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Abstract 

 
Current oxygen separation technologies are either highly energy-intensive, i.e. cryogenic distillation, 

or; as is the case of zeolite adsorbents, they are based on the adsorption or isolation of nitrogen to 

separate oxygen. These size-selective sieving or separations based on the favourable quadrupole 

interactions of nitrogen with the adsorbates are unable to generate high purity oxygen. The difference 

in chemical properties between oxygen and nitrogen remains a relatively unexplored mechanism of 

isolating of oxygen from the air. Metal-organic frameworks (MOFs), with their intriguing network 

structures, large internal surface areas, and tunable pore properties offer the perfect yet largely 

unexplored alternative for selective adsorption of oxygen. Oxygen molecules can bind directly to the 

coordinatively unsaturated open metal sites of MOFs, leading to higher selectivity of oxygen over 

nitrogen. Whilst MOFs show extraordinary capacity to adsorb gas molecules, their thermally insulating 

nature and strong binding to stored molecules makes the desorption process quite challenging and 

energy-intensive. To overcome the high energy requirements associated with the regeneration of MOFs, 

it is possible to synthesise Magnetic Framework Composites (MFCs) by incorporating magnetic 

nanoparticles in the MOF framework. This process, known as Magnetic Induction Swing Adsorption 

(MISA), utilises the penetrative nature of magnetic fields to produce heat from the magnetic 

nanoparticles embedded within the MOF composites, enabling the adsorbent to be regenerated without 

the external application of heat or vacuum. 

 

The primary objective of this study was to explore the potential of MOFs as effective adsorbents for 

oxygen and to use of MISA for its efficient and safe desorption. In the first part, owing to the strong 

affinity and temperature dependant reversible bindings of oxygen in Co2+ complexes, we explored the 

oxygen adsorption capacities of a cobalt-based Co-MOF-74. We then prepared a series of Co-MOF-74 

MFCs using iron oxide magnetic nanoparticles. The highest oxygen uptake by the prepared cobalt-

based MFCs was 4.8 mmol g-1 at 1.2 bar at 204 K, and when they were exposed to an alternating 

magnetic field of 17.4 mT, the MFC composite with 12.18 wt. % Fe3O4 nanoparticles achieved 100 % 

desorption of the adsorbed oxygen.  

 

Due to the safety issues associated with handling and storing of a highly reactive gas like oxygen at 

high-pressure (ca. 140 Bar), for part two we investigated if it is possible to use simpler, stabler MOFs 

to adsorb and store oxygen at room temperature. Accordingly, using CuBTC (Copper (II) benzene-

1,3,5-tricarboxylate), one of the widely used, easily scalable, and most commercially used MOFs, Cu-

BTC/MgFe2O4 composite pellets were prepared. The composite with 3 wt. % MgFe2O4 exhibited an 

oxygen uptake capacity of 0.34 mmol/g at 298 K and when exposed to a magnetic field of 31 mT, 

attained a temperature rise of 86 °C and released 100 % of adsorbed oxygen. Using MISA, the pelletised 

system can be regenerated within 10 minutes requiring less than 1 MJ/kg.   
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Building on our previous works on Co-MOF-74, we studied the impact of redox-active Fex-Co1-x-MOF-

74 (x=0.9,0.5,0.1) bimetallic MOFs for the room temperature adsorption of oxygen. The incorporation 

of secondary metal ions to the framework imparts added functionality to the single metal MOF. Fe-

MOF-74 has been identified as an adsorbent capable of selective separation of O2 from the air. The 

oxygen-binding capacity of Co-MOF-74 is not as high as Fe-MOF-74, it has better structural stability 

in air. These studies conducted at 298 K show that Fe-MOF-74 displays higher O2/N2 selectivity and 

large one-time oxygen uptake but limited cyclability, whereas Co-MOF-74 displays moderate oxygen 

adsorption but better cyclability. A series of FexCo1-x-MOF-74 frameworks with varying Fe: Co ion 

ratios were synthesised and the synergistic effect of incorporating the Fe2+ and Co2+ cations in one 

framework and how the charge transfers affect the adsorption capacity, cyclability and stability of the 

MOF is studied.  

 

Further studies and improvements to the oxygen adsorption capabilities of MOFs, coupled with the 

energy-efficient potential of the MISA process in providing on-demand release of oxygen, would enable 

a step-wise improvement in the energy use and costs associated with the global oxygen industry. 
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1.1 Background 

 
 
The COVID-19 pandemic has re-emphasised the crucial importance of oxygen therapy treatments in 

saving lives. The dreaded coronavirus infects healthy human lungs causing respiratory distress, and if 

timely support of supplemental oxygen is not provided, can result in organ failures or death. Supply of 

high purity oxygen is usually facilitated using oxygen cylinders or oxygen concentrators. However, 

with the significant number of cases still soaring across the world, the enormous challenge has been the 

accessibility to oxygen supplies, especially in developing countries where its demand far exceeds its 

production and supply. Apart from COVID-19 patients, oxygen therapy is also a survival therapy for 

patients with respiratory ailments such as COPD (chronic obstructive pulmonary disease)1-4. The 

significance of pure oxygen extends well beyond the healthcare industry.  There is an ever-increasing 

demand of high purity oxygen for oxygen-enhanced combustion processes (OEC)5,6, melting and 

smelting operations in the steel industry, for fermentation processes in food7-9, biotechnology and 

pharmaceutical industries10-12, to aid wastewater treatments13,14, as oxidising agents in chemical and fuel 

productions15-17, and as compressed quality breathing oxygen for aeronautical industries.  

 

Most oxygen separation processes are based on the adsorption or isolation of nitrogen from the air to 

produce oxygen, and owing to their similar molecular sizes (O2=3.43 Å, N2 =3.68 Å); this separation 

becomes complicated and challenging18. High purity oxygen is economically produced by the cryogenic 

liquefication of air and separation of gases at their respective boiling temperatures (O2 =−183 °C, N2 = 

−196 °C). However, the complex plant setups and the energy requirements associated with the entire 

process limits its use to large scale productions only19. The non-cryogenic adsorption-based techniques 

using zeolites and carbon molecular sieves selectively retain nitrogen, allowing easy passage of oxygen 

whereas in membrane-based separations oxygen selectively permeates the membrane20-25. These 

processes are simpler, reversible, low cost and easily scalable for small scale separations, but their 

structural rigidity, pore heterogeneity, and low oxygen permeabilities impose limitations on the purity 

of the oxygen produced26. The crucial factors that govern the choice of the oxygen-producing processes 

are the applications, purity required, the power, cost, capacity, complexity and maintenance of the 

infrastructure as well as the safety and transport of the bottled gases. With oxygen constituting only 21 

vol.% of air, its direct capture from the air is more desirable and economical since smaller amounts of 

air would need to be processed for its selective separation 27-29. An adsorption-based separation process 

relying on the differences in chemical properties of the two gases to isolate them can offer better 

selectivity and optimise direct capture of oxygen from the air at ambient temperatures.  
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1.2 Metal-Organic Frameworks 

 

Metal-Organic frameworks are a class of crystalline, highly porous materials formed by the linking of 

inorganic metal nodes using coordinating ligands to construct a one, two or three-dimensional (1D, 2D 

and 3D) structure. Post synthesis, the activation or desolvation of the MOF removes any guest molecules 

(solvent or any chemicals used for the synthesis) from the MOF resulting in a highly porous scaffold-

like structure with high internal surface areas and open coordination metal sites. The ordered, 

chemically stable and physically flexible frameworks have been used in a wide range of applications, 

such as gas sequestration and storage, catalysis, sensing and drug delivery30-34. Furthermore, the MOFs 

with coordinatively unsaturated metal sites, versatile chemical functionality, unique tunability and good 

thermal and mechanical stability hold an advantage over the conventional adsorbents and make them 

promising candidates for selective oxygen adsorption35-38. 

 

For large volumetric gas storage capacity, especially at low pressures and at ambient temperature, 

MOFs should possess high porosity, and internal surface areas, suitable pore geometry and unsaturated 

open metal sites for strong interactions with the adsorbed gas molecules39-41.  The desired reactive 

properties can readily be incorporated in a MOF by altering its chemical composition and structure, 

only by changing the metal nodes, or the organic ligands, or both 33,42,43. Apart from these MOF 

precursors, the solvent systems, the metal: ligand ratio in the solvent, the reaction time and temperature, 

controlling of the inert atmospheres, as well as the activation conditions, also influence the structural, 

dimensional and functional characteristics of the resultant MOF. Here, Co-MOF-74, FeCo-MOF-74 

and CuBTC are the candidate MOFs selected for oxygen adsorption, storage and desorption studies.  

 

Co-MOF-74 

 

The M-MOF-74 (M = Mg, Mn, Fe, Co, Ni, Cu, or Zn) series of isostructural, highly porous MOFs is 

an extensively studied MOFs with one of the highest reported concentrations of open metal sites 

accessible for guest-host interactions 37,44-48. The structure of M2(dobdc) consists of one-dimensional 

metal oxide clusters linked by dobdc4-(dobdc4− = 2,5-dioxido-1,4-benzenedicarboxylate) ligands 

forming hexagonal channels that propagate along with the crystallographic c- axis. Five oxygen atoms 

from surrounding linkers octahedrally coordinate each metal in the cluster, and a solvent molecule 

occupies the sixth position in each octahedron. Desolvation of the MOF leads to removal of the solvent 

molecule exposing the M2+ cation sites for interactions with the gas molecules that results in enhanced 

selectivity at the site. The transition metal ions have been reported to react readily and form complexes 

with oxygen that are temperature dependant and bind reversibly. Figure 1.1 shows the building blocks 

and framework structure of  Co-MOF-74 .Similar to the oxygen binding in the natural oxygen carriers 

of haemoglobin and myoglobin, the iron centres of Fe-MOF-74 displays chemisorption, higher O2/N2 
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selectivity and an initial high uptake of oxygen. However, the strong binding between iron and oxygen 

impairs the reversibility of the adsorption capacity. It affects the chemical stability of the MOF 47,49-51.  

Cobalt complexes with oxygen have been known to have better cyclability and chemical stability than 

compared to iron 21,52,53.  

 

 

 

Figure 1.1: a) The Co-MOF-74 building blocks, b) the Co-MOF-74 framework structure. Reproduced 

from ref. 54 with permission 54 

 

FeCo-MOF-74 

 

MOFs structures offer the ability to incorporate different metal ions in their framework and exhibit 

enhanced properties and added functionality compared to the single metal MOFs. Fe-MOFs display 

higher O2/N2 selectivity and large uptake capacity of oxygen but limited cyclability49. Compared to Fe-

MOFs, the oxygen selectivity or adsorption characteristics of Co-MOFs are moderate55, but their 

regeneration and cyclability properties are superior. It would be advantageous to have these properties 

for both iron and cobalt metal ions combined in a bimetallic Fe-Co-MOF framework to retain its oxygen 

adsorption capacity and maintain its chemical stability. 
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Figure 1.2: Schematic representation of metal variance in multivariate MOF-74 showing the spatial 

arrangement of metals. Reproduced from ref. 56 with permission. Copyright © 2020, Springer Nature 

Limited56 

CuBTC 

 

CuBTC, also known as HKUST-1 or MOF-199, consists of coordinatively unsaturated copper ions, has 

previously been identified as one of the MOFs for oxygen storage applications28,57,58.  It is a very popular 

Cu(II) framework and as shown in Figure 1.3, the dimeric copper-tetracarboxylic unit of Cu-Cu 

(2.628Å) acts as a centre and is connected by four oxygen atoms from the benzenetricarboxylate (BTC) 

linkers and water molecules. The interconnected Cu(II) paddlewheel unit and tridentate BTC linkers 

form a three-dimensional octahedral structure with square-shaped main channels of 9×9 Å and 

tetrahedral units of 5 Å openings that are connected to the main channels by triangular pockets of 3.5 

Å. Its ease of synthesis, high surface areas (1500−2000 m2/g), excellent thermal and structural stability 

make it one of the most commercially used MOFs59-63. 

 

Figure 1.3: CuBTC building blocks, b) the activated CuBTC framework structure. Reproduced from 

ref. 54 with permission 54 
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1.3 Magnetic Framework Composites (MFCs) 

In adsorption-based separations, apart from selectivity, adsorption and cyclic capabilities, the 

deliverable capacity of the adsorbent is equally essential. Whilst MOFs have an unprecedented ability 

to adsorb gas molecules, their thermally insulating nature and the strong binding of adsorbed molecules 

to their framework, limits their desorption capabilities. The regeneration processes of Temperature 

Swing Adsorption (TSA) and Pressure Swing Adsorption (PSA) carried out by changing the 

temperature or pressure is not energy-efficient and is not always suited for the application of the  

MOFs24,64,65. The energy penalty associated with the regeneration processes can be overcome by the 

inclusion of 'stimuli-responsive' functional groups and nanoparticles in the MOF structures such that 

the stimulation of these groups can trigger the release of the trapped molecules. When magnetic 

nanoparticles are exposed to an alternating magnetic field, the reversal of the nanoparticles' 

magnetization causes power losses, resulting in the generation of localised heat. The magnetically 

induced heating is used to treat cancer cells66-68, for induction cooking, melting metals, heat treatment 

of alloys, positioning of MOF crystals in solution and for MOF synthesis 69-71.   Based on this principle, 

Magnetic framework composites (MFCs) , shown in Figure 1.4, are fabricated by four methods: 1) 

Embedding: the magnetic particles and the MOF precursor solution together results in magnetic 

nanoparticles embedded in MOF frameworks, 2) layer-by-layer: repetitive layer-by-layer growth of 

MOF crystal around functionalised magnetic particles, 3) Encapsulation: fast growth of the MOF 

around the functionalised magnetic nanoparticles (4) Mixing: mixing the pre-prepared MOFs and 

magnetic particles and binding them together using binders.  The process of using the intense heat from 

magnetic nanoparticles to trigger desorption of bound gas molecules from within an adsorbent, 

efficiently and economically, is known as Magnetic induction swing adsorption (MISA) and has the 

potential to replace the conventional processes of desorption efficiently and economically33,70,72-76.  

 

 

Figure 1.4: Schematic drawing of a) MOF with open metal sites and b) MFCs with magnetic 

nanoparticles incorporated in the framework of the MOF.  
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1.4 Aim of this thesis 

 

Current oxygen separation techniques are either highly energy-intensive, i.e. cryogenic separation; or 

insufficiently selective for oxygen over nitrogen. The primary goal of this study is the separation and 

storage of oxygen using MOFs, an under-researched potential application of these advanced nanoporous 

materials. The difference in chemical properties between oxygen and nitrogen remains a relatively 

unexplored mechanism of isolating oxygen from air. This difference and the redox properties of MOFs 

can be exploited to achieve higher selectivity and storage for oxygen. To achieve regeneration of MOFs 

and to overcome the high energy requirements associated with the traditional regeneration processes, 

functional nanoparticles, like magnetic nanoparticles, can be used. This process known as magnetic 

induction swing adsorption (MISA), utilises the penetrative nature of magnetic fields to produce heat 

from the magnetic nanoparticles embedded within the composites, enabling the adsorbent to be 

regenerated without the external application of heat or vacuum. The objectives of this study are: 

 

1. To identify, synthesise and evaluate oxygen adsorption capacities, stability and reversibility of 

different MOFs at different temperatures and to regenerate the MOFs using the MISA process.  

2. To identify and synthesise simpler, stabler MOFs for oxygen adsorption at ambient temperatures 

and to calculate the energy requirements to regenerate the MOFs using the magnetic induction swing 

adsorption (MISA) process.  

3. To understand the effect of varying Fe:Co ratios on the adsorptive and stability properties of the 

bimetallic FeCo-MOF-74. 

1.5 Structure of this thesis 

The thesis consists of seven chapters. 

 

Chapter 1 gives brief information about the current oxygen separation processes, the prospect of 

employing MOFs as oxygen selective adsorbents, the suitability of the MOFs considered for the 

adsorption studies and the role of magnetic framework composites (MFCs) and MISA to facilitate on 

demand-supply of the oxygen.   

 

Chapter 2 contains in-depth details of the literature reviewed on the current oxygen separation 

processes, the suitability, limitations, and prospects of MOFs as oxygen adsorbents and the importance 

of MFCs and MISA process in the efficient delivery of the stored oxygen from the adsorbent.   

 

Chapter 3 consists of details of all the material characterisation techniques used to analyse the MOFs, 

and MFCs before and after oxygen adsorption and triggered release experiments.  
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Chapter 4 is the study of Co-MOF-74/ Fe3O4 MFCs that were synthesised by embedding varying 

concentrations of Fe3O4 nanoparticles in the Co-MOF-74 structures.  

 

Chapter 5 describes the oxygen adsorption, and desorption capabilities of the CuBTC MOF at room 

temperature and how Cu-BTC/MgFe2O4 composite pellets were prepared and MISA was used to release 

the adsorbed oxygen quickly and efficiently at 298 K.  

 

Chapter 6 consists of the study on synthesis and characterisation of the bimetallic Fe-Co-MOFs and 

how the concentration of a secondary metal ion in the framework affects the oxygen adsorption 

properties, and the chemical stabilities of the MOFs. 

 

Chapter 7 provides a summary of each chapter, along with recommendations for future work.  

For ease of reading and understanding, the structure of the thesis is presented in the form of a flow chart 

in Figure 1.5. 

 
 

 

 

Figure 1.1: Flow chart of the structure of the thesis. 
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2.1  Introduction 

 
This literature review aims to provide an overview of the current air separation processes used for the 

production of high purity oxygen, the role of solid adsorbents in these processes and the advantages of 

using Metal-Organic Frameworks (MOFs) for direct capture and storage of oxygen. The main objective 

of this research is to explore oxygen capture and storage using MOFs. The coordinatively unsaturated 

metal centres of MOFs and their tunable chemistry can be utilised to exploit the differences in the 

chemical properties of oxygen and nitrogen to adsorb oxygen from air selectively 22,24,28,49-51,77-79. This 

section outlines the approach in identifying and synthesising these MOFs. The thermally insulating 

nature of the MOFs, aided by the strong host-guest interactions in the framework makes the desorption 

process from MOFs quite challenging and energy-intensive 74,80-84. The use of Magnetic Framework 

Composites (MFCs) in Magnetic Induction Swing adsorption (MISA) processes have shown promising 

potential in reducing the energy penalty associated with temperature, pressure or vacuum-based 

desorption techniques74,76,85,86. In MISA, MFCs fabricated using magnetic nanoparticles are exposed to 

alternating magnetic fields. The responsive heat generated within the MFCs triggers the release of 

adsorbed molecules69,70,87-89. This literature review presents an overview of oxygen-favouring MOFs, 

of magnetic nanoparticles, their properties, fabrication and advantages of MFCs and how these 

promising new adsorbents can be used effectively to improve the adsorption, storage and release of 

oxygen from the MOF framework. 

 

2.2 Background 

2.2.1 Separation of oxygen from air 

 
Air is a mixture of gases, and oxygen is one of its most critical life-sustaining constituents. Nitrogen 

occupies approximately 78 percent of air, oxygen occupies 21 percent, and 1 percent is occupied by 

argon, carbon dioxide, trace amounts of other gases and water vapour. With more than 100 million tons 

consumed annually, production of pure oxygen consists of separating it from the rest of the constituents 
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of air18,90,91. After separation of oxygen, it is compressed and stored in oxygen concentrators or high-

pressure oxygen cylinders. Industrial oxygen is used for a wide range of applications from medical 

emergencies, to treat chronic obstructive pulmonary diseases (COPD), major traumas, and a wide range 

of other ailments 4,92-95, to facilitate the supply of oxygen to astronauts, mountaineers or scuba divers in 

oxygen-deficient atmospheres 93,96-98; for enhanced combustions and near-zero-emissions in oxyfuel 

combustion processes 6,16,99-103; in industries like melting and smelting in steel and aluminium industries 

104-106; for aerobic wastewater treatments 13,107,108; as oxidising agents for the production of chemicals 

and fuels 109-111; for fermentation processes in the biotechnology and pharmaceutical industries 10-12,112. 

The global industrial growth, the development of oxyfuel combustion technology to curb greenhouse 

gas emissions and the recent COVID-19 crisis have heightened the importance and requirements of 

oxygen production. Currently, three separation processes are predominantly used for oxygen production 

from the air, and they are cryogenic air separation, adsorption-based separation and membrane-based 

air separation 113,114. 

2.2.2.1 Cryogenic Separation of air 

The traditional process of air liquefaction and distillation in cryogenic air separation units (ASUs) still 

dominates large scale production of ultra-high purity oxygen (99.8%). These units work on a process 

developed by Carl Von Linde in 1895 where he developed the process of cryogenic distillation of air to 

separate nitrogen and oxygen at their respective boiling points of -195.8 ℃ and -183 ℃ 113,115. Since 

then, with advancements in machinery and technology, these processes have evolved, and now the 

process parameters can be varied to produce the required volume of gas with the required level of gas 

purity. As illustrated in Figure 2.1, the air separation takes place in different stages. Initially, in air 

pretreatment, the ambient air is filtered, compressed and cooled to remove contaminants such as water 

vapour, carbon dioxide, and hydrocarbons. The heat exchangers help cool the compressed air to 

cryogenic temperatures and into the cold box that contains a multi-stage distillation column operating 

at different pressures. Due to the differences in their boiling points, the liquid mixture at the bottom of 

the distillation column is enriched with oxygen and can be separated as liquid oxygen, whereas the gas 

portion flowing upwards is rich in nitrogen and can be separated out from the top of the distillation 
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column.  Since argon has a boiling point of -185.8 °C which is close to the boiling point of oxygen; a 

separate distillation column is used for separation of argon. On exit from the cold box, the separated 

gases are warmed by the heat exchangers and compressed to the final storage pressures. The complex 

plant set-ups and the energy penalty associated in achieving and maintaining such low temperatures is 

not economical unless it is to distil large volumes of high purity oxygen 19,113.  

 

 

 

Figure 2.1: Cryogenic distillation to separate air into nitrogen, argon and oxygen © Messer 

Group116. 

 

2.2.2.2 Non-Cryogenic Separation of air 

Adsorption based separation process 

 
Unlike the cryogenic air separation process, the non-cryogenic separations take place at ambient 

temperatures and pressures. Pressure swing adsorption (PSA) processes using adsorbents like zeolites 

or carbon molecular sieves are based on the interactions of the gas molecules with the adsorbents under 
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different pressures conditions117-120.  Different gases have different quadrupole moments and different 

quadrupole polarizabilities. When a gas mix passes through a bed of zeolite, the gas with a higher 

quadrapole moment interacts favourable with the non-uniform electric fields of the zeolite pores and 

gets adsorbed preferentially121-123. In air separation using the PSA process, the air is passed under 

pressure through a pressure vessel filled with zeolite.  Nitrogen from the air, having a higher quadrupole 

moment than oxygen gets preferentially retained in the pores of the zeolites and allows the passage of 

an oxygen-rich stream.  Argon is not retained by the zeolites as it does not have a quadrapole moment 

and gets collected with the oxygen-rich stream affecting the purity of the oxygen (95% oxygen). When 

the zeolite gets saturated with nitrogen, the pressure vessels are switched with a new one. The saturated 

ones are regenerated by changing the pressures (Pressure swing adsorption), temperature (Temperature 

swing adsorption) or vacuum (Vacuum swing adsorption) 113,124,125. This results in desorption and 

collection of the adsorbed nitrogen and regeneration of the zeolite for the next cycle of adsorption. 

When two or more adsorbent vessels are employed, it establishes a continuous production cycle of 

oxygen, and the oxygen concentrators use this concept to provide oxygen-rich air 2,93,126. The separation 

using carbon molecular sieves is slightly different and is size-selective. It makes use of the narrow pore 

sizes of carbon molecular sieve and the differences in the kinetic diameters of oxygen and nitrogen to 

separate them 127-130. The narrow pore sizes of carbon molecular sieves (3 to 12 Å) allow faster diffusion 

of the slightly smaller oxygen (3.43 Å) molecules into the pores of the sieves than nitrogen (3.68 Å) 

molecules 78. Thus, the adsorption-based air separation processes are simpler, reversible and scalable 

for small scale (typically 20–100 tons/day) separations of oxygen that do not require purities higher 

than 95%. Figure 2.2 shows the various processes involved in an adsorption-based oxygen separation 

plant. Higher oxygen productivity means mainly large adsorbent bed size meaning high capital 

investments and higher regeneration costs, so the scalability of the process to a large scale is not 

economical 124. 
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Figure 2.2: Adsorption based oxygen separation plant.131
 © 2004–2020 GRASYS JSC 

 

Membrane-based separation of air 

 

Compared to cryogenic distillation processes and pressure swing adsorption processes, membrane 

technology is relatively new, more energy-efficient due to low energy consumptions and more 

economical due to low initial capital investment. Membrane technology makes use of the differences 

in diffusivity and solubility of oxygen and nitrogen through a membrane that separates high-pressure 

and low-pressure process streams. Flux and selectivity are membrane properties and determine the 

success of the membrane-based separation. Flux is the amount of permeate produced per unit area of the 

membrane surface, and selectivity of the membrane is the ratio of the permeabilities of the gases to be 

separated114,132. Owing to their smaller size, oxygen molecules permeate through most membrane 

materials faster than nitrogen or argon. The membrane gas separation is straightforward where cleaned 

compressed ambient air is drawn through the membrane modules consisting of long hollow fibre 

membrane strands. While passing through the cylindrical membrane modules, due to high diffusivity 

oxygen is collected at the high-pressure end. Since carbon dioxide and water are more permeable than 
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oxygen, they collect along with oxygen-enriched air.   Most membrane materials may be able to produce 

25-50% oxygen-enriched air while large quantities of the nitrogen get contained at the low-pressure 

stream of the module. The polymeric membranes exhibit low O2/N2 selectivity resulting in limited 

productivity133,134. Figure 2.3 depicts membrane-based air separations that have been reported to 

produce 10 - 25 tonnes of oxygen per day with the purity of 25 to 40% 135 20,135,136.  

 

 

Figure 2.3: Membrane-based oxygen separation plant.114
 Copyright © 2001 Published by Elsevier  

 

Ceramic Membrane-based separation of air 

 
 

The cryogenic distillation process separates oxygen at cryogenic temperatures. The pressure swing 

adsorption (PSA) based methods using zeolites or the membrane separation process using the polymeric 

membranes involves the separation of air at ambient temperatures. Oxygen ion-conducting materials, 

ceramic membranes, increase the oxygen selectivity of the membranes and produce oxygen of high 

purity at high temperatures of 800-900 ℃)137. Oxygen can be transported from one side of the 

membrane to the other when a voltage is applied to pure oxygen conducting membranes. In the case of 
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mixed ionic electronic membranes, due to oxygen partial pressure differences, oxygen can be 

transported from high oxygen partial pressure side to the low oxygen partial pressure side138. The 

ceramic membranes include Ion Transport Membranes (ITM) and Oxygen Transport Membranes 

(OTM). The advances in the ceramic membrane-based air separations technology at high temperatures 

are promising; however, membrane stability and low oxygen permeation rate affect its productivity. 

Since the ceramic membrane-based separation occurs at high temperatures, the membrane materials 

need to be stable and maintain high oxygen flux137,139-141. 

A summary of the air separation technologies concerning the purity of oxygen produced, the capacity 

of production, the energy requirements, the energy source and the possible by-products of the process 

are presented in Table 1. 

