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ABSTRACT 

 Porous materials are widely studied in many of the laboratories 

around the world for diverse applications ranging from adsorption to 

catalysis. Due to their distinct advantages such as surface area, porosity, 

porous solids occupy a place, almost everywhere. Hierarchically structured 

porous materials are a class of three-dimensional nanostructured materials. 

These materials mimic the natural systems and show improved properties. For 

instance, combined micro-/mesoporosities leads to high surface area, high 

porosity, rich active sites accessibility, short diffusion paths and low mass 

transport. These properties make them potential candidates for many 

applications which include Dye-Sensitized Solar Cells (DSSC) and 

supercapacitors. To synthesize hierarchically structured porous materials, one 

simple strategy is combining two materials with different pore sizes. Metal-

Organic Framework (MOF) and aerogel are nanostructured porous materials; 

MOFs are classified as microporous (pore diameter < 2 nm) and aerogels are 

mesoporous (pore diameter 2 - 50 nm). Metal Organic Framework-Aerogel 

Composites (MOFACs) are a new class of emerging materials which find 

wide applications in field of catalysis, energy and gas adsorption. 

 MOF is formed by the self-assembly of metal ions/clusters and 

organic ligands. The organic ligand acts as a basic building block of MOF 

formation. It bridges the metal sites and forms coordination thereby giant 

framework evolved. After the benchmark works by O.M. Yaghi group in 

1999, the interest in MOF synthesis and utilization has enormously increased. 

Methods such as sol-gel, hydrothermal, solvothermal, electrochemical, reflux, 

microwave treatment, sonochemistry, and mechanochemistry are used to 

synthesize various MOFs. The key advantages of MOF are exceptional high 

surface area, permanent porosity, chemical tailorability, tunable pores, and 

customized architecture. These attractive properties promote MOF to a variety 
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of applications including gas adsorption/separation, catalysis, sensing, drug 

delivery, Li-batteries, dye-sensitized solar cell and supercapacitor. 

 Aerogel is an airy material whose 95% volume is filled by air, have 

extremely low density and high porosity. This porosity arises from the 

internal nanostructure of aerogel. Aerogels are synthesized by conventional 

sol-gel synthesis. Metal alkoxides were subjected to controlled hydrolysis 

followed by condensation process to form a gel. This gel is aged for a 

predetermined period and after which subjected to drying process to remove 

the solvent present inside the pores of the gel. As the capillary forces exert 

strong pressure on the pore walls, the gels cannot be dried by conventional 

heating. Therefore special drying techniques are employed to remove the 

solvent present inside the aerogels without disturbing the structure or volume 

of the gel. The most commonly used drying techniques are (i) supercritical 

drying, (ii) freeze drying and (iii) subcritical drying. In this work we have 

employed subcritical drying method. The advantage of subcritical method 

over other two methods is that in this method the drying process is carried out 

at ambient temperature and pressure. Aerogels are used in catalysis, water 

splitting, hydrogen production and dye-sensitized solar cell applications. 

 DSSC is attracting much attention of researchers because of their 

low manufacture cost, easy fabrication and comparable Power Conversion 

Efficiencies (PCE) with other types of solar cells, particularly, silicon solar 

cells. A typical DSSC comprised of four important key components namely: a 

photoanode (mostly TiO2 or ZnO), counter electrode (platinum), dye or 

sensitiser (ruthenium-based dyes) and redox electrolyte (iodide/triiodide). 

When light is illuminated, the photo-excited dye injects electrons into the 

Conduction Band (CB) of the semiconductor. The circuit is completed when 

the redox mediator finally returns the electron to the oxidized dye. TiO2 

nanostructure has been realized as one of the essential key ingredient in DSSC 
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to achieve greater solar-to-electric Power Conversion Efficiency (PCE). 

Importantly, their microstructure, particle size, surface area, porosity, and 

pore size influences the over-all photovoltaic characteristics of a cell. 

 Though having several advantageous properties such as high 

surface area, high porosity, pure titania aerogel generally suffers from poor 

electron mobility, charge recombination etc., Compositing of titania aerogel 

with MOF would be a novel strategy to overcome these difficulties and an 

attempt has been made in this thesis to prepare MOF aerogel composite and 

use it as photoanode in a dye sensitized solar cell to improve the photo 

conversion efficiency (η). The presence of MOF in the aerogel composite 

helps to reduce charge recombination and thereby improves the short-circuit 

current density (Jsc) to a larger extent compared to nanotitania and titania 

aerogel based photoanodes. A Photo-current Conversion Efficiency (PCE) of 

around 8.8% was achieved in the present study using titania aerogel MOF 

composite as photoanode. 

 The supercapacitor, also known as ultracapacitors, is a device used 

to store electrical energy. It can be classified as an Electrical Double-Layer 

Capacitor (EDLC) and pseudo-capacitor depending upon their storage 

mechanism. It is mainly composed of three components namely: electrodes, 

electrolyte and separator. Here, the properties of electrode materials such as 

surface area, controlled porous structure, conductivity, thermal stability, and 

corrosion resistance play a crucial role in determining the device performance.  

 A MOF/aerogel composite (MOFAC) is synthesized by dispersing 

MOF into the sol solution of aerogel. MOF is mostly in the dispersed phase 

while aerogel is the continuous phase. The physical and chemical properties 

of MOFACs are engineered at multiple points during sol-gel processing. The 

use of sol-gel processing provides more opportunity to tailor such materials 

thereby increasing the design flexibility. There are three methods available for 
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the preparation of MOFACs. They are, i) Direct mixing method, ii) In-situ 

method and iii) Physical mixing method. In this study we have used direct 

mixing method to prepare MOFAC. 

 These hierarchical porous materials offer greater potentials for 

applications like Dye-Sensitized Solar Cell (DSSC) and supercapacitor as the 

mesopores present in the porous materials intensifies mass transfer while 

micropores present in them create good interaction with guest and host 

molecules. Therefore, in the present thesis, an attempt has been made to 

combine both mesoporous titania aerogel and microporous MOF to form 

unique MOF/Aerogel composite. There are three different MOFACs 

synthesized and are listed given below:  

i. Cu-BTC MOF/titania aerogel 

ii. Ni-BTC MOF/titania aerogel 

iii. Co-BTC MOF/titania aerogel 

 All of the three MOFACs were characterized by various 

measurements such as XRD, FTIR, UV absorption, BET-BJH pore analysis, 

FESEM, EDAX with elemental mapping, TEM, HR-TEM and SAED pattern 

and TGA/DTG analysis.   It is expected that the addition of MOF with titania 

aerogel increase its BET surface area, decrease charge recombination and 

improve the mechanical stability of titania aerogel. The possibility of using 

this composite material in energy applications was also checked.  

 Ni-BTC MOF/titania aerogel composite was used as photoanode 

material for Dye-Sensitized Solar Cell (DSSC) application. The effects of the 

incorporation of MOF on the photovoltaic performances were assessed. The 

devices based on pure titania aerogel delivered power conversion efficiency 

(PCE) of 6.80% with photocurrent density JSC of 20 mA/cm2. With the 
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increase of MOF concentration, the PCE of the devices increased. The 

maximum PCE obtained in this work is 8.84% along with JSC of 27 mA/cm2. 

The enhancement in PCE is because of the increase of photocurrent density of 

the device. This significant improvement in photocurrent density is mainly 

due to faster electron transport at the interface of TiO2/dye/electrolyte. The 

key factors responsible for the efficiency enhancement are low interfacial 

resistance, faster electron transport and reduced charge recombination. 

Transient measurements of photocurrent/photovoltage support this result. 

Thus, the incorporation of MOF with titania aerogel is proved to be highly 

beneficial. 

 Co-BTC MOF/titania aerogel composite was used as active 

electrode material for supercapacitor applications. The effects of MOF 

incorporation on the capacitive performance were studied. The specific 

capacity of pure titania aerogel electrode is 66.4 C/g at current density of    

0.8 A/g which drops to 41.5 C/g at 5 A/g with rate capability of only 43%. 

But, astonishingly, all of the composite electrodes exhibited high rate 

capability with maximum of 63%. This improvement in rate capability is 

clearly due to the incorporation of MOF which facilitates the electron transfer 

by reducing the internal resistance, more number of electroactive sites (Ti and 

Cobalt) provided by the composite. 

 The details of the procedure adopted for the synthesis of MOFACs 

and various studies carried out are presented and discussed in the thesis. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 POROUS MATERIALS  

 Porous materials are extensively investigated in many of the 

laboratories around the world for a wide range of applications (Yang et al. 

2017). Any solid material that is made up of cavities, channels and interstices 

can be considered as porous. There are different types of pores. The schematic 

diagram of cross-section of a porous solid is given in Figure 1.1. 

 

(Source: Rouquerol et al. 1994) 

Figure 1.1 Schematic diagram of cross-section of a porous material 

 According to International Union of Pure and Applied Chemistry 

(IUPAC), pores are classified depending on their availability to an external 
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fluid (Rouquerol et al. 1994). In Figure 1.1, the pore ‘a’ is called as ‘closed 

pores’, as it is totally isolated from all the neighboring pores. The pores from 

‘b’ to ‘f’ are called as ‘open pores’ since they have continuous channel of 

communication with external surface of the material. Some of the pores may 

be open at only one end as the pore ‘b’ and ‘f’, then it is denoted as ‘blind’ or 

‘dead-end pores’. Others may be open at both ends as the pore ‘e’ and it is 

denoted as ‘through pores’. Pores may also be classified based on their 

shapes. It may be cylindrical (c or f), ink-bottle shaped (b) and funnel shaped 

(d). Apart from pores, porosity is the roughness of the surface represented as 

‘g’ in figure 1.1. A rough surface is not porous unless it has irregularities that 

are deeper than they are wide. 

