highly biocompatible in metalloporphyrins.38  

3.6.1. UV-Vis spectroscopy 

UV-Vis spectroscopy is often used to understand porphyrins behaviour. However, due to the 

potential lability of the N-metal bond, preliminary stability studies must be carried out. For this, 

a sample of the Zn (II) porphyrin MOF was dispersed in water by ultra-sonication. The filtered 

and dried powder was analysed by PXRD (Figure 12). 

 

Figure 12. PXRD of the [Zn-TPyP]n sample after its dispersion in water achieved applying 

sonication. 
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Comparison with untreated samples indicates that the treated powder remained intact, 

demonstrating that this MOF was sufficiently stable to undergo water treatment, at least under 

the used experimental conditions. Red light with wavelength of 630 nm is generally used for 

PDT, since it corresponds to the region of the wavelength used in low-level laser therapy.39 

Hence, the first step to analyse the suitability of the material for PDT studies is to perform UV-

Vis characterisation. The intensity and colour of porphyrins are derived from the highly 

conjugated -electrons, giving characteristic UV-Vis spectra that consist of two distinct region 

in the near ultraviolet and in the visible region. Changes in the conjugation of a particular 

porphyrin would affect the UV-Vis absorption spectrum. In this study, the spectra of [Zn-

TPyP]n and net H2TPyP were compared (Figure 13). The organic linker (black line) presents 

the typical porphyrin broad intense Soret band at λmax=437 nm. This band is present at a relative 

high value of absorbance, since the molecule is meso- substituted, thus corresponding to the 

transition from the ground state (S0) to the second excited state (S2). The second set of less 

intense bands are the typical four weak Q bands in the range of 500 – 700 nm with phyllo-type 

intensities, corresponding to the transition S0 → S1 of the free-base porphyrin.41 Upon 

complexation with Zn(II) (yellow line), the Soret band shifted considerably to the blue with a 

λmax=428 nm, which is attributed to the loss of symmetry in the porphyrin ring due to 

deprotonation of the central pyrrole nitrogen atoms and further metalation. In addition, the large 

complexation of the outer pyridyl groups with the metal can also provoke this large shift.42 It 

has been described that upon fully complexation of the porphyrin with the metal in the central 

ring, the UV-Vis spectrum also changed with respect to the Q bands, since the four bands in 

H2TPyP corresponding to the NH vibrational excitations, get reduced to two due to the increase 

on the symmetry in M-TPyP. The spectra of the Zn(II) porphyrin MOF synthetized in scCO2 

displayed an intermediate situation, in which the four Q bands remained in the spectrum but 

with modified intensities as it is observed in Figure 13. This result further indicates that, 

throughout the [Zn-TPyP]n MOF network, the pyrrole ring was only partially metallized. The 

fact that the porphyrin MOF preserves the Q bands, and specially the band at 640 nm, is of 

extreme importance for its study to use the material as potential PDT sensitizer. 
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Figure 13. UV-Vis absorption spectra of H2TPyP and [Zn-TPyP]n. 

3.6.2. Measurement of singlet oxygen (1O2) production 

To demonstrate that the [Zn-TPyP]n MOF has the potential to be tested in PDT therapy, 

assessment of singlet oxygen production was carried out following two different approaches. 

First, the fluorescence decay caused by the photobleaching of anthracene-9,10-dipropionic acid 

in the presence of singlet oxygen was measured. Second, quantification was performed by 

determining singlet oxygen quantum yields, based on the phosphorescence of 1O2 at 1270 nm. 

The fluorescence decay of the ADPA upon irradiation was monitored in time to detect the 

formation of singlet oxygen (Figure 14). The same light source, operating in the same 

conditions (630 nm, 55 mWcm-2 intensity) as in the PDT measurements, was used for 

irradiation. The wavelength of the irradiation closely corresponds to the typical Q-band of the 

porphyrin, nearest to the red region. An important decrease in the fluorescence intensity was 

detected already after 5 min, showing the photobleaching of the ADPA to the non-fluorescent 

endoperoxide43 in the presence of the irradiated photosensitizer. After 15 min, no fluorescence 

signal was detected, the ADPA was irreversibly quenched. This result confirms the potential of 

[Zn-TPyP]n MOF to be used as photosensitizer in PDT treatment. 
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Figure 14. Fluorescence emission spectra of ADPA after irradiating for 15 min at 630 nm in 

the presence of [Zn-TPyP]n photosensitizer. 