Table 1. A summary of Air separation technologies.142 

Technology 

Development 

Stage 

O2 Purity 

[%] 

Capacity 

(single train) 

[tonne/day] 

Possible by-

products,  

their quality 

Driving 

force 

Start-up 

time 

Cryogenic 

Matured 
>99 Up to 4000 

Nitrogen, Argon, 

Xenon 

Very Good 

Electricity 
Hours/ 

Days 

Adsorption 

Matured 
~95 Up to 300 

Nitrogen 

Bad, ca 11% O2 

Electricity 

Heat 

(70-90 oC) 

Minutes/ 

Hours 

Membrane 

(polymer) 

Matured 

~40 Up to 20 
Nitrogen 

Bad 
Electricity Minutes 

Membrane (ITM) 

R&D* Phase 
>99 

Laboratory 

scale 

Nitrogen 

Bad 

Electricity 

Heat 

(800 oC)  

Hours 

 
 

2.3 Metal-Organic Frameworks 

 
Metal-Organic Frameworks (MOFs), are a unique class of highly crystalline, porous adsorbents 

constructed using metal nodes and organic linkers resulting in unique modular structures that are 

flexible, porous and offer high internal surface areas for gas sequestration and storage143-148 149-152. As 

shown in Figure 2.4, the metal ions are pinned in position by the flexible organic ligands in a repetitive 

order to form a one, two or a three-dimensional structure called the secondary building units (SBUs)30-
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33,55,70,75,85,153. The unique properties of MOFs can be readily altered by changing the metal nodes, 

organic ligands, or both; thus facilitating the targeted design and development of MOFs with tailored 

pore size, shapes, and host-guest interactions; 30,143,147 making them applicable for gas 

separations,38,85,147,154-156 catalysis,61,157,158 sensings,33,48,50,85,154,155,159-161and drug delivery.88,162  Their 

ability to host functional nanoparticles within their structures also imparts added functionalities to their 

existing versatile properties43,70,71,163. 

 

 

Figure 2.4: Formation of Metal-Organic Frameworks (MOFs).164 

 

2.3.1 Synthesis of MOFs 

MOFs offer a tunable property such that their properties can readily be altered by changing the metal 

nodes, organic ligands, or both; to design a MOF with the desired pore size that would have favourable 

host-guest interactions for targeted separation of gases 52,71,165,166. To successfully design and synthesise 

such a MOF the understanding of metal coordination environments, the functionality of the organic 

linker, the expected topologies, the sensitivity and stability of the reagents and the intended process 

parameters should be known. This helps in establishing the synthesis conditions for the successful 

formation of MOF crystals without the decomposition or degeneration of either of the reagents or 

formation of a different MOF.  
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2.3.1.1 Conventional Synthesis of MOFs 

Conventional synthesis is the synthesis heated using conventional electric heating.167 The mode of 

heating and the reaction temperatures are important process parameters and are distinguished into 

solvothermal synthesis and nonsolvothermal synthesis. In 1995, Omar Yaghi used solvothermal 

synthesis to obtain MOFs by mixing solutions of the inorganic salt and the organic linker in a sealed 

reactor and heating them to a definite temperature to promote the nucleation and growth of the MOF 

crystals 143,168.This solvothermal approach to synthesize MOFs by raising and maintaining the 

temperature and pressures of the synthesis above the boiling point of the solvents forces the reaction 

between the otherwise insoluble reagents to form fine MOF particles. The MIL series 169-172, MOF-74 

37,55,173-177, UiOs74,178,179, and PCNs 180-182 have been synthesised by solvothermal synthesis. The non-

solvothermal approach to synthesize MOFs involves heating the reagents to below or at the boiling 

point of the solvents under ambient pressure, such that a precipitation reaction takes place followed by 

recrystallization or very slow evaporation of the solvent takes place, MOF-5183,184, MOF-7446, MOF-

177185, HKUST-1 186-188or ZIF-8189,190 have been synthesized at room temperature.  

2.3.1.2 Electrochemical synthesis. 

Electrochemical synthesis is when an electrical current brings about the required chemical changes 

required for the synthesis of MOFs.  The first electrochemical synthesis of MOFs was reported in 2005 

by researchers at BASF 191. The synthesis was performed using the dissolved linker molecules from the 

reaction medium, the conducting salt and the metal ions available through anodic dissolution. The set-

up of the electrochemically produced HKUST-1 consisted of a solution containing the organic linker, 

1,3,5-benzenetricarboxylic acid (H3BTC) and an electrolyte with a copper plate that acts as the electrode 

and supplies Cu(II) ions. When current or voltage was applied, the release Cu(II) ions from the copper 

electrode reacted with the dissolved linker. The surface area of this electrochemically synthesized 

HKUST-1 was reported to be 1820 m2/ g. It was higher than that reported for the solvothermal 

synthesized HKUST-1 (1550 m2/g) 192. Electrochemical synthesis of MOFs offers the possibility of 

continuous synthesis of MOFs with higher yield possibility under milder conditions than the usual 
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solvothermal or microwave syntheses with reduced reaction times of minutes or hours. It gives better 

control over the synthesis of MOF as it can be controlled by controlling the applied current or voltage 

to the reaction. The nature of the solvent, its conductivity, nature of the electrolyte also has a strong 

influence on the anodic dissolution synthesis of MOFs 168,193-195. Apart from HKUST-1, the 

electrochemical synthesis of MOF-5195-198 and ZIFs199,200 has also been investigated. 

2.3.1.3 Microwave synthesis 

The microwave-assisted synthesis of MOFs is based on the interactions between the electromagnetic 

waves and the conducting ions in the reagents and precursor solutions, and due to this direct interaction, 

the heating is faster and more efficient. In conventional methods, the nucleation and growth start at the 

wall of the reactor. In microwave-assisted synthesis, it starts at the hot spots formed due to non-uniform 

temperature distribution in the solvent mixture. This results in MOFs with finer particle sizes. Jhung et 

al. performed the microwave-assisted water-based synthesis of the chromium trimesate MIL-100 MOF 

in the presence of hydrofluoric acid at 220 ℃201.  The resultant yield obtained after 4 h of microwave-

assisted synthesis was 44%, which is nearly equal to the 45% yield achieved by the conventional 

synthesis after 4 days. It was also noted from the spherical nanocrystals of chromium terephthalate 

MIL-101 that with an increase in irradiation times, the crystal size of MOF increases202. Khan et al. 

synthesized ZIF-8, with larger surface area and large micropore volume using microwave irradiation at 

140 ℃ for 4 hours203. The studies on microwave synthesis of IRMOF-1, IRMOF-2 and IRMOF-3 show 

how the power level, the irradiation times, the irradiation temperatures, solvent concentration and 

substrate composition affected the crystallinity and morphology of the synthesised MOF204,205. 

2.3.1.4 Mechanochemical Synthesis  

In mechanochemical synthesis, MOFs are formed by the chemical reactions induced due to mechanical 

breakage of intramolecular bonds during milling or grinding of the solids with the minimal presence of 

any solvents. The reaction times for these syntheses are short, 10-60 mins. These room-temperature 

syntheses can be solvent-free and reduce the need for organic solvents making the process environment 

friendly. Metal oxides have very low solubilities and are not used in conventional solvent-based 
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synthesis. But in some mechanochemical synthesis, instead of metal salts, metal oxides are used as the 

starting materials, and water is formed as a side product206-208. Liquid-Assisted Grinding (LAG) process 

involves additions of small amounts of solvents that leads to structure-directing properties and 

accelerates the synthesis reactions. Ion-and-Liquid Assisted Grinding (ILAG) is a modification to the 

LAG process; it involves the inclusion of ions and solvents which was found to be efficient for the 

fabrication of pillared-layered MOFs209,210. As low melting point reagents, solvents or anion containing 

metal hydrated metal salts are used in these processes; acetic acid is one of the by-products that can 

easily be removed during thermal activation of the MOFs. Using these techniques, different MOFs has 

been synthesised and studied. The detailed study on the synthesis of HKUST-1 showed that the LAG 

process using copper acetate demonstrated higher crystallinity and better adsorption properties than the 

solvent-free technique210-213. The choice and ratios of metal salts, linker and solvent and the time and 

frequency of the grinding process are the key parameters that impact the properties of the MOF.  

2.3.1.5 Flow chemistry 

Flow chemistry is a technology that involves continuous chemical reaction occurring within flowing 

reagents in a tube or a pipe rather than in a reaction vessel. This synthesis method has advantages over 

the batch stationary modes of synthesis because, 1) of the scalability of the process, 2) better control on 

the process parameters, 3) as the surface to volume reaction is higher than a batch synthesis the heat 

and mass transfer is better than in batch synthesis and faster synthesis of MOFs is achieved, 4) due to 

the continuous synthesis less solvent consumption and more batches of synthesis can take place. The 

process consists of continuous pumping, mixing and flowing of the MOF precursor solutions and the 

organic ligand through the temperature-controlled flow reactors214-217.  Ameloot et al. discovered this 

method of synthesis in 2011 and using the immiscibility properties of oil and water as a template they 

successfully formed hollow copper trimesate HKUST-1 microcapsules218,219. In 2013, Faustini et al. 

synthesised, copper trimesate HKUST-1, zinc terephthalate MOF-5, zinc aminoterephthalate IRMOF-

3 and zirconium terephthalate using oil microdroplets as reactors. In a two-step process, they also 

successfully incorporated iron oxide particles within core-shell Fe3O4@ZIF-8 composite 

superstructures220. Unlike batch synthesis with reaction times of 12-24 h for the synthesis of MOFs, 
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using flow chemistry, UiO-66 was synthesized in 10 mins at 130 °C in 10 min at a flow rate of 2 

mL·min−1 and NOTT-400 at 85 °C in 15 min, at 2 mL·min−1, using a total volume of 30 mL. Based on 

the modification to the process with respected to the flow reactors, it can be classified into the categories 

of 1) microfluidic reactors , where the reagents are constrained in the channels of the reactors, 2) plug 

flow reactors , where the reagents react as they are pumped through the tube and cover the entire length 

of the reactor and 3) stirred tank reactors, where the MOF precursor are introduced into tank reactors 

while products are continuously removed. Rubio-Martinez et al. proved the versatility of the process 

by synthesising good quality of the copper trimesate HKUST-1, the zirconium terephthalate UiO-66 

and the scandium biphenyl-tetracarboxylate NOTT-400 MOFs, in 5, 10 and 15 minutes, respectively. 

It was also demonstrated that a bench-top reactor would help achieve a production rate greater than a 

kilogram per day and a Space-Time Yield (STY) of 4533 kg m-3 day-1 168,215,221. Flow chemistry 

demonstrates the possibility of laboratory-scale to pilot-scale production of high-quality MOFs.  

 

2.3.2 Synthesis of Bimetallic MOFs 

 

Figure 2.5: Timeline in the development and growth of bimetallic MOFs.222 

 

The incorporation of secondary metal ions in the framework has been shown to improve the selectivity 

adsorption capacity, optical, electronic, and magnetic properties of the single metal-MOF and Figure 
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2.5 describes the development and growth of bimetallic MOFs over the years 176,223-229. The generation of 

defects along with the synergistic effects between different metals ions in the same framework is 

attributed to the enhancement in properties of the bimetallic MOFs. The inclusion of secondary metal 

ions might affect the stability of the MOF and make them fragile. Therefore, the choice of 1) secondary 

metal ions and the organic linkers; 2) the ratio of the different metal ions in the solution, 3) the synthesis 

of the bimetallic MOFs are important parameters that govern the resultant topologies and properties of 

the resultant MOFs 177,224,225,228.  Bimetallic MOFs can be synthesised by 1) One-step synthesis, 2) Post-

synthetic modifications, 3) using a template-based approach or 4) core-shell bimetallic MOF. The 

detailed reviews of these processes are described below. 

1) One-step synthesis method involves mixing measured quantities of both the metal salts and 

solvents for the designated time and duration of the synthesis. Because of the random mixing 

process, the bimetallic MOF may have a fragile framework with unpredictable functionality 

and crystallinity. Metals ions having similar ionic radii and coordination geometries form less 

defective MOFs and show better stability, whereas lattice distortion due to non-similar ionic 

radii may result in a distorted MOF and limited adsorption capability. The bimetallic 

Cu3−xZnx(btc)2 MOFs showed reduced surface areas with increasing Zn2+ cations because of the 

size differences between the two metal ions in the framework230,231. However, the CO2 

adsorption capacity of HKUST-1 improved on the addition of the alkali metal cations Li+, Na+, 

and K+ to the framework because the chemical heterogeneity imparted by the secondary metal 

ions enhanced their selectivity232. 
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Figure 2.6: Synthesis of Bimetallic Metal-Organic Frameworks (MOFs).223 Copyright © 2017, 

American Chemical Society 

2) Post Synthetic Modification is the alteration to the framework by partial or major substitution 

of the secondary metal ion or organic linkers. As seen from Figure 2.6,  this synthesis can also 

be used to synthesise hard to make bimetallic MOFs. Substitution of the primary metal nodes 

from an already formed framework needs extra stimulation. The diffusion and substitution of 

the secondary metal ions cause vacancies and defects in the framework that can enhance the 

adsorption properties of the post-synthetically modified bimetallic MOFs. The porous 

Mn(H3O) [(Mn4Cl)3(hmtt)8] (POST‐65) MOF, containing Mn2+ centres was post-synthetically 

modified using N, N-dimethylformamide (DMF) solutions of Fe2+, Co2+, Ni2+, and Cu2+ for 12 

days. This post-synthetic modification resulted in the formation of three complex frameworks, 

POST‐65(Co/Ni/Cu), as well as a new framework, POST‐65(Fe) that could not be synthesized 

by conventional methods. The Mn2+ ions were partially substituted only by the Cu2+ ions, 

forming CuMn-POST-65. However, rather than the bimetallic MOF, the highest H2 adsorption 

uptake was recorded by the completely substituted POST-65(Fe) MOF233.  The post-synthetic 

titanium exchange of the UiO-66’s zirconium metal centres resulted in enhanced adsorption 

capabilities while maintaining the thermal, chemical and structural stabilities of UiO-66’s 

through water adsorption and desorption cycles234. 

3) In the previous methods of synthesis, the substitution of the secondary metal ion is randomly 

resulting in non-predictable properties. Using ordered substitutions of secondary metal ions, 



Chapter 2–Literature Review 

 

Leena Melag   24 

the selectivity, adsorption and stability properties of MOFs can be predicted, designed and 

changed222. Kim et al. synthesised a 1D Zn-based polymer with pre-defined binding sites as a 

structural template to grow the bimetallic Zn/M-MOF-74 (M = Mg, Ni) MOF structure 235. The 

1D [Zn(H2O)2(C8H4O6)]n polymer was synthesised using 2,5-dihydroxy-1,4-benzene 

dicarboxylic acid and ZnSO4. The 1D polymer was reported to possess ordered hydroxy and 

carbonyl sites for the secondary metal ions to bind. Weighed quantities of the polymer were 

suspended in the cosolvent mixture of DMF/EtOH/H2O with varying quantities of Mg(NO3)2 

and Ni(NO3)2 to form corresponding 3D Zn/M-MOF-74 (M = Mg, Ni). It was reported that in 

spite of varying metal concentrations at the start of the reaction, once synthesised, the bimetallic 

MOFs displayed a uniform molar ratio of 1: 1. In the case of Fe-MOF-74, this technique can be 

used to avoid the irreversible Fe-peroxo complex formation by strategically planting a 

secondary metal ion to alter the arrangement of the secondary metal ion to alter the Fe-O-O 

bond47,49. 

4) The core–shell bimetallic MOFs are MOFs with different core and shell. These unique 

bimetallic MOFs can be synthesised using the seed-induced growth approach or the post-

synthetic exchange approach, or the one-pot synthesis approach. The synthesis of core–shell 

bimetallic ZIFs can be explained using the ZIF-8@ZIF-67 MOF bimetallic MOF. Since Zn 

containing ZIF-8 and ZIF-67 have similar lattice parameters and owing to epitaxial growth, 

ZIF-8 acts as the core or the seed and ZIF-67 grows around it as the shell forming seed-induced 

bimetallic ZIF-8@ZIF-67 MOF222,236. The epitaxial growth method is limited to the MOFs with 

similar crystallographic parameters because otherwise, dissimilar growth of core and shell 

MOFs in solution will take place. 

In a synthesised MOF crystal, the metal ions at the core show different reactivities than to the 

metal ions at the surface. The different synthesis and growth of MOFs at the centre and at the 

surface take place due to these different post-synthetic metal exchanges. This results in 

formation of bimetallic core–shell MOFs through selective transmetalation237. The one pot 

synthesis of core–shell bimetallic MOFs involves mixing of the precursor solutions of core and 

shell and controlling their nucleation and growth to initiate the growth of the shell MOF on the 
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core MOF. This reactivity-driven nucleation and growth process of two different MOFs can be 

controlled by adjusting the experimental parameters like temperature, time, starting reagents, 

solvents and modulators 238,239. 

2.3.3 Applications of MOFs for oxygen capture and storage 

Metal-organic frameworks (MOFs), with their unique design, large surface areas, exceptional porosity, 

and diverse physical and chemical tunability have been used successfully in gas storage, 72,85,240,241 

selective separations, 35,74,163,242 72,85,240,241 catalysis,61,219 sensing,33,48,85,154,155,159-161,243, drug delivery 

applications 88,162 however, the successful use of MOFs in oxygen capture and storage has not been 

explored to its full potential. The properties of MOFs can be readily altered by changing the metal 

nodes, organic ligands; or both thus facilitating the targeted design and development of MOFs with 

tailored pore size, shapes, and host-guest interactions. Using computational techniques, the MOFs for 

these particular applications can be identified before they can be experimentally analysed. In 2014 

DeCoste et al. conducted grand canonical Monte Carlo simulations (GCMC) on 10,000 MOFs to 

identify MOFs for the adsorption and storage of oxygen.57 They identified HKUST-1 (Cu-BTC) and 

NU-125, the two MOFs with coordinatively unsaturated Cu sites, for oxygen adsorption study. The 

high-pressure oxygen isotherms measured for the MOFs HKUST-1, NU-125, zeolite NaX and Norit 

activated carbon showed that NU-125 has a 237% excess capacity for oxygen than the zeolite NaX, and 

98% excess capacity than the activated carbon, Norit. Based on the GCMC simulations carried out by 

Moghadam et al. for more than 2900 MOFs in the CoRE MOF database, UMCM-152 was identified, 

synthesised and tested for its oxygen capacity. It showed 22.5% more oxygen capacity than the best 

oxygen storing material28. GCMC simulations of gas uptakes are based on the force fields describing 

the intermolecular interactions of the gas molecules and their intramolecular interactions with the 

porous adsorbent framework. Zeitler et al. investigated 98 nanoporous framework structures for sensing 

applications using the classical Grand canonical Monte Carlo simulations for low-pressure oxygen 

adsorption. However, the general force field UFF was not able to calculate the interactions of the oxygen 

with open metal sites accurately244.  Computational screening of metal-organic framework (MOF) 

materials for selective oxygen adsorption from air is used to identify new sorbents for the oxyfuel 
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combustion process feedstock streams. Parkes et al. conducted computational screening to study on the 

effect of metal chemistry on the oxygen and nitrogen binding energies with fourteen different metals 

gas binding energies using two frameworks, M2(dobdc) and M3(btc). They reported higher oxygen 

binding energies by the early transition metals due to side-on bonding, due to M-O bond lengthening, 

whereas there was no noticeable change in the nitrogen binding energies over all the transitional metal 

series. The study concluded that early transition metal MOFs are better suited for oxygen to nitrogen 

separations245. Wang et al. performed density functional theory calculations and  studied the effect of 

metal ions on the adsorption behaviour of O2 in M3(BTC)2-type materials (M = Cr, Mn, Fe, Co, Ni and 

Cu; BTC = 1,3,5-benzenetricarboxylate acid) and identified Ni3(BTC)2 as the potential oxygen 

adsorbent with easier deoxygenation than Cr3(BTC)2
246.  Demie et al. used GCMC simulations to study 

the four MOFs (UiO-66(Zr), Ce-UiO-66, MOF-5, and IRMOF-14) to DFT studies and metal 

catecholates (Mg, Co, Ni, Zn, and Cd) were added to Cd-catecholated showed promising results27. 

Gallis et al. used a combination of DFT calculations, post synthetic metal substitutions, gas adsorption 

results using Cu-BTC (HKUST-1) to prove the effect of metal ion on their oxygen and nitrogen 

adsorption properties at cryogenic temperatures. The results show the correlation between 

O2/N2 selectivities at 77 K that were determined experimentally and the difference in O2 and N2 binding 

energies calculated from DFT modelling data: Mn > Fe ≈ Co ≫ Cu.  Room temperature gas sorption 

studies were also performed and correlated with metal substitution. Interestingly, the Fe-exchanged 

sample showed higher nitrogen isosteric heat of adsorption showing favourable interactions between 

N2 and coordinatively unsaturated Fe metal centres 247. Xiao et al. demonstrated using Co-BTTri and 

Co-BDTriP, two cobalt-based frameworks, how the choice of framework structure and ligand basicity 

results in high O2/N2 selectivities 78. Bloch et al. identified and synthesised the open-metal Fe2(dobdc) 

as the oxygen selective MOF with irreversible O2 binding above 226 K. The partial switching of Fe2+ 

to Fe3 + changes to permanent switching resulting in reversibility and poor performance of this MOF at 

higher temperatures 49. Verma et al. used density functional theory to explain the reversible differential 

adsorption of N2 and O2 on Fe2(dobdc) using spin-states, bond orders, vibrational frequencies, and 

orbital energies and highlight the stronger binding of O2 over N2 
248. Murray et al. used Cr3(BTC)2 for 

selective O2 over N2 adsorptions at Cr2+ open metal sites. However, this MOF also exhibits decreasing 
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uptake with for repeated cycles79. Bloch et al used the coordinatively unsaturated, redox‐active 

Cr2+ cation sites from the chromium (II)‐based metal–organic framework Cr3[(Cr4Cl)3(BTT)8]2 (Cr‐

BTT; BTT3−=1,3,5‐benzenetristetrazolate) to show higher O2/N2 selectivity and room temperature 

O2 reversibility and explained this mechanism by the selective electron transfer to CrIII superoxide 249. 

Co-BTTri and Co-BDTriP, the sodalite-type metal-organic framework coordinatively unsaturated Co2+ 

metal-centers displayed high O2/N2 selectivities at low temperatures of 230 K. The calculated oxygen 

capacities of Co-BTTri were reported to be 1.2 mmol/g and for Co-BDTriP it was 0.6 mmol/g 27,250. 

MOF-177, a zinc benzenetribenzoate MOF was reported to display an O2/N2 selectivity of ∼1.8 at 1 

atm and at 298 K making it a prospective candidate for oxygen separation and storage. However, the 

framework was not stable in ambient conditions and decomposed after exposure to ambient air in 3 

days 251. 

2.4 Magnetic Framework Composites (MFCs) 

 

 

Figure 2.7: Applications of Magnetic Framework Composites (MFCs). 
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The ability of MOFs to host stimuli-responsive functional nanoparticles in their structure imparts added 

functionalities to their nanocomposites 43,69,87.   The thermally insulating nature of the MOFs, aided by 

the strong host-guest interactions in the framework makes the entire desorption process quite 

challenging and energy intensive 25,125,175,252,253. To negate the energy penalty associated with 

temperatures, pressures or vacuum based desorption techniques, magnetic induction swing adsorption 

(MISA) is used where the penetrative radiations intrinsic to magnetic fields are utilized to induce remote 

and localised heating thats high enough to trigger the release of the adsorbed molecules. This is achieved 

by fabricating magnetic framework composites. MFCs are formed by incorporation of magnetic 

nanoparticles with or within the porous and flexible frameworks of MOFs. They offer efficient response 

to external stimuli providing a rapid, localised and controllable heating when exposed to an alternating 

magnetic field and as shown in Figure 2.7 they find applications in adsorption, catalysis, gas storage, 

triggered release, magnetic separations and water purification 88,254. MFCs can be synthesized using 

four techniques:  

1) Mixing: The magnetic nanoparticles and MOF are synthesized separately and later sonicated 

together to give a coarse mix or mixed together using a binder 255, 

2) Embedding: The magnetic particles are added into the MOF solution of metal salts and ligands, 

heated and the composite allowed to grow 70,72, 

3) Encapsulation: A carrier medium acts as an interface between the nanoparticles and the growing 

MOF, allowing the MOF to encapsulate and grow around the magnetic particles 70,72, 

4) Layer-by-layer: The surfaces of the nanoparticles are functionalized and MOF is grown on them 

layer-by-layer 256. 

The success of the MISA process depends on the properties of the magnetic nanoparticles. Magnetic 

nanoparticles exhibit many unique properties that depend on their size, shape, surface chemistry and 

size distribution. Depending on the orientations of their magnetic dipoles and their responses to a 

magnetic field, materials can be classified as diamagnetic, paramagnetic, ferromagnetic and 

ferrimagnetic materials and antiferromagnetic 257,258. The orbitals of diamagnetic materials are filled 
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with unpaired electrons. Therefore, when exposed to a magnetic field, they are slightly repelled but 

there is no permanent magnetic moment. The orbitals of paramagnetic materials contain randomly 

oriented magnetic moments. In the presence of a magnetic field these get aligned and exhibit slightly 

magnetic properties but exhibit zero magnetization when the external magnetic field is removed.   The 

orientation of the individual magnetic moments is random owing to the lack of the exchange interaction 

277. Ferromagnetic materials are materials that exhibit a long-range magnetic order and spontaneous 

magnetization. They have unpaired electrons and their strong magnetic properties are due to the 

presence of magnetic domains. In presence of the magnetic field, these domains get aligned to and 

produce a strong magnetic field within the part. These orientations and alignments get disrupted with 

increase in temperatures and above the Curie Temperature the magnetization stops. Ferrimagnetic 

materials show spontaneous magnetization. But the exchange interaction in ferromagnetic materials is 

negative. Similar to ferromagnetism, ferrimagnetic materials undergo magnetic transition at the Curie 

temperature. Figure 2.8 shows the different responses of the Diamagnetic, Paramagnetic, 

Ferromagnetic, Ferrimagnetic and Antiferromagnetic materials to a magnetic field. 

 

Figure 2.8: Classification of magnetic materials as per their responses to a magnetic field.  67,258 

 

Saturation Magnetization  

In the presence of a magnetic field, the randomly aligned magnetic dipoles in ferro and ferromagnetic 

materials align themselves in one direction and produce a magnetization (M). With an increase in the 

magnetic field strength, the magnetic flux density (B) also increases untill a saturation magnetization 

(Ms, maximum magnetization) is reached. The path traced by this flux density defines the initial non-

linear magnetization curve. When the magnetic field is removed, the realignment of the magnetic 

dipoles takes a bit longer and so instead of following the initial curve, the magnetic flux density traces 

Int. J. Mol. Sci. 2013, 14 15980 

 

 

evaluate the underlying factors that influence magnetism at the nanoscale. Explanations about the role 

of atomic and molecular structure upon magnetization are readily available [55]. However, from a 

practical perspective, most of what we need to know to manipulate the effectiveness of these nanoscale 

magnets can be derived from prior experimental observations and an understanding of the role of MNP 

magnetic domain structure.  

Based on the response of the intrinsic MNP magnetic dipole and the net magnetization in the 

presence and absence of an applied magnetic field, MNPs are typically classified as being either 

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic [56,57]. Figure 2 

shows the net magnetic dipole arrangement for each of these types of magnetic materials. For 

diamagnetic materials in the absence of a magnetic field, magnetic dipoles are not present. However, 

upon application of a field, the material produces a magnetic dipole that is oriented opposite to that of 

the applied field; thus, a material that has strong diamagnetic character is repelled by a magnetic field. 

For paramagnetic materials, there exist magnetic dipoles as illustrated in Figure 2, but these dipoles are 

aligned only upon application of an external magnetic field. For the balance of the magnetic properties 

illustrated in Figure 2, the magnetization in the absence of an applied field reveals their fundamental 

character. Ferromagnetic materials have net magnetic dipole moments in the absence of an external 

magnetic field. In antiferromagnetic and ferrimagnetic materials, the atomic level magnetic dipole 

moments are similar to those of ferromagnetic materials, however, adjacent dipole moments exist that 

are not oriented in parallel and effectively cancel or reduce, respectively, the impact of neighboring 

magnetic dipoles within the material in the absence of an applied field.  

Figure 2. Magnetic dipoles and behavior in the presence and absence of an external 

magnetic field. Based on the alignment and response of magnetic dipoles, materials are 

classified as diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic. 

Reproduced with permission from [57]. 