1.1.1 Classification of Porous Materials 

 The porous solids are classified according to the International 

Union of Pure and Applied Chemistry (IUPAC) as follows: 

i) Microporous Materials 

 Materials with pore diameters less than 2 nm are called 

microporous materials. Examples: zeolites and metal organic frameworks 

(MOF). 

ii) Mesoporous Materials 

 Materials consisting of pores of diameters in the range of 2 to 50 

nm are called mesoporous materials. Examples: Mobil crystalline materials 

(MCM-41) and aerogels. 

iii) Macroporous Materials 

 Materials with pore diameters larger than 50 nm are called 

macroporous materials. Example: Sponge  
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1.2  HIERARCHICAL POROUS MATERIALS 

 The word ‘hierarchy’ originally comes from Greek word 

‘hierarchia’, meaning ‘rule of a high priest’(Hartmann & Schwieger 2016). It 

is first used to describe the ranking of sanctifications in church. Thus, 

historically, the word ‘hierarchy’ is not created for materials particularly. 

However, we are surrounded by hierarchy or hierarchical systems in nature. 

Hierarchy is an organizational principle of nature. Many materials derive their 

functions through hierarchical organizations of their structural elements 

(Hartmann & Schwieger 2016).  

 Hierarchically structured porous materials are the one made of 

interconnected pores of bimodal (micro-micro, micro-meso, micro-macro, 

meso-meso, meso-macro) or multimodal (micro-meso-macroporous, meso-

meso-macroporous) materials (Thompson et al. 2019). These materials mimic 

the natural systems. Hierarchical is not new; many biological systems such as 

diatom, wings of butterfly, adhesion pads of lizard, wood, lotus leaves, roots 

of tree, our respiratory systems, lungs, bones, veins of human body are 

examples of hierarchical structures in Figure 1.2 (Yang et al. 2017). In all 

these examples, the biological systems have capability to adapt or reshape 

their structure against different environmental changes, or even self-repair 

themselves for their survival, reproduction and growth (Li et al. 2012). This is 

one of the exceptional properties possessed by them.  

 Furthermore, some attractive properties are exhibited by the 

hierarchical system. For example, some desert plants exhibiting different 

surface morphology of macro-nanostructures, have the capability to reflect 

large zone of UV and visible light in order to protect them against dryness 

(Koch et al. 2009).  
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(Source: Yang et al. 2017) 

Figure 1.2 Examples of naturally occurring hierarchical porous materials 

 The hierarchical structure of green leaves and some photosynthetic 

plants are optimized for efficient light harvesting and sunlight conversion into 

chemical energy by photosynthesis (Shimoni et al. 2005). Certain 

photosynthetic microorganism containing periodical hierarchical structure 

such as diatom shows different optical properties (Fuhrmann et al. 2004). 

These excellent properties mainly come from their hierarchical structure. 

Nature can also be utilized as a source of inspiration to design such 
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hierarchical porous materials, as the architecture of nature is fully dominated 

by hierarchical structures. Researchers are attracted by this and they are very 

much interested to synthesize a new material with such extraordinary property 

artificially. Plant leaves are used as bio-templates to mimic part of the 

photosynthetic process (Schnepp et al. 2010). Materials with hierarchical 

structure and close to chloroplast structure showed enhanced light harvesting 

and photocatalytic hydrogen evolution activity (Zhou et al. 2010). Butterfly 

wings can also exhibit significant photonic properties and are used to generate 

replicas (Huang et al. 2006). 

 To synthesize hierarchically structured multimodal porous 

materials, despite there are many methods such as colloidal templating, 

surfactant templating, emulsion templating, polymer templating, one simple 

strategy is combining two materials with different pore sizes (Yang et al. 

2017; Inonu et al. 2018). Hierarchically structured porous materials show 

improved properties and perform variety of functions. For instance, combined 

micro-/mesoporosities leads to high surface area, high porosity, rich active 

sites accessibility, short diffusion paths and low mass transport (Inonu et al. 

2018). These properties make them as potential candidate for applications like 

dye-sensitized solar cells, supercapacitors and other applications. 

1.2.1 Importance of Hierarchical Porous Materials (HPM) in Energy 

Applications 

 In energy applications (DSSC & supercapacitor), electrode 

(photoanode for DSSC, positive electrode for supercapacitor) plays a vital 

role in determining the performance of device. Electrode possessing 

unfavourable properties for a particular application leads to poor performance 

of the device. Therefore, it is very essential to choose and utilize the 

appropriate architecture of electrode material in order to achieve high 

performance.   
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Importance of HPM in Dye sensitized solar cells (DSSC)  

 The interest of utilizing hierarchical porous materials in energy 

conversion and storage applications are rapidly growing. The hierarchically 

porous nanostructure favors the light harvesting in dye-sensitized solar cell 

applications (DSSCs). It increases the optical path length of light photons by 

providing multiple reflections inside the pores (Sun et al. 2016). Therefore, 

light photons cannot easily escape out. Because of the cavities, light photons 

are penetrated deep into the pores, the absorption of light is relatively high in 

hierarchically structured porous materials. Also, it improves the adsorption of 

dye molecules because of high surface area. Dye molecules act as antenna for 

harvesting light. Hence, high dye loading helps to harvest greater amount of 

light thereby enhance the power conversion efficiency (PCE) of DSSC. For 

this purpose, photoanodes preferably containing hierarchically structured 

porous materials are used in DSSC application in order to achieve high PCE.  

 Cho et al. utilized hierarchical porous TiO2 photoanodes for DSSC. 

It was sensitized by N719 dyes and sandwiched with platinum counter 

electrode (Cho & Moon 2011). The assembled cell achieved power 

conversion efficiency of 5.0% with open circuit potential of 0.77 V. This is 

comparable with conventional nanocrystalline TiO2. The key factor 

responsible for this PCE is hierarchical porous structure that helps to reduce 

charge recombination effectively. In another work, hierarchically structured 

3-D ordered macroporous TiO2 was used as photoanode (Hwang et al. 2011; 

Zhao et al. 2015). The DSSC delivered photocurrent density of 20.6 mA cm-2 

and PCE of 9.7%. For this high PCE, they attributed the morphology and 

open pore structure increases the dye loading. The hierarchical structure 

increased light scattering and improved charge collection efficiency.  Hwang 

et al. used hierarchical porous structure of TiO2 sphere and showed high PCE 

of over 10% (Hwang et al. 2011). They confirmed that the reason for this 
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PCE is due to high surface area, higher porosity and larger scattering effects 

of hierarchical porous structure. Similarly, there are literature reports for 

hierarchical porous TiO2 photoanodes delivering high efficiency in DSSC  

(Yu et al. 2010; Liu et al. 2012; Huo et al. 2013).  

Importance of HPM in Supercapacitor applications 

 Energy storage applications including supercapacitor are one 

among the application that can profit from hierarchical porous materials. The 

hierarchical porous architecture is useful in facilitating ion/charge transfer 

through electrode/electrolyte interface. Also, it can reduce ion transport 

distance because of the cavities and pores present in hierarchical structure. It 

can accommodate large amount of electrolyte. Further, this architecture helps 

to reduce the structural degradation of active materials due to volume 

expansion during the cycling process (Sun et al. 2016). Compared with 

electrical double layer capacitor (EDLC), pseudocapacitors store charge via 

redox reactions. Therefore, the architecture of this material is essential for 

redox reaction taking place between active material and electrolyte during 

charge-discharge (Simon & Gogotsi 2010). To develop a high-performance 

supercapacitor, one must need a high-performance electrode material. For 

achieving high-performance, there are some criteria for the material needs to 

be fulfilled. They are: the electrode material must provide good interfacial 

contact between electrolyte and substrate, high surface area for 

accommodating more number of electrolyte ions, rich electro active sites to 

facilitate oxidation-reduction reactions, fast electrolyte diffusion and porous 

structure. All these criteria need hierarchical structure. Therefore, the design 

of material with such hierarchically structured nanoporous material is a 

promising approach to meet above criteria.        

 Amali et al. prepared a 3-D hierarchical porous carbon framework 

and used as supercapacitor electrode. It showed specific capacitance of       



8 

 

 

211 Fg-1 at 10 mVs-1. Because of this architecture, the sample displayed high 

rate capability. This same material delivered specific capacitance of 206 Fg-1 

at 100 mVs-1. Tu’s group synthesized porous and dense NiO film; tested their 

electrochemical performance (Xia et al. 2011). Porous NiO film exhibited 

high specific capacitance (309 Fg-1 at 1 mVs-1) than dense NiO                  

(121 Fg-1 at 1 mVs-1). For this high performance, they attributed that porous 

structure exhibited weaker polarization, good cycling capability and high 

specific capacitance. Zhang et al. (2014) prepared porous MnO2 nanosheets 

on TiO2 nanowire. This MnO2/TiO2 electrode shows optimized 

electrochemical performance with specific capacitance of 120 Fg-1 at 0.1 Ag-1. 

Similarly, many hierarchical porous material (carbon based, metal-oxide and 

its composites based materials) based supercapacitors are available in 

literature (Sun et al. 2016).  