In a second set of experiments, the generation of singlet oxygen was performed by the direct 

measurement of its well-known phosphorescence at 1270 nm. Perinaphtenone was used as 

standard reference in order to quantify this process. As expected, similar values for the 

dispersion of pure porphyrin crystals (2.7%) and the Zn(II) MOF (2.3%) was 

detected, although in the first case the large H2TPyP crystals do not disperse homogenously in 

the solvent, unlike the case of the MOF.  These values found to be quite low, which is the result 

expected in aqueous dispersions where, in comparison with other solvents, the concentration of 

the dissolved O2 is low.44,45 Nevertheless, aqueous media were used in order to maintain similar 

conditions to the PDT experiment. Despite of the relatively low quantum yields, based on the 

important fluorescence decay, and the well-known photosensitizing ability of porphyrins, this 

experiment demonstrates that the [Zn-TPyP]n MOF is a compound with characteristics adequate 

to be used in PDT therapy.  

3.7. Photodynamic treatments 

Product toxicity in dark conditions 

Once it was proved by UV-Vis that the [Zn-TPyP]n can be used in PDT therapy, the toxicity 

effects of the product on cell viability, in absence of light irradiation (dark toxicity), was 

evaluated using Alamar Blue assay at two different time-points, as the amount of fluorescence 

produced is proportional to the number of living cells. As it can be seen in Figure 15, none of 

the concentrations tested resulted cytotoxic after 24 h post-incubation, but after 72 h of 

incubation cell viability was significantly lower with 5 (78.6 %) and 10 µM (74.1 %) 
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concentrations. Toxicity was concentration dependent, the higher the concentration, the lower 

the viability. 

 

Figure 15. Dark toxicity: cell viability of SKBR-3 cells incubated for 24 h in dark conditions 

with different concentrations of product (1, 5, and 10 µM), and a control (0 mM) at 24 and 72 

h. Asterisks indicate statistically significant differences in cell viability compared to the control 

at each time-point. Experiments were done in triplicates.  

 

Cell viability after photodynamic treatments 

Photodynamic treatments were performed with 1 and 5 µM concentration of products, because 

higher concentrations resulted toxic at 72 h post-incubation in dark conditions. Photodynamic 

treatments were executed in an irradiator dispositive that irradiates homogeneously all the cells. 

Irradiation was performed at room temperature, which can affect cell viability. For this reason, 

dark toxicity was also tested under these conditions. To confirm that phototoxicity was due to 

product internalization, the product was incubated for only 4 h followed by an exhaustive wash 

to eliminate all the non-internalized product (Figure 16), then cells were irradiated for 15 min.  

The results obtained in dark toxicity under these conditions were similar to that obtained in the 

first experiment, that is, product was not toxic at any time-point tested, except for 5 µM product 

at 72 h after product incubation (78.6 %). After 15 min irradiation, when incubating with 5 µM 

of product, cells showed a significant decrease in cell survival after both 24 and 72 h (69.9 and 

35.7 % viability, respectively). On the other hand, incubation with 1 µM of product only led to 

a significant decrease in cell survival after 72 h (37.2 % viability). These results are in 

agreement to that obtained previously using the same SKBR-3 cell line and a porphyrin linked 

to Zn(II) metal complex (Na-ZnTCPP),46 e.g., using 1 µM of this product cell viability was 

reduced to more than a half. Other authors have also reported a reduction in cell viability using 

water-soluble porphyrins linked to Zn(II) metal complex.47 
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Figure 16. Photodynamic treatment effects after 15 min irradiation. Cell viability was 

determined by Alamar Blue for SKBR-3 cells incubated without (control) or with 1 or 5 µM of 

product for 4 h followed by cell wash. Cell viability was determined after incubation (24 h) 

either in dark conditions (not irradiated) or after 15 min irradiation at λex 620-630 nm 

(irradiated) and at 72 h. Three independent experiments were performed for each set of 

conditions. Asterisks indicate statistically significant differences in the cell viability between 

control and product at each time-point and condition. Experiments were done in triplicates. 