 

Research in magnetic nanoparticles typically focuses on developing an optimal response for MNPs 

to an external magnetic field, and the majority of the published research has involved MNPs that are 

typically classified as either ferrimagnetic, ferromagnetic, or superparamagnetic particles (a special 

case of ferro- or ferri-magnetic particles). Below certain critical dimensions (that vary with the 

material parameters), MNPs exhibit magnetic responses reminiscent of those of paramagnetic 

materials, which is a zero average magnetic moment in the absence of an external field and a rapidly 

increasing (as compared to paramagnetic materials) magnetic moment under application of an external 

field in the direction of the field. This phenomenon, observed at temperatures above the so-called 

blocking temperature (see below), arises from the thermal fluctuations within the nanoparticles being 

comparable to or greater than the energy barrier for moment reversal, allowing rapid random flipping 

of the nanoparticle magnetic moments. In the case where the magnetization of the MNP over the 

measurement/observation interval is equal to zero in the absence of an external field, such 
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a new but slower travel path. Owing to this, even when the applied field is zero, there is still some 

retained magnetic flux density in the material, the remnant magnetization (Mr, induced magnetization). 

This loop depicting the ‘lack of retracebility’ of the original magnetization curve is called the hysteresis 

loop. The area under the curve in Figure 2.9 represents the amount of thermal energy absorbed from the 

field and dissipated by the material 67,259,260. 

 

                            

Figure 2.9: The hystersis curve for ferro and ferrimagnetic materials 260 

 

Super-paramagnetism 

Magnetic domains are separated by interfaces called the domain walls, where the direction of 

magnetization in one domain is different from the other domain. Domain walls have a definite width 

and a set amount of energy is required to maintain the width. In ferro and ferrimagnetic nanoparticles, 

if the grain sizes are decreased and maintained below a critical size, they act as single domain structures. 

On exposure to a magnetic field, the thermal fluctuations produced in single domain structures are high 

enough to overcome the domain wall energy barrier and cause rapid flipping of their magnetic dipoles. 

Acting as single structures they get magnetized to their saturation magnetization, and exhibit super 

paramagnetic behaviour. This behaviour is unique because on removal of the electric field they exhibit 
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Figure 2.2 Magnetization as a function of the magnetic field for ferri- and ferro-magnetic materials 

[5]. 
 

2.1.3 Curie temperature and magnetic transition  

In the ferri- and ferro-magnetic materials, the long range magnetic ordering is lost at 

elevated temperatures. These materials have a definite temperature of transition at which 

the spontaneous magnetization of ferri- and ferro-magnetic materials disappears and the 

material becomes paramagnetic. This temperature of transition is called the Curie 

temperature (TC) [4,5]. At the temperatures higher than the Curie point (T > TC), the 

spontaneous magnetization vanishes where the exchange interaction is lost completely by 

the thermal energy [4,5]. At the temperatures above TC, the magnetic materials are in the 

paramagnetic state where the magnetic moments are unaligned with randomized nature 

[4,5]. The temperature dependence of magnetization in ferri- and ferro-magnetic materials 

is universally described using the Brillouin function. As shown in Figure 2.3, the relative 

saturation magnetization, σS(T)/σS(0), versus T/TC of Fe, Co and Ni follows the Brillouin 



Chapter 2–Literature Review 

 

Leena Melag   31 

zero magnetism. Unlike their intrinsic characteristic these nanoparticles avoid agglomeration due to 

paramagnetism. Regulating the field strength can control the property change from super 

paramagnetism to zero magnetism. This paramagnetic behaviour is of high importance in biomedical 

applications because it ensures that even in absence of a magnetic field, the nanoparticles don't 

agglomerate and cause clogging of blood vessels 261.  

 

Relaxation Losses 

In response to an applied magnetic field, either as a result of the domain wall displacement or due to 

the rotation of their magnetic moments, the nanoparticles release energy. For larger particles these 

losses, called hysteresis losses, are due to the domain wall displacement. In smaller or super 

paramagnetic particles, this release of heat can be attributed to the rotation: either of their magnetic 

moments or to their own rotation, around themselves. This generation of thermal energy by magnetic 

nanoparticles is explained by three size-dependent mechanisms: Hysteresis losses (particle sizes ~20 

nm), Neel relaxation (particles sizes < 7.5 nm), and Brownian relaxations (particle sizes > 7.5 nm)261-

263. Figure 2.10 depicts the relaxation losses by Neel relaxation and Brownian motion.  

                                              

Figure 2.10:  The relaxation losses: a) when the particles are stationary (Neel relaxation), b) whenthe 

particles rotate (Brownian relaxation) 261. 

 

Specific Adsorption Rate (SAR) 

The rate at which the magnetic nanoparticles will absorb the magnetic energy and convert it into thermal 

energy can be predicted using Specific adsorption rate, (SAR). Apart from the diameter, shape and 
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composition of the nanoparticles, SAR is strongly governed by the frequency of the applied magnetic 

field. In hyperthermia treatments nanoparticles with high SAR values are preferred because it means a 

higher absorption rate even at low concentrations. 

It has been observed that the heating efficiency of single-domain ferromagnetic nanoparticles is more 

than the heating efficiency of super paramagnetic particles 263. Therefore, it has been proposed that the 

particle with the highest SAR will have a diameter slightly above the super paramagnetic diameter, i.e. 

~15-20nm, where both the weakened Neels mechanism and the significant hysteresis effects contribute 

towards the heat loss 262-264.  

SAR is calculated by dispersing the particles in a liquid medium and the measuring: 

      SAR = Cs
ms

mm
 (

dT

dt
)

t=0
         2.1  

Where Cs is the specific heat capacity of suspension, dT/dt at t =0 is the initial gradient of the heating 

curve, ms and mm are the specific masses of the suspension and magnetic particles, respectively. The 

units of SAR are watts per kilogram (W/kg) 264-267.  

 

Curie Temperature 

In the presence of the magnetic fields, the nanoparticles heat up efficiently untill the Curie point 

temperature, Tc, is reached. Above this point the heating effect due to the magnetic field stops and the 

material becomes paramagnetic and loses all its otherwise strong magnetic properties. When the 

temperatures cool down below their Curie temperatures, the particles resume their normal magnetic 

behavior and start to heat up again 263,267. This self-controlling heating property is used as a control to 

avoid overheating by the nanoparticles and is especially important in the hyperthermia treatments where 

overheating of the nanoparticles above 46 °C can destroy the healthy cells in the body 174. 
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2.5 Desorption of Adsorbed molecules using MISA: 

 

Figure 2.11: Desorption of adsorbed molecules using Magnetic Induction Swing Adsorption (MISA). 

As illustrated in Figure 2.11, magnetic induction swing adsorption harnesses the heating abilities of 

magnetic nanoparticles to trigger the release of stored gas molecules from the framework in energy-

efficient ways. The adsorption potential of the MOFs and the heating abilities of the magnetic 

nanoparticles are combined to develop the MFCs. This is to enable efficient heat transfer in the MOF 

by overcoming their low thermal conductivities and achieved using ferrimagnetic nanoparticles. The 

heat generation in the nanoparticles is a result of hysteresis observed in the magnetization vs applied 

field plot when the ferrimagnets are exposed to an alternating current magnetic field. A magnetization-

demagnetization process is induced with the magnitude of the heat generated equivalent to the area 

within the hysteresis loop. Consequently, in MFCs, this rapid and localised heat generation leads to 

instability in the guest- host bond of the adsorbed gas and the framework that triggers the release of the 

gas molecules.  The selection of the MOF, the ratio of magnetic nanoparticles, and the strength of the 

applied magnetic field are essential features of the MISA process. The heat generation capability of the 

MFCs are measured by recording their temperature rise profile at different magnetic fields.    For 

triggered release of gases, desorption is initiated using an induction machine to trigger the remote and 

rapid heating within the MFCs that enables the complete release of the adsorbed molecules. 
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3.1 Introduction 

 

This chapter briefly discusses the synthesis and various characterisation techniques used to study the 

structural, optical, adsorption, and magnetic properties of the samples, and it also provides a brief 

overview of the triggered release experiments setup. 

3.2 Materials 

 

All chemical reagents used for these experiments were of analytical grade and were used as received 

without any further purification. All ultra-high purity (UHP, 99.999% purity) grades of N2, O2, and CO2 

gases were used for the surface area analysis, gas adsorption studies, and the triggered release 

experiments. More details on the materials used in each experiment are detailed in the materials and 

methods section of the respective chapter.  

3.3 Synthesis 

3.3.1 Magnetic nanoparticles  

3.3.1.1 Fe3O4 nanoparticles 

 

The Fe3O4 nanoparticles were synthesised by mixing 1 mmol of sodium citrate dihydrate (C6H5Na3O7 

· 2H2O), 4 mmol of sodium hydroxide (NaOH), and 0.2 mol of sodium nitrate (NaNO3) to 19 mL of 

deionised water and heating this mixture to 100 °C. Once a transparent solution was formed, 1 mL of 

2mmol iron sulphate tetrahydrate (FeSO4 · 4H2O) was added to it, and this solution was kept at 100 °C 

for 1 h. When cooled to room temperature, the Fe3O4 nanoparticles were then magnetically separated 

and washed multiple times by water 268.  

3.3.1.2 MgFe2O4 nanoparticles  

  

MgFe2O4 nanoparticles were synthesised using a solvothermal method by mixing of 3.6 g, 0.027 moles 

of sodium acetate trihydrate (CH3COONa · 3H2O), 2.5 mmol of magnesium chloride hexahydrate 

(MgCl2· 6H2O) and 5 mmol of ferric chloride hexahydrate (FeCl3·6H2O) together. Around 2.00 g of 

polyethylene glycol (MW = 4000) was added as a surfactant. The mixture was stirred vigorously to 

form a homogeneous solution and then heated under reflux at 180 °C for 16 h. On cooling, the black 

magnetic nanoparticles were magnetically separated and washed alternately with distilled water and 

ethanol, dried in a vacuum oven at 80 °C for 8 h, and stored in a glove bag 269.  
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3.3.2 Metal-Organic Frameworks (MOFs): 

3.3.2.1 Co-MOF-74 

 

0.75 g of 2,5-Dihydroxyterephthalic acid (3.78 mmol) and 3.0 g of cobalt nitrate hexahydrate (11 mmol) 

was dissolved in 150 mL of DMF. The mixture was sonicated in a tightly capped 250 mL Schott bottle 

and placed in an oven at 110 °C for 20 h. The sample was cooled down to room temperature, the mother 

liquor decanted, the products washed with DMF three times, and then immersed in 200 mL of methanol. 

The methanol exchange was carried out for the next six days, and then the samples were activated at 

250 °C under vacuum for 24 h before storing them in an N2 filled glove bag. 

3.3.2.2 Fe-MOF-74 

 

1.1 g of anhydrous ferrous chloride (9.0 mmol), 0.71 g of 2,5-dihydroxyterephthalic acid (3.6 mmol), 

300 mL of DMF, and 36 mL of methanol were all added to a 500 mL Schlenk flask and heated under 

reflux at 120 °C for 18 h. The red-orange coloured precipitate was collected by filtration, washed with 

DMF, and soaked in DMF at 120 °C for 24 h. The solid was collected after filtration, then washed with 

methanol, and soaked in methanol at 70 °C for 24 h.  This methanol exchange was repeated three times 

before the sample was activated at 160 °C under vacuum for 24 h before storing them in an Ar filled 

glove box 49.  

3.3.2.3 MM-MOF-74 

 

The synthesis of the bimetallic MM-MOF-74 was similar to the synthesis of the Fe-MOF-74 with varied 

Fe/Co molar ratios of FexCo1-x-MOF-74. 

 

Fe0.9Co0.1-MOF-74 

1 g of anhydrous ferrous chloride (8.1 mmol), 0.1 g of cobalt chloride (0.7 mmol), 0.0.71 g of 2,5-

dihydroxyterephthalic acid (3.6 mmol), 300 mL of DMF and 36 mL of methanol were all added. 

 

Fe0.5Co0.5-MOF-74 

0.5 g of anhydrous ferrous chloride (4.1 mmol), 0.5 g of cobalt chloride (3.5 mmol), 0.71 g of 2,5-

dihydroxyterephthalic acid (3.6 mmol), 300 mL of DMF and 36 mL of methanol were all added.  

 

Fe0.1Co0.9-MOF-74 

0.1 g of anhydrous ferrous chloride (0.8 mmol), 1 g of cobalt chloride (6.9 mmol), 0.71 g of 2,5-

dihydroxyterephthalic acid (3.6 mmol), 300 mL of DMF and 36 mL of methanol were all added.  
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The mixture was heated under reflux at 120 °C for 18 h in a 500 mL Schlenk flask. The precipitates 

were collected by filtration, washed with DMF, and soaked in DMF at 120 °C for 24 h. The solid was 

collected by filtration, washed with methanol, and soaked in methanol at 70 °C for 24 h. The methanol 

exchange was repeated three times, and then the sample was activated at 160 °C under vacuum for 24 

h before storing them in Ar filled glove box 49,177,270. 

3.3.2.4 CuBTC MOF 

 
0.7 g of copper acetate monohydrate (3.5mmol) dissolved in 14 mL of deionised water was mixed with 

0.6 g of trimesic acid (H3BTC, 2.8 mmol) dissolved in 14 mL of ethanol. This mixture was stirred for 

30 min, transferred into an autoclave, and heated to 85 °C for 24 h. On cooling, the blue CuBTC MOF 

was washed three times with ethanol and dried in a vacuum oven at 140 °C for 24 h. 

3.3.3 Magnetic Framework Composites (MFCs): 

3.3.3.1 Co-MOF-74-Fe3O4 composite 

 
As shown in Figure 3.1, the pre-synthesised Fe3O4 nanoparticles were weighed and added in different 

proportions to the Co-MOF-74 precursor solution and subjected to continuous mechanical stirring for 

24 h at 100 °C. MFCs with 0.08 wt % (MC1) , 8.8 wt % (MC2) , 11.8 wt % (MC3) , 12.18 wt % (MC4) 

, 12.6 wt % (MC5) , and 15 wt % (MC6)  of  Fe3O4 nanoparticles were synthesized. On cooling, the 

samples were magnetically separated, washed with DMF three times, and then immersed in 200 mL of 

methanol. The methanol exchange was carried out for the next six days, and then the samples were 

activated at 250 °C under vacuum for 24 h and stored in an N2 filled glove bag.  

 

 

Figure 3.1: Schematic showing synthesis of MFCs. 
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3.3.3.2 Cu-BTC/MgFe2O4 composite 

 
The objective behind the shaping of MOFs is to increase the amount of gas stored per unit volume. For 

practical applications, pelletising MOFs is favourable and can be achieved by either applying a certain 

amount of pressure on the powdered MOFs to shape them into pellets or by mixing the MOF powder 

with specific binders (typically, polyvinyl alcohol (PVA)) and solvent. Figure 3.2 illustrates how the 

Cu-BTC/MgFe2O4 MFCs were pelletised by extruding a paste made using measured quantities of 

CuBTC MOF, binder, and MgFe2O4 nanoparticles, through a 5 mL syringe. The extruded MFC noodles 

were cut into 8-10 mm pellets and allowed to dry in ambient air before drying them in a vacuum oven 

at 140 °C for 24 hrs. To select an MFC having an optimal balance between adsorption capacities, heating 

abilities, and structural stability, different MFCs with varying binder concentrations (1, 2, 3, 4 wt. %) 

and varying magnetic content (1, 2, 3, 4 wt. % of MgFe2O4 nanoparticles) were fabricated and 

investigated for their surface area and oxygen adsorption properties.  

 

 

 

 

Figure 3.2: Schematic showing the pelletising process of MFCs. 

3.4 Sample Characterisation  

3.3.1 Powder X-ray diffraction (PXRD)  

 
X-Ray diffraction is a characterisation technique used for phase identification, mean size measurements, 

and to determine the presence of dislocations, defects, impurities, or stresses within the crystallites. In 

crystalline materials, atoms are arranged periodically in long-range orders. When an incident X-ray 

beam irradiates a sample, the interactions between the X-rays and these atomic arrangements produce 
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distinct diffraction patterns distinctive to their crystallographic structures. They are plotted as intensity 

versus 2θ, the angle between the incident and reflected rays. In a diffraction pattern, each peak position 

and intensity depends on the wavelength of the X-rays, which in turn is representative of the d-spacings 

and provides information about the location of lattice planes in the crystal structure 271. The wavelength 

of the X-ray, λ, is relative to the distance between atoms and Bragg's law, nλ=2d (sin θ), defines the 

relationship between these X-ray wavelengths, the angle between the incident beam θ and the lattice 

planes, and, the distance between the crystallographic planes, d, where n is the order of reflection. All 

PXRD measurements on samples were conducted using a Bruker D8 Advance X-ray diffractometer, 

using a Co K-alpha radiation (40 kV, 25 mA) equipped with a LYNXEYE detector. 

3.3.2 Scanning Electron Microscopy (SEM) 

 
Scanning electron microscopy (SEM) was used for surface and compositional characterisation of the 

samples, such as its particle size, shape, the topography of the surface (SEI), chemical compositions, 

phase homogeneity (BSE), phase identification and crystallographic orientations (EBSD). The scanning 

electron microscope uses an electron gun to accelerate a beam of high-intensity electrons through a 

series of lenses onto the sample surface under a high vacuum. When the electron beam impacts the 

samples, electrons penetrate and travel into the surface. The sample reacts by emitting out its electrons 

in the form of secondary electrons, backscattered electrons, X-rays, and visible light that are acquired 

and used for the microstructural analysis of the samples. During sample preparation, a tiny amount of 

the sample is dispersed by sonification in a solvent. Then a drop of it is pipetted onto a silicon wafer 

that has been secured tightly on the mounting metal stubs with a double-sided conducting adhesive tape. 

To avoid charging of the nonconductive MOF samples, they were coated with a thin platinum/iridium 

coating. Special care was taken to protect the objective lens of the microscope during the study of 

magnetic nanoparticles because they being magnetic they can get sucked up in the column chamber and 

affect the settings and the overall performance of the SEM. All microstructural, morphological studies 

on the samples were carried out using the JEOL 7001F Scanning Electron Microscope. The 

backscattered images (BSE) were used to highlight the contrast between the MOF and magnetic 

nanoparticles in an MFC, and the Energy Dispersive X-ray Spectroscopy (EDS) mapping was used to 

demonstrate the distribution of the magnetic nanoparticles within the composites. 

3.3.3 Gas Adsorption Properties 

 
A Micrometrics ASAP 2420 machine was used to carry out the surface area and pore size distribution 

measurements of the MOF and MFC samples by nitrogen (N2) gas adsorption at 77 K. During the 

synthesis of MOFs and MFCs, solvent molecules get trapped in the framework and to have complete 

access to the pores and surface areas within the framework, the MOFs and MFCs are activated. For 

activation, the sample to be analysed is transferred into a clean, dry, pre-weighed analysis tube, fitted 
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with a transeal cap and activated using heat and vacuum at recommended temperatures and times. For 

reliable results, accurate weights of the samples are required, and therefore after activation, the tubes 

are weighed again to know the exact mass of the desolvated samples. They are attached to the analysis 

ports of the ASAP machine, and their surface area properties and pore volumes are measured by 

nitrogen (N2) adsorption-desorption isotherms at 77 K using liquid nitrogen baths. 

 

Micrometrics Tristar and 3Flex surface characterisation analyser machines were used to study the 

oxygen adsorption properties of the MOFs and MFCs. The sample activation and the oxygen adsorption 

measurements are similar to the nitrogen adsorption measurements except for the temperatures. The 

oxygen adsorption studies were carried out at 204, 273, and 298 K by using acetone + dry ice bath, ice 

bath, and water bath, respectively. To achieve and maintain these temperatures during the adsorption-

desorption cycles, a slightly bigger glass tube encircling the analysis tube was used as a dewar to hold 

the bath mixture. 

3.3.4 Thermogravimetric Analysis (TGA)  

 
Thermogravimetric analysis (TGA) is the technique used to analyse the thermal stability of the samples.  

It is achieved by heating a known mass of sample at a constant rate under a controlled atmosphere and 

recording the weight change with respect to time and temperature. With MOFs and MFCs, the TGA 

curve helps establish the time and temperature settings required for the activation of the samples.  The 

thermal stability of every MOF sample is different and depends on the type of solvents and organic 

linkers used for synthesising the MOF. The TGA curves reveal how the decomposition of the samples 

occurs over multiple steps. The first weight loss step usually corresponds to the loss of trapped water 

or solvent molecules followed by the second and or third weight loss steps that occur due to the 

decomposition of the organic linker or the disintegration of the MOF itself. All thermal analysis studies 

were carried out on SENSYS evo TG-DSC machine equipped with a refrigeration cooling system 

Julabo FL-601 and operating in the temperature range from room temperature (RT) to 800 °C. Weighed 

amounts of MOF samples were placed into the alumina crucible and then heated to 800 °C at a heating 

rate of 10 °C /min in an N2 atmosphere 31.  

3.3.5 Thermo-magneto gravimetric analysis (TMGA) 

 
Thermo-magneto gravimetric analysis (TMGA) is a very efficient technique to ascertain the magnetic 

transitions in magnetic nanoparticles by measuring their Curie points (Tc). The Curie point is a 

temperature at which magnetic materials undergo loss of their magnetic properties and become 

paramagnetic. This sharp change in magnetic properties is measured by measuring the weight change 

of the samples as a function of temperature. These measurements are acquired by placing a high strength 

permanent magnet outside the temperature-controlled chamber of a TGA setup and collecting the 
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weight loss data over the required temperature range. The Curie temperature measurements were carried 

out on a Perkin Elmer TGA 7 machine, where the sample to be analysed was wrapped in an aluminium 

foil and gently placed on a platinum pan connected to a microbalance. A horseshoe magnet of 1 mT 

magnetic field strength was placed around the pan in such a manner to get the maximum magnetic 

weight of the sample. The sample chamber was flushed with argon before heating the sample to 800 oC 

at a constant heating rate of 40 oC, and the resultant weight loss of the sample was recorded as a function 

of temperature272. 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

 
X-ray photoelectron spectroscopy (XPS) is a very powerful technique to analyse both elemental and 

compositional chemistry of a wide range of materials. It is a surface-selective analysis where the surface 

of the sample to be analysed is irradiated with monochromatic X-rays, and an electron energy analyser 

studies the electrons emitted from the surface. The intensity of the emitted photoelectrons can reveal 

the elemental details of the sample, whereas the binding energies of the emitted electrons will reveal 

the chemical state of the sample. An initial survey scan covering the entire energy range allows 

identification and quantification of the elements and based on this scan, high-resolution scans can be 

collected to quantify the surface chemistry. An electron spectrometer consists of the source of radiation 

and an electron energy analyser all contained within a vacuum chamber held under high vacuum 

because, for detection of photoelectrons, an ultrahigh vacuum is required273. X-ray photoelectron 

spectroscopy (XPS) analysis of MOF and MFC samples was carried out using Nexsa Surface Analysis 

System X-ray photoelectron spectrometer with a micro-focused, monochromated Al K-α X-ray source 

and high-efficiency electron lens, hemispherical analyser and detector and uses Avantage Software for 

instrument control, data processing, and reporting. Since the samples were air-sensitive, the samples 

were transferred from the glove box to the spectrometer via a vacuum transfer module. 

3.3.7 Magnetic property measurement 

 
A vibrating sample magnetometer (VSM) is used to measure the magnetic properties of materials and 

to study the response of magnetic nanoparticles to an applied magnetic field. When exposed to an 

applied magnetic field, the magnetization (M) of the nanoparticles increases with an increase in the 

magnetic field until it becomes saturated, and any increase in the magnetic field cannot increase its 

magnetization anymore. A reverse magnetic field brings the magnetization back to zero. This response 

is plotted in the form of a magnetization curve. Vibrating-sample magnetometer (VSM) is used to 

measure magnetic properties by oscillating the sample between fixed coils of the magnetometer. It 

exposes the sample to the magnetic field generated by the coils, and it will get magnetised, which will 

directly affect the magnetic flux in the coils. According to Faraday's Law of Induction, this magnetic 

change will affect the electric field in the coils and will be proportional to the magnetization of the 
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sample. The generated electric field can easily be measured and analysed for information about the 

magnetic field, the magnetization, hysteresis, and coercivity of the samples 67. The magnetic property 

studies of saturation magnetization (Ms), coercivity (Hc), and magnetization curves were studied on a 

vibrating sample magnetometer (VSM, RIKEN DENSHI). The samples for the study were prepared by 

embedding weighed quantities of samples in an epoxy resin and hardener mix and allowing it to set. 

Once it was all set, the measurements were carried out at room temperature. 

3.3.8 Specific Absorption Rate (SAR) 

 
Specific Absorption Rate, SAR, describes the heating efficiency of the magnetic materials and indicates 

the rate at which the magnetic nanoparticles will absorb the magnetic energy and convert it into thermal 

energy. Apart from the diameter, shape, and composition of the nanoparticles, SAR is strongly governed 

by the frequency of the applied magnetic field. In hyperthermia treatments, nanoparticles with high 

SAR values are preferred because it means a higher absorption rate even at low concentrations67. SAR 

is calculated by dispersing the particles in a liquid medium and then measuring the heat capacity and 

applying the following equation: 

 

      SAR = Cs
ms

mm
 (

dT

dt
)

t=0
               3.1                                                                             

  

Where Cs is the specific heat capacity of suspension, dT/dt at t =0 is the initial gradient of the heating 

curve, ms, and mm are the specific masses of the suspension and magnetic particles, respectively. The 

units of SAR are watts per kilogram (W/kg).265,266   To measure SAR, the nanoparticles were dispersed 

in water at a concentration of 5mg/ml. This magnetic suspension was placed in a dewar flask and 

exposed to an induction heating system (EASY HEAT 0224–Ambrell) with a heating coil of 8 turns 

(N) of 2.5 cm diameter (D) and 4 cm in length (L). The amplitude of the AC magnetic field was fixed 

at H = 13.09 kA/m. The temperature rise attained by the samples for the next 30 minutes is noted as the 

heat generation capacity of the samples. An IR thermal camera (FLIR E5) was used to capture these 

changes in the temperatures. 

3.3.9 Desorption of oxygen using MISA 

The heat generation capability of the MFCs was measured by recording their temperature rise profile 

while exposing them to different magnetic field strengths. The oxygen adsorption isotherms were 

collected using a Micrometrics Tristar and Micrometrics 3Flex gas sorption analyser at pre-set 

equilibration times allowing enough time for the system to equilibrate at each pressure point, and the 

targeted pressures for desorption were set at 200, 400, 600, 800, and 1000 mBar. The experiment was 

designed to alternate between adsorption and desorption phases continuously, with minimal activation 

and degassing taking place between each cycle. The desorption was generated with an EASY HEAT 
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Ambrell induction machine to trigger the remote, rapid, and localised heating enabling the complete 

release of the adsorbed oxygen at the desired pressure. Typically, the experiment program is run to 

adsorb oxygen from 0.1 mbar to 1200 mbar. The experiment is monitored, and at 200 mbar pressure 

range, the remote magnetic heating is activated to trigger the release of the adsorbed oxygen molecules. 

The process is repeated at 400, 600, 800, and 1000 mbar. As depicted in Figure 3.3, the triggered release 

setup consisted of the activated and weighed samples filled in a Tristar / 3Flex tube and attached to the 

Tristar/3Flex machine while a slightly wider glass dewar holding the bath mixture encircled it. This was 

fitted through an induction coil such that the sample sits in the centre of the 8-turn coil to ensure uniform 

exposure of the sample to the magnetic field. The effects of the magnetic field were contained using a 

Faradays cage.  

 

 

 

 

Figure 3.3: Schematic showing the setup for room temperature oxygen adsorption measurements 

consisting of the 3Flex machine and the EASY HEAT Ambrell induction machine with an 8 turn coil 

that is strategically placed around the sample tube so that the sample is uniformly exposed to the 

magnetic field, b) the graphical representation of the triggered release experiments. 