1.3 METAL ORGANIC FRAMEWORK STRUCTURE AND 

PROPERTIES 

 Metal-Organic Framework (MOF) also known as porous 

coordination polymer, an organic-inorganic hybrid porous materials, is 

formed by the self-assembly of metal ions/clusters and organic ligands. The 

organic ligand acts as a basic building block of MOF formation. It bridges the 

metal sites and forms coordination thereby giant framework of three 

dimensional structures with well defined pores evolved as shown in        

Figure 1.3.  Some commonly used organic ligands are based on carboxylic 

acid group (1, 4 benzene-di-carboxylic acid, 1, 3, 5 benzene-tri-carboxylic 

acid), immidazole group and pyridyl group. Thus, there are number of 

possibilities available to construct MOF as there are infinite choice of metals 

and ligands. O’Keefe et al. (2005) reported that the same metal cluster could 

be connected to ligands of different length to yield a variety of MOFs with the 

same topology.  
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(Source: Kaur et al. 2016) 

Figure 1.3 Construction of MOF 

 MOFs are crystalline. It belongs to microporous materials, whose 

pore sizes are less than 2 nm. The surface area of MOF typically ranges from 

1000 to 10000 m2g-1 and pore sizes can be tuned as large as 9.8 nm. The 

careful selection of metal and ligand is important as it determines the structure 

of MOF (Zhao et al. 2016). For example, MOF-5, a well-known MOF, 

consists of [Zn4O]6+ clusters connected by 1,4-benzenedi-carboxylate       

(1,4-BDC) ligands, resulting in a 3-D cubic network with pore diameter of   

12 Å. But, simply changing the metal units from Zn4O to Cr3O causes a 

change in the structure from MOF-5 to MIL-10 (Zhao et al. 2016). Now, this 

MOF contains a large cage with diameters of 3 nm. The key advantages of 

MOF are exceptional high surface area, permanent porosity, chemical 

tailorability, tunable pores, and customized architecture. These attractive 

properties promote MOF to a variety of applications including gas 

adsorption/separation, catalysis, sensing, drug delivery, Li-batteries, dye-
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sensitized solar cell and supercapacitor (Li & Xu 2013). Some important 

MOFs with surface area are listed in Table 1.1. 

Table 1.1 Some important MOFs and their surface areas 

MOF 

Nomenclature 
Metal Organic ligands 

Surface 

area (m2/g) 
References 

MOF-5 Zinc 

1,4, 

benzenedicarboxylic 

acid (BDC) 

3909 

(Tranchemont

agne et al. 

2008) 

Cu-BTC Copper 
1,3,5 benzene-tri-

carboxylic acid 
2025 

(Allmond  

et al. 2017) 

ZIF-8 Zinc 2-methylimmidazole 1960  
(Torad et al. 

2013) 

UiO-66 Zirconium 1, 4, BDC 1390 

(Lau et al. 

2013; Torad  

et al. 2013) 

MIL-101 Chromium 1, 4, BDC 2345 
(El-Shall et al. 

2009) 

 

1.3.1 Synthesis and Activation of Metal-Organic Framework (MOF) 

 The synthesis of MOF is not new and it is dated back to 1965. 

However, after the benchmark works by O.M. Yaghi groups in 1999, the 

interest of research in MOF synthesis and utilization is enormously increased. 

There are lot of methods such as sol-gel, hydrothermal, solvothermal, 

electrochemical, reflux, microwave treatment, sonochemistry, and 

mechanochemistry available for the preparation of MOF (Howarth et al. 

2016). Dynamic bonds between metal nodes and orgnic ligand are the key 

factor to form crystalline and ordered framework. Solvothermal synthesis is 

the widely used method. It consists of mixing metal salts and organic ligands 
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in a high-boiling point solvent such as dimethylformamide (DMF), 

diethylformamide (DEF) and dimethyl sulfoxide (DMSO). The mixture was 

heated for longer duration. The parameters such as reaction time, reaction 

temperature, pH and precursor materials also influence the MOF formation. 

Therefore, optimizations of these parameters are important. After complete 

reaction of metal nodes and ligands, a framework with cavities and pores is 

formed. The solvents used for synthesis occupy these pores. Therefore, to 

access surface area of MOF, these pore solvents should be removed without 

collapsing the framework. Removing the solvent from pores is termed as 

activation. Activation is an important final step in the synthesis of MOF. 

Conventional heating may cause sudden collapse of the framework.  

 Prior to activation, the MOF should be washed several times with 

reaction solvents in order to remove the unreactants of precursor material and 

impurities. These unreactant/impurity leads to reduction of the surface area 

and pore sizes of MOFs. After thorough washing, solvent exchange is carried 

out. It involves the exchange of high-boiling point solvents from the pores 

with low-boiling point solvents such as methanol, acetone. This solvent 

exchange is repeated for number of times at a certain time interval. During the 

exchange of solvents, MOF should be left to soak in the fresh solvent to 

ensure that the fresh solvent infiltrates the pores of MOF. For this purpose, 

the MOF is immersed in a fresh solvent overnight or prolonged time to allow 

the complete exchange of solvents. After complete solvent exchange, vacuum 

drying is applied to achieve complete activation. The activation temperature 

should be above the boiling point of solvents. At the same time, it should be 

below the decomposition temperature of the framework.  

1.3.2  M-BTC MOFs (M = Cu, Ni, Co) 

 The reaction of metal acetate hydrate (M = Cu, Ni, Co) with 

benzenetricarboxylic acid (BTC) forms MOF with structure M3(BTC)2. There 
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should be good affinity between metal and ligand (Yaghi et al. 1996) while 

MOF formation. Hydrogen-bonding is widely used to construct 

supramolecular frameworks with open and closed pores. In these systems, 

metal aqua centres are linked to BTC ligands by condensation polymerization 

reactions to form extended frameworks. M-BTC MOFs were reported in 

literature and used for catalysis, gas separation applications                    

(Wade & Dincă 2012; Wu et al. 2018). 

 Among the reported MOFs, Cu-BTC (otherwise known as  

HKUST-1 or MOF-199) is one of the classical, iconic MOF which formed by 

connecting copper atoms via benzene-tricarboxylic acid (H3BTC). From its 

first report by Chui et al., this MOF was studied exhaustively by so many 

researchers all over the world (Chui et al. 1999). For instance, Wang et al. 

studied the MOF for gas separation and purification (Wang et al. 2002).       

K. Schlichte et al. improved the synthesis, thermal stability and catalytic 

properties of Cu-BTC (Schlichte et al. 2004). Liu et al. (2007) optimized the 

activation process using extraction of DMF with methanol. Choudry et al. 

(2009) compared the adsorption isotherms of Cu-BTC prepared from low and 

high temperature synthesis. Bundschuh et al. (2012) determined the Young’s 

modulus (9.3 GPa) of the Cu-BTC SURMOF using indentation method. 

Erkey et al. (2013) prepared novel nanostructured silica aerogel with Cu-BTC 

composites (Ulker et al. 2013). Lee et al. (2013) used this MOF as an active 

layer in TiO2 based solar cell. Ge et al. (2013) incorporated Cu-BTC into the 

Poly (2,6 dimethyl-1, 4-phenylene oxide) PPO matrix membrane and 

improved its gas separation capability. Redel et al. (2013) found the optical 

constant (n=1.39 at wavelength 750 nm) of surface anchored Cu-BTC MOF 

and demonstrated its potential use as optical sensor. Aravindan et al. (2013) 

synthesized CuO nanoparticle from this MOF and utilized as anode for Li-ion 

battery. 



13 

 

 

 Ni-BTC and Co-BTC MOF are other hydrogen-bonded metal 

complexes of benzenetricarboxylic acid. Yaghi et al. (1996) group 

synthesized these MOFs by solvothermal methods initially. The works on 

these MOFs are scanty in literature. Arstad et al. (2008) reported the synthesis 

of Nickel based MOFs. Using sonochemistry method, Ni-BTC MOFs were 

prepared and reported; Israr et al. (2016) varied the parameters such as 

solvents and ultrasonic powers to get high yield of Ni-MOFs. He suggested 

that a polar aprotic solvent such as DMF is useful in synthesizing Ni-NOF. 

Xu et al. (2008) synthesized Ni-MOF using ionothermal method. 

Ghafarinazari et al. (2015) systematically studied  the synthesis of Ni-BTC 

MOF by ultrasonic method (Sargazi et al. 2015). Palanikumar Maniam et al. 

(2011) synthesized Ni-BTC MOFs by high-throughput methods          

(Maniam & Stock 2011). Tan et al. (2015) prepared Co-BTC MOF and 

studied its catalytic activity in Co oxidation reaction (Tan et al. 2015). Huan 

xuan Li et al. utilized Co-BTC MOF as heterogenous catalyst to activate 

peroxymonosulfate (PMS). It showed excellent reusability on PMS activation 

(Li et al. 2016).  

1.3.3 Metal Organic Framework in Energy Applications 

 Besides gas storage and separation applications, MOFs find their 

use in photovoltaic cells (Joyce et al. 2013; Li et al. 2014; So et al. 2015;  

Li et al. 2016). T. Tachikawa et al. (2008) investigated the nature of 

luminescence transition in MOF-5 and reported that photo-induced electron 

transfer is possible from photo-excited MOF to surface adsorbates. After this 

report, different groups explored the possibility of utilizing MOF as 

photoactive component in solar cells. Li et al. (2011) applied Zn based MOF, 

ZIF-8 as thin coating layer on TiO2 based solar cell and achieved higher PCE 

of 5.34% with improved open-circuit voltage (VOC). The result showed that 

the MOF effectively suppress charge recombination.  
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 A notable report by Lee et al. (2013) who significantly applied the 

MOF as photoactive material on TiO2 layer and the cell was constructed 

without the use of dyes. It delivered a short-circuit current density (JSC) of 

1.25 mA cm-2 and an efficiency (ƞ) of 0.26%. But, by changing the MOFs like 

ruthenium, cobalt they reached PCE of 1.22, 1.12% respectively                

(Lee et al. 2014; 2015). Bella et al. (2013) used Mg-MOF as filler in polymer 

electrolyte. This polymeric composite enhances the PCE up to 4.8 % together 

with outstanding durability. Further, MOF derived hierarchical porous TiO2 is 

directly used as photoanode materials and MOF derived ZnO parallelepipeds 

were used as scattering layer in DSSC (Li et al. 2014; Dou et al. 2015). Thus, 

after a breakthrough work of Y. Li et al., many research efforts were triggered 

towards the use of MOFs in the fields of energy conversion                  

(Rahimi et al. 2015; Kaur et al. 2016).  

 Inheriting some of the basic properties required for supercapacitor 

applications, MOF is identified as potential electrode material. For the first 

time, Diaz et al. tested Co-based MOF, Co8-MOF-5 for supercapacitor 

application and the capacitance value is 0.49 F g-1 at 10 mA g-1 (Díaz et al. 