3.8. Internalisation of the photosensitisers 

Internalisation of the product was analysed by confocal microscopy. SKBR-3 cells were 

incubated with 1 µM of product for 4 and 24 h, washed four times to eliminate all the non-

internalised product and incubated with WGA-488 for 15 min to visualize the plasma 

membrane (limit of the cell). Consecutive optical slices throughout the cell volume were taken 

to obtain the 2D maximum projection (Figures 17(a,c)), whereas orthogonal sections allowed 

to locate the product within the limits of the cell (Figures 17(b,d)). After 4 h incubation, the 

product could be detected as a red background inside every single cell in the maximum 

projection (Figure 17(a)), but only aggregates were visible in the orthogonal projection (Figure 

17(b), arrows). However, after 24 h incubation product internalisation was clearly observed in 

both images, maximum (Figure 17(c)) and orthogonal (Figure 17(d)) projections. Nevertheless, 

4 h incubation was enough to kill more than 50 % of the cell population after 15 min irradiation.  

Considering that [Zn-TPyP]n has been shown to generate 1O2, and that confocal studies have 

shown that [Zn-TPyP]n could be effectively internalized by cells, it is assumed that the reduced 

cell viability during light irradiation is due to the generation of ROS. [Zn-TPyP]n exhibits high 

phototoxicity and low dark toxicity at a concentration of 1 µM. This photosensitizer is highly 

efficient in inducing cell death, more than 62 % after 72 h of a tumorigenic human mammary 

epithelial cell line. Other authors have demonstrated the use of different photosensitizers for 

PDT as an anticancer therapy.46-49  
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Figure 17. Live SKBR-3 cells incubated with 1 µM of product for 4 h (a,b) and 24 h (c,d) and 

observed under confocal microscope. To analyse the localisation of the product, fluorescence 

mode was used. Product fluorescence emission was detected in the range of λ 600-763 nm 

(orange) by exciting the cells using a λ 405 nm laser (15% of the laser power). Wheat Germ 

Agglutinin (WGA) fluorescence emission (membrane) was detected in the range of λ 500-550 

nm (green) by exciting the cells using a λ 488 nm laser (12 1% of the laser power). Maximum 

projection (a and c) and orthogonal projection of z-stacks (b and d). Arrows point to some 

aggregates where the cross is positioned (b and d). Scale bar 20 µm. 

4. Conclusions 

scCO2 proved to be a rapid, green and effective approach for preparing MOFs from highly 

insoluble organic ligands. In this way, a collection of [M-TPyP]n (M = Cu(II), Zn(II), Co(II), 

Ni(II)) MOFs was prepared using scCO2 as reaction media using mild conditions. Elemental 
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analysis, PXRD patterns, FTIR and UV-Vis characterizations indicate that MOFs obtained from 

Cu(II), Zn(II), Ni(II) and Co(II) were obtained as porous networks, where the full coordination 

of all binding sites was not complete. In addition, [{Co(hfac)2}2H2TPyP]n was obtained from 

layering, whose structure was elucidated from SCXRD. This MOF was characterised for having 

a porous network from which the inner pyrrole ring remained uncoordinated. From all of the 

MOFs obtained, that of Zn(II) was used for PDT. The uncompleted coordination of the inner 

pyrrole ring gave place to the presence of a Q band at 640 nm, which was key for being targeted 

the MOF as a potential photosensitizer.  
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Conclusions 

The focus of this thesis was built around two classes of mesoporous compounds, GO aerogels 

and MOFs. Both types already possess interesting properties in their pristine form, regarding 

surface characteristics, but by functionalizing or composing them with other materials, new 

properties arise, providing even greater potential for the new products. Hence, the general 

objective settled in this thesis was to build functional porous composites based on these 

materials, and to demonstrate their properties and suitability in different emerging applications. 