3.3.10 Regeneration Energy Calculations 

 
The regeneration energy is the energy utilised by the adsorbent to undo the adsorption process. It 

depends on the heat of adsorption, specific heat capacity, and working capacity of the adsorbents.  It is 

directly proportional to the heat of adsorption because strong interaction between the adsorbent and 

adsorbate results in a higher heat of adsorption and consequently higher regeneration energy would be 

required to overcome this strong interaction 175, leading to a high energy penalty 76,85,175. Furthermore, 

MOFs are generally known to be thermal insulators and require high temperatures to trigger the release 

of adsorbed species.  
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Specific regeneration energy (Qthermal) is the sum of the energy needed to heat the adsorbent to the 

desorption temperature, and the energy required to desorb bound gas species from the adsorbent 74, 

according to the equation:  

 

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑐𝑝 𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡∆𝑇 + (∆h𝑂2∆𝑞𝑂2)

𝑚𝑂2
 

Where, 

Cp = specific heat capacity of adsorbent (Jg-1K-1) 

madsorbent = mass of adsorbent (g) 

ΔT = Temperature difference between adsorption and desorption conditions (K) 

Δh = heat of adsorption (kJmol-1) 

Δq = working capacity, it can be defined as the difference between the O2 loadings at adsorption 

         and O2 loadings at the end of desorption 51.    

𝑚𝑂2 = mass of oxygen adsorbed at that pressure (g) 

The remote, localised, and targeted heating nature of the MISA process makes it most suitable for 

Oxygen capture and storage applications while minimising the energy penalty required to operate the 

process 74,75,85,86.  
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4.1 Introduction 

Metal organic frameworks are crystalline, highly porous scaffold like structures formed by the linking 

of organic ligands and inorganic metal nodes, and due to their chemical stability and high internal 

surface areas they have generated a lot of interest for gas sequestration and storage. However, their 

potential in separation and storage of oxygen is yet to be explored fully.  

 

Currently oxygen separation techniques are either highly energy intensive, i.e. cryogenic distillation; or 

insufficiently selective for oxygen, as is the case of zeolite adsorbents which are selective for nitrogen 

and are unable to generate a high purity gas stream. The difference in chemical properties between 

oxygen and nitrogen remains a relatively unexplored mechanism of isolating of oxygen from air. The 

tunable properties of MOFs, this difference in quadrapole moment and redox properties can be exploited 

to achieve higher selectivity and storage for oxygen, enabling direct capture from air. This is the first 

detailed study on the use of MISA for the separation and storage of oxygen using MOFs.  

 

In particular, this study reports the oxygen adsorption capacities of a cobalt-based Co-MOF-74, owing 

to the strong affinity and temperature dependant reversible bindings of oxygen in Co2+ complexes. A 

series of Co-MOF-74 composites containing iron oxide magnetic nanoparticles were used to 

magnetically trigger the release of bound oxygen from the composite adsorbent and use this process to 

overcome the high energy requirements associated with regeneration of MOFs. This process known as 

Magnetic Induction Swing adsorption (MISA), utilises the penetrative nature of magnetic fields to 

produce heat from the magnetic nanoparticles embedded within the MOF composites, enabling the 

adsorbent to be regenerated without the external application of heat or vacuum. 

 

Chapter 4 is based on the manuscript titled, “Efficient Delivery of Oxygen via Magnetic Framework 

Composites” published in Journal of Materials Chemistry A on 10th January 2019. This proof of concept 

study demonstrates the potential of MOFs as effective adsorbents for the oxygen purification. 

 

4.2 Published Work 

This section discusses work previously published in a journal article, reproduced with permission from 

Melag  et al.[28] © Royal Society of Chemistry 2019. Figures and references from this publication have 

been renumbered for consistency with the Chapter. A copy of this work is included as Appendix A. 

Efficient Delivery of Oxygen via Magnetic Framework Composites 

Leena Melag, M. Munir Sadiq, Stefan J. D. Smith, Kristina Konstas,  

Kiyonori Suzuki and Matthew R. Hill 

J. Mater. Chem. A, 2019, https://pubs.rsc.org/en/content/articlelanding/2019/TA/C8TA07739H 

 

https://pubs.rsc.org/en/content/articlelanding/2019/TA/C8TA07739H
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4.2.1 Abstract 

 
Metal-organic frameworks (MOFs), with their intriguing network structures, large internal surface areas, 

and tunable pore properties offer the perfect yet largely unexplored alternative for selective adsorption 

of oxygen. Owing to their thermally insulating nature and often favorable binding of guest species, 

controlled desorption of the adsorbed molecules from such frameworks can be challenging and energy 

intensive. To find an energy efficient means for release of these gas molecules, here, we have made use 

of the heating effect of magnetic nanoparticles to achieve desorption using the Magnetic Induction 

Swing Adsorption (MISA) process. Magnetic nanoparticles when exposed to a high-frequency 

magnetic field, heat up instantly; and when present within a MOF, this localised heating is enough to 

drive the release of adsorbed molecules. Here Co-MOF-74 based Magnetic Framework Composites 

(MFCs), containing varying concentrations of Fe3O4 nanoparticles, were trialed for triggered oxygen 

capture. The greatest oxygen adsorption achieved by the prepared Cobalt based MFCs was 4.8 mmol 

g-1 at 1.2 bar, with a Type I adsorption isotherm. For the effective desorption was then triggered by 

exposure to a magnetic field, with 100 % desorption of oxygen accomplished by MFC4, the MOF 

composite with 12.18 wt. % Fe3O4 nanoparticles. 

4.2.2 Introduction 

 
With more than 100 million tons consumed annually, oxygen separation from air is one of the most 

energy demanding industrial processes. One that is primarily achieved by the cryogenic distillation of 

air1 ,where air is compressed between 4 and 10 atm,  cooled to ambient temperatures before passing it  

through the pre-purification Unit to remove the trace contaminants, especially water, carbon dioxide, 

and heavy hydrocarbons. The purified air is passed through the main heat exchanger, cooled to near its 

liquefaction temperature before entering the distillation columns to separate oxygen, nitrogen and 

argon. Achieving and maintaining column temperatures of -183 °C (boiling point of oxygen) to distil 

large volumes of high purity oxygen is complex and consumes vast amounts of energy.   

 

Most other oxygen separation techniques rely on the adsorption or isolation of nitrogen from air to 

produce oxygen; however, as air is only 21 % O2, there is significant room for improvement 1-3. Non-

cryogenic separation processes, including membrane and adsorption-based technologies are less energy 

intensive, but are not yet industrially competitive 4, 5.  

 

Adsorption techniques make use of the differences in the quadrupole moments and the kinetic diameters 

of gases to separate a specific component from a mixture of gases. Zeolites, for example, preferentially 

adsorb nitrogen due to the interaction between its extra framework cations and the N2 molecule’s larger 

quadrupole moment 6. Through this mechanism, nitrogen molecules are retained in vacant pores of the 
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adsorbent, allowing gaseous oxygen to be collected 7. Alternatively, molecular sieve carbons are able to 

selectively adsorb oxygen by size, with only the smaller oxygen molecules (3.43 ± Å vs. 3.68 ± Å) able 

to access the adsorbent’s pore cavities. Unfortunately, material properties such as structural rigidity, 

heterogeneity of pores, the inability to alter their pore geometry, as well as regeneration energy costs, 

impose significant limitations on these methods 8, 9.  

 

Instead, separation processes that exploit differences in the chemical properties of oxygen and nitrogen 

may offer the selectivity required for direct capture of oxygen from air. Over the last decade, metal 

organic frameworks, (MOFs), have been successfully deployed for the selective separation and storage 

of a range of gases 10-15; making them applicable in diverse fields of selective adsorption processes, to 

catalysis to drug delivery, and leading to their scale up from laboratory trials to commercial productions  

16-23. In spite of all these advances, very few reports have highlighted the potential of MOFs for oxygen 

capture or storage 7, 24-26. So far, oxygen separation using MOFs has relied on MOFs containing 

uncoordinated redox-active metal centers 26, 27. In these cases, oxygen reacts with the exposed metal 

cation within the MOF, causing selective adsorption by chemically binding to a molecule of oxygen 7, 

10, 28. While offering high adsorption capacities in ambient conditions, the key challenge is in 

overcoming the irreversible nature of the adsorption. Working capacity, defined as the difference in the 

amount adsorbed under uptake conditions and the amount left in the adsorbent under desorption 

conditions is an important parameter used in selecting materials for separation and storage applications, 

remains prohibitively low.   Unfortunately, MOFs’ strong host-guest interactions and low thermal 

conductivity make desorption by high temperature and/or vacuum, slow and energy intensive 29-33. 

Ultimately, the efficiency of a separation process depends on the energy required to desorb bound guest 

molecules 33.  

 

Recently, the energy penalty associated with the regeneration stage of Temperature Swing Adsorption 

(TSA) and Pressure Swing Adsorption (PSA) processes has been overcome by the inclusion of ‘stimuli-

responsive’ functional groups and nanoparticles in MOFs 34-36. Stimulation of these groups trigger 

property changes within the MOF, causing adsorbent regeneration without the application of external 

heat or vacuum 34-36.  

 

One such method is the incorporation of magnetic nanoparticles into MOFs, resulting in magnetic 

framework composites (MFCs); which add magnetic induction heating properties to the adsorbent, as 

well as magnetically driven isolation and positioning of MOF crystals in solution 20, 21, 37. Induction 

heating is a controllable method of heating where energy from an alternating magnetic field is converted 

into heat within a magnetic material. The magnetically induced heating effect has successfully been 
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used for heat treatment of metals and alloys 38, hyperthermia treatment of cancer cells 39-42, and more 

recently, as the heat source for MOF synthesis 20, 21, 37.  

 

MFCs are prepared by growing MOF crystals around preformed magnetic nanoparticles 43, 44. When 

exposed to an alternating magnetic field, these ‘nanoheaters’ provide rapid, localised heating throughout 

the framework. By using localised heat sources, the efficacy of applied regeneration energy can be 

greatly improved by overcoming MOF’s inherently low thermal conductivity. This process of using the 

intense heating of magnetic nanoparticles to trigger desorption of bound gas molecules from within an 

adsorbent is known as magnetic induction swing adsorption (MISA) 39-41, 43-49.  

 

Unlike the traditional cyclic adsorption-based separation techniques of temperature swing adsorption 

(TSA), and or pressure swing adsorption (PSA), the MISA process regenerates the entire adsorbent 

while greatly reducing the energy inefficiencies associated with the conduction of externally applied 

heat and or through an insulating MOF. In studies carried out by Li et al. 43, 46, the composite of Mg-

MOF-74 and Fe3O4 nanoparticles, showed a ~ 9.8 % increase in CO2 uptake as compared to a bare Mg-

MOF-74 and on application of a magnetic field of 81 mT, the heating of the Fe3O4 nanoparticles resulted 

in efficient release of ~ 49 % of adsorbed CO2 molecules. Sadiq et al. 44 , further demonstrated the the 

potential of MISA by incorporating MgFe2O4 nanoparticles in zirconium-based UiO-66 to synthesize 

an MFC that achieved a 100 % release of CO2 at a magnetic field of 32 and 42 mT. Together, these 

works prove MISA’s potential for low energy desorption using MFCs for carbon capture applications. 

In this work, using the MISA process, we examine the potential of MFCs for oxygen capture.  

 

The M-MOF-74 series of MOFs has the highest density of unsaturated open metal centres which are 

needed to bind oxygen. Since cobalt exhibits a strong affinity and a temperature-dependant reversible 

binding to oxygen in Co2+ complexes we selected Co-MOF-74 as the candidate MOF to demonstrate 

MISA triggered release of oxygen 7, 10, 25, 50-56. Synthesis of Co-MOF-74 in the presence of pre-

synthesized Fe3O4 magnetic nanoparticles successfully resulted in composites with the magnetic 

nanoparticle firmly embedded in the MOF. Subsequent to synthesis of composites with varying 

concentrations of Fe3O4 nanoparticles, the triggered release MISA experiments were carried out. 

 

In non-cryogenic conditions, the Fe3O4@Co-MOF-74 MFC had a maximum oxygen uptake of 4.8 

mmol g-1 at 1.2 bar.  The MFC4 with 12.18 wt. % Fe3O4 nanoparticles was able to release 100 % of the 

adsorbed oxygen molecules when exposed to a magnetic field of 17.4 mT at 270 kHz. 
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4.2.3 Results and Discussion 

 
The size and morphology of the synthesized Fe3O4 nanoparticles was investigated using a scanning 

electron microscope (SEM). The nanoparticles had a spherical morphology with nanoparticle size of 

∼30 to ∼50 nm (see Figure S2-a). The nanoparticles showed excellent stability in water with no change 

in properties for one month 48, 57-60.   

 

The magnetic properties of the Fe3O4 nanoparticles were studied at room temperature using a vibrating 

sample magnetometer (VSM) with a maximum applied field of ± 1 T.  The hysteresis curve of the Fe3O4 

nanoparticles shows a saturation magnetization (Ms) of 58 emu g−1 and very little coercivity (Figure S6-

a). Thermo-magneto gravimetric analysis (TMGA) of the nanoparticles revealed the Curie temperature 

of the particles to be Tc= 570 °C (Figure S7). At the Tc, there is a phase transition from the ferrimagnetic 

state to the paramagnetic state that results in a loss of heating capability of the NPs and thus could serve 

as a switch to regulate the temperature rise.  

 

The heat generation capacity of the nanoparticles was estimated by recording the temperature rise 

profile of a known concentration of NPs solution and estimating the specific absorption rate (SAR) in 

W/g 41, 44. All the induction heating experiments were carried out at 270 kHz except where otherwise 

stated. At µ0H of 16.4 mT, 5 mg/ml of Fe3O4 nanoparticles in water attained a maximum temperature 

rise of 85.0 °C and the SAR was calculated to be 74.5 W g-1 (Figure S8). These synthesised nanoparticles 

were then used to fabricate composites with varying concentrations of magnetic nanoparticles simply 

by adding weighed quantities of Fe3O4 nanoparticles to the MOF precursor solutions and mechanically 

stirring it for the course of the synthesis. (See Section S1-III). The concentrations of these composites 

were checked using the inductive coupled plasma mass spectrometry (ICP-MS) analysis and the results 

are listed below in Table 1. 

 

Table 1. Results from the ICP analysis of the synthesized composites show the concentration of 

magnetic content within the MFCs. 

 

As observed from the XRD patterns in Figure 4.1, for all the composites MFC1-MFC6, the peaks of 

bare Co-MOF-74 match the diffraction peaks of the composites. For magnetic measurements, as 

 MFC 

1 

MFC 

2 

MFC 

3 

MFC 

4 

MFC 

5 

MFC 

6 

Wt.% 

Fe3O4 

0.08 8.8 11.8 12.18 12.6 15 
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expected, the composites with higher concentrations of magnetic nanoparticles show higher saturation 

magnetization .     

 

Figure 4.1: The XRD pattern of the Co-MOF-74 and the MFCs compared with the simulated data of 

M-MOF-74. 

The scanning electron microscope images reveal that the nanoparticles are uniformly embedded over 

the entire surface of the composite. As observed from Figure 4.2e and 4.2f, the EDX mapping analysis 

on the samples confirm the presence of the Fe3O4 nanoparticles in the composites.  

 

Figure 4.2: The SEM micrographs of a) Bare Co-MOF-74, b) Co-Based composite with Fe3O4 

nanoparticles embedded in it, c) The contrast in the BSE image confirms the presence and uniform 
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distribution of Fe3O4 nanoparticles throughout the composite, d) Sample used for the EDX mapping, e) 

EDX mapping results of sample showning the cobalt content and f) Fe content in the composite. 

 

For gas measurements, low-pressure gas adsorption isotherms in the range of 0-1 bar were measured 

and Type I nitrogen isotherm, was obtained for the bare Co-MOF-74 and the composites. The measured 

Brunauer−Emmett−Teller (BET) and Langmuir surface areas of the bare Co-MOF-74 were 1449 m2 g-

1 and 1764 m2 g-1 respectively. 

 

In case of MFC1 with 0.08 wt. % Fe3O4, the measured BET surface area of 1478 m2 g-1 is actually 

higher than that of the bare Co-MOF-74. This may be attributed to some heterogeneous nucleation with 

the nanoparticles acting as nuclei and aiding the nucleation of the composite. But for MFC3-MFC6, 

increasing the content of magnetic NPs in the framework directly and adversely affects the surface area 

with MFC3-1082 m2 g-1, MFC4-1008 m2 g-1, MFC5-952 m2 g-1 and MFC6-713 m2 g-1 respectively 

(Figure S4). With the MFCs, to establish the optimum time and temperature conditions for maximum 

adsorption of oxygen, the trials were conducted at three different temperatures of 204 K, 273 K and 298 

K. Figure 4.3 shows the oxygen adsorption isotherm of the composite MFC3, at a temperature of 204 

K, that achieved maximum adsorption of oxygen of 3.5 mmol g-1 at 1.2 bar at an equilibration time of 

5 secs.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Oxygen adsorption isotherms of the composite MFC3 measured at temperatures of 204 K, 

273 K and 298 K at an equilibration time of 5 secs. 
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4.2.4 Triggered Release Experiments: 

 

The triggered release of bound oxygen from the MFCs was achieved using the Tristar Micromeritics 

adsorption equipment in conjuction with an induction-heating machine. The requirement from the 

induction machine was to pass a current high enough to generate a large magnetic field and cause 

heating of the nanoparticles to their maximum capacity. If the heating of these nanoheaters is high 

enough, it would cause instability in the intermolecular bond between the adsorbed oxygen molecules 

and the adsorbing MFCs and trigger the release of the oxygen molecules. To know the maximum 

temperature rise attained by both, the Fe3O4 nanoparticles by themselves and the Fe3O4 nanoparticles 

from the composite, individual samples of each were placed in a dewar flask and exposed to a magnetic 

field of 16.5 mT. The responsive temperature rise profile was noted for 30 minutes. The bare Fe3O4 

nanoparticles stabilized at a temperature of 85.0 °C whereas the ones from within the MFCs exhibited 

a maximum temperature of 63.7 °C. According to these temperature rise profiles obtained at room 

temperature, when the MFC is exposed to a magnetic field of 16.5 mT, the magnetic nanoparticles from 

within it should heat up to 63.7 °C. 

 

The oxygen adsorption consisted of the dynamic uptake of oxygen by the composites and for desorption, 

at preset points the magnetic field was activated trigerring the release of the adsorbed oxygen molecules. 

When the magnetic field would be turned off , the composites would resume their normal oxygen uptake 

up untill  the point the magnetic field was activated again. With 200 mbar being the approximate partial 

pressure of oxygen in air, the periodic switching was set at 200 , 400 , 800 and 1000 mbar. 

 

The concentration of nanoparticles in the composite determined the adsorption and desorption 

properties of the MOFs. Composites with high content of magnetic nanoparticles affected the adsorption 

capacities but provided higher heating rates whereas composites with low nanoparticle concentration 

had good adsorption properties but insufficient heating and therefore could not achieve full desorption. 

Consequently MFC4, a composite with a comparatively right balance of adsorption properties and 

heating abilities, was selected to study the effect of magnetic field strengths on the desorption properties 

of the composites and Figure 4.4 demostrates the effect of magnetic field strengths on the release of 

oxygen molecules from MFC4 composite.  
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Figure 4.4: Effect of magnetic field strengths, 16.5 mT, 16.7 mT, 17.2 mT and 17.5 mT on the release of 

oxygen molecules from MFC4 composite.  

 

 

The induction coil settings  from the temperature rise studies were replicated to heat up the MFC to its 

maximum of 63.7 °C. However, unlike the room temperature measurement settings, for the oxygen 

adsorption trials, the sample tube was submerged in a bath of acetone/dry ice which reduced the heating 

effect of the induction coil causing incomplete desorption of the adsorbed oxygen. To attain the right 

temperature, the applied field was gradually increased from 16.4 mT to the maximum value of 17.4 mT 

that caused a full desorption of the oxygen molecules. As demonstrated in Figure 4.5, with increase in 

magnetic field strengths, the desorption capacity of the composites increased with 21 %, 49 %, 74 % 

and 100 % desorption achieved at 16.4, 16.7, 17.2 and 17.4 mT respectively. 

 

Figure 4.5: Results of the triggered release of oxygen molecules from MFC2 to MFC5 by employing a 

magnetic field of 17.4 mT. The composite MFC4 released 100 % of the adsorbed oxygen molecules. 
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For composite MFC2,  a desorption efficiencies of 16 %, 25.8 %, 25 % and 24.6 %  was observed 

whereas for MFC3 it was 71 %, 73 %, 78 % and 72.5 % at the preset points of  200, 400, 600 and 800 

mbar respectively. MFC4 achieved a full 100 % desorption of oxygen molecules at all points. Contrary 

to the  desorption trend established by the composites MFC2 to MFC4, the composite, with 12.6 wt. 

% magnetic nanoparticles, MFC5, achieved a near complete desorption at 200 mbar followed by which 

it neither adsorbed oxygen nor reacted to the applied magnetic field in any way.  

 

The specific regeneration energy (Qthermal) can be defined as the amount of energy required to heat the 

adsorbent to the desorption temperature 44, 61, was calculated for MFC4. Figure 4.6 shows the effect of 

increase in working capacity on regeneration energy with increase in pressure.As highlighted by Zhang 

et al.,61 the higher working capacity results in lower regeneration energies  with MFC4 achieveing the 

lowest regeneration energy of 1.1 MJ/kg at 1 bar. While this calculation does not include process 

considerations and cooling the temperature of air from room temperature to 204 K, we expected this 

energy requirement to be less than half of that required for cryogenic distillation at 92 K. For a cryogenic 

distillation based air separation unit producing 110 to 350 tonnes of oxygen per day, the specific energy 

requirement is reported to be 1.11 MJ/kg- 1.82 MJ/kg at 40 bar 62. 

 

       

 

 

Figure 4.6: Working capacities of  MFC4  at 204 K adsorption temperatures. 

 

The isosteric heat of adsorption is a measure to understand the intensity of the interaction between the 

gas molecules and the porous framework and is highly time and temperature dependent. The rate of 

oxygen adsorption in a MOF is  decided by the pore dimensions and the available number of unsaturated 
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metal centers. As shown in Figure 4.7, the initial isosteric heat of adsorption for oxygen was calculated 

to be -30 kJ mol-1 that decreased with surface coverage and stabilized at -19 kJ mol-1. Owing to their 

higher surface curvatures, at lower loadings, oxygen gets adsorbed into the smaller pores of the MOF 

and also on the exposed, unsaturated Co2+ metal centers. At higher loadings, as all the favorable sites 

get preferentially occupied, the adsorption proceeds through the larger pores resulting in lower isosteric 

heat of adsorption 63, 64 65.  

 

 

         

Figure 4.7: Isosteric heat of adsorption for oxygen, calculated from  the oxygen isotherms of MFC2 

collected at 204 and 273 K. 

 

To understand the reversibility of the oxygen bindings at 204 K, the composite MFC4, was exposed to 

ten consecutive oxygen adsorption and desorption cycles and as observed in Figure 4.8, with each cycle 

a 10 % drop in the adsorption capacity was noted. Even though the adsorptions were carried out at 204 

K, where the reversible binding of oxygen in Co2+ complexes still exist, the heat from the magnetic 

nanoparticles that was used to trigger the molecules out of the composite may possibly have caused 

oxidation of the metal centres. Post-experiment XRD results showed loss of crystallinity and gradual 

decomposition of the composite.  
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Figure 4.8: The results of the oxygen adsorption-desorption cyclic experiments conducted on the 

composite MFC4, at temperatures of 204 K. 

 

4.2.5 Conclusions 

 

The high capital and production costs associated with the setup and operations of the current air 

separation processes has led to the search for a new, better and energy efficient technique for separation 

of oxygen. This can be provided for by the formation of MFCs that make use of the reactive heating 

ability of the nanoparticles in a magnetic field to trigger the release of the adsorbed molecules by 

magnetic induction swing adsorption (MISA). 

 

In this study the capacity of cobalt-based MFCs to adsorb oxygen molecules was evaluated. Desorption 

trials were conducted by exposing the composites it to an alternating magnetic field resulting in release 

of the bound oxygen molecules. A composite with 12.18 wt. % Fe3O4 nanoparticles was able to release 

100 % of the adsorbed oxygen when exposed to a magnetic field of 17.4 mT at 270 kHz. The repetitive 

adsorption and desorption cycles revealed the dependency of time and temperature on the performance 

and stability of the composite. This is a proof-of-concept experiment carried out to prove the oxygen 

adsorption capability of MFCs and to establish the efficiency of the magnetic induction heating in 

successfully achieving the release of most of the adsorbed oxygen molecules. 

 

Future work will include the study and development of prospective new MOFs for the capture of 

oxygen, the subsequent synthesis of the MFCs by encapsulation of high magnetization nanoparticles in 

these MOFs and the stimuli responsive triggering of the oxygen molecules by the MISA process. 
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5.1 Introduction 

Oxygen is most commonly separated from air using cryogenic liquefaction and the inherent energy 

penalties of a phase change inspire the search for more energy efficient separation processes. The safety 

hazards associated with the handling and storing of a highly reactive gas like oxygen, equal emphasis 

is required on finding alternate means to counter the current high-pressure (ca. 140 Bar) storage of 

oxygen; a safe, lightweight alternative that would store oxygen in high volumes but at much lower 

pressures. 

As discussed in Chapter 4, Metal-Organic Frameworks offer the alternative process for separations 

and storage of oxygen by forming a bond with the metal cations from the framework, leading to higher 

selectivity of oxygen over other gases, especially nitrogen. As observed from the oxygen adsorption 

isotherms of the Co-MOF-74 at 204 K, the adsorption capacity of the MOF is higher at low 

temperatures.  Using MISA, 100 % desorption of adsorbed oxygen molecules was achieved at 204 K. 

The real challenge with a reactive gas like oxygen is its adsorption and storage at room temperatures. 

And if the energy requirements associated with cryogenic temperatures are to be overcome, the 

adsorption should be targeted at room temperature. Therefore, in Chapter 5, the aim is to explore the 

potential of Cu-BTC MOFs for room temperature storage of oxygen. CuBTC (Copper (II) benzene-

1,3,5-tricarboxylate) MOF is one of the most popular and widely used MOFs in various applications. 

To target the release of the adsorbed oxygen molecules at room temperature, CuBTC composite pellets 

were synthesised with MgFe2O4 nanoparticles. The composite with 3 wt.% nanoparticles exhibited an 

Oxygen uptake capacity of 0.34 mmol/g at 298 K. When exposed to a magnetic field of 31 mT, the 

magnetic nanoparticles heated up and attained a temperature rise of 86 °C and released 100 % of 

adsorbed Oxygen. Using MISA, the composite was regenerated for the next adsorption cycle within 10 

minutes requiring around 5.6 MJ/kg.  

 

Chapter 5 is based on the manuscript titled, “Performance evaluation of CuBTC composites for room 

temperature Oxygen storage” published in RSC Advances on 27th October 2020. This demonstrates the 

room temperature storage potential of CuBTC MOF and the versatility of the MISA process in 

achieving 100 % desorption of the stored oxygen and 100% regeneration of the MOF within 10 minutes. 

 

5.2 Published Work 

This section discusses work previously published in a journal article, reproduced with permission from 

Melag et al.[12] © Royal Society of Chemistry 2020. Figures and references from this publication have 

been renumbered for consistency with the Chapter. A copy of this work is included as Appendix B. 

RSC Adv., 2020, https://doi.org/10.1039/D0RA07068H 
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RSC Adv., 2020, https://doi.org/10.1039/D0RA07068H 

5.2.1 Abstract 

 
Oxygen is most commonly separated from air using cryogenic liquefaction.  The inherent energy 

penalties of a phase change inspire the search for more energy-efficient separation processes.  

Adsorption and release by Metal-Organic Frameworks (MOFs) are an attractive alternative due to their 

high capacity at ambient conditions, lowering the energy requirements.  Much progress has been made 

at cryogenic temperatures or high pressures, but examples of cyclable materials at room temperature 

are rare.  Many require high nitrogen loadings, which present safety issues when saturated with oxygen.  