2012). Lee et al. (2012) used another Co-based MOF film that was used as 

electrode material and it delivered a specific capacity of 206.76 F g-1             

at 0.6 A g-1 with capacitance loss of only 1.5% after 1000 cycles. Moreover, 

the as-synthesized Ni-based MOF exhibited the specific capacitance upto 634 

F g-1 at 5 mV S-1 and the capacitance retention is as high as 84% after 2000 

cycles of charge-discharge (Qin et al. 2013). The pore sizes and surface area 

of MOF also influence the performance of supercapacitor. Lee et al. (2013) 

prepared Co-based MOF with three organic linkers (1,4 Benzenedicarboxylic 

acid (BDC), 2,6-naphthalenedicarboxylic acid (NDC) and                           

4,4-biphenyldicarboxylic acid (BPDC)) having different molecular length and 

evaluated the performance.  
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 The results show that MOF with longer organic linker (BPDC) had 

larger pores, larger surface area and their continuous microstructure lead to 

less structural interface for better charge transfer. This electrode exhibited the 

highest specific capacitance of 179.2 Fg-1 at a scan rate of 10 mVs-1. Very 

recently high specific capacitance of more than 1000 Fg-1 and 2500 Fg-1 were 

obtained using layered structured MOFs (Ke et al. 2015; Li et al. 2018). 

These works find the feasibility of applying as-synthesized MOF in 

supercapacitor applications. Not only the as-synthesized MOF was used as 

electrode material but also their derivatives such as MOF-derived porous 

carbons and metal oxides were utilized as electrode material (Ke et al. 2015). 

1.4 AEROGEL STRUCTURE AND PROPERTIES 

 Materials in which the typical structure of the pores and the 

network is largely maintained while the pore liquid of a gel is replaced by air 

are called as aerogel. Aerogels are unique among porous solids. The network 

can be constructed in such a way that the resulting aerogel have a density that 

is only three times that of air. They are three-dimensional nanostructured 

materials with interconnected networks derived from a gel in which the liquid 

component of the gel has been replaced with air/gas. Figure 1.4 shows the 

schematic representation of interconnected network of aerogel. Solid bubble 

bath and whipped eggs are the suitable example of the appearance of aerogel.  

 The interesting feature of aerogel is the combination of the physical 

properties such as high surface area, high transparency and high thermal 

conductivity present in one material which have different chemical 

compositions (Hüsing  & Schubert 1998). Thus, this single material is used in 

various applications. The physical properties of aerogels and its reactivity are 

mainly depending on the type, size, and shape of the pores. Compared with 

other mesoporous materials such as fumed silica, carbon soot, molecular 

sieves, aerogels are unique due to their extremely high porosity, low density, 
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and high surface area.  Aerogels can be obtained in powder form, monoliths 

and granules. The bulk density of aerogel is in the range of 0.004 – 0.5 g/cm3 

that is due to their high porosity. 

 

(Source: Anderson et al. 2000) 

Figure 1.4 Schematic representation of the interconnected network 

structure of aerogels  

 This is very close to the density of air 0.00129 g/cm3. Some 

important structural properties of SiO2 aerogel is given in the Table 1.2. 

Aerogels have the lowest thermal conductivities of all solids which makes this 

material as best thermal insulator. The reduction in mean free path of the gas 

molecules available inside the pores provides a very low thermal 

conductivity.  Also, these materials are nonflammable and optically 

transparent. 

 In 1932, Kistler first synthesized silica aerogels. He demonstrated a 

special drying technique called supercritical drying. This involves the removal 

of liquid occupied in the gel network without collapse of the gel network. 

Aerogels are used in space shuttles and Cherenkov detectors due to their 

thermal insulating nature. Besides this, blankets made of aerogels with 

thermal conductivity of 15 mW/mK are utilized.    
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Table 1.2 Structural parameters of SiO2 aerogels 

Property Range 

Bulk density (g/cm3) 0.003 – 0.5 

Skeletal density (g/cm3) 1.7 – 2.1 

Porosity (%) 80 – 99.8 

Average pore diameter (nm) 20 – 150 

Surface area (m2/g) 100 - 1600 

Thermal conductivity (300 K, air) Wm-1K-1 0.017 – 0.021 

Refractive index 1.007 – 1.24 

 

1.4.1 Aerogel Synthesis and Drying Methods 

 Aerogel was synthesized by conventional sol-gel synthesis route. 

Metal precursor was subjected to controlled hydrolysis. During this time, 

primary particles of metal oxide formed. Subsequently, condensation 

reactions are initiated by changing the pH of the sol solution. Now, the 

interconnected three dimensional networks are formed with pores which are 

occupied by solvents. Removing those solvents from the pores without 

disturbing the network structure is an important task in aerogel synthesis. 

Figure 1.5 illustrates the effect of drying methods on aerogel synthesis. When 

wet gels were dried by conventional heating, it leads to collapse of the aerogel 

network. The obtained collapsed gel network is called as xerogel. When the 

gel networks were dried by supercritical drying, the gel networks are 

preserved and aerogel is obtained.   



18 

 

 

 

(Source: Hüsing & Schubert 1998) 

Figure 1.5 Formation of aerogels and xerogels 

 Shrinkage of gel network mainly comes from the strong capillary 

forces of pore liquids acted on the pore walls. Therefore, minimizing capillary 

forces is the only solution to reduce the collapse of gel network. For this, 

special drying methods such as supercritical drying and freeze drying methods 

are commonly used. Supercritical drying is done at high temperature and high 

pressure above the critical point. In freeze drying, the temperature is lowered 

below the freezing point of the liquid. Both methods involve sophisticated 

instrumentation and careful handling of the equipment. Improper usage may 

result in accidents.  

 Alternatively, ambient pressure subcritical method is another 

drying method for aerogel synthesis. It is technically much simpler; it does 

not require high cost instruments and therefore a less expensive method to 

Conventional drying

Special drying
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obtain crack free aerogel. Even this method can also be applicable to mass 

production and this makes industrial production of aerogels economically 

viable.  In this technique, the pore liquid was effectively exchanged with 

another liquid having low surface tension without affecting the pore walls of 

the aerogel network. Smith et al. exchanged a series of solvents and dried at 

ambient pressure to obtain silica aerogel (Deshpande et al. 1996). Rajesh 

Kumar et al. prepared silica aerogels by the hydrolysis of tetraethyl 

orthosilicate (Kumar et al. 1998). He used different solvents such as 

methanol, acetone, ethanol and isopropanol for the exchange of solvents. The 

results show that exchange of solvent followed by calcination influence the 

characteristics of aerogels. Thus, the silica aerogel exchanged with ethanol 

shows high BET surface area. Smitha et al. followed subcritical drying 

method to obtain silica aerogel. The results are comparable to that of 

supercritically dried aerogels (Smitha et al. 2006). Sarawade et al. (2007) also 

reported that the silica aerogels prepared using ambient pressure drying 

exhibits high surface area of 1108 m2g-1.    

1.4.2 Titania Aerogel 

 In 1970, Teichner et al. first synthesized titania aerogel with a 

surface area of 100 m2g-1 and pore volumes of 0.2-0.4 cm3g-1              

(Vicarini et al. 1970). Following this, Schneider et al. synthesized high 

surface area titania (195 m2g-1) using high temperature supercritical drying 

(Schneider & Baiker 1992). The molar ratio of water: alkoxide: nitric acid 

was varied and investigated the properties of aerogel synthesized. The results 

proved no significant influence on the morphological properties.        

Campbell et al. (1992) prepared titania aerogel using sol-gel synthesis of 

titanium-n-butoxide. By varying the molar ratio of water to nitric acid, he 

obtained titania with high surface area (200 m2g-1) after calcinations at 723 K 

for 2 h.  
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 Geula Dagan & Tomkiewicz et al.  (1994) used acid catalyzed     

sol-gel method to obtain titania aerogel. The synthesized titania aerogel 

possessing high surface area of 607 m2g-1, high porosity of 90% and total pore 

volume of 1.8 cm3g-1. Using this, he has performed adsorption and 

photodegradation of salicylic acid. The results obtained were impressive. The 

adsorption of salicylic acid by titania aerogel is about ten times more than that 

of commercial titania (Degussa). Similarly, the photodegradation efficiency of 

titania aerogel is ten times faster than that of Degussa.  

Table 1.3 Surface area of titania aerogels synthesized under different 

conditions 

S. No. 
Titania 

aerogel 

Drying 

method 

Surface 

area 

(m2/g) 

Average pore 

diameter (nm) 
Reference 

1 as prepared/ 

calcined at 

350 °C, 2 h 

Supercritical 226/200 20/11 (Schneider & 

Baiker 1992) 

2 as prepared/ 

calcined at 

400 °C,1 h 

Supercritical 373/189 - (Dagan & 

Tomkiewicz 1994) 

3 Calcined at 

400 °C, 5 h 

Supercritical 73 - (Malinowska  

et al. 2003) 

4 Calcined at 

500 °C, 3 h 

Supercritical 

with liq. 

CO2 

143 11 (Aguado-Serrano 

& Rojas-

Cervantes 2006) 

5 Calcined at 

350 °C, 6 h 

Supercritical 

with liq. 

CO2 

144 14.1 (Pietron et al. 

2007) 

6 Calcined at 

380 °C, 2 h 

Supercritical 

with liq. 

CO2 

192 - (Sui et al. 2011) 
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 Previously titania aerogel was utilized in the degradation of variety 

of dyes. Due to their surface area and mesoporous nature titania aerogel 

showed good performance in degradation. TiO2-SiO2 aerogels were also 

reported in the phenol degradation (Deng et al. 1999). Jarmila et al. prepared 

platinum doped titania aerogel and obtained surface area of 600 m2g-1. The 

hydrogen production by this composite was relatively high               

(Puskelova et al. 2014).   

 Pietron et al. (2007) have used titania aerogel for different 

applications like water splitting, degradation studies and DSSC.            

Pietron et al. demonstrated the use of titania aerogel as photoanode material 

of DSSC for the first time. The aerogel structure allows chemisorptions of dye 

molecules and show high incident photon-to-electron conversion efficiency. 