Based on that, the conclusions of this thesis are the followings: 

 Various possibilities for building functional composites using scCO2 technology were 

defined. Often, the applied preparation methodology leads to characteristics that cannot be 

achieved by using different traditional chemistry approaches. Indeed, many times these 

materials showed enhanced performance in the tested applications. Optimization of each 

system regarding both the preparation and the application conditions is necessary to 

maximize their performance. Following the same synthetic principles, infinite possibilities 

to build new porous functional composites can be revealed for broad scope of applications. 

From them, the most important supercritical CO2 developments obtained in this thesis are 

listed following: 

- ScCO2 can be used as gelation and drying solvent to produce GO meso/macroporous 

aerogels composed with metal-based NPs, maintaining all the oxygenated functional 

groups present in the precursor material.  

- ScCO2 is a suitably solvent for the in situ synthesis of complex mesoporous MOFs, e.g., 

Fe(BTC) and porphyrins involving Cu, Zn, Ni or Co. Actually, scCO2 is demonstrated to 

be an efficient reaction solvent to prepare a series of MOFs from highly insoluble ligands, 

needing only the aid of a small amount of cosolvent.  

- Composite materials of the type inorganic NPs@GO aerogels or NPs@MOF NPs can be 

efficiently synthesized using scCO2 as the synthesis, gelation and drying solvent, 

simultaneously. The process is based on the impregnation of the inorganic NPs, either 

pristine or as organometallic precursors, into the pores of the mesoporous (aerogel or 

MOF) support.  

- ScCO2 was an efficient tool to encapsulate substances into mesoporous 

substrates attaining high loadings. The process is demonstrated through the 
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impregnation of azelaic acid, a therapeutically active drug, and organometallic 

molecules, such as Cu(acac)2 precursor of copper metal nanoparticles.  

 The advantages of the non-toxic character of scCO2 are used to prepare pharmaceutically 

active systems. In this respect, the azelaic acid@Fe(BTC) system was formulated as a 

macroporous composite patch by dispersing the loaded MOF in a biocompatible polymer 

(PVA) and using scCO2 as plasticizing and foaming fluid to establish the solid foam network. 

This composite device was capable of progressively release and diffuse the incorporated 

drug throughout the skin. Additionally, the Zn-porphyrin MOF was successfully tested as 

photosensitizer in anticancer photodynamic therapy.  

 Applying post-synthetic reduction steps to the synthesized NPs@GO or NPs@MOF 

systems, catalytically active composites are obtained. These systems were applied either in 

gas phase CO2 hydrogenation (CuZnO@reduced GO aerogels and CuCs@Fe(BTC) 

nanoparticles) or in photocatalytic H2 production form aqueous methanol solution 

(PtTiO2@reduced GO). The mesoporous support influences the catalytic activity of the 

composite in multiple ways. First, it ensures the homogenous distribution of the metal-based 

NPs in the end product by hindering sintering and/or uncontrolled nanoparticles growth, 

which often results in catalytic activity loss. Second, the support can modify the 

characteristics attained by the catalytic NPs during reduction in different ways:  

- in the CuZnO@rGO composite, the presence of oxygenated GO in the precursor avoids 

the typical Cu-Zn alloy formation, thus increasing the catalytic efficiency;  

- the light harvesting properties and reagent permeation was found to be important factors 

influencing the H2 production efficiency of the PtTiO2@rGO composite aerogels, and  

- regarding the CuCs@Fe(BTC) composite, the MOF matrix was suitable not only to 

homogenously disperse the impregnated substance within the framework, but also to 

regulate the size of the metal species formed upon the reduction of the precursor 

Cu(acac)2.  

The dispersion and size of the active centers are crucial regarding catalytic performance, 

accordingly, the novel structures showed promising performance in catalytic processes. 

These straightforward approaches pave the way to build further metal-based NPs@GO/MOF 

catalysts using different active centers and synthesis conditions, adapted to the target 

material and application.  
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