Here, an alternative approach is presented, where we determine whether it is possible to utilize simpler, 

stable materials in the right process to achieve overall energy efficiency.  Cu-BTC/MgFe2O4 composites 

were prepared, and magnetic induction swing adsorption (MISA) used to release adsorbed oxygen 

quickly and efficiently.  The composite with 3 wt. % MgFe2O4 exhibited an oxygen uptake capacity of 

0.34 mmol/g at 298 K and when exposed to a magnetic field of 31 mT, attained a temperature rise of 

86 °C and released 100 % of adsorbed oxygen.  The pelletised system, which is stable to water vapor, 

can be filled and emptied within 10 minutes requiring around 5.6 MJ/kg. 

 

5.2.2 Introduction 

 

The demand for high purity oxygen is on the rise owing to its increased consumption by the healthcare, 

steel, food, water, chemical, and pharmaceutical industries and this, in turn, has influenced research into 

more energy-efficient ways to capture, separate and store oxygen 1, 2. The traditional process of 

cryogenic liquefication of air3 produces ultra-high purity oxygen and still dominates the industrial 

methods of oxygen separation,  but the complex plant setups and the energy requirements associated 

with the entire process limits its use for large scale productions only. The membrane-based separations 

and adsorption-based processes using zeolites and carbon molecular sieves are simpler, reversible, low 

cost and easily scalable for small scale separations of oxygen, but their structural rigidity, pore 

heterogeneity, and low oxygen permeabilities impose limitations on the purity of the oxygen produced 

4. Once produced, compressed or liquefied oxygen is bottled up in storage tanks for subsequent use in 

varied applications 2, 5-7 . Taking into account the safety hazards associated with the handling and storing 

of a highly reactive gas like oxygen, equal emphasis is required on finding alternate means to counter 
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the current high-pressure (ca. 140 Bar) storage of oxygen; a safe, lightweight alternative that would 

store oxygen in high volumes but at much lower pressures 8-10.  

 

Metal-Organic Frameworks (MOFs) are porous nanomaterials that have been explored for gas 

separations 11-14, catalysis 15, sensing 11, 16-23, and drug delivery applications 24, 25.  They are constructed 

using metal nodes and organic linkers resulting in unique modular structures that are flexible, porous 

and offer the distinctive chemical tunability needed for gas storage 26-28. Their ability to host functional 

nanoparticles within their structures imparts added diverse functionalities to their existing versatile 

properties 29. Similar to most adsorption processes, separations in MOFs are based on the guest-host 

interactions where the adsorbents can either physically adsorb gas molecules on its surface or can bind 

to them chemically 30. For selective separations using MOFs, the selectivity between the different gas 

molecules relies on preferential size-selective sieving or favorable quadrupole interactions or strong 

chemical affinities with either of the adsorbates 31. Most oxygen separation processes are nitrogen 

selective and are based on the adsorption or isolation of nitrogen from the air to separate oxygen. 

However, using MOFs, selective oxygen separation has been studied through a process that relies 

on  oxygen molecules directly binding to the metal cations in the framework leading to higher selectivity 

over other gases, mainly nitrogen 32-35. Accordingly, to investigate the role of MOFs in oxygen 

separation and storage, DeCoste et al. conducted simulation studies on 10,000 hypothetical MOFs and 

recorded NU-125 as the MOF with the highest oxygen adsorption capacity of 17.4 mol/kg at 140 Bar 

pressure. Computational studies by Moghadam et al. on 2932 existing MOFs reported UMCM-152 as 

the MOF with the highest oxygen uptake of 20.4 mmol/kg. Similarly, various other MOFs like IRMOFs, 

UiO-66, Cr3(BTC)2 33, 35, 36, Cr-BTT37, and M2(dobdc) (M = Cr, Mn, Fe, Co ), especially  Co2(dobdc)38-

40 and Fe2(dobdc)35, 41, 42 have been investigated in detail as oxygen selective adsorbents for separation 

and storage of oxygen. Apart from specially designed and developed MOFs, the existing range of MOFs 

need to be explored for a simpler, stable and recyclable solution for room temperature oxygen storage. 

This paper investigates a widely used copper-based MOF, CuBTC, also known as HKUST-1 or MOF-

199, previously identified by both DeCoste et al. and Moghadam et al. for oxygen storage applications.  

 

CuBTC, Copper (II) benzene-1,3,5-tricarboxylate, is one of the widely explored, easily scalable, and 

most commercially used MOFs in various applications. Its ease of synthesis, high surface areas 

(1500−2000 m2/g), and excellent thermal and structural stability make it applicable for gas adsorption43-

47, separation44, 48-51, and sensors17, 52, 53 applications.  It is a very popular Cu (II) framework where the 

dimeric copper-tetracarboxylic unit of Cu-Cu (2.628Å) acts as a centre and is connected by four oxygen 

atoms from the benzenetricarboxylate (BTC) linkers and water molecules 54-57. The interconnected Cu 

(II) paddlewheel unit and tridentate BTC linkers form a three-dimensional octahedral structure with 
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square-shaped main channels of 9×9 Å and tetrahedral units of 5 Å openings that are connected to the 

main channels by triangular pockets of 3.5 Å.  

 

Temperature Swing Adsorption (TSA) and Pressure Swing Adsorption (PSA) are the most commonly 

used regeneration processes for MOFs. However, their strong host-guest interactions with the adsorbed 

molecules, particularly the strong adsorption at lower partial pressures and their thermally insulating 

nature, limit the uniform transfer of the applied heat throughout the MOF, making the regeneration 

process very challenging and energy-intensive 11, 58-62. To address this, our group has demonstrated the 

potentials of incorporating stimuli-responsive materials in MOFs to achieve energy-efficient release of 

the trapped gases11, 39, 58, 59, 63-67 . In this paper, we discuss how rapid and remote heat generation can be 

achieved through the fabrication of magnetic framework composites (MFCs) and how their interactions 

with a magnetic field can be used efficiently for release of the adsorbed molecules.  Magnetic induction 

swing adsorption (MISA) is a magnetically induced heating process aimed at regeneration of MOFs 68-

70. In our previous paper, we have demonstrated the efficiency of the MISA process by desorption of 

4.8 mmol/g of adsorbed oxygen from Co-MOF-74/Fe3O4 systems. To build upon these results obtained 

at cryogenic temperatures of 204 K, we intend to explore the possibility of simpler, stabler, cyclable 

MOFs for Oxygen adsorption at room temperature.  This paper looks into the relative stability and 

capacity of CuBTC MOF for oxygen storage, and the feasibility of oxygen release using magnetic 

induction swing adsorption (MISA) at room temperatures.  

 

The exposure of CuBTC MFC pellets formed using 3 wt. % of MgFe2O4 nanoparticles, to a magnetic 

field of 33 mT, triggered a 100 % release of the 0.30 mmol/g oxygen molecules stored at 1 Bar pressure. 

The ease of use and control of the MISA process was demonstrated by triggering an on-demand release 

of Oxygen at 200, 400, 600, 800, and 1000 mBar pressures and achieving 100 % desorption each time. 

Three continuous cycles of adsorption and magnetically triggered desorption cycles helped to establish 

the structural rigidity, thermal stability, and adsorption capacity of the CuBTC MFC. The effect of 

atmospheric exposure, and the effect of exposure to water vapour on the structural stability of the MFCs, 

was also investigated. 

5.2.3  Experimental  

 

5.2.3.1 Materials synthesis: 

All the reagents including 1,3,5-benzenetricarboxylic acid (H3BTC), copper acetate monohydrate 

Cu(OAc)2·H2O, sodium acetate trihydrate (CH3COONa·3H2O), magnesium chloride hexahydrate 

(MgCl2·6H2O), Ferric chloride hexahydrate (FeCl3·6H2O), PEG and the solvents, N, N-
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dimethylformamide (DMF) and ethanol used for the synthesis were of analytical grade,  obtained from 

commercial vendors and used as received.  

 

Synthesis of CuBTC MOF: 

0.7 g of copper acetate monohydrate (3.5 mmol) dissolved in 14 mL of deionized water was mixed with 

0.6 g of trimesic acid (H3BTC, 2.8 mmol) dissolved in 14 mL of ethanol. This mixture was stirred for 

30 min, transferred into an autoclave, and heated to 85 °C for 24 hrs. On cooling, the blue CuBTC MOF 

was washed three times with ethanol and dried in a vacuum oven at 140 °C for 24 hrs 50, 71.  

 

Synthesis of MgFe2O4 nanoparticles:  

MgFe2O4 nanoparticles were synthesized using a solvothermal method by mixing of 3.6 g, 0.027 moles 

of sodium acetate trihydrate, 2.5 mmol MgCl2·6H2O and 5 mmol FeCl3·6H2O together and adding 2.00 

g of polyethylene glycol (MW = 4000) as a surfactant. The mixture is stirred vigorously to form a 

homogeneous solution and then heated under reflux at 180 °C for 16 hrs. On cooling, the black magnetic 

nanoparticles are magnetically separated and washed alternately with distilled water and ethanol and 

dried in a vacuum oven at 80 °C for 8 hrs 72.  

  

Fabrication of CuBTC pellets:  

The objective behind the shaping of MOFs is to pack maximum amounts of adsorbents in the storage 

tank compactly, to increase the amount of gas stored per unit volume. For practical applications, shaping 

MOFs is favourable. Still, the shaping technique should not adversely affect the stability and or 

adsorption capacity of the MOFs, and it should be feasible for large scale productions too. The most 

common shaping technique,  pelletising, can be achieved by either applying a certain amount of pressure 

on the powdered MOFs to shape them into pellets or by mixing the MOF powder with specific binders 

(typically, polyvinyl alcohol (PVA)) and solvent to make a paste that can be further extruded into pellets 

50, 71. The Cu-BTC/MgFe2O4 MFCs were pelletised by extruding a paste made using measured quantities 

of CuBTC MOF, binder, and MgFe2O4 nanoparticles,  through a 5 mL syringe. The extruded MFC 

noodles were cut into 8-10 mm pellets and allowed to dry in ambient air before drying them in a vacuum 

oven at 140 °C for 24 hrs. To select an MFC having an optimal balance between adsorption capacities, 

heating abilities, and structural stability, different MFCs with varying binder concentrations (1, 2, 3, 4 

wt. %) and varying magnetic content (1, 2, 3, 4 wt. % of MgFe2O4 nanoparticles) were fabricated and 

investigated for their surface area and oxygen adsorption properties.  
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5.2.3.2 Characterisation of materials: 

 
The samples were characterised using X-Ray Powder Diffraction (XRD), Scanning Electron 

Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Thermogravimetric analysis (TGA). 

Fourier-Transform Infrared (FTIR) spectra for all samples were collected using a Thermo Scientific 

NICOLET 6700 FT-IR. XRD measurements analysed the crystal structure of the samples on a D8 

ADVANCE Eco X-ray powder diffractometer with a Co Kα radiation source of 1.79Å with a scan rate 

of 0.05 sec per step at 40 kV and 25 mA.  JOEL 7001F Scanning Electron Microscope was used for the 

morphological size-shape study of all the samples. The surface area measurements were carried out 

using Micromeritics ASAP 2420 instruments, and the Oxygen adsorption studies were carried out on a 

3Flex surface and catalyst characterisation instrument. For the triggered release experiments, the 3Flex 

was paired with an induction machine (EASY HEAT 0224–Ambrell) with an 8 turns heating coil of 2.5 

cm diameter and 4 cm in length. 

 

5.2.4 Results and Discussion 

       

Figure 5.1-a. presents the diffraction patterns of the synthesized powdered CuBTC MOF, the magnetic 

nanoparticles, and the MFCs fabricated with 1 wt.%, 2 wt.%, and 3 wt.%, MgFe2O4 nanoparticles. The 

diffraction peaks from the synthesized CuBTC sample corresponds to the face recentre cubic (FCC) 

CuBTC structure, that matches well with the peaks of the simulated CuBTC  (Figure S1-a). The clear, 

distinct sharp peaks confirm the excellent crystallinity of the sample. The morphology of the bare 

CuBTC and composite was investigated with Scanning Electron Microscopy (SEM) analysis. SEM 

micrographs presented in Figure 5.1- b and d) reveal octahedral shaped CuBTC particles with an 

average particle size of about 5 μm. Figure 5.1-c shows a uniform, spherical morphology for MgFe2O4 

nanoparticles with a diameter of 150-170 nm. The nanoparticles were used to fabricate the MFCs by 

varying their concentrations during the pelletization process. Figure 5.1-e is a micrograph of the MFC 

with 3 wt.%, MgFe2O4 nanoparticles which reveal the magnetic nanoparticles firmly bound to the 

surfaces of the MOF particles. The XRD analysis of the synthesized MgFe2O4 nanoparticles (Figure 

S2- a) shows the diffraction peaks of planes (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0), for a cubic 

spinel MgFe2O4 phase, that matches the standard powder diffraction data (ICSD #00-036-0398) of the 

MgFe2O4 phase from literature 72 with a calculated mean crystallite size of 10.2 nm. 
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Figure 5.1: a) The powder diffraction pattern of bare CuBTC MOF, MgFe2O4 nanoparticles, CuBTC-

MgFe2O4 composite with  1 wt.%, 2 wt.%, 3 wt.% magnetic content, and SEM images of b) bare CuBTC 

c) the MgFe2O4 nanoparticles d) bare CuBTC e) 3 wt.% CuBTC-MgFe2O4 composite. 

Vibrating sample magnetometer (RIKEN DENSHI VSM) was used to study the response of MgFe2O4 

nanoparticles to an applied magnetic field. When exposed to an applied magnetic field, the 

magnetization (M), of the MgFe2O4 nanoparticles increases with an increase in the magnetic field until 

it becomes saturated and any increase in the magnetic field cannot increase its magnetization anymore. 

A reverse magnetic field brings the magnetization back to zero. This response is plotted in the form of 

a magnetization curve, and the magnetization curve of the synthesized MgFe2O4 nanoparticles shows a 

saturation magnetization (Ms) of 65 emu g−1 (Figure S3-a). The Curie temperature (Tc) of the MgFe2O4 

nanoparticles, defined as the temperatures above which the ferrimagnetic magnetic nanoparticles lose 

their magnetic properties and become paramagnetic12, 73-76,  was evaluated through Thermo-magneto 
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gravimetric analysis (TMGA) (Figure S4-c). This was estimated to be 566 °C. This agrees with Tc 

values reported in the literature for MgFe2O4
58, 65, 68. Specific adsorption rate, SAR, is a parameter used 

in estimating the magnitude of the heating effect generated by magnetic nanoparticles when exposed to 

alternating current magnetic field11, 58, 65, 68. The SAR is a valuable parameter that can be used to estimate 

the rate of conversion of a magnetic field to thermal energy with a high SAR indicating rapid heating. 

The SAR of the synthesized MgFe2O4 nanoparticles was calculated to be 130 W/g. 

 

For gas adsorption measurements, the CuBTC samples were activated at 140 °C for 24 hrs under 

vacuum. N2 adsorption isotherms obtained at 77 K show a type I adsorption that is typically observed 

in microporous solids. The calculated Brunauer−Emmett−Teller (BET) surface areas of the bare 

CuBTC MOF and MFCs are summarized in Table S1 and Figure S5-a. The BET surface area of the 

bare CuBTC MOF was 1495 m2/g, and upon addition of 1 wt.% binder, a drop of 23 % in surface area 

was noticed. This loss in surface area can be attributed to the process of pelletising where the binders, 

that are essential to enable cohesion and densification of the MOFs, cause partial blockage of some 

pores in the MOF  resulting in lower surface areas and pore volumes 77. Based on such effects of 

different binder concentrations and varying magnetic contents on the surface area properties of the 

MFC, the Cu-BTC/MgFe2O4 composites with  3 wt.% binder concentration and 3 wt.% MgFe2O4 

nanoparticles were selected fabricated for all the experiments.  

 

To evaluate the potential of these Cu-BTC/MgFe2O4  MFCs for room temperature oxygen storage 

applications, it is crucial to establish their moisture stability in ambient atmospheric conditions 78 . Water 

adsorption experiments were conducted to test the water stability of the MFCs using Micromeritics 

3Flex gas sorption analyser for the range (P/Po = 0.001-0.9) at 298 K with dry N2 as the carrier gas. 

Prior to the vapour adsorption measurements, the CuBTC samples were activated at 140 °C for 12 hrs. 

The initial steep slope (0.001-0.2), the intermediate shallow plateau (0.2- 0.7) and the last steep slope 

(0.7- 0.9) of the water adsorption isotherm are all indicative of the strong interactions between the water 

molecules and the copper centres from the initial adsorption in the CuBTC cages to the final micropore 

filling of the side pockets. The water vapour adsorption capacity of 28.4 mmol/g  of the CuBTC MOF 

matches well with the results reported in the literature 45. The water vapour adsorption capacity of the 

3 wt.% CuBTC-MgFe2O4 composite pellets plotted in Figure 5.2, was found to be 28.9 mmol/g. Post 

water adsorption experiments, the structural stability of the MOF and MFC were analysed by powder 

X-ray diffraction (PXRD), and the matching XRD peak intensities of the activated samples and the 

hydrated samples confirm the structural stability .  
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Figure 5.2: Water vapour adsorption isotherms of CuBTC MOF and 3 wt.% CuBTC-MgFe2O4 

composite pellets measured at 298 K. 

 

Oxygen adsorption: 

To evaluate the oxygen adsorption properties of CuBTC pellets, single-component oxygen adsorption 

measurements were carried out at 204, 273 and 298 K (pressures loadings between 0 to 1 Bar), where 

around 80 mg of weighed CuBTC pellets were activated at 140 °C for 24 hrs under vacuum. The 

adsorption temperatures of 204, 273, and 298 K were stabilized using acetone and dry-ice bath, ice bath, 

and water bath, respectively. The results from the oxygen adsorption at these three temperatures reveal 

that at 204 K, the pellets displayed the highest adsorption capacity of 4.2 mmol/g of oxygen, followed 

by 0.5 mmol/g oxygen at 273 K and 0.34 mmol/g of oxygen was adsorbed at 298 K (Figure 5.3). These 

results confirm the adsorption capacity of the MOF at all three temperatures. The isosteric heat of 

adsorption, Qst, reveals the extent of interaction between the adsorbed molecules and the adsorbate 

under constant loading conditions. In the case of CuBTC MOF13, this interaction that is primarily 

dependant on the reactions at the exposed cationic Cu2+ sites and adsorption at the windows sites of the 

octahedral CuBTC cage is calculated to be  -15.3 kJ/mol. This near-constant Qst curve was plotted using 

the adsorption data measured at 204, 273, and 298 K and shows that irrespective of the loading 

conditions the binding energies remain constant. 
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Figure 5.3: Oxygen adsorption isotherms of CuBTC MOF measured at 204, 273, and 298 K. 

 

To study the reversibility and reusability of the MFC pellets after their interactions with oxygen at room 

temperature, cyclic studies were carried out on the same sample. Between every oxygen adsorption 

cycle, the sample was regenerated at 140 °C for 12 hrs. As observed from Figure 5.4, over twenty 

continuous cycles the MFC pellets displayed a consistent oxygen adsorption capacity and did not show 

any signs of material degradation even after the 20th cycle which was later confirmed by PXRD (Figure 

S-10). Thermal stabilities and decomposition temperatures of the samples were also studied by thermal 

gravimetric analysis (TGA) using weighed samples that were heated from 25 °C to 800 °C at a heating 

rate of 10 °C/min (Figure S7-a).  

 

 

Figure 5.4: Twenty oxygen adsorption-desorption cycles on the 3 wt.% CuBTC-MgFe2O4 composite 

pellets at 298 K.  
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Desorption of Oxygen using MISA: 

 

The adsorption potential of the MOFs and the heating abilities of the magnetic nanoparticles are 

combined to develop the MFCs. This is to enable efficient heat transfer in the MOF by overcoming their 

low thermal conductivities. It is  achieved using ferrimagnetic nanoparticles capable of remote, targeted, 

and localised heat generation capabilities upon exposure to a magnetic field 59, 79, 80. The heat generation 

in the nanoparticles is a result of hysteresis observed in the magnetization vs applied field plot when 

the ferrimagnets are exposed to an alternating current magnetic field. A magnetization-demagnetization 

process is induced with the magnitude of the heat generated equivalent to the area within the hysteresis 

loop 68,81, 82. Consequently, in MFCs, this rapid and localised heat generation leads to instability in the 

guest-host bond of the adsorbed gas and the framework that triggers the release of the gas molecules.  

The selection of the MOF, the ratio of magnetic nanoparticles, and the strength of the applied magnetic 

field are essential features of the MISA process. The heat generation capability of the MFCs was 

measured by recording their temperature rise profile while exposing them to different magnetic field 

strengths. While studying the 3 wt.% Cu-BTC/MgFe2O4 MFCs, it was noted that on application of 25 

mT magnetic field, from the initial temperatures of 25 °C the pellets attained a maximum temperature 

rise of 78 °C , with 31 mT  magnetic field the temperature reached was 86 °C and with 33 mT, the 

MFCs reached a temperature of 92 °C.  (Figure S4-d).  

 

Figure 5.5: Oxygen adsorption isotherm of 3 wt.% CuBTC-MgFe2O4 composite pellets at 298 K and 

the magnetically triggered desorption at 200, 400, 600, 800 and 1000 mBar. 

 

The oxygen adsorption isotherms were collected using a Micrometrics 3Flex gas sorption analyser at 

pre-set equilibration times allowing enough time for the system to equilibrate at each pressure point, 

and the targeted pressures for desorption were set at 200, 400, 600, 800, and 1000 mBar. The experiment 

was designed to alternate between adsorption and desorption phases continuously with minimal 

activation and degassing taking place between each cycle. The desorption was induced with an EASY 
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HEAT Ambrell induction machine (Figure S9) to trigger the remote, rapid and localised heating 

enabling the complete release of the adsorbed oxygen at the desired pressure. Typically, 3Flex 

experiment program is run to adsorb oxygen from 0.1 mbar to 1200 mbar. The experiment is monitored, 

and at 200 mbar pressure range, the remote magnetic heating is activated to trigger the release of the 

adsorbed oxygen molecules. The process is repeated at 400, 600, 800, and 1000 mbar. For the 3 wt. % 

MFC a magnetic field of 31 mT was applied, and at 188 mBar a 100 % release of the 0.06 mmol/g of 

adsorbed oxygen was released in 5 minutes. Once complete desorption was achieved, the applied 

magnetic field was switched off to stop the remote heating process, thereby allowing the MFC to resume 

adsorption of oxygen. The MFC pellets showed a similar uptake performance relative to the bare MOF. 

The triggered release of the MFC was repeated again at 400 mBar (0.12 mmol/g), 600 mBar (0.17 

mmol/g), 800 mBar (0.22 mmol/g), and 1000 mBar (0.26 mmol/g) and achieved 100 %  release of 

oxygen molecules within 5 mins time except for the 1000-1200 mBar range where it took 8-9 mins for 

the adsorption-desorption-adsorption cycle to finish (Figure 5.5). To investigate the post-MISA stability 

of the MFC, its regeneration, and adsorption capacities of the MFC pellets, they were activated at 140 

°C for 6 hrs after each triggered release experiment, and after twenty MISA cycles ( Figure 5.4), the 

XRD results corroborate their structural stability(Figure -S10). 

 

 

Figure 5.6: Oxygen adsorption isotherm of 3 wt.% CuBTC-MgFe2O4 composites at 298 K and three 

continuous desorption cycles of oxygen at 200, 400, 600, 800, and 1000 mBar. 

 

In order to evaluate regeneration capability and the cyclic performance of the composite pellets over 

multiple closed MISA cycles, upon achieving the maximum oxygen uptake of 0.34 mmol/g at 1140 

mBar, the pellets were reactivated for 10 minutes by remote magnetic heating at 33 mT (92 °C ) and 

simultaneously evacuating the sample from 1200 – 0 mBar. Figure 5.6 presents the results of three 

continuous closed MISA cycles on the 3 flex with a sample pressure of 0.007 mBar achieved when the 

magnetic heating and vacuum activation steps were combined. Upon switching off the magnetic field, 
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oxygen adsorption and MISA- based desorption second cycle continued precisely like the first cycle at 

200, 400, 600, 800 and 1000 mBar and  31 mT (86 °C) applied magnetic field. The results from three 

continuous adsorptions and MISA regeneration of the MFCs revealed that the oxygen adsorption 

capacity of the composite pellets was not adversely affected by the heat from the nanoparticles and each 

desorption cycle achieved a consistent result of complete desorption of bound oxygen molecules.  

 

To highlight the easy accessibility of oxygen at any targeted pressures and to signify the versatility of 

the MISA process in regenerating the MFC after every adsorption cycle we ran a closed MISA 

adsorption-desorption-regeneration cyclic run across all pressures. This experiment was planned to 

alternate between adsorption, desorption and regeneration between each cycle. The experiment was 

conducted with the usual oxygen adsorption by the MFCs, that was followed by desorption at 200 mBar 

using a magnetic field of 31 mT (86 °C), and the 200-0 mBar regeneration was achieved within 6 mins 

by the magnetic heating from 33 mT (92 °C) magnetic field and evacuation from the system. Once 0 

mBar pressure was reached, the MFC resumed its oxygen adsorption until the desorption and 

regeneration steps were activated again at 400, 600, 800 and 1000 mBar pressures. The regeneration 

times varied between 6-10 minutes with 200-0 mBar reached in 6 minutes whereas it took 10 minutes 

for the 1200-0 mBar step. The reactivation step of heating at 140 °C for 12 hrs heating plus vacuum 

reactivation step was replaced by heating at 92 °C for 10 mins, using 33 mT applied field at the end of 

each pressure point (downward-facing arrows at 1,2,3,4 and 5 in Figure 5.7). The success of this new 

adsorbent regeneration method can be validated by the consistent oxygen adsorption capacities shown 

by the composite in consecutive cycles.   

 

 

Figure 5.7: The performance of 3 wt.% CuBTC-MgFe2O4 composites at 298 K in a closed MISA cyclic 

adsorption-desorption-regeneration process with the combined vacuum and magnetic heating triggered 

desorption at 200, 400, 600, 800 and 1000 mBar and the magnetic heating triggered regeneration from 

200-0 mBar (1), 400-0 mBar (2), 600-0 mBar (3), 800-0 mBar (4) and 1000-0 mBar (5).  
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Regeneration energy: 

For efficient and economic adsorption-based separations, the adsorbent selection is primarily governed 

by its selectivity, adsorption capabilities, regeneration ability, and stability. The regeneration energy is 

the energy utilized by the adsorbent to reverse the adsorption process and depends on the heat of 

adsorption, specific heat capacity, and working capacity of the adsorbents.  It is directly proportional to 

the heat of adsorption because strong interaction between the adsorbent and adsorbate results in a higher 

heat of adsorption and consequently higher regeneration energy would be required to overcome this 

strong interaction83, leading to a high energy penalty11, 83, 84. Furthermore, MOFs are generally known 

to be thermal insulators and require high temperatures to trigger the release of adsorbed species. The 

remote, localised and targeted heating nature of the MISA process makes it most suitable for o xygen 

capture and storage applications while minimising the energy penalty required to operate the process11, 

58, 59, 85.  

 

Figure 5.8: Regeneration energy as a function of varying magnetic fields of 25 mT, 31 mT, and 33 mT 

used to trigger desorption of Oxygen from the 3 wt.% CuBTC-MgFe2O4 MFCs.  