Baia et al. prepared different types of titania aerogel by varying the molar 

ratio of reactants and applied for DSSC application (Baia et al. 2006).     

Chiang et al. demonstrated the potential use of titania aerogel in DSSC 

applications (Chiang et al. 2012). He achieved power conversion efficiency of 

8.36% that is 16% higher than that obtained for commercial TiO2.  

 This is due to advantages of aerogel such as high surface area and 

mesoporosity. SiO2-TiO2 hybrid aerogel was used as photoanode material for 

DSSC application (Gao et al. 2012). At optimum condition, this hybrid 

photoanode delivered power conversion efficiency (PCE) of 7.57%. After 

TiCl4 treatment, the same material achieved high PCE of 9.41%. Titania 

aerogel was used as compact layer between mesoporous TiO2 and fluorine 

doped tin oxide substrate (Gu et al. 2014). The compact layer provides good 

adhesion to substrate due to their mesoporous nature. The DSSC with TiO2 

compact layer delivered high photocurrent density (12.23 mA/cm2) and PCE 

of 6%. This was higher than that of DSSC without compact layer.  
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1.5 MOF/AEROGEL COMPOSITES (MOFACs) 

 MOF/Aerogel composites are novel hybrid nanomaterials. The 

combination of micro-/mesoporosities of MOF with meso-/macroporosities of 

aerogels make MOFACs hierarchically multimodal porous materials. Because 

of their high surface area, combined morphology and functional properties of 

both MOF and aerogel, MOFACs displayed enhanced performances in variety 

of applications. Some important properties of MOF, aerogel and MOFACs are 

given in the Table 1.4.  

Table 1.4  Important properties of MOF, Aerogel and MOFAC 

 MOFs Aerogels MOFACs 

Structure Crystalline Amorphous/Crystalline Amorphous/Crystalline 

Pore size Microporous Mesoporous 
Mesoporous and 

microporous 

Shape Powder 
Powder, monolith, bead, 

particle, fibre 

Powder, monolith, bead, 

particle, fibre 

 

 The hierarchical multimodal porous materials are advantageous for 

catalysis, gas adsorption/separation and energy applications since the 

mesopores present in multimodal porous materials intensifies mass transfer 

while micropores present in them creates good interaction with guest and host 

molecules. MOFACs    

 Introducing guest solid particles into sol solution prior to gelation 

prevents complete encapsulation of guest solids. Thus prepared composite 

retains both surface and bulk properties of each component on the nanoscale. 

The physical and chemical properties of composite aerogel can be modified 

during sol-gel processing. Thus, the use of sol-gel chemistry provides more 
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opportunities to design and tailor these nanocomposites. These 

nanocomposites can be categorized as follows: 

i) Hybrid systems: Metal alkoxides and guest solids are reacted 

together to form a single-phase, three-dimensional network.  

ii) Guest-host systems: The wet gel or dried gel acts as a host 

matrix for guest solid. 

1.5.1  Synthetic Methods to Prepare MOFACs 

 The composite of MOF/Aerogel is obtained through dispersing 

MOF into the aerogel matrix. Mostly MOF is the dispersed phase and aerogel 

is the continuous phase. There are three important methods available for the 

synthesis of MOF/aerogel composite. They are: 

1. In situ MOF synthesis within the pores of aerogel 

  In this method, MOF is grown inside the pores of aerogel 

2. Direct mixing method 

  In this method, MOF is prepared first and then the pre-

synthesized MOF is dispersed during the preparation of aerogel. 

3. Physical mixing method 

  In this method, both MOF and aerogels were presynthesized and 

then mixed together by mechanical grinding or ball milling.  

1.5.1.1 In Situ method 

 This is one of the methods to prepare MOFAC in which MOF is 

synthesized via in situ method inside the pores of aerogel. This method is 

sometimes called as ship-in-a-bottle approach in which MOF represents ship 

and pores of aerogel denotes bottle. As described in the Figure 1.6, metal 
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precursor solution and organic ligand solution are dispersed into hydrogel. 

Upon which, the MOF starts to nucleate. After drying, the MOFACs are 

obtained.  

 

(Source: Inonu et al. 2018) 

Figure 1.6 In situ method for synthesizing MOFAC 

 Or else, the corresponding aerogel was synthesized first. Then, the 

pre-synthesized aerogel was immersed into the metal precursor and ligand 

solutions. The MOF starts to grow inside and outside of the pores of aerogel. 

Therefore, there should be some affinity between MOF and aerogel. The 

functional group of aerogel and metal sites of MOF can form binding. For 

this, sometimes, aerogels are functionalized with graphene oxide.  

 By this method, uniform distributions of MOF can be achieved. 

However, there are some disadvantages associated with this method. For 

example, one cannot control the MOF growth. If we cannot control the 

growth of MOF inside the pores of aerogel, it can lead to loss of mesopore 

volume greatly. The exact amount of synthesized MOF inside the pores of 

aerogel is not clearly known. Further, the aerogel stability should be checked 

in the MOF precursor solution.  
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1.5.1.2 Direct mixing method 

 The synthesis of titania aerogel is modified by the addition of 

corresponding MOF in the direct mixing method. The dispersion of MOF is 

either in the precursor solution or the sol before gelation as shown in      

Figure 1.7. The dispersed MOF is mixed well with the aerogel matrix. This is 

followed by ambient pressure subcritical drying method to obtain a 

hierarchically structured porous hybrid material. The direct mixing method 

possesses several advantages over in-situ method. Particularly, the loading of 

MOF in the prepared MOFAC is precisely known in this method. Therefore, 

one can easily find out the effect of the addition of MOF on the properties 

(such as structural, crystallinity, optical, morphological) of particular aerogel 

for specific applications. Furthermore, the optimum MOF loading can be 

estimated. Beyond the optimum value, the MOF addition leads to negative 

effect. However, within the optimum level, the MOF addition is useful in 

improving the properties of the material. In such applications, where it needs 

to be control over MOF loadings, this direct mixing method is suitably 

applicable.  

 

(Source: Inonu et al. 2018) 

Figure 1.7 Direct mixing method for synthesizing MOFAC 
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 A fine dispersion of MOF particles into the gel matrix is essential 

for the preparation of MOFAC. For this, simply the dispersed MOF is allowed 

for a continuous stirring for prolonged time. This enables MOF particles well 

mixed and entrapped with the pores of corresponding aerogel matrix. 

Sometimes, higher loading of MOF particles leads to agglomerations that are 

undesirable. Therefore, a control over MOF loading is needed in such a case 

in order to avoid agglomeration and ensure homogenous distribution. Also, 

dispersing MOF particles in to a gel medium or highly viscous solution leads 

to agglomeration.   

1.5.1.3 Physical mixing method 

 MOFACs can be prepared using physical mixing method. In this 

method, both MOF and aerogel were synthesized first. Then, the synthesized 

samples were mixed together with the use of mortar and pestle. The mixing 

can also be done using simple mechanical grinding or ball milling. Both 

materials were mixed well and form MOFAC.  

 There are other important considerations while preparing MOFAC. 

First one is, to check the compatability of MOFs with the solvents used for 

aerogel synthesis. Some MOFs are unstable in aqueous solutions. Solvent 

exchange is one of the important steps in the preparation of aerogel. This was 

carried out for number of times with low boiling point solvents such as 

isopropanol and n-hexane during the preparation of aerogel. During this 

solvent exchange, the MOF should not leach out of the pores of aerogel. This 

is also another important consideration in preparing MOFACs. The 

incorporation of MOF sometimes interferes with the polymerization of 

aerogel network. Hence, a care must be taken while synthesize MOFACs.   

 MOFACs can also be synthesized into different shapes such as 

monoliths, beads and fibers. For this, special techniques were used. Figure 1.8 
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illustrates the preparation of monolithic MOFAC. After dispersing MOF 

particles into aerogel sol solution, this was poured and casted into a mold of 

different shapes. The mold should be smooth so that it allows easy release of 

monoliths, free from cracks to obtain smooth surface of monoliths, and it 

should not stick with the solutions casted.  

 

(Source: Inonu et al. 2018) 

Figure 1.8 Synthesis of monolithic MOFAC  

 As illustrated in Figure 1.9, micron sized MOFAC particles were 

prepared by emulsion gelation method. The suspension of MOF/aerogel sol 

were dispersed in an oil phase consists of water, surfactants in oil emulsion. 

The surfactants are used for fine dispersion of suspension in oil phase, 

stabilize the emulsion, and reduce the size of particle. MOFACs of beads and 

fibers are obtained as shown in the Figure 1.10. The MOF incorporated gel 

solution was poured into a regeneration bath. If the suspension was added 

dropwise, spherical beads of MOFACs are obtained. If the stream of 

suspension is continuous, MOFAC of fiber shape can be synthesized. The size 

of the MOFAC beads depends on the nozzle size.  
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(Source: Inonu et al. 2018) 

Figure 1.9 Emulsion gelation method for synthesizing micron sized 

MOFAC particles 

 

(Source: Inonu et al. 2018) 

Figure 1.10 Dripping method for synthesizing beads and fiber shaped 

MOFAC  
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1.5.2 Application 

 The performance of MOFACs in any application is mainly 

determined by the properties such as pore structures and solid network of the 

MOFAC. The pore structure is one of the important properties since it decides 

how fast guest molecules are transported inside the porous structure of 

MOFAC. In general, hierarchical porous structures are superior candidate in 

fast mass transfer rate as it consists of meso-/macroporosities. Also, the 

microporosities present in them offer good interaction with guest molecules 

and causes selective transport. 

 

(Source: Inonu et al. 2018) 

Figure 1.11 Applications of MOFACs 
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 The solid network is also equally important property of MOFAC. It 

is the backbone of MOFAC and it consists of MOF particles embedded on the 

interconnected solid network. The guest molecules interaction with MOFAC 

is depending upon the morphological, physicochemical properties of the solid 

network and chemical properties of guest molecules. Hence, the interaction of 

different MOFACs with different guest molecule is different.  