 

Furthermore, results show that the efficiency of the process is primarily dependant on the area of the 

induction coil and the changes in the magnetic fields. Figure 5.8 depicts the regeneration energy 

requirements with varying magnetic fields of 25 mT, 31 mT, and 33 mT. Stronger interactions between 

the adsorbed molecules and the framework at low pressures require higher regeneration energies for 

desorption at 200 mBar. Energy requirements by the MISA process were evaluated for two different 

masses of the MFC pellets. When 0.3 g and 0.6 g of the 3 wt. % MFC pellets were exposed to a magnetic 

field of 31 mT; the MFC pellets experienced a temperature rise of 86 °C and the energy utilized for the 

regeneration of  0.26 mmol /g of Oxygen adsorbed at 1000 mBar was calculated to be 5.1 MJ /kgO2 for 

0.3 g weight sample and 5.6 MJ /kgO2 for 0.6 g sample (Figure S-11b).  
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Additionally, the energy used to drive the magnetic induction heating in the MISA process was 

determined by monitoring the electrical power consumption of the EASY HEAT Ambrell induction 

machine. A power meter connected to the machine estimated the power consumption when the MFC is 

in and out of the magnetic field at 25 mT, 31 mT, and 33 mT. For the 0.6 g of the MFC pellets, the 

energy consumed to regenerate the pellets at 1000 mbar was calculated from the power (W) consumed 

by the induction unit, the time (s) it took to release the adsorbed molecules and the mass (g) of the 

released molecules (Table-S2). Despite the relatively high regeneration energy requirement of the MFC 

pellets, the energy input to the induction system was calculated to be 0.15 kWh/kgO2 (Table-S1) 

highlighting a lower energy requirement when compared to conventional cryogenic oxygen producing 

systems where energy requirement of 0.3-0.35 kWh/kgO2  has been reported86. 

 

5.2.5 Conclusions 

 
MOFs are known to be thermally insulating, and this can be overcome by utilizing the rapid, localised, 

and easily controllable magnetic induction heating effect. MISA is a technology that can be harnessed 

to achieve an efficient process for on-demand oxygen delivery. Particularly, miniaturized oxygen 

concentrators can be engineered with MFCs for room temperature oxygen storage and on-demand 

supply of oxygen. The results demonstrate the versatility and potential of the MISA process in 

exploiting a readily available MOF incorporated with magnetic nanoparticles for safe storage and on-

demand release of oxygen at ambient conditions. Here, the powdered CuBTC MOF was transformed 

into CuBTC-MgFe2O4 MFCs by mixing them with different amounts of MgFe2O4 nanoparticles and 

pelletising them with the help of a binder. To understand the purity and properties of the synthesized 

CuBTC MOF, MgFe2O4 nanoparticles, and the fabricated CuBTC-MgFe2O4 MFCs, they were analysed 

using different characterisation techniques and depending on the outcome the pellets with 3 wt.% 

magnetic content were selected for further oxygen studies. These pellets showed an adsorption capacity 

of 0.03 mmol/g at 1 Bar pressure at 298 K. When they were exposed to a magnetic field of 31 mT; the 

MgFe2O4 nanoparticles attained a temperature rise to 86 °C causing full desorption of the oxygen 

molecules. The composite exhibited good thermal stability and excellent cyclability by maintaining its 

adsorption properties over three continuous adsorption-desorption cycles.  Oxygen capture, storage and 

supply using ambient temperature processes can be simpler, efficient, safer and considerably less 

complex and further development of this concept is expected to revolutionize the safe storage, handling, 

transport, and release of oxygen under ambient conditions.  
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6.1 Introduction 

 
In Chapter 4, the adsorption capacity of Co-MOF-74 to adsorb oxygen at 204 K was demonstrated. By 

synthesizing varying combinations of Co-MOF-74/Fe3O4 MFC, the targeted triggered release of oxygen 

was achieved at 204 K. The cobalt based MFCs steadily adsorbed 4.8 mmol g-1 Oxygen at 1.2 bar. For 

desorption when it was exposed to a 17.4 mT magnetic field, the MFC with 12.18 wt% Fe3O4 

nanoparticles released 100% of oxygen. 

 

Chapter 5 presented the results from the room temperature storage of oxygen using the CuBTC–

MgFe2O4 MFC pellets. These pellets showed an adsorption capacity of 0.3 mmol g-1 at 1 bar pressure 

at 298 K and when they were exposed to a magnetic field of 31mT at 269 kHz; the MgFe2O4 

nanoparticles heated up causing full desorption of the oxygen molecules. It was proved that the storage, 

usage and transport of oxygen at ambient temperatures and pressures can be made simpler, efficient and 

safer, using cyclable MOFs. This, accompanied by the energy-efficient MISA process, can 

revolutionize the safe storage, handling, transport, and on-demand supply of oxygen. 

 

Chapter 6 discusses the implications of a adding a secondary metal ion in oxygen adsorption 

capabilities of single metal MOFs. Fe-MOF-74 shows enhanced affinity for oxygen but after an initial 

high oxygen uptake its cyclability drops. This irreversible Fe-peroxo complex formation at high 

temperatures is due to the irreversible binding of the O2 molecule by two iron centres, Fe-O-Fe. It has 

been reported that the inclusion of different M2+metal centres affects the oxygen-binding capability at 

the Fe2+ metal centres of the Fe-MOF-74. Co-MOF-74 displays moderate oxygen adsorption but better 

cyclability. In this study the effect of Fe/Co, Co2+/Co3+ and the Fe2+/Fe3+ ratios on oxygen uptake 

capacities of MOFs is investigated. 
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The potential of bimetallic FeCo-MOF-74 for Oxygen adsorption at room temperature. 

Leena Melag, M. Munir Sadiq, Kristina Konstas,  Kiyonori Suzuki,  J. S. Garitaonandia 

and Matthew R. Hill 

 

6.1.1 Abstract 

 
The potential of redox-active bimetallic MOFs for the room temperature adsorption of oxygen is studied. 

Herein, we have successfully synthesised a series of Fex-Co1-x-MOF-74 (x=0.9,0.5,0.1) in an air-free 

environment, using controlled compositions of iron salts, cobalt salts and 2,5-dihydroxyterephthalic 

acid in a one-step solvothermal process. The synthesised samples were thoroughly characterised using 

X-ray diffraction (XRD), scanning electron microscopy (SEM), N2 adsorption isotherms, X-ray 

photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA) and Mössbauer spectroscopy 

and confirm the successful inclusion of both Fe and Co cations in the bimetallic MOF-74 framework. 

The Fe/Co, Co2+/Co3+ and the Fe2+/Fe3+ ratios were thoroughly investigated to understand the 

synergistic effect of bimetallic cations on oxygen uptake properties of MOFs. The oxygen adsorption 

isotherms were measured at 298 K, and the results show that the Fe0.5-Co0.5-MOF-74 shows favourable 

oxygen adsorption uptake of 0.6 mmol/g over seven consecutive cycles.  

 

6.1.2 Introduction 

 

Oxygen constitutes only 21 vol.% of air and yet to separate it from the mixture of air gases, large 

volumes of air need to be processed. The cryogenic method of oxygen separation process works on air 

liquefaction and separation of nitrogen and oxygen using their different boiling points whereas the non-

cryogenic adsorption-based techniques, using zeolites, carbon molecular sieves or membranes are based 

on using the physical differences of molecular sizes to either selectively adsorb or permeate oxygen or 

nitrogen. An efficient and economical method of oxygen production should rely on the chemical 

properties of oxygen for high O2/N2 selectivity to separate it from the air mixture. The selective 

adsorption method would also need to process only small amounts of air for oxygen production. The 

structural rigidity and pore heterogeneity of the conventional adsorbents limit their applications for 

chemisorption. In contrast, the new age adsorbents, Metal-Organic Frameworks (MOFs), with their 

coordinatively unsaturated metal sites, versatile chemical functionality, unique tunability and good 

thermal and mechanical stabilities present as promising candidates for selective oxygen adsorption1-4. 

Metal-Organic frameworks are a promising class of crystalline, highly porous materials formed due to 

linking of metal cations by organic ligands into a one, two or three-dimensional (1D, 2D and 3D) 

framework with large internal surface areas5-8. These ordered, chemically stable and physically flexible 

structures offer high selectivity, adsorption and storage capacities making them applicable in a diverse 
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range of applications from gas sequestration and storage9-17, to catalysis18, 19, sensing and drug delivery 

9, 19-22. While the metal cations, provide the activity sites and the linkers offer the stability and volume 

to accommodate the guest molecules, the choice to change the metal cations or modify the coordinating 

linkers for enhanced selectivity, catalytic, optical and magnetic properties provide the unique tunability 

to the MOF and imparts a versatile chemical functionality to it. The accessible coordinatively 

unsaturated metal sites (CUS) or open metal sites (OMS) formed by the vacant Lewis acid sites on the 

metal cations during the desolvation process of the MOF acts as the reactive site for host-guest 

interactions towards gases leading to higher selective gas adsorption and higher storage capacities 3, 13, 

23-28.  M-MOF-74 (M = Mg, Mn, Fe, Co, Ni, Cu, or Zn) series of isostructural, highly porous MOFs are 

an extensively studied MOFs with one of the highest reported concentrations of open metal sites 

accessible for guest-host interactions 3, 26, 29-32. The structure of M2(dobdc) consists of one-dimensional 

metal oxide clusters linked by dobdc4-(dobdc4− =2,5-dioxide-1,4-benzene dicarboxylate) ligands 

forming hexagonal channels that propagate along with the crystallographic c-axis. Five oxygen atoms 

from surrounding linkers octahedrally coordinate each metal in the cluster, and a solvent molecule 

occupies the sixth position in each octahedron 3, 10, 23, 29, 33-35. Desolvation of the MOF leads to removal 

of the solvent molecule exposing the M2+ cation sites for interactions with the gas molecules that results 

in enhanced selectivity at the site. The transition metal ions are redox-active and bind preferentially to 

oxygen to form temperature dependant complexes. In nature, iron acts as the oxygen-binding atom in 

the heme proteins that bind or releases molecular oxygen and this reversible binding in haemoglobin 

and myoglobin have generated interest in iron as promising oxygen-binding adsorbents 36-38. 

Additionally, the temperature-dependent oxidation states of iron make it reactive for redox reactions. 

The oxygen adsorption studies conducted by E.D. Bloch et al. using the synthesised Fe-MOF-74 

showed temperature dependant complete reversibility at 211 K and preferential oxygen-binding over 

nitrogen at 298 K with an irreversible adsorption capacity of 9.3 wt.% 23. The iron centres of Fe-MOF-

74 initiate chemisorption and influence O2/N2 selectivity. However, the binding between iron and 

oxygen is so strong that it impairs the reversibility of the adsorption capacity and affects the chemical 

stability of the MOF 23, 31, 39, 40. Cobalt complexes with oxygen have been known to have better 

cyclability and chemical stability as compared to iron. In our previous work, we studied the oxygen 

adsorption capacity of Co-MOF-74 at 204 K.  We observed a strong affinity and temperature dependant 

reversible binding to oxygen and though its oxygen uptake is moderate compared to Fe-MOF-74 28, its 

regeneration capacity and cyclability is better than Fe-MOF-74 41-43. The properties of  Co-MOF-74  

and Fe-MOF-74 can be included together in a bimetallic MOF 44. The incorporation of different metal 

ions to the same Framework results in bimetallic or multi-metallic MOFs and as the synergistic effects 

of the multi-metallic cations add more functionality to the intrinsic properties of the single metal MOF. 

It imparts added functionality to the MOF and maintains the stability and reusability of the MOF. The 
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choice of the secondary metal, their ratio in the solvent and the method of their incorporation are 

essential parameters to consider avoiding and minimising defects in the structure 40, 45-48.  

Fe-MOF-74 displays higher O2/N2 selectivity and large oxygen capacity but limited cyclability, whereas 

Co-MOF-74 displays moderate oxygen adsorption but better cyclability 23, 28, 31, 41. In this work, we have 

synthesised a series of FexCo1-x-MOF-74 frameworks with varying Fe: Co ion ratios via a one-step 

solvothermal process to study the synergistic effects of iron and cobalt metal ions on the oxygen 

adsorption capacity and cyclability of the resultant MOF. 

 

6.1.3 Experimental        

6.1.3.1 Materials and Methods: 

 

The synthesis of all MOFs was performed under inert conditions using Schelnk techniques or in an 

argon-filled glovebox. The chemical reagents for these experiments, including the air-sensitive 

anhydrous N, N-dimethylformamide (DMF) and methanol were purchased from commercial vendors. 

It was ensured that all the glassware used for the procedures are clean and dry. Before using them or 

before transferring them to the glovebox, the chemicals were further deoxygenated by prolonged N2 gas 

bubbling. All ultra-high purity (UHP, 99.999% purity) grades of N2 and O2 gases were used for the 

surface area analysis and gas adsorption studies. 

6.1.3.2 Synthesis  

 

Synthesis of Fe-MOF-74 

 

1.1 g of anhydrous ferrous chloride, FeCl2 (9.0 mmol), 0.71 g of 2,5-dihydroxyterephthalic acid 

(DHTA) (3.6 mmol), 300 mL of DMF, and 36 mL of methanol were all added to a 500 mL Schlenk 

flask and heated under reflux at 120 °C for 18 h. The red-orange coloured precipitate was collected by 

filtration, washed with DMF, and soaked in DMF at 120 °C for 24 h. The solid was collected by 

filtration and washed with methanol before soaking it in methanol at 70 °C for 24 h.  This methanol 

exchange was repeated three times before the sample was activated at 160 °C under vacuum for 24 h 

before storing them in an Ar filled glove box.  

 

Synthesis of Bimetallic FeCo-MOF-74 

 

A range of bimetallic FeCo-MOF-74 was synthesised using the same synthesis procedure of Fe-MOF-

74 using varying molar ratios of Fe and Co. Initially different amounts of metal salts of FeCl2 and CoCl2  

along with 0.71 g of DHTA (3.6 mmol) were dissolved in the 336 ml of a solvent mixture of DMF and 
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methanol by continuous stirring for 30 mins. The rest of the synthesis was carried out by following the 

same procedure used for the synthesis of Fe-MOF-74. The samples were labelled as FexCo1-xMOF-

74, where x represents the molar ratio in the sample. 

6.1.3.3 Characterisation 

 

All the synthesised samples were characterised by X-ray diffraction using a D8 ADVANCE Eco X-ray 

powder diffractometer with a Cu Kα radiation source of 1.79 Å with a scan rate of 0.005 sec per step at 

40 kV and 25 mA, and the diffraction patterns were analysed with DIFFRAC EVA diffraction software.  

SEM analysis was carried out to study the morphologies and uniformity of the synthesised samples 

using the JOEL 7001F Scanning Electron Microscope. The information from the SEM images was 

supported by the data from EDS mapping and line mapping. 

 

The surface area properties and pore size distribution of the synthesised samples were measured using 

nitrogen gas adsorption Micromeritics ASAP 2010 analyser, and oxygen gas adsorption measurements 

were carried out on the Micrometrics 3Flex surface and catalyst characterisation instrument.  

 

The metal content in MOF samples was analysed using an Agilent 730 inductively coupled plasma 

optical emission spectrometry (ICP-OES) where the samples were first digested using 6mL of 69% 

HNO3 and 1mL of 30% H2O2 at 200 °C.  

 

X-ray photoelectron spectroscopy (XPS) analysis of MOF and MFC samples was carried out using 

Nexsa Surface Analysis System X-ray photoelectron spectrometer with a micro-focused, 

monochromated Al K-α X-ray source and high-efficiency electron lens, hemispherical analyser and 

detector and used the Avantage Software for data processing.  

 

The thermal stability studies on all the samples were carried out on SENSYS evo TG-DSC machine 

equipped with a refrigeration cooling system Julabo FL-601 and operating in the temperature range 

from room temperature (RT) to 800 °C. Weighed amounts of the were placed into the alumina crucible 

and then heated to 800 °C at a heating rate of 10 °C /min in an N2 atmosphere 49.   

The magnetic properties of saturation magnetization (Ms), coercivity (Hc), and magnetization curves 

were studied on a vibrating sample magnetometer (VSM, RIKEN DENSHI). The samples were 

prepared by embedding weighed quantities of samples in an epoxy resin and hardener mix and allowing 

it to set. Once it was set, the measurements were carried out at room temperature. 
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Fe Mössbauer spectra were acquired at 295 K using a constant acceleration, transmission spectrometer 

with a CoRh source and the NORMOS software package was used for fitting of these spectra. 

6.1.4 Results and discussion 

6.1.4.1 Sample Characterisation 

 
XRD 

The crystallinity of the synthesised samples was analysed using powder X-ray diffraction (PXRD) 

analysis. Figure 6.1 shows the comparable PXRD peak patterns of the synthesised FeCo-MOF-74 

samples that show identical characteristic peaks of the parent MOFs that matches well with the peaks 

of simulated MOF-74 confirming the successful synthesis of Co-MOF-74, Fe-MOF-74, Fe0.9Co0.1-

MOF-74, Fe0.5Co0.5-MOF-74 and Fe0.1Co0.9-MOF-74. 

 

 

 

Figure 6.1: The PXRD patterns of the synthesised Fe-MOF-74, Co-MOF-74, and the bimetallic 

Fe0.9Co0.1-MOF-74, Fe0.5Co0.5-MOF-74, Fe0.1Co0.9-MOF-74. 

 

SEM & EDS 

 

SEM analysis was used to study the morphology of the synthesised MOF samples. As seen in Figure 

6.2, the SEM micrographs of Co-MOF-74, Fe-MOF-74 and mostly all the bimetallic Fe0.9Co0.1-MOF-

74, Fe0.5Co0.5-MOF-74 and Fe0.1Co0.9-MOF-74 show hexagonal-shaped MOF measuring 5-10 μm in 

length. The SEM micrographs of Fe0.9Co0.1-MOF-74 reveals the coexistence of the elliptical-shaped 
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MOF crystal agglomerates and the hexagonal prism-like MOF crystals. While the Fe0.9Co0.1-MOF-74 

micrographs show petal-like structures formed by the hexagonal MOF prism, the Fe0.1Co0.9-MOF-74 

samples exhibit a rodlike morphology.  

 

The energy-dispersive X-ray spectroscopy (EDX) mapping results seen in Figure 6.2, confirmed the 

presence and uniform distribution of carbon, oxygen, cobalt and iron in the bimetallic MOFs. The 

uniform distribution of Fe and Co species in the EDS maps confirm the formation of a bimetallic MOF. 

EDX line scan was conducted on the magnetically separated Fe0.9Co0.1-MOF-74 crystals, and the results 

indicate the presence of both Fe and Co (Figure S-3). The Fe/Co molar ratios of all the FeCo-MOF-74 

samples determined using the EDX analysis are slightly different from the intended initial molar ratios 

used in the synthesis, but they compare well with ICP and XPS detected Fe/Co values (Table 1). 

 

 

 

 

 

 

Figure 6.2: The SEM images and with corresponding EDX mapping areas confirming the presence of 

carbon, oxygen, cobalt and iron in a-1) the Fe0.9Co0.1-MOF-74, b-1) the spherical Fe0.9Co0.1-MOF-74, 

c-1) the Fe0.5Co0.5-MOF-74, and d-1) the Fe0.1Co0.9-MOF-74. 

 

N2 adsorption isotherms 
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The surface area and porosity measurements were carried out using Micromeritics ASAP2020. 100-120 

mg of MOF sample was transferred in a pre-weighed analysis tube, capped with a transeal and using 

Smart Vacprep, evacuated under vacuum by heating it to at 160 °C ramp rate of 0.5 °C min−1 for 20 h. 

After activation, the sample carrying analysis tubes were weighed again to calculate the actual mass of 

the sample being analysed before transferring them to the analysis port to be held under vacuum for 

further 3-4 h. Analyses at 77 K were performed using liquid-nitrogen baths. All MOF samples show 

the type I adsorption isotherms when measured using nitrogen at 77 K. The surface area of Fe-MOF-74 

is calculated to be 1129 m2/g and of Co-MOF-74 to be 1090 m2/g, which is lower than mentioned in the 

literature 23 , 24 , 35 , 50.  

 

Table 1. The BET surface area, Langmuir surface area and the pore volume of Fe-MOF-74, Co-MOF-

74, and the bimetallic Fe0.9Co0.1-MOF-74, Fe0.5Co0.5-MOF-74, Fe0.1Co0.9-MOF-74 (Figure S3). 

Sample 

BET surface area 

(m2/g) 

Langmuir surface area 

(cm2/g) 

Pore volume 

(cm2/g)  

Fe-MOF-74 1129 1459 0.87 

Co-MOF-74 1090 1410 0.84 

Fe0.9Co0.1-MOF-74 943 1240 0.74 

Fe0.5Co0.5-MOF-74 763 919 0.63 

Fe0.1Co0.9-MOF-74 749 967 0.68 

 

 

 
VSM 

 

A small percentage of the synthesised bimetallic MOF samples exhibited magnetic properties. They 

were magnetically separated, and their magnetic properties were measured at room temperature by 

employing vibrating sample magnetometer. As seen from Figure 6.3, the hysteresis curve of the 

Fe0.9Co0.1-MOF-74 shows the higher saturation magnetization (Ms) of 0.25 emu g−1 as compared to 

Fe0.5Co0.5-MOF-74 and Fe0.1Co0.9-MOF-74 that show saturation magnetization (Ms) less than 0.05 emu 

g−1. 
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Figure 6.3: The VSM data of the Fe0.9Co0.1-MOF-74, Fe0.5Co0.5-MOF-74 and the Fe0.1Co0.9-MOF-74. 

 

Oxygen adsorption isotherms 

 

Single-component oxygen adsorption measurements on Fe-MOF-74, Co-MOF-74 and FeCo-MOF-74 

samples were conducted at 204, 273 and 298 K at pressures loadings of 0-1 Bar on a Micromeritics 

3Flex gas adsorption analyser. The adsorption temperatures at 204, 273, and 298 K were performed 

using acetone and dry-ice bath, ice bath, and water bath, respectively. 100-120 mg of MOF sample was 

evacuated under vacuum by heating it to at 160 °C ramp rate of 0.5°C min−1 for 20 h and weighed again 

to know the exact mass of the desolvated samples. Free space measurements were carried out using 

helium at the end of the analysis. 

 

It can be seen from Figure 6.4-a) that at 204 K the Co-MOF-74 reversibly adsorbs 4.2 mmol/g of oxygen, 

at 273 K it adsorbs 0.9 mmol/g and at 298 K its oxygen adsorption capacity is 0.36 mmol/g. As expected, 

the oxygen adsorption capacities of the Co-MOF-74 decreases with increasing temperatures. For the 

second oxygen adsorption cycle at 298 K, the MOF adsorbs 0.32 mmol/g that further reduces to 0.26 

mmol/g for the third cycle. At higher temperatures, the strong affinity of the Co atoms to the oxygen 

molecules causes oxidation of the metal sites resulting in reduced cyclability of the MOF, as shown in 

Figure 6.4-c28.  
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Figure 6.4: Low-pressure O2 adsorption isotherms of a) Co-MOF-74 and b) Fe-MOF-74 at 204, 273 

and 298 K, c) O2 adsorption cycles by Co-MOF-74 at 298 K and d) cyclability of Fe-MOF-74 at 298 K. 

 

The oxygen adsorption isotherms of the synthesised Fe-MOF-74 in Figure 6.4 b) shows an oxygen 

uptake of 5.2 mmol/g at 204 K, 1.2 mmol/g at 273 K and 2.5 mmol/g at 298 K. The high uptake of 

oxygen at 204 K can be attributed to the open metal framework and the high surface area of the MOF 

because the adsorption at this temperature is reversible and repeatable. At higher temperatures, the 

oxygen adsorption uptake can be attributed to the porous framework and the high surface area. However, 

it is mainly due to the strong chemical affinity between the Fe atoms and the oxygen molecules resulting 

in the irreversible chemisorption of oxygen. The oxidation of metal centres affects cyclability and 

structural stability of the MOFs (Figure S4). 

 

The oxygen adsorption isotherms of the synthesised bimetallic MOFs show different oxygen uptake, 

and at room temperature, the interactions between the Fe atoms and the oxygen molecules govern the 

adsorption performance of the MOFs. The Fe0.9Co0.1-MOF-74 shows an oxygen uptake of 1.6 mmol/g 
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in the first cycle, but it drops down to 0.4 mmol/g in the second cycle and reduces rapidly in consecutive 

cycles. The oxygen adsorption isotherms of the Fe0.5Co0.5-MOF-74 shows an initial uptake of 0.8 

mmol/g in the first cycle that drops down to 0.6 mmol/g in the second cycle and maintains an oxygen 

uptake of 0.6 mmol/g for a further seven consecutive cycles. The Fe0.1Co0.9-MOF-74 shows an oxygen 

uptake of 0.6 mmol/g in the first cycle and maintains an uptake of 0.5-0.6 mmol/g for the next five 

cycles. Fe0.1Co0.9-MOF-74 and Fe0.5Co0.5-MOF-74 were exposed to more cycles of oxygen adsorption, 

and the Fe0.5Co0.5-MOF-74 continued with a consistent 0.6 mmol/g uptake for seven consecutive cycles 

whereas the adsorption capacity of Fe0.1Co0.9-MOF-74 dropped down to 0.2 mmol/g by the seventh 

cycle. 

 

 

Figure 6.5: Low-pressure oxygen adsorption isotherms by a) the bimetallic Fe0.9Co0.1-MOF-74, 

Fe0.5Co0.5-MOF-74 and Fe0.1Co0.9-MOF-74, oxygen adsorption cycles of b) Fe0.9Co0.1-MOF-74, c) 

Fe0.5Co0.5-MOF-74 and d) of Fe0.1Co0.9-MOF-74 at 298 K. 
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Mössbauer Spectra   

 

Oxygen binds to the open metal sites of Fe-MOF-74 differently at different temperatures.23, 24, 31 

Mössbauer spectroscopy was used to study the oxidation state of iron before and after oxygen adsorption 

at different temperatures. 57Fe Mössbauer spectroscopy was carried out at room temperature using a 

conventional constant-acceleration spectrometer in standard transmission geometry with a 57 CoRh 

source. A simultaneous fit of a crystalline spectrum and an amorphous phase characterised by a 

distribution of hyperfine fields Bhf with probability P(Bhf) has been performed, and the NORMAS 

software package was used for fitting the spectra. The quadrupole interactions of 57 Fe leave the 

groundstate spin I = 1/2 unsplit but split the excited state, I = 3/2 into two substates creating a doublet. 

These quadrupole interactions are different for Fe3+ and Fe2+. The quadrupole splittings for Fe3+ are 

usually in the low range of 0.8-1.6 mm/s because the spherical half-filled outer 3d5 shells of Fe3+ limit 

their interactions resulting in small electric field gradients. The non-spherical 3d6 electron configuration 

of Fe2+ ions cause large electric gradients, and therefore, the quadrupole interactions of Fe2+ ions are in 

the range of 0.8- 3.0 mm/s range. Change in oxidation states of Fe affects the electron densities at the 

nucleus bringing about an isomer shift.  

It can be seen from Figure 6.4-a) that at 204 K the Co-MOF-74 reversibly adsorbs 4.2 mmol/g of oxygen, 

at 273 K it adsorbs 0.9 mmol/g and at 298 K its oxygen adsorption capacity is 0.36 mmol/g. As expected, 

the oxygen adsorption capacities of the Co-MOF-74 decreases with increasing temperatures. For the 

second oxygen adsorption cycle at 298 K, the MOF adsorbs 0.32 mmol/g that further reduces to 0.26 

mmol/g for the third cycle. At higher temperatures, the strong affinity of the Co atoms to the oxygen 

molecules causes oxidation of the metal sites resulting in reduced cyclability of the MOF, as shown in 

Figure 6.4-c28. The quadrupole splitting and the isomer shifts help identify the oxidation states of Fe. In 

Fe-MOF-74 the quadrupole splitting represents the bindings at Fe2+ centres, the Fe2+/3+ centres and the 

Fe3+ centres. The Mössbauer spectrum of the bare Fe-MOF-74 exhibits an isomer shift in the range of 

0.57-1.15 mm/s with the corresponding quadrupole doublets ranges from 0.65–2.34 mm/s. These values 

are indicative of the presence of both the high-spin Fe2+ and high-spin Fe3+ in the sample. The estimated 

molar ratio of [Fe2+]/[Fe3+] calculated from the spectra before methanol wash was estimated to be 

0.93:0.07. After the methanol wash at 70 °C, the Mössbauer spectra exhibited an isomer shift of 0.47- 

1.14 mm/s; a quadrupole splitting range from 0.73–2.02 mm/s and the molar ratio of [Fe2+]/[Fe3+] 

changed to 0.8:0.2 This is due to the conversion of trapped methanol molecules into formaldehyde by 

heat. After exposure to O2 at 204 K, the doublet shows an isomer shift from 0.39–2.0 mm/s; a 

quadrupole splitting range from 0.70–1.93 mm/s and the molar ratio of [Fe2+]/[Fe3+] is 0.2:0.8. The 

partial transfer of electrons between the Fe2+ and O2 molecules result in a weak bond at low temperatures 

of at 204 K resulting in the reversible uptake of O2 by the Fe-MOF-74. 
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Figure 6.6: The Mössbauer spectra of Fe-MOF-74 samples a) the bare sample, the samples exposed to 

O2 at b) 204 K, c) 273 K and d) after exposure to O2 at 298 K. 