Gas adsroption and separation 

 Gas adsorption and separation are the important applications for 

any porous materials. MOFs are already well-known for this application due 

to their high internal surface area. The contributions of MOFACs in gas 

adsorption and separation are reported in literature and they show enhanced 

performance than their parent materials. Hierarchically porous    

graphene/ZIF-8 hybrid aerogels were synthesized by two-step reduction 

strategy            (Jiang et al. 2017). The micropore and mesopore distributions 

in this hybrid material were controlled by changing the loading of ZIF-8. The 

prepared graphene/ZIF-8 hybrid aerogel was applied in the CO2 gas 

adsorption. This hybrid aerogel showed remarkable CO2 uptake capacity of 

0.99 mmol/g at 298 K and 1 bar. This value is higher than that of pure 

graphene aerogel (0.38 mmol/g) and pure MOF (0.70 mmol/g). The enhanced 

performance is clearly due to the synergistic effects of MOF and aerogel that 

shows good affinity towards CO2 molecule. Further, with the increase of   

ZIF-8 loading, the mechanical robustness of hybrid aerogel was increased.  

 A MOFAC made of Cu-BTC/Carbon aerogel was reported to study 

the water vapor and CH4 uptake (Domán et al. 2018). Despite Cu-BTC MOF 

is potential candidate for gas adsorption, it is sensitive to water. The carbon 

aerogel acts as a protective layer for MOF in this MOFAC. A Cu-BTC/chitin 

aerogel compsosite was used for ammonia breakthrough experiments   

(Wisser et al. 2015). It showed a capacity of 39.3 mg/g for ammonia uptake. 
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The chitin aerogel present in the MOFAC offers protection to MOF from 

mechanical stress and abrasion.  Nuzhdin et al. demonstrated the use of 

MOFAC as packing material for column chromatography                   

(Nuzhdin et al. 2016). He prepared Cu-BTC/Silica aerogel composite and 

used as stationary phase in liquid chromatography. High performance was 

obtained while separating cyclohexene or benzene from cyclohexane. In 

another work,       Al-MOF/alumina aerogel was prepared and used for 

selective separation (Reboul et al. 2012). The results indicated high 

water/ethanol selectivities for the MOFAC.  

Waste water treatment 

 Waste water treatment is regarded as important applications since it 

remove environmentally hazardous materials. For this applicaiton,             

Zhu et al. used a MOFAC, MOF/cellulose hybrid aerogel to remove 

potassium dichromate from water (Zhu et al. 2016). Due to hierarchical 

multimodal porous structure, where macropores increased the accessibility of 

mesopores, the water uptake is high. Thereby, the MOFAC exhibited greater 

performance in removing potassium dichromate. In a similar study, another 

MOFAC, consists of ZIF-8 and cellulose aerogel, was tested. The MOFAC 

showed high capacity of Cr(VI) uptake (27.9 mg/g) with respect to pure 

cellulose aerogel (7 mg/g) and ZIF-8 (8.3 mg/g) (Bo et al. 2018).             

Yuan et al. explained the use of MOFAC in antibiotic removal from waste 

water (Yuan et al. 2018). He studied the adsorption kinetics of antibiotic 

ciprofloxacin using ZIF-8/konjac glucomannan aerogels. The results promised 

that the drug was adsorbed well on the MOFAC. The adsorption capacity 

maximum obtained in this work is 811.03 mg/g at drug concentration of 1500 

mg/L. Another hazardous chemical, hydroquinone was treated using MOFAC 

of graphene aerogel/Zr-MOF (Li et al. 2018).  
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 The above mentioned MOFAC was immobilized with laccase (an 

enzyme used to oxidize hydroquinone). This was used as a membrane for a 

solid phase extraction device to treat hydroquinone. Due to adsorption effect 

of Zr-MOF, the adsorption rate of laccase on the membrane is high. Under 

optimum condition, the membrane removed 80% of hydroquinone. This is 

due to the combined effects of graphene aerogel and Zr-MOF. This work 

opens a new way to attach additives such as enzyme, drugs and catalysts with 

MOFACs. In another work on waste water treatment, three dimensional 

reduced graphene oxide/ZIF-67 aerogel was tested for removal of both 

cationic dyes (crystal violet) and anionic dyes (Methyl orange) (Yang et al. 

2018). The performance of MOFAC is remarkable than their parent materials. 

For crystal violet and methyl orange dyes, the obtained maximum adsorption 

capacities are 1714 mg/g and 426 mg/g. For crystal violet dye, these 

adsorption capacities were the highest value compared with other adsorbents. 

Such ultrahigh adsorption capability is derived from π-π interaction and 

electrostatic interaction between the 3-D reduced graphene oxide/ZIF-67 

aerogel (MOFAC) and dye molecule. Similarly, the MOFAC ZIF-8/cellulose 

nanofibril aerogel showed high adsorption capacity towards rhodamine B dye.  

Catalysis  

 Inheriting hierarchical porous structures, MOFAC is highly 

beneficial for catalysis application. This could be a potential alternative to 

their parent materials. Different groups were investigated for dye degradation 

using MOFACs. Zhang et al. prepared ZIF-8/C3N4/agar aerogel and used for 

the degradation of Congo Red (CR) (Zhang et al. 2017). It shows high uptake 

capacity of 287.35 mg/g. A bimetallic MOF/carbon aerogel was used to 

degrade rhodamine B (RhB) and dimethyl phthalate (DMP) (Zhao et al. 

2017). The degradation efficiency of 100% and 85% was reported for RhB 

and DMP respectively. Ren et al. prepared two MOFACs                         
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(ZIF-9/cellulose aerogel and ZIF-12/cellulose aerogel) and tested the 

degradation effeciencies of RhB, tetracycline hydrochloride (TC) and           

p-nitrophenol (PNP) (Ren et al. 2018). The results showed effective 

degradation. Apart from photocatalysis, MOFAC was applied for other 

catalytic studies also. For this, Qu et al. prepared Cu-BTC on Ruthenium 

doped graphene aerogel by in situ method (Qu et al. 2018). A high efficiency 

of CO conversion is obtained due to the adsorption ability of Cu-BTC and 

catalytic activity of Ru. In another work, Cu-BTC/silica aerogel composite 

was synthesized by the coupled sol-gel synthesis and oil emulsion method 

(Shalygin et al. 2017). The prepared composite was used as catalyst for 

isomerization of styrene oxide to phenyl acetaldehyde. In Pt-free 

electrocatalysts, MOFACs and their derivatives are used.  

Energy storage and conversion 

 The hierarchically structured porous materials are widely used in 

energy storage and conversion application. The key advantages such as high 

specific surface area and well-interconnected networks are beneficial in 

reducing ion diffusion paths and ensuring rich active sites to increase reaction 

kinetics. MOFs and their derivatives are studied immensely in these 

applications. Liu et al. synthesized two kinds of Fe-based MOF (MIL-88-Fe) 

on the surface of graphene aerogel via in situ method (Liu et al. 2018). 

Among the two, one is spindle-like MOF and the other one is rod-like MOF. 

These MOFACs were tested in supercapacitor applications. They achieved 

specific capacitance of 353 Fg-1 (at 20 Ag-1) and showed capacity retention of 

74% after 10,000 cylces. In another work, cobalt based MOF was prepared 

with N-doped graphene aerogel (NGA) (Xia et al. 2017).  

 The MOFAC was pyrolyzed at high temperature to obtain cobalt 

oxide dispersed NGA. This material was used as electrode material for 

supercapacitor application. It delivered high specific capacitance of             
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421 Fg-1 (at 1 Ag-1). This is the highest value of gravimetric specific 

capacitance obtained for nitrogen doped graphene so far. The same material 

was tested in all-solid-state supercapacitor. It demonstrated excellent power 

density (500 W kg-1) at energy density (33.89 W h kg-1). They showed 99.7% 

capacity retention after 20000 cycles. Qu et al. developed a hierarchical 

porous materials containing NiS nanorods decorated on reduced graphene 

oxide (rGO) (Qu et al. 2018). This NiS nanorod is derived from                   

Ni-MOF-74/rGO template. Microanalysis results revealed that NiS nanorods 

with abundant (101) and (110) surfaces are highly favourable for redox 

reactions while rGO provides improved electronic conductivity. Thus, this 

MOFAC derived material was evaluated in supercapacitor applications.  

 They exhibited specific capacity of 744 Cg-1 at 1 Ag-1 and 600 Cg-1 

at 50 Ag-1 suggesting good rate capabilities. When this material was used as a 

positive electrode and nitrogen doped graphene aerogel as a negative 

electrode, the hybrid supercapacitor displayed ultrahigh energy density       

(93 WhKg-1) at power density (962 WKg-1). Xu et al. synthesized Fe2O3/rGO 

composite aerogel by annealing Fe based MOF/Graphene oxide                  

(Xu et al. 2017). The composite aerogel showed good rate capability with 

high specific capacitance of 869.2 Fg-1 at 1 Ag-1. Alwin et al. used Zn-

MOF/TiO2 aerogel composite as photoanode material in DSSC. The 

efficiency obtained was 2.34% which was comparably lower than that of pure 

aerogel based DSSC (Alwin et al. 2018). This may be due to high content of 

MOF in the composite resulting in lower conductivity. 