 

The concentration of Fe3+ increases with an increase in oxidation temperatures and the spectra for 

sample exposed to O2 at 273 K, showing a molar ratio of [Fe2+]/[Fe3+] to 0.1:0.9. After an irreversible 

O2 uptake at 298 K, the doublet exhibited an isomer shift of 0.40-1.32 mm/s; a quadrupole splitting 

from 0.652.33 mm/s and the molar ratio of [Fe2+]/[Fe3+] changed to 0.06:0.94.  

 

XPS  

 

XPS analysis was performed to determine the composition and changes in the chemical states of the 

sample. 

 

1. Fe-MOF-74: 

 

The Fe 2p and Fe 3p peaks of Fe-MOF-74 were studied before and after exposure to O2 at 204 K, 273 

K and 298 K. The peak values of Fe 2p for Fe2O3 has been reported to be between 710.6 and 711.2 eV 
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51-53. The Fe 2p peak of the pristine Fe-MOF-74 can be deconvoluted into Fe2p3/2 and Fe2p1/2 at 710.3 

and 722.9 eV respectively. Their distinct satellite peaks are located at 715 eV and 727.2 eV respectively 

51. The Fe 2p3/2 peak can be deconvoluted into two peaks at 709.6 and 711 eV revealing the presence of 

Fe2+. After Oxygen adsorption at 298 K, there is a chemical shift in Fe 2p peaks peak positions resulting 

in Fe 2p3/2 and Fe 2p1/2 at 714.5 eV and 725.3 eV, respectively. The characteristic satellite peaks for 

Fe2O3 are absent. The deconvoluted Fe 2p peaks confirm the presence of Fe3O4 
44 , 54 , 55. The O 1s 

spectrum shows the binding peak at 532.1 eV for the pristine Fe-MOF-74. This major peak can be 

separated into three peaks at 530 eV (Fe-O), 532.1 eV (Fe-OH) and 533.1 eV(O=C-O). On exposure to 

O2 at 298 K, the O 1s binding energy increases with increasing metal-binding energy causing the peaks 

to shift to higher binding energies at 530.7 eV, 532 eV and 533.3 eV, respectively. The Fe 3p peak of 

the pristine Fe-MOF-74 is observed at 56.41 eV and after O2 adsorption at 298 K the peak moves to 

higher binding energies of 57.75 eV (Figure S5). Though Fe 3p peaks consist of both Fe2+ and Fe3+ ions, 

it is generally presented as a single peak due to minimal peak separations. The molar ratios of the 

[Fe2+]/[Fe3+] for samples were calculated by measuring the areas of each identified Fe2+, and Fe3+ peaks 

from the deconvoluted peaks of Fe 2p spectrum and the results are consistent with the Mössbauer 

results.  
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Figure 6.7: The XPS spectrum of a) Fe 2p from the pristine Fe-MOF-74 and before and after it was 

exposed to O2 at 298 K, b) The corresponding O 1s spectrum that moves to higher binding energies 

with an increase in interaction between the Fe cations and Oxygen molecules, c) Fe 2p from the pristine 

Fe-MOF-74, the MOF exposed to O2 at 204 K, 273 K and 298 K and d)  corresponding O 1s spectrum 

of the samples. 
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2. Co-MOF-74 

 

 
Figure 6.8: The XPS spectrum of a) Co 2p from the pristine Co-MOF-74 and before and after it was 

exposed to O2 at 298 K, b) The corresponding O 1s spectrum that moves to lower binding energies with 

an increase in interaction between the Co cations and Oxygen molecules. 

 

The Co 2p spectra of the pristine Co-MOF-74 consists of the peaks for Co 2p3/2 and Co 2p1/2 at 780.1 

and 796.1 eV with the spin-orbit splitting difference of 15.8 eV44, 54, 56, whereas the shake-up satellite 

peaks are observed at 787.2 and 804.2 eV. On oxygen adsorption at 298 K, there is a positive shift in 

the binding energies of Co 2p, and a negative shift in the binding energies of the O 1 s spectra showing 

the increased donor-acceptor interaction with oxygen. The Co 2p3/2 and Co 2p1/2 peaks move to higher 

binding energies of 781.4, and 797.5 eV, respectively and their satellite peaks are observed at 788 eV 

and 804.1 eV. On the integration of the deconvoluted fitting curves, the Co2+/ Co3+ ratio of the pristine 

sample was 4, and after exposure to oxygen, it reduced to 1.7.  

 

3. Bimetallic FexCo1-x-MOF-74 

 

The XPS spectra of the bimetallic FexCo1-x samples confirm the presence of Fe, Co, O, C, N in all three 

samples (Figure S6). The final Fe/Co molar ratios in the synthesised MOFs were determined using the 

XPS and the ICP analysis and compared against the intended initial molar ratios used in the synthesis.  
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MOF Intended 

Fe/Co 

ratio 

ICP 

detected 

Fe/Co ratio 

XPS 

detected 

Fe/Co ratio 

EDX 

detected 

Fe/Co ratio 

Fe-MOF-74 1:0   1 

Fe0.9Co0.1-MOF-74 9:1 8.3 8.5 8.7 

Fe0.5Co0.5-MOF-74 1:1 0.73 0.87 1:1 

Fe0.1Co0.9-MOF-74 1:9 0.08 0.09 0.08 

Co-MOF-74 0:1   1 

Table 2. Comparison of the intended with the detected Fe/Co ratios in the FeCo-MOF-74, using ICP, 

XPS and EDX analysis.  

 

The XPS analysis was performed to study the effect of the secondary metal ion on the compositional 

states of the sample. The multiplet peak analysis was carried out using the Shirley method, and the peak 

fittings were carried out using the Gauss-Lorentz method. To quantify the results, using the peak 

positions and the relative areas of every peak designated to the Fe2+, Fe3+, Co2+ and Co3+, the effect of 

Oxygen exposure on each of the samples is summarised in Table 3.  

 

Pristine MOFs 

Name Fe 2p3/2 Fe 2p1/2 Co 2p3/2 Co 2p1/2 Fe2+ Fe3+ Co2+ Co3+ 

Fe0.1Co0.9-MOF-74 711.2 723.2 780.7 796.9 0.08 0.02 0.63 0.27 

Fe0.5Co0.5-MOF-74 711.1 723.2 781.1 797.0 0.12 0.39 0.13 0.38 

Fe0.9Co0.1-MOF-74 710.8 723.0 781.1 797.1 0.20 0.70 0.02 0.08 

After O2 adsorption at 298 K 

Name Fe 2p3/2 Fe 2p1/2 Co 2p3/2 Co 2p 1/2 Fe2+ Fe3+ Co2+ Co3+ 

Fe0.1Co0.9-MOF-74 713.3 723.3 781.2 797.1 0.06 0.04 0.47 0.43 

Fe0.5Co0.5-MOF-74 713.3 723.4 781.1 796.9 0.09 0.41 0.11 0.39 

Fe0.9Co0.1-MOF-74 713.9 723.8 781.0 797.0 0.06 0.84 0.01 0.09 

Table 3. The Molar fractions of Fe2+, Fe3+, Co2+ and Co3+ using the peak positions and relative peak 

areas of each element from the XPS data. 

 

Based on the results from the XPS data from Table 3, Table 4. presents the rate of oxidation of Fe2+ into 

Fe3+ and Co2+ and Co3+ for all three compositions of bimetallic MOFs. 
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Figure 6.9: High-resolution XPS spectra of Co 2p a) before and b) after, and Fe 2p spectra of 

bimetallic FexCo1-x-MOF-74s c) before and d) after O2 adsorption at 298 K. 

 



Chapter 6: The potential of bimetallic FeCo-MOF-74 for Oxygen adsorption at room 

temperature 

Leena Melag                                                                                                                                           

104 

 

Name Fe2+ converted to Fe3+ Co2+ converted to Co3+ 

Fe0.1Co0.9-MOF-74 25.0% 25.7% 

Fe0.5Co0.5-MOF-74 21.7% 12.0% 

Fe0.9Co0.1-MOF-74 68.2% 33.3% 

Table 4. The molar fractions of Fe2+, Fe3+, Co2+ and Co3+ using the peak positions and relative peak 

areas of each element from the XPS data. 

 

The iron-oxygen binding is temperature dependant and favours the reversible Fe-superoxo formation at 

low temperatures by the binding of a single iron centre to a single oxygen molecule, Fe-O. The 

irreversible Fe-peroxo complex formation at high temperatures is due to the irreversible binding of the 

O2 molecule by two iron centres, Fe-O-Fe. It has been reported that the inclusion of different M2+metal 

centres affects the oxygen-binding capability at the Fe2+ metal centres of the Fe-MOF-74.31 The 

interplacement of Fe and Co in the same framework is favourable because both are redox-active 

transition metals with similar charge and similar sizes; ionic radius of Co2+ is 0.74 Å and Fe2+ is 0.76 

Å. The cyclability shown by Fe0.1Co0.9-MOF-74 and Fe0.5Co0.5-MOF-74 suggests the partial substitution 

of Fe by Co in the Fe-O-Fe bond and hinder the formation of peroxide anion. The adsorption 

performance of Fe0.9Co0.1-MOF-74 is similar to Fe-MOF-74, with around 68% of the Fe2+ in the 

framework getting oxidised to Fe3+.  However, with increasing concentration of Co2+ in Fe0.5Co0.5-MOF-

74, the Fe2+ to Fe3+ conversion reduced to 21% and maintained its adsorption capacity of 0.6 mmol/g 

over seven consecutive cycles. In Fe0.1Co0.9-MOF-74 the Fe2+ to Fe3+ conversion is 25% and the O2 

uptake capacity of this MOF is consistent for five consecutive cycles. The change in the oxidation of 

Co2+ to Co3+ in the MOF samples proves that the substitution of the secondary metal ion, Fe2+ impacts 

the oxidation kinetics of cobalt complexes too. 

6.1.5 Conclusions 

 
In this study, we have explored the potential of the bimetallic metal-organic framework with open iron- 

cobalt coordination sites for adsorption of oxygen due to electron transfer interactions. Fe-MOF-74 has 

been identified as an adsorbent capable of selective separation of O2 from the air. Unfortunately, due to 

the irreversible iron-oxygen bonding, desorption of oxygen from the framework is not possible, and this 

one-time high-capacity uptake is not repeatable. The oxygen-binding capacity of Co-MOF-74 is not as 

high as Fe-MOF-74, but comparatively, it has better structural and chemical stability in air. The 

synergistic effect of incorporating the Fe2+ and Co2+ cations in one framework and how the charge 

transfers affect the adsorption capacity, cyclability and stability of the MOF is studied. We synthesised 

bimetallic Fex-Co1-x-MOF-74 (x=0.9,0.5,0.1) in an air-free environment in a one-step solvothermal 

process. We studied its structural, morphological and adsorption properties using XRD, SEM-EDS, 
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VSM, XPS, Mössbauer and N2 adsorption. The oxygen adsorption capabilities and recyclable properties 

were measured at room temperature, and the results indicated that the Fe0.5Co0.5-MOF-74 has an uptake 

capacity of 0.6 mmol/g, and this adsorption capacity is consistent over seven consecutive cycles. The 

Fe0.1Co0.9-MOF-74 showed consistent uptake of 0.5 mmol/g for five cycles. These bimetallic MOFs 

displayed magnetic properties as well, and the Fe0.9Co0.1-MOF-74 showed the highest saturation 

magnetization (Ms) of 0.25 emu g−1. With optimum tuning of Fe/Co ratio, an intrinsically magnetic 

MOF can be designed such that the magnetic properties can be utilised for the timely supply of the 

stored oxygen. The versatility, functionality and stability of Fe-MOF-74 and Co-MOF-74 can be 

enhanced by the interplacement of the Fe and Co metal ions in the framework. Owing to the promising 

results obtained by the heterogeneous dispersion of Fe and Co in the framework, the outcome from a 

more ordered dispersion will be explored. 
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7.1 Summary of Dissertation Findings 

 
In this chapter, the key findings of this project are summarised. This thesis focused on the adsorption 

and storage of oxygen using MOFs and to use the heating capability of the Magnetic Framework 

Composites to achieve energy-efficient and safe release of the oxygen. 

  

Objective 1 was to identify, synthesise and evaluate oxygen adsorption capacities, stability and 

reversibility of MOFs at different temperatures. In nature, heme proteins are the recognised biological 

oxygen carriers, and so iron complexes have always been preferred for oxygen studies. Previous oxygen 

adsorption studies conducted by Bloch, et al., using Fe-MOF-74 showed chemisorption and selectivity 

adsorbed oxygen over nitrogen at 298 K. However, the adsorption was very strong and not reversible. 

Cobalt complexes exhibit both a strong affinity and reversible binding to oxygen in Co2+ complexes, 

and the M-MOF-74 series of MOFs has the highest density of unsaturated open metal centres. Therefore 

Co-MOF-74 was selected as the candidate MOF, synthesised and oxygen adsorption studies were 

carried out at 204 K, 273 K and 298 K. Co-MOF-74/ Fe3O4 MFCs were synthesised. As observed from 

Figure 7.1-a) at 204 K, the Co-MOF-74 showed an oxygen uptake capacity of 4.8 mmol g-1 at 1.2 Bar, 

and 100 % release of oxygen molecules was accomplished when the composite with 12.18 wt. % Fe3O4 

nanoparticles were exposed to a magnetic field of 17.4 m. Prolonged exposure to oxygen at elevated 

temperatures adversely affected the cyclability and stability of this MOF composite. This proof-of-

concept experiment proved the oxygen adsorption capability of MFCs. It established the efficiency of 

the magnetic induction heating in successfully achieving the release of most of the adsorbed oxygen 

molecules. 

 

 

Figure 7.1: a) Oxygen adsorption isotherms of Co-MOF-74/Fe3O4 measured at 204 K, 273 K and 298 

K, b) Triggered release of 4.8 mmol g-1 of adsorbed oxygen at 204 K using MISA.  

Figure reproduced from Figure 4.3 and Figure 4.5. 
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Objective 2 was to identify and synthesise simpler, Stabler MOFs for oxygen adsorption and storage 

at ambient temperatures and to calculate the energy requirements to regenerate the MOFs using the 

magnetic induction swing adsorption (MISA) process. MOFs can be a safe, lightweight alternative that 

can store oxygen in high volumes and at much lower pressures. Accordingly, CuBTC one of the widely 

explored, easily scalable, and most commercially used MOFs was used to fabricate Cu-BTC/MgFe2O4 

composite pellets. The and 3 wt.% CuBTC-MgFe2O4 composite pellets showed an adsorption capacity 

of 0.03 mmol/g at 1 Bar pressure at 298 K. As shown in Figure 7.2-a), when they were exposed to a 

magnetic field of 31 mT, the MgFe2O4 nanoparticles attained a temperature rise to 86 ℃ causing full 

desorption of the adsorbed oxygen molecules. To highlight the versatility of the MISA process, it was 

used to regenerate the MFC in a closed cyclic process across all pressures. This experiment was planned 

to alternate between adsorption, desorption and regeneration between each cycle. The investigation was 

conducted with the usual oxygen adsorption by the MFCs followed by desorption using a magnetic field 

of 31 mT (86 °C), and the 200-0 mBar regeneration was achieved within 6 mins by the magnetic heating 

from 33 mT (92 °C) magnetic field. For the energy calculations when 0.3 g and 0.6 g of the 3 wt. % 

MFC pellets were exposed to a magnetic field of 31 mT; the MFC pellets experienced a temperature 

rise of 86 °C and the energy utilised for the regeneration of 0.26 mmol /g of oxygen adsorbed at 1000 

mBar was calculated to be 5.1 MJ /kgO2 for 0.3 g weight sample and 5.6 MJ /kgO2 for 0.6 g sample. This 

experiment proved that the pelletised system of CuBTC-MgFe2O4, which is stable to water vapour, can 

be filled and emptied within 10 minutes requiring around 5.6 MJ/kg. 

 

 

Figure 7.2: a) Cyclic Oxygen adsorption-desorption-regeneration isotherms of CuBTC-MgFe2O4 

measured at 298 K, b) Regeneration energy as a function of varying magnetic fields of 25 mT, 31 mT, 

and 33 mT used for desorption of oxygen from the 3 wt.% CuBTC-MgFe2O4 MFCs. Figure reproduced 

from Figure 5.6 and Figure 5.8. 
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Objective 3 was to understand the effect of varying Fe: Co ratios on the adsorptive and stability properties 

of the bimetallic FeCo-MOF-74. A series of Fex-Co1-x-MOF-74 (x=0.9,0.5,0.1) were synthesised, and the 

Fe/Co, Co2+/Co3+ and the Fe2+/Fe3+ ratios were thoroughly investigated to understand the synergistic effect 

of bimetallic cations on oxygen uptake properties of MOFs. As shown in Figure 7.3, The oxygen adsorption 

isotherms were measured at 298 K, and the results show that the Fe0.5-Co0.5-MOF-74 shows favourable 

oxygen adsorption uptake of 0.6 mmol/g over seven consecutive cycles. The iron-oxygen binding is 

temperature dependant and favours the reversible Fe-superoxo formation at low temperatures and the 

irreversible Fe-peroxo complex formation at high temperatures. It has been reported that the inclusion of 

different M2+metal centres affects the oxygen-binding capability at the Fe2+ metal centres of the Fe-MOF-

74 and the interplacement of Fe and Co is possible because both are redox-active transition metals with 

similar charge and similar sizes; ionic radius of Co2+ is 0.74 Å and Fe2+ is 0.76 Å.  

 

 

Figure 7.3: Low-pressure oxygen adsorption isotherms by a) the bimetallic Fe0.9Co0.1-MOF-74, Fe0.5Co0.5-

MOF-74 and Fe0.1Co0.9-MOF-74, oxygen adsorption cycles of b) Fe0.9Co0.1-MOF-74, c) Fe0.5Co0.5-MOF-74 

and d) of Fe0.1Co0.9-MOF-74 at 298 K. Figure reproduced from Figure 6.5. 

 



Chapter 7: Conclusions and Future Work 

Leena Melag                                                                                                                                           

112 

 

The cyclability shown by Fe0.1Co0.9-MOF-74 and Fe0.5Co0.5-MOF-74 suggests the partial substitution of Fe 

by Co in the Fe-O-Fe bond and hinder the formation of peroxide anion. The adsorption performance of 

Fe0.9Co0.1-MOF-74 is similar to Fe-MOF-74, with around 68% of the Fe2+ in the framework getting oxidised 

to Fe3+.  However, with increasing concentration of Co2+ in Fe0.5Co0.5-MOF-74, the Fe2+ to Fe3+ conversion 

reduced to 21% and maintained its adsorption capacity of 0.6 mmol/g over seven consecutive cycles. In 

Fe0.1Co0.9-MOF-74 the Fe2+ to Fe3+ conversion is 25% and the O2 uptake capacity of this MOF is consistent 

for five consecutive cycles. The change in the oxidation of Co2+ to Co3+ in the MOF samples proves that the 

substitution of the secondary metal ion, Fe2+ impacts the oxidation kinetics of cobalt complexes also. 

7.2 Recommendation for Future Work 

 

1. The oxygen adsorption capability of Co-MOF-74 and the efficiency of the magnetic induction heating 

in successfully achieving the release of most of the oxygen molecules have been proved here. Preliminary 

work on the oxygen adsorption capacities of the first row transition metal towards oxygen showed promising 

results that need to be studied further (Figure 7.4). Using the selectivity of the early transition metal ions, 

the framework of the MOFs, MFCs should be fabricated that can capture and store oxygen at or near ambient 

temperatures. The magnetic content of the MFCs can be tuned to achieve efficient and safe on-demand 

release of the adsorbed oxygen molecules. 

 

 

Figure 7.4: Oxygen adsorption isotherms of the synthesised M-MOF-74 (M = Fe, Co, Mn, Mg, Ni, Cu, Zn) 

at 204 K. 

 

2. Apart from specially designed MOFs to chemisorb oxygen, the existing family of MOFs need to be 

explored more for a stable and recyclable solution for room temperature oxygen storage. Thoughtfully 

synthesised bi or multimetallic MOFs are believed to impart the selectivity and the stability required to 

capture and store a reactive gas like oxygen.  
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3. Fe-MOF-74 demonstrates high oxygen uptake capacity, but the irreversible Fe-peroxo complex 

formation at high temperatures affects the cyclability of the MOF due to the irreversible binding of the 

oxygen molecule by two iron centres, Fe-O-Fe. If the inclusion of different M2+ metal centres can disrupt 

the Fe-O-Fe bond, it should maintain the oxygen-binding capability at the Fe2+ metal centres of the Fe-MOF-

74. The planned substitution of the M2+ ions in a MOF can be targeted using a template-based synthesis such 

that the favourable M2+ ions get placed between the two Fe2+ ions and avoid the formation of the peroxide 

anion while maintaining its oxygen selectivity and capacity. 
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1. Experimental 

 

All reagents and solvents used for the synthesis were obtained from commercial vendors and used as 

received.  

I. Synthesis of Fe3O4 Nanoparticles 

0.75 g of 2, 5-dihydroxyterephthalic acid (DHTA) and 3.0 g of Co (NO3)2·6H2O were dissolved in 

150 mL of DMF. The mixture was sonicated in a 250 mL Duran bottle and placed in an oven at 1100C 

for 20hrs. On cooling down to room temperature, the mother liquor was decanted, and the products 

were washed with DMF three times and then immersed in methanol. The methanol was exchanged with 

fresh methanol for the next six days, and the samples were activated at 2500C under vacuum for 24 hrs 

and stored in an N2 glove bag.1, 2 

 

II. Synthesis of Fe3O4 Nanoparticles 

Hydrophilic Fe3O4 nanoparticles were synthesised using a facile one-step method. First, trisodium 

citrate (1 mmol, C6H5Na3O7 · 2H2O), sodium hydroxide (4 mmol), and sodium nitrate (0.2 mmol) were 

dissolved into deionised water (19 mL) and heated to 100 0C.1 mL of 2M FeSO4 · 4H2O (2mmol) 

solution was added to the mixture it, and the entire solution was maintained at 100 0C for one hour. 

After cooling, the black precipitate was magnetically separated from the solvent and redispersed into 

DI water and can be stored in water for up to a month.3 
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III. Synthesis of the (Co-MOF-74-Fe3O4) composite 

The synthesis of Fe3O4 nanoparticles had citrate and sodium nitrate salts, resulting in citrate capped 

Fe3O4 nanoparticles. Therefore, no separate attempt was made to functionalised the surfaces of these 

magnetic nanoparticles. As these nanoparticles having a tendency to agglomerate and settle down, the 

mixture of Co-MOF-74 precursor and preformed, Fe3O4 nanoparticles was subjected to continuous 

mechanical stirring for the entire duration of 2 and half days at a temperature of 100 ℃. For the washing 

cycles, the composites were magnetically separated from the solvents. For this study, composites with 

0.08 wt % (MC1) , 8.8 wt % (MC2) , 11.8 wt % (MC3) , 12.18 wt % (MC4) , 12.6 wt % (MC5) , and 

15 wt % (MC6)  of magnetic nanoparticles were synthesized.1, 2 

 

 

2. Powder X-ray diffraction 

 

The phase identification studies were conducted using a Phillips PW-1140 X-ray diffractometer using 

a Co-Kα radiation of wavelength 1.79 Å (λ is the wavelength of the radiation (Co-1.78897 Å), at 40 kV 

and 25 mA. As shown in Fig. S1 a) and b), the XRD pattern of the synthesised Fe3O4 nanoparticles 

(reference pattern for a cubic spinel Fe3O4 lattice) and the composites are in agreement with literature 

reports. As can be observed from the XRD patterns in Fig. S1 b), there is a gradual shift in the peak 

positions of composites MC5 and MC6, that have higher concentrations of magnetic nanoparticles.  

 

    

Figure S1: The powder X-ray diffraction patterns of a) the synthesised Fe3O4 nanoparticles that can 

be referenced to the theoretical patterns for a cubic Fe3O4 lattice (COD 1011084), and b) the 

synthesised Co-MOF-74 and simulated data and the composites with varying concentrations of 

magnetic nanoparticles.  
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3. Microstructural Analysis 

 

The morphological studies on the samples were carried out using the JOEL 7001F Scanning Electron 

Microscope. The micrographs show hexagonal-shaped prism aggregates of Co-MOF-74 crystals with 

solid elongated structures measuring a few μm in length. 

 

                                                       

 

 
 
 
 

  

 

 

 

                             

 

 

 

Figure S2: SEM Images of a) the synthesised Fe3O4 nanoparticles in size range of 20-100nm.  b) 

hexagonal-shaped prism aggregates of Co-MOF-74 crystals with solid elongated structures measuring 

a few μm in length, c) and d) the Fe3O4-composite with the magnetic nanoparticles embedded on its 

surface. 

 

 

4. Thermogravimetric analysis  

 

For the thermogravimetric analysis, the MOF samples were heated from the room temperature to 600 

0C at 20 0C/min in a nitrogen atmosphere. The thermal treatment on the bare MOF and the composite 

showed an initial gradual loss in weight for both, but after 300 0C, the composite collapsed  faster than 

the bare MOF leading to a more drastic weight loss around 500 0C for the final structural collapse .4 

a) 

c) 

b) 

d) 
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Figure S3: Comparison of the TGA curves of the bare Co-MOF-74 and the Magnetic framework 

composite, MC4. 

 

 

5. Low-pressure gas adsorption analysis 

 

To determine the surface area and porosity properties of the bare Co-MOF-74 and the MFCs, 10 - 50 

mg of dry sample was transferred into the BET glass tube, it was capped with a transeal and weighed. 

The tubes were fixed onto a Micrometrics ASAP 2020 gas adsorption analyser where the samples were 

heated to 250 0C under dynamic vacuum for 24 hrs and weighed again. Low-pressure N2 adsorption 

isotherms were carried out at 77K at preset measurement data points to collect the nitrogen adsorption-

desorption data over a broad range of pressures.  

 

Figure S4: N2 Adsorption isotherms of Co-MOF-74 and MFCs at 77K. 

 

Table S1: Results from the surface area measurements of the bare Co-MOF-74 and the MFCs. 

  Bare 

MOF 

MC1  

(0.08 wt. % )  

MC3 MC4  

(12.18 wt. % ) 

MC5  MC6  

(15 wt. % ) 
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 (11.8 wt. % 

) 

(12.6 wt. % 

) 

BET (m2/g)  1449 1478 1082 1008 953 713 

Langmuir 

(m2/g) 

1764 1909 1399 1150 1247 933 

 

In real air separation, 400 ppm of CO2 is present, and its capture is facilitated in a pre-purification 

process by using either absorption, adsorption, cryogenic distillation or membrane separation. To 

understand the effect of trace quantities of CO2 we carried out the CO2 adsorption study at 204 K. As 

expected, the uptake of CO2 by MOF-74 at 204 K is much higher than of oxygen, particularly at low 

partial pressures, indicating that a pre-purification step is required to remove carbon dioxide and water 

from the process. 

 

Figure S5: CO2 Adsorption isotherms of Co-MOF-74 at 204K. 