1.7 DYE SENSITIZED SOLAR CELLS 

 Dye sensitized solar cell (DSSC) is an electrochemical device that 

converts sunlight into electrical energy. After the seminal work by Gratzel  

et al. (1991) all over the world start working on DSSC. Because of their low 

manufacture cost, easy fabrication and comparable power conversion 
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efficiencies (PCE), DSSC is regarded as a potential alternative to the 

conventional high-cost silicon solar cells. Unlike conventional silicon solar 

cells, in DSSCs both the task of light absorption and charge separations are 

separately done with the help of dye molecule and TiO2.  A typical DSSC 

comprised of four important key components namely: A photoanode, dye, 

redox electrolyte and counter electrode. A photoanode is made up of a wide 

bandgap, mesoporous oxide layer coated on fluorine-doped tin oxide (FTO) 

substrate. A monolayer of dye molecules are anchored on the surface of wide 

band gap semiconductor. Sun light is absorbed by this sensitizer dye 

molecules. An electrolyte containing redox couple (I-/I3
-) dissolved in 

acetonitrile solvent is used. A counter electrode is made up of platinum 

deposited on FTO substrate. The schematic diagram of DSSC and its working 

principle is shown in Figure 1.9. 

 

Figure 1.9 Working principle of DSSC 

Working Principle of DSSC 

 There are three major processes taking place in DSSC while in 

operation. They are: absorption of light photon, separation and transportation 
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of charge carriers. Upon sunlight irradiation, the dye molecule absorbs sun 

light of wavelength corresponding to the energy difference between highest 

occupied molecular orbitals (HOMO) and lowest unoccupied molecular 

orbitals (LUMO). Now, the electrons in the ground state of dye are promoted 

to excited level. This electron injects into the conduction band of TiO2. The 

injected electrons are further transported through semiconductor layer and 

reaches FTO substrate. Then the electrons are flowing through the external 

circuit connected to the load and reach the counter electrode. The iodide ion 

donates electron to oxidized dye molecules and regenerates the dye. The     

tri-iodide ion receives electron from counter electrode and undergoes 

reduction at cathode.   The time scale of different electron transfer processes 

are listed in Table 1.5.  

Table 1.5  Time scale of electron transfer processes 

S. No. Process Time scale 

1 Electron injection 150 ps 

2 Electron transport 100 µs 

3 Electron life time 100 ms 

4 Dye regeneration 10 ns 

5 Recombination with dye 3 µs 

6 Recombination with electrolyte 1 ms 

 

1.8 SUPERCAPACITOR 

 Supercapacitor is an electrochemical energy storage device that is 

used to store electrical energy. It bridges the gap between capacitor and 

battery. Supercapacitors can not only be discharged in a matter of seconds, 

but also be charged in such a short time period. This is an important benefit 
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for energy recovery systems, e.g. for dynamic braking of transport systems. 

Another great advantage of supercapacitors is their cycle life. These devices 

can withstand millions of cycles due to their charge storage mechanism, 

which does not involve irreversible chemical reactions, storing charges 

physically at the surface of the electrodes in an electric double layer. This 

allows exceeding the cycle life of batteries, which are at best capable of 

withstanding a few thousand cycles. The working temperature range is 

another feature to be pointed out. High power performance down to 40 °C can 

be achieved with supercapacitors, which is not possible at the moment with 

batteries. Besides, supercapacitors are generally safer than batteries for high 

power-rating charging and discharging. Supercapacitor mainly composed of 

three components namely: an electrode, an electrolyte and a separator. Based 

on the mechanism of energy storage, there are three types of supercapacitors. 

They are: a) electrical double layer capacitor (EDLC), b) Pseudocapacitor and 

c) Hybrid supercapacitor. 

Energy storage mechanism of EDLC and Pseudocapacitor: 

 EDLCs are one type of electrochemical capacitor that store 

electrical charge using simple, reversible physical adsorption of electrolyte 

ions onto active materials. There are no chemical reaction takes place between 

electrode materials and electrolyte ion. The working mechanism of EDLC is 

given in the Figure 1.10. When voltage is applied between electrodes, 

polarization occurs and there will be accumulation of charges on electrodes. 

Due to the difference in potential, there is an attraction of opposite 

charges/ions in electrolyte diffusing over the separator and onto pores of 

opposite charged electrodes. A double layer of charge is formed at the middle 

in order to prevent the charge recombination. EDLCs offer good cycling 

stability. Carbon based materials are used as electrode material for EDLC 

supercapacitors. Activated carbon is the widely used electrode materials.  
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 Pseudocapacitors are the other type of electrochemical 

supercapacitor that is different from EDLC by the way of storage mechanism.  

It stores electric charge with the help of faradic reactions. When a potential is 

applied between electrodes, there will be chemical reactions, oxidation and 

reduction taking place. Therefore, a current passage is established across the 

double layer. This passage gives greater specific capacitance and energy 

densities compared with EDLC.  Metal oxides such as RuO2, NiO, TiO2, 

MnO2, and electronically conducting polymers are the examples of 

pseudocapacitor materials.  

 Hybrid supercapacitor is the combination of both electrodes; either 

one is carbon based electrode or the other one is metal oxide. Therefore, it can 

achieve high specific capacitance than their individual component. Figure 

1.10 shows the schematic diagram of a EDLC, pseudocapacitor and a hybrid 

supercapacitor. 

 

Figure 1.10 Working principle of electrical double layer capacitor 

(EDLC), pseudocapacitor and hybrid supercapacitor  

1.9 OBJECTIVES OF THE PRESENT STUDY 

 The key objectives of the present thesis are listed below: 

i) To synthesize MOFACs based on Cu-BTC, Ni-BTC and Co-

BTC MOFs and titania aerogel by sol gel method. 
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ii) To study the effect of MOF on the structural, textural, 

morphological, optical and thermal properties of titania 

aerogel through various studies such as XRD, FTIR,      

BET-BJH, FESEM, EDAX with elemental mapping, TEM,      

HR-TEM, SAED pattern, UV absorption and TGA/DTG. 

iii) To use the prepared MOFACs as photoanode material in 

quasi-solid dye-sensitized solar cells and to study the 

influence of MOF on the photovoltaic properties by 

measuring short-circuit current density, open circuit voltage, 

fill factor and power conversion efficiency using suitable 

methods.    

iv) To study the electrochemical properties of the synthesized 

MOFACs by employing them as active electrode material in 

supercapacitor and study its capacitive performance and 

galvanostatic charge-discharge using three electrode system.   

1.10 ORGANIZATION OF THESIS 

 The present thesis is divided into six chapters and the content of 

each chapter is discussed in the following section briefly. 

 Chapter 1 provides an introduction to multimodal porous materials 

and their importance in the field of energy. Introduction to dye sensitized 

solar cells and supercapacitors are also provided. A detailed literature review 

on work carried out on the chosen topic by other researchers is provided in 

this chapter.  

 Chapter 2 deals with the methodology adopted for the preparation 

of titania aerogel, metal-organic framework (MOF) and MOFACs. The 

different steps involved in the synthesis of titania aerogel, MOF and MOFAC 

are discussed separately. The conditions to obtain crack-free aerogels, MOFs 
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and MOFACs are presented in this chapter. Apart from synthesis techniques, 

the different characterization techniques and their instrumentation along with 

the experimental conditions used in the present study are given in this chapter. 

 In Chapter 3 we report the synthesis of Cu-BTC MOF/titania 

aerogel composites. It also presents the structural, textural, morphological and 

optical properties of Cu-BTC MOF/titania aerogel composites. 

 In Chapter 4 we discuss the synthesis of Ni-BTC MOF/titania 

aerogel composite and demonstrate their use as photoanode material in quasi-

solid dye-sensitized solar cells (QSDSC). The effect of MOF incorporation on 

the photovoltaic performance of TiO2 aerogels is discussed and presented in 

detail. 

 Chapter 5 mainly describes the synthesis and electrochemical 

properties of Co-BTC MOF/titania aerogel composites. The influence of 

MOF on the capacitive performance was studied by cyclic voltammetry (CV) 

and galvanostatic charge-discharge (GCD) tests through the standard      

three-electrode electrochemical cell. The obtained results are discussed in this 

chapter. 

 Chapter 6 gives the summary of the work carried out. The 

conclusions drawn from the results obtained in the present work. This chapter 

also includes the scope of future work on MOF-aerogel composites. 
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CHAPTER 2 

EXPERIMENTAL METHODS AND  

CHARACTERIZATION TECHNIQUES 

 

2.1 SYNTHESIS OF PURE TIO2 AEROGELS  

2.1.1  Method 

 Pure TiO2 aerogels are prepared by sol-gel method followed by 

ambient pressure drying method. Titanium alkoxides are subjected to 

controlled hydrolysis to form primary TiO2 particles. These primary particles 

are then allowed to undergo condensation process.  

 

(Source: Hüsing & Schubert 1998) 

Figure 2.1 TiO2 aerogel synthesis via sol-gel method 
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 As a consequence, three dimensionally interconnected network 

formed. Ambient pressure drying method was applied on wet gels and TiO2 

aerogels formed. Different steps involved in sol-gel method such as 

stabilization, hydrolysis, condensation, aging and drying are explained. The 

synthetic procedure for the preparation of TiO2 aerogel is presented in Figure 2.1. 

2.1.2 Synthetic Procedure 

 About 4.12 ml of titanium isopropoxide (TTIP) was added into 7.95 

ml of glacial acetic acid in order to stabilize TTIP. The above mixture was 

then subjected to controlled hydrolysis by adding 87.92 ml of de-ionized 

water dropwise. The molar ratio of TTIP, glacial acetic acid and de-ionized 

water is kept constant as 1:10:350. The sol was continuously stirred to ensure 

complete hydrolysis. Then, the sol was placed inside the closed dessicator 

containing some ammonia solution, in order to allow the ammonia vapours 

diffuse into the solution. The pH was changed to 5 and this change in pH 

initiates the gelation process. TiO2 particles now undergo condensation 

process. The wet gels were immersed in de-ionized water and aged for 24 h  

at 50 °C to strengthen the network structure. Then, the aged gels were solvent 

exchanged with isopropanol (IPA) for 8 times to remove water from the pores 

of aerogel network. Now, it is expected that the pores are occupied 

completely by IPA. Then, it was exchanged with n-hexane for 2 times, and 

thus minimize the capillary forces on pore walls. This allows drying the gel 

network under ambient conditions. The aerogel powder was then dried at 

room temperature in a closed beaker for 3-4 days. 