 

 

6. Vibrating Sample Magnetometer  

 
 

The saturation magnetization (Ms), coercivity (Hc) and magnetization curves were studied on a 

vibrating sample magnetometer (VSM, RIKEN DENSHI) operated at room temperature. The samples 

are prepared by embedding the magnetic nanoparticles in an epoxy resin and hardener mix, and once it 

was all set, the measurements were carried out. The results of the synthesised Fe3O4 nanoparticles show 

a saturation magnetization of 58 emu/g, and with MFCs, the saturation magnetization values were 

higher for composites with higher concentrations of magnetic nanoparticles, MC6 (1.6 emu/g), MC5 

(1.2 emu/g), MC4 (1 emu/g), MC3 (0.8 emu/g) and MC2 (0.1 emu/g). 
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Figure S6: Hysteresis loop of a) Fe3O4 nanoparticles and the b) MFCs. 

 

 

7. Thermo-magneto gravimetric Analysis 

 

 
The curie temperature of the Fe3O4 nanoparticles was determined using the Thermo-magneto 

gravimetric analysis, which is a very efficient technique to ascertain the various structural and magnetic 

transitions in the nanoparticles. Curie point is the temperature at which a sharp change in the magnetic 

properties is observed, and the otherwise strong magnetic properties of the material are lost, and it 

becomes paramagnetic. This is derived by measuring the change in weight of the sample as a function 

of temperature, in an applied magnetic field.1, 5-7 8 The change in temperatures cause changes is magnetic 

properties of the samples that is noticed by the change in the weight of the sample. This principle is 

used to determine the Curie temperature. Here the measurements on a weighed amount of Fe3O4 

nanoparticles were conducted by heating it from room temperature to 1000 0C in a nitrogen atmosphere 

using a heating rate of 40 0C/min and the Curie temperature for the synthesised Fe3O4 nanoparticles was 

found to be Tc=570 0C. This self-controlling heating property of the magnetic nanoparticles is used in 

applications as a control to avoid overheating. 
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Figure S7: Using Thermo-magneto-gravimetric analysis, the Curie temperature of the synthesised 

Fe3O4 nanoparticles was found to be Tc=570 0C.  

 

 

8. Specific Absorption Rate (SAR). 

 

Specific Absorption Rate, SAR, describes the heating efficiency of the magnetic materials and indicates 

the rate at which the magnetic nanoparticles will absorb the magnetic energy and convert it into thermal 

energy. Apart from the diameter, shape and composition of the nanoparticles, SAR is strongly governed 

by the frequency of the applied magnetic field. In hyperthermia treatments nanoparticles with high SAR 

values are preferred because it means a higher absorption rate even at low concentrations. 7 SAR is 

calculated by dispersing the particles in a liquid medium and the measuring: 

 

      SAR = Cs
ms

mm
 (

dT

dt
)

t=0
         8.1 

 

Where Cs is the specific heat capacity of suspension, dT/dt at t =0 is the initial gradient of the heating 

curve, ms and mm are the specific masses of the suspension and magnetic particles, respectively. The 

units of SAR are watts per kilogram (W/kg).9, 10  To measure SAR, the nanoparticles were dispersed in 

water at a concentration of 5mg/ml. This magnetic suspension was placed in a dewar flask and exposed 

to an induction heating system (EASYHEAT 0224–Ambrell) with a heating coil of 8 turns (N) of 2.5 
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cm diameter (D) and 4 cm in length (L). The amplitude of the AC magnetic field was fixed at H = 13.09 

kA/m. The temperature rise attained by the samples for the next 30 minutes is noted as the heat 

generation capacity of the samples. An IR Thermal camera (FLIR E5) was used to capture these changes 

in the temperatures. With the initial starting temperature of 23.84 0C, and on exposure to an AC 

magnetic field, the Fe3O4 nanoparticles stabilised at a temperature of 85.02 0C, and the MFC exhibited 

a maximum temperature rise (Tmax) of 63.7 0C. The SAR values calculated using equation (8.1) are 

74.48 W/g for the Fe3O4 nanoparticles and 14.19 W/g for the Fe3O4-composite. 

 

 

Figure S8: SAR measurements: a) The live image captured by the IR-camera of the temperature rise 

attained by the MC3 composite, b)  The calculated specific absorption rate values of 74.48 W/g for 

the Fe3O4 nanoparticles and 14.19 W/g for the Fe3O4-composite. 

 
9. Set- up for the Magnetic Triggered Release of Oxygen 

 

 
The triggered release of oxygen from the MFC was achieved using the Tristar Micrometrics adsorption 

equipment and the EASYHEAT Ambrell induction-heating machine. The setup consisted of a glass 

tube with the sample in it, which was hooked on to the Tristar Micrometrics adsorption machine. A 

slightly bigger glass tube, acting as a dewar and containing the acetone+dry ice mixture was encircling 

the sample tube. This setup was fitted through an induction coil in such a manner that the sample comes 
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in the center of the 8-turn coil. This ensured uniform exposure of the sample to the magnetic field. The 

effects of the magnetic field were contained using a Faradays cage.  

 
Figure S9: Setup for the triggered release of oxygen, a) The actual setup of the sample tube attached 

to the Tristar Micrometrics adsorption equipment and the EASYHEAT Ambrell induction-heating 

machine used to facilitate the heating of the magnetic nanoparticles, b) the graphical representation of 

the same setup.  

 

During calculations of SAR, using a magnetic field strength of 16.4 mT, the Fe3O4 nanoparticles 

stabilised at a temperature of 63.7 0C. Therefore, to achieve this temperature of 63.7 0C, a current of 

78A had to be passed through the 8-turn coil of the EASYHEAT Ambrell induction heating system. 

 

Based on these calculations, the first set of triggered release was carried out by passing 78A current 

(63.7 0C) through the coils. However, the experiments for calculation of SAR are carried out at room 

temperature whereas these triggered release experiments are carried out at temperatures of -69 0C. 

Therefore, due to the cold acetone + dry ice bath encircling the sample, the maximum desorption 

temperatures were not reached and complete desorption of oxygen molecules was not achieved.  To 

target maximum desorption, the temperatures were increased by increasing the current passing through 

the coil. Finally, the maximum desorption from the composites was achieved when a current of 83.2 A 

was passed through the coil generating a magnetic field strength of 17.4 mT to overcome the cold barrier 



Appendix A- Efficient Delivery of Oxygen via Magnetic Framework Composites 

Leena Melag                                                                                                                                           

131 

 

of the acetone-dry ice bath and cause localised heating of the Fe3O4 nanoparticles, which otherwise, in 

these settings, would have attained the temperatures of 68.5 0C. 

 

 

Table S2: Magnetic Field Settings 

Current through 

the coil, A 

Magnetic Field 

Strength, mT 

Temperature °C 

78 16.5 63.8 

79.3 16.7 64.8 

81.9 17.2 66.9 

83.2 17.4 68.5 

 

 

10. Regeneration energy calculations:  

 

 

For a cryogenic distillation based Air Separation Unit producing 110 to 350 tonnes of oxygen per day, 

the specific energy is reported as 1.11 MJ/kg- 1.82 MJ/kg at 40 bar. (Air Liquide Engineering & 

Construction. Standard Plants. 04-2017). 

 At this early lab-scale setup it is not possible to directly determine energy use for the process. 

Still, the energy calculations for the estimated regeneration energy (Qthermal) of our composite per 

kilogram of O2 captured can be calculated. Specific regeneration energy (Qthermal) is reported as the sum 

of the energy required to heat the adsorbent to the desorption temperature, and the energy needed to 

desorb bound gas species from the adsorbent,11 according to the equation:  

 

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑐𝑝 𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡∆𝑇 + (∆h𝑂2∆𝑞𝑂2)

𝑚𝑂2
 

 

Where, 

Cp = specific heat capacity of adsorbent (jg-1K-1) 

msorbent = mass of adsorbent (g) 

ΔT = Temperature difference between adsorption and desorption conditions (K) 

Δh = heat of adsorption (kJmol-1) 

Δq = working capacity, it can be defined as the difference between the O2 loadings at adsorption 

         and O2 loadings at the end of desorption12 .    

𝑚𝑂2 = Mass of oxygen adsorbed at that pressure (g) 
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Applying this equation to 0.1320 g of MFC4, the MOF composite with 12.18 wt. % of Fe3O4 

nanoparticles, the energy required to regenerate the amount of oxygen captured at 200 mbar, 400 bar, 

800 mbar and 1000 mbar is calculated, and the values are: 

 

Pressure 

(mbar) 

Δq  

(mmol/g) 

Calculated Regeneration energy  

(MJ/kg) 

200 0.93 2.89 

400 1.98 1.67 

800 3.5 1.20 

1000 4.2 1.10 

  

 

While this calculation does not include process considerations and cooling duty of air from ambient to 

204 K, we expect this energy requirement to be less than half of that required for cryogenic distillation 

at 92 K. Using a suitable fraction of the above quoted energy costs for Cryogenic distillation, and 

without further improvements to the technology, the total estimated energy cost of the MISA process 

for capturing oxygen from air from lab scale experiments is broadly competitive to the mature process. 

However, with orders of magnitude increases in scale, we expect the efficiency using this first 

generation material to greatly improve. Further efficiencies may be achieved through operation at higher 

pressures, as is indicated by the trends in working capacity (Δq) and regeneration energy with pressure.  
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Powder X-Ray Diffraction and FTIR spectroscopy of CuBTC MOF: 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure S1: a) The XRD patterns of the synthesised CuBTC MOF are a perfect match with the 

simulated XRD pattern of CUBTC, b) The FTIR spectra of the synthesised CuBTC to detect the 

functional groups in the sample. 

 

The XRD pattern of the synthesised Cu-BTC is shown in Fig S1, and it is characteristic of a face-centred 

cubic (FCC) CuBTC crystal lattice and the reflection peaks of (200), (220), (222), (400), (420), 

(511),(440),(442),(551),(731),(751),(773), and (882) match the reflections of the simulated CuBTC 

pattern. Fourier-Transform Infrared (FTIR) spectra for all samples were collected using a Thermo 

Scientific NICOLET 6700 FT-IR and was used to detect the functional groups in the samples. The FTIR 

spectrum of samples match closely with the ones reported in the literature 1, 2 with the significant peaks 

observed at  580-727  cm−1 attributed to the vibrational bond involving the Cu-O, the peaks around  

1449 and 1372 cm−1 due to the symmetric stretching modes and the one around 1647 cm−1 due to the 

asymmetric stretching of carboxylate groups in the BTC linker.  

 

Powder X-Ray Diffraction and SEM on MgFe2O4 nanoparticles : 

 

As shown in Fig. S2, a), the XRD pattern of the synthesised MgFe2O4 nanoparticles with diffraction 

peaks of planes (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0), for a cubic spinel MgFe2O4 phase, matches 

the standard powder diffraction data (ICSD #00-036-0398) of the MgFe2O4 phase from literature3. The 

mean crystallite size of 10.2 nm was calculated from the peak broadening of the diffraction planes and 

used in the Scherrer's equation, d = Kλ/(β Cosθ), where d  is the crystallite size, λ is the wavelength of 

the X-ray radiation (Co-1.78897 Å), K is a shape factor with values in between 0.9-1,  is the Braggs 

peak in degrees and β is the line broadening (full width at half maximum).  Scanning electron 

microscope (SEM) analysis on the samples was carried out on a JEOL JSM-7001F microscope and, as 

shown in Figure S2, b), the images show uniform, spherical, and agglomerated MgFe2 O4 nanospheres 

a

)
b) 
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with a diameter of about 150-160 nm. 

 

Figure S2: (a) XRD patterns for a cubic spinel MgFe2O4 phase that matches the standard powder 

diffraction data (ICSD #00-036-0398). (b) SEM images showing the spherical, uniform MgFe2O4 

nanospheres. 

 

Vibrating Sample Magnetometer: 

 

                    

                                         a)                                                                 b) 

 

 

Figure S3: a) The magnetic hysteresis loops of bare MgFe2O4 showing a saturation magnetization of 

65 emu/g and b) the magnetic hysteresis loops of the CuBTC-MgFe2O4 composites with varying 

magnetic contents.  

 

 

The saturation magnetization (Ms), coercivity (Hc), and magnetization curves were studied on a 

vibrating sample magnetometer (VSM, RIKEN DENSHI) operated at room temperature. The samples 

are prepared by embedding the magnetic nanoparticles in an epoxy resin and hardener mix, and once it 

was all set, the measurements were carried out. The results of the MgFe2 O4 nanospheres synthesised 

show a saturation magnetization of 65 emu/g. With MFCs, the saturation magnetization values were 
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higher for composites with higher concentrations of magnetic nanoparticles with 3 wt.% CuBTC-

MgFe2O4 composite showing 0.025 emu/g.  

 

 
Thermo-magneto gravimetric analysis 

 

Curie point is a temperature at which magnetic materials undergo loss of their magnetic properties and 

become paramagnetic. This sharp change in magnetic properties is measured by measuring the samples' 

weight changes as a function of temperature. The curie temperature of the MgFe2O4 nanoparticles was 

determined using the Thermo-magneto gravimetric analysis, which is a very efficient technique to 

ascertain the magnetic transitions in the nanoparticles. A weighed amount of MgFe2O4 nanoparticles 

were heated from room temperature to 800 o C in a nitrogen atmosphere using a heating rate of 40 OC 

/min, and the Curie temperature was found to be Tc=566 o C.  

 

Specific Absorption Rate (SAR): 

 

The rate at which the magnetic nanoparticles will absorb the magnetic energy and convert it into thermal 

energy can be predicted using a Specific adsorption rate (SAR). Apart from the diameter, shape, and 

composition of the nanoparticles, SAR is strongly governed by the frequency of the applied magnetic 

field. High SAR values are preferred because it means higher heating efficiency. Magnetic 

nanoparticles with higher SAR values are ideal for an efficient MISA process. 

 

SAR is calculated by dispersing the particles in a liquid medium and the measuring: 

 

SAR = Cs
ms

mm
 (

dT

dt
)

t=0
 

 

 

Where Cs is the specific heat capacity of suspension, dT/dt at t =0 is the initial gradient of the heating 

curve, ms, and mm are the specific masses of the suspension and magnetic particles, respectively. The 

units of SAR are watts per kilogram (W/kg).  The SAR of the synthesised MgFe2O4 nanoparticles was 

calculated using the temperature rise profile by dispersing 10 mg of the MgFe2O4 nanoparticles in 1ml 

of water and exposing it to a 25 mT magnetic field. As seen in figure S4-b, the temperature stabilised 

at 74 0C, and the SAR was calculated to be 130.6 W/g.  
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Temperature Rise Profile: 

 

    

                                            a)                                                                            b) 

 
                                             c)                                                                                 d) 
 

Figure S4: a) Temperature rise profile of dry MgFe2O4 nanoparticles, b): Temperature rise profile of 

10 mg of the synthesised MgFe2O4 nanoparticles dispersed in 1 ml of water at 25 mT, c) The curie point 

of the MgFe2O4 was measured to be 566 o C using the thermo-magneto gravimetric analysis, d) 

Temperature rise attained by the 3 wt. % CuBTC-MgFe2O4 composites when exposed to varying 

magnetic fields. 

 

 

To determine the maximum heating capacity of the MFC composites, the samples were placed in a 

dewar flask and exposed to varying magnetic fields, and their responsive temperature rise profile was 

measured for the next 30 mins. After the initial rise in temperatures, depending on the magnetic content 

in the samples and the magnetic field strength, the samples stabilise at a particular temperature. This 

highlights the maximum heating ability of the nanoparticles or composites at that particular magnetic 
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field. This works as a controller and helps determine the strength of the magnetic field to be applied for 

a particular sample for the given application.  

 

 

Current through the coil, A Magnetic Field Strength, mT Temperature °C 

140 25 78 

150 31 86 

160 33 92 

 
A current of 150 A through the induction coil generates a magnetic field of 31 mT and heats the 

composite to around 86 o C, and with a current of 160 A, a magnetic field of 33 mT is generated. The 

temperature rise attained due to it is around 92 o C. In the current experiment, these are the two magnetic 

fields that trigger the release of oxygen molecules from the 3 wt. % CuBTC-MgFe2O4 composites. 

 

 

Porosity and Surface Area Measurements:  

 

 

Micrometric ASAP 2420 machine was used to measure the porosity and surface area properties of the 

sample. Initially, empty BET sample tubes were weighed, then they were filled with the  CuBTC 

samples sealed with Transeals caps and then weighed again. The samples were heated under vacuum to 

140 0C for 24 hrs and reweighed again to calculate the actual mass of the degassed samples. The sample 

tubes were then attached to the ASAP ports for N2 studies at 77K temperatures. The effect of the addition 

of binders and effect of binders as well as the magnetic nanoparticles is studied using the N2 uptake 

isotherms. 
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                                     a)                                                                          b) 

 
Figure S5: The BET surface area measurements of the composites by Nitrogen adsorption at 77 K, b) 

The Nitrogen and oxygen uptake by the 3 wt.% CuBTC-MgFe2O4 composite at 298 K.  

 

 

Table S1. Summary of the BET surface areas of the CuBTC MOF before and after pelletising. 

 

Sample 
BET surface area 

(m2/g) 

Langmuir Surface Area: 

(m²/g) 

CuBTC MOF ( powder form ) 1495 1939 

Pellets ( 1 wt.% binder ) 1163 1505 

Pellets ( 2 wt.% binder ) 1228 1590 

Pellets ( 3 wt.% binder ) 1235 1600 

Pellets ( 3 wt.% binder + 1 wt.%  

MgFe2O4 ) 
1143 1481 

Pellets (3 wt.% binder + 2 wt.%  

MgFe2O4 ) 
1189 1539 

Pellets  3 wt.% binder + 3 wt.%  

MgFe2O4 ) 
1080 1401 

 

 

 

 

 

 

 

 

 

 

Moisture stability of CuBTC MOF and composite: 
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Figure S6:  XRD patterns for a) CuBTC MOF and b) the 3 wt.% CuBTC-MgFe2O4 composite before 

and after water vapour adsorption at 298 K. 

 

 

Thermal Stability and Atmospheric Stability of the composites: 

 

 

Thermal stabilities of the samples were studied by thermal gravimetric analysis (TGA) using weighed 

samples that were heated from 25 oC to 800 oC using a heating rate of 10 oC min-1. As observed in Figure 

S5-a), the TGA of bare as-synthesised CuBTC MOF, TGA of 3 wt.% CuBTC-MgFe2O4 composite 

pellets and TGA of the same sample after exposure of the environment for 30 days has been plotted. In 

all three samples,  the two significant weight losses are observed, the first one corresponds to the 

evaporation of the solvent, and the second weight loss corresponds to the decomposition of MOF and 

or composites. Apart from the weight losses corresponding to the decomposition of the MOFs, the 

thermal stabilities of the CuBTC MOF and the 3 wt.% CuBTC-MgFe2O4 composites are very similar, 

indicating that the use of binders and the shaping procedure has not adversely affected its stability. As 

confirmed by other characterisation techniques, atmospheric exposure has reduced the thermal stability 

of the composite. The XRD of the exposed sample shows some peaks broadening corresponding to 

either the introduction of defects in the MOF framework or the slow degradation of the framework. 
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                                        a)                                                                            b) 
 

Figure S7: a) TGA analysis of the synthesised CuBTC MOF, the 3 wt.% CuBTC-MgFe2O4 composite, 

and the 3 wt.% CuBTC-MgFe2O4 composite after exposure to atmosphere for 30 days, b) XRD of the 3 

wt.% CuBTC-MgFe2O4 composite before and after atmospheric exposure. 

 

 

Isosteric Heat of Adsorption:  

 

 

The isosteric heats of adsorption, Qst,  reveals the extent of interaction between the adsorbed molecules 

and the adsorbate under constant loading conditions. In the case of CuBTC MOF, this interaction that 

is dependant on the reactions at the exposed cationic  Cu2+  sites and adsorption at the windows sites 

of the octahedral CuBTC cage is calculated to be  -15.3 kJ mol-1 ( Figure S6-b). This near-constant Qst 

curve was plotted using the adsorption data measured at 204 K, 273, and 298 K (Figure S6-a) and shows 

that irrespective of the low or loading conditions the binding energies remain the same. 
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                                          a)                                                                                b) 

Figure S8: a) Oxygen adsorption isotherm of CuBTC MOF at 204 K, 273 K, and 298 K,  b) The heat 

of adsorption curve, Qst curve,  plotted using the adsorption data measured at 204 K, 273 and 298 K. 

 

 

Oxygen Adsorption Measurements & Triggered Release Experiments:  

 

 

 

 

Figure S9: a) The setup for oxygen adsorption measurements consists of the 3Flex machine and the 

EASY HEAT Ambrell induction machine with an 8 turn coil that is strategically placed around the 

sample tube so that the sample is uniformly exposed to the magnetic field, b) the graphical 

representation of the triggered release experiments. 

 

 

The oxygen adsorption studies were carried out on a Micrometrics 3Flex surface and catalyst 

characterisation instrument. The triggered release setup consisted of the activated and weighed CuBTC 
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pellets filled in a 3flex tube and attached to the 3flex machine while a slightly wider glass dewar 

encircled it. 

 

 

 

 

Figure S10:  XRD patterns the 3 wt.% CuBTC-MgFe2O4 composite before and after 20 oxygen 

adsorption and triggered release cycles. 

 

 

Regeneration Energy using the MISA process: 

 

 

 

Figure S10:  Working capacity is the difference in oxygen adsorbed under normal adsorption 

conditions, and the oxygen retained after desorption.  
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At this lab-scale setup, it is not possible to directly determine energy use for the process, but the energy 

calculations for the estimated regeneration energy (Qthermal) of our composite per kilogram of O2 

captured can be calculated. Specific regeneration energy (Qthermal) is reported as the sum of the energy 

required to heat the adsorbent to the desorption temperature, and the energy required to desorb bound 

gas species from the adsorbent, according to the equation:  

 

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑐𝑝 𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡∆𝑇 + (∆h𝑂2∆𝑞𝑂2)

𝑚𝑂2
 

 

Where, 

 

Cp = specific heat capacity of adsorbent (jg-1K-1) 

msorbent = mass of adsorbent (g) 

ΔT = Temperature difference between adsorption and desorption conditions (K) 

Δh = heat of adsorption (kJmol-1) 

Δq = working capacity, it can be defined as the difference between the O2 loadings at adsorption and 

O2 loadings at the end of desorption.    

𝑚𝑂2 = Mass of oxygen adsorbed at that pressure (g) 

 Applying this equation to the values in Table S2, the energy required to regenerate the amount 

of oxygen captured at 200 mbar, 400 bar, 800 mbar and 1000 mbar is calculated, and the values are: 

 

 

Table S2: The estimated regenerative energy and power calculations for 0.6 gms of 3 wt.% CuBTC-

MgFe2O4 composite pellets at 25mT, 31 mT, and 33mT. 

Magnetic 

field 

Strength  

25 (mT) 31(mT) 33(mT) 

Regenera

tion 

Pressure 

(mBar) 

200 400 60

0 

80

0 

10

00 

200 400 60

0 

80

0 

10

00 

200 400 60

0 

80

0 

10

00 

Adsorpti

on 

Temperat

ure (°C) 

25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 

Regenera

tion 

Temperat

ure (°C) 

86 86 86 86 86 92 92 92 92 92 96 96 96 96 96 
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Table S3. The calculated energy required to regenerate the 3 wt.% CuBTC-MgFe2O4 composite pellets 

using magnetic fields of 25 mT, 31 mT, and 33 mT. 
 
 

Absolute 

pressure (mBar) 

Regeneration energy 

(MJ/kg) 

25 mT 

magnetic 

field 

31 mT 

magnetic 

field 

33 mT 

magnetic 

field 

200 22.7 24.9 27.1 

400 11.2 12.3 13.4 

600 7.7 8.4 9.2 

800 6.0 6.6 7.2 

1000 5.1 5.6 6.1 

 
 

To establish the energy efficiency of the MISA process, power calculations were done using a power 

meter to measure the power required by the induction coil at varying magnetic fields of 25 mT, 31 mT, 

and 33 mT. To determine the power required to regenerate a weighed amount of sample, these 

calculations were done without exposing the samples to the magnetic fields and with samples being 

exposed to the magnetic fields ( Figure S11-a). The power required was calculated from the output 

readings from the power meter, the time required for the samples to desorb all the adsorbed molecules, 

Regenera

tion 

Time (s) 

362 360 35

9 

36

0 

35

9 

300 300 30

0 

30

0 

30

0 

180 180 18

0 

18

0 

18

0 

Amount 

of O2 

desorbed  

(mmol/g) 

0.0

4 

0.1

0 

0.1

4 

0.1

9 

0.2

3 

0.0

6 

0.1

2 

0.1

7 

0.2

2 

0.2

6 

0.0

6 

0.1

2 

0.1

7 

0.2

2 

0.2

6 

Regenera

tion 

Energy 

(Q) 

(MJ/kg) 

22.

71 

11.

26 

7.7

4 

6.0

5 

5.1

4 

24.

90 

12.

34 

8.4 6.6 5.6 27.

07 

13.

43 

9.2

3 

7.2

2 

6.1

3 

Energy 

Consump

tion 

(kWh/kg

O2) 

1.4

7 

0.7

1 

0.5

0 

0.3

7 

0.3

1 

0.6

5 

0.3

7 

0.2

4 

0.1

8 

0.1

5 

0.5

1 

0.2

7 

0.1

8 

0.1

4 

0.1

1 
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and the mass of the desorbed molecules. Based on these calculations it was determined that using a 

magnetic field strength of 31 mT, that triggered a  temperature rise of 86 oC in the 0.6gms of 3 wt.% 

CuBTC-MgFe2O4 composite, 0.65 kWh/kgO2 power was consumed to desorb 0.3 mmol/g of adsorbed 

oxygen molecules. To understand how the weight of the sample influences the regeneration energies, 

using a magnetic field strength of 31 mT, the calculations were done using two samples weighing 0.33 

gms and 0.64 gms each, and for 0.33 gms sample 5.1 MJ  kg -1 is required at 1000 mbar, and for 0.64 

gms of the same sample, 5.6 MJ  kg -1 of energy is required at 1000 mbar( Figure S11-b). 

 

 

Table- S4: Estimated energy required to regenerate 0.33gms and 0.6 gms of 3 wt.% CuBTC-MgFe2O4 

composite pellets using magnetic fields of 31 mT. 
 

Absolute pressure (mbar) Regeneration energy (MJ/kg) 

Using 31 mT magnetic field 

 0.33 gms 0.66 gms 

 
200 22 24.9 

400 11.2 12.34 

600 7.7 8.4 

800 5.8 6.6 

1000 5.1 5.6 

 
 
 

       
 

Figure S11: a) Power calculations done using the Magnetic induction setup for power consumed with 

and without the sample. b) To study the regeneration energy required for different amounts of samples, 

0.3 gms of the sample, and 0.6 gms of samples.   
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Figure S-1: The SEM images of the synthesised a) Co-MOF-74, b) Fe-MOF-74, c) and hexagonal bimetallic 

Fe0.9Co0.1-MOF-74 nanorods, d) the spherical Fe0.9Co0.1-MOF-74, and e) the  Fe0.5Co0.5-MOF-74, f) the 

Fe0.1Co0.9-MOF-74. 

 

Figure S-2: The EDX line mapping of the spherical Fe0.9Co0.1-MOF-74 confirms the presence of cobalt and 

iron in the MOF crystals. 
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Figure S3: The nitrogen adsorption isotherms of the series of synthesised Fe-MOF-74, Co-MOF-74, 

and the bimetallic Fe0.9Co0.1-MOF-74, Fe0.5Co0.5-MOF-74, Fe0.1Co0.9-MOF-74 measured at 77 K. 

 

Figure S4: The XRD patterns of the a) Co-MOF-74 and b) Fe-MOF-74 before and after O2 adsorption 

cycles at 298 K. 
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Figure S5: The XPS spectra of Fe 3p of Pristine Fe-MOF-74 before and after exposure to Oxygen at 

204 K, 273 K and 298 K. 

 

Figure S6: The survey spectrum of Co-MOF-74, Fe-MOF-74 and the bimetallic FexCo1-x-MOF-74s 

confirms the presence of Fe, Co, O, C and N. 
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Figure S7: TGA of Co-MOF-74, Fe-MOF-74 and the bimetallic FexCo1-x-MOF-74s. 
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