2.2 SYNTHESIS OF MOF 

 Three MOFs (M-BTC, M= Cu, Ni, Co; BTC- Benzenetricarboxylic 

acid) using different metal salts were prepared as follows. About 9 mmol of 

corresponding metal acetates (copper or nickel or cobalt) was dissolved in    
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24 ml of DMF solution. Then, it was stirred for few minutes and ensures that 

metal salts were dissolved completely.  Simultaneously, about 4.5 mmol of 

ligand (1, 3, 5 benzenetricarboxylic acid (H3BTC)) was dissolved in a mixture 

of solvent (24 ml) containing dimethylformamide (DMF), ethanol and 

deionized water in the ratio of 1:1:1. After few minutes of stirring the ligand 

solutions, 1.5 ml of triethylamine (TEA) was added to the mixture. This TEA 

acts as deprotonating agent and it deprotonates (removal of H+ ions) the 

carboxylic acid groups of H3BTC ligand.  

 To this deprotonated ligand solution, the above metal salt dissolved 

solution was added dropwise. Spontaneously, mof powder starts to 

precipitate. The whole mixture was allowed to stir for more than 24 h. The 

synthesized MOF powders were recovered by centrifugation. Then, it was 

washed twice with DMF in order to remove the unreactant and impurities. 

After washing, the MOF powders were soaked in methanol overnight for the 

exchange of residual DMF with methanol. Then, they were solvent exchanged 

with fresh methanol for 4 times per day. This solvent exchange is useful for 

removing the residual solvents present in pores and enhance surface area of 

MOF. After 3 days, mother solutions were decanted and the products were 

kept for drying at room temperature. Finally, the samples were dried at 50ºC 

in a hot air oven. The synthesized MOF was activated at 180 °C for 12 h with 

vacuum condition.  

2.3 SYNTHESIS OF MOF-TIO2 AEROGEL COMPOSITES 

 The synthesis of MOF-TiO2 aerogel composite follows the same 

procedure as pure TiO2 aerogel synthesis with an one-step modification. After 

complete hydrolysis of TTIP during pure aerogel synthesis, the pre-

synthesized MOF particles (15 mg or 30mg or 60 mg) were added. The MOF 

particles are mixed in TiO2 sol and allowed to stir for 24 h in order to mix 
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well. Then the remaining procedures such as gelation, aging, solvent 

exchange and drying are the same as it is for pure aerogel synthesis.   

2.4 PREPARATION OF AEROGEL PHOTOANODE 

 About 1 g of TiO2 aerogel powder was dispersed in 4 ml of IPA 

and sonicated for 30 min. The TiO2 slurry was spin coated on fluorinated tin 

oxide (FTO) substrate. The spin revolution is 2000 rpm and the duration of 

spin is 30 s. The layer was dried at ambient temperature and the second layer 

was coated above the first layer. The coating was continued until the loading 

of TiO2 on FTO reaches 10 mg/cm2. Finally, the TiO2 aerogel layer was dried 

at 120 °C for 30 min under vacuum.   

2.5 PREPARATION OF MOF-AEROGEL COMPOSITE 

PHOTOANODE 

 About 1 g of MOF-TiO2 aerogel composite powder was dispersed 

in 4 ml of IPA and sonicated for 30 min. The slurry was spin coated on 

fluorinated tin oxide (FTO) substrate. The layer was dried at ambient 

temperature; The coating was continued until the loading of composite 

aerogel on FTO reaches 10 mg/cm2. Finally, the composite aerogel layer was 

dried at 120 °C for 30 min under vacuum.   

2.6  FABRICATION OF DSSC 

 The TiO2 aerogel layer coated on FTO substrate was heat treated at 

120 °C for 30 min. After cooling to 80 °C, the layer was soaked in 0.3 mM 

solution of N-719 dye (cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-

dicarboxylato)ruthenium(II)bis-tetrabutylammonium) obtained from 

Solaronix in ethanol for 24 h for sensitization.  
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 Platinized FTO glass substrate was used as the counter electrode. 

The counter electrode was prepared by coating a thin layer of 2 mM H2PtCl6 

on FTO substrate. Then, the platinization was done by thermal decomposition 

of H2PtCl6 by heating at 350 °C for 30 min. The quasi-solid gel electrolyte 

consists of poly(ethylene oxide)-poly(ethylene glycol)-NaI/I2 and an ionic 

liquid 1-ethyl-3-methylimidazoliumbis(trifluoromethyl sulphonyl)imide in 

acetonitrile is used as electrolyte. The polymer electrolyte was prepared 

through the method reported by Singh et al (Singh et al. 2011). In the present 

work, the polymer to NaI ratio was maintained as 75:25 and 10% I2 with 

respect to NaI was optimized for our system. The polymer was taken with a 

ratio of 90% of PEO and 10% of PEG. About 60 wt% of ionic liquid with 

respect to polymer was used for ionic conduction. 

 The above-prepared polymer gel electrolyte was introduced on the 

photoanode in two step method to penetrate inside the mesopores. Initially, a 

very thin polymer electrolyte was introduced on the TiO2 layer to fill the 

pores completely and then a viscous electrolyte was introduced. Finally, the 

dye-sensitized solar cell was fabricated by assembling the photoanode and the 

counter electrode. The active area of the fabricated DSSC cell is 0.5 cm2. 

2.7  FABRICATION OF SUPERCAPACITOR 

 The electrochemical performance of the newly synthesized cobalt 

MOF/titania aerogel composite was assessed by three-electrode cell first. A 

standard three-electrode cell configuration consists of  the coated nickel foam, 

Ag/AgCl electrode and platinum wire that were used as working, reference 

and counter electrodes, respectively. The measurements were conducted in 

1M KOH at room temperature. Moreover, a two-electrode configuration was 

assembled for assessing the performance of supercapattery. The 

supercapattery was fabricated by combining the optimized composite and 

activated carbon (AC) as the positive electrode and negative electrode active 
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materials, respectively, and then sandwiched with a filter paper soaked in   

1M KOH. Cyclic voltammetry (CV), galvanostatic charge discharge (GCD) 

and electrochemical impedance spectroscopy (EIS) with a frequency range 

from 0.01 Hz to 100 kHz were conducted using a Gamry Instrument Interface 

1000. The electrode fabrication and electrochemical measurements were 

carried out as per the following procedure.  

 The electrodes were fabricated by mixing 75% of composite, 15% 

of acetylene black and 10% of PVDF in NMP solution. The homogenous 

slurry was coated on nickel foam of size (1 X 1 cm2) and dried at 90 °C 

overnight. The mass loading of the active material on the electrode was 

approximately 3.8 mg. The cyclic voltammetry (CV) measurements were 

carried out at different scan rates in the potential range of 0 to 0.6 V. The 

specific capacity can be calculated from CV curve using the equation (2.1). 

             (2.1) 

where, Qs –Specific capacity (C/g), υ – Scan rate (V/s), m – mass of the active 

material (g), integral term is equal to the area under the CV curve.  The 

galvanostatic charge-discharge (GCD) studies were performed on different 

current densities. Electrochemical impedance spectra (EIS) were recorded 

between the frequencies 0.01 Hz to 100 kHZ. The Specific capacity can be 

obtained from GCD curve using (2.2). 

              (2.2) 

where, Qs –Specific capacity (C/g), I- Current (A), ∆t – discharge time (s), m- 

active material mass (g). 
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2.8  CHARACTERIZATION 

2.8.1  X-Ray Diffraction 

 XRD was employed to investigate the phase and structural 

properties of the TiO2 aerogels and its composites. The powder x-ray 

diffraction pattern was recorded using a PANalytical XPERT-PRO 

diffractometer available in Sophisticated Test and Instrumentation Center 

(STIC), Cochin University of Science and Technology, Cochin. The 

acceleration voltage of the diffractometer was set at 40 kV with a current     

30 mA. The XRD pattern was obtained between the 2θ values of 10° to 80° 

using CuKα radiation with wavelength of 1.5406Å. Small angle X-ray 

diffraction (SAXD) with a 2θ range of 5° to 80° was also used. The facility is 

provided by Indian Institute of Science (IISC), Bangalore, India. 

2.8.2  BET Analysis 

 Brunauer-Emmett-Teller (BET) analysis involves the physical 

adsorption of nitrogen gas molecules on a porous solid surface. It  provides 

information regarding surface area, pore size and porosity of the samples. The 

measurements were performed using a Micromeritics Tri-Star II 3020 

analyzer available at Department of Chemistry, Indian Institute of Space 

Science and Technology (IIST), Thiruvananthapuram, Kerala.  

 Prior to the measurement, the samples were pretreated under the 

flow of N2 gas for 3 h at 200 °C. The pore size distribution was obtained from 

the desorption branches of isotherms using the Barrette–Joynere–Halenda 

(BJH) method. 

2.8.3 Field Emission Scanning Electron Microscope (FESEM) Analysis 

 The microstructure and surface morphology of pure and composite 

aerogels were investigated using FESEM analysis. High magnification 
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FESEM images are obtained using FESEM-SUPRA55, CARL ZEISS 

available at Center for Nanoscience and Nanotechnology, Sathyabama 

University, Chennai. The acceleration voltage used is 15 - 20 kV.  A thin 

layer of gold was coated on the surface to reduce image distortion due to 

charging effect. 

2.8.4 Transmission Electron Microscope (TEM) Analysis 

 The three dimensional morphology and the interconnected network 

structure of pure TiO2 aerogel and its composites were seen by TEM and 

HRTEM images. The TEM images and selected area electron diffraction 

(SAED) pattern were obtained using JEOL/JEM 2100 available at 

Sophisticated Test and Instrumentation Center (STIC), Cochin University of 

Science and Technology, Cochin. The operating voltage is 200 keV.    

2.8.5  Absorption Spectra 

 For all the samples, the UV absorption spectra were recorded under 

diffused reflectance spectra (DRS) mode using Shimadzu-2600                  

UV-Vis spectrophotometer available at Center for Scientific and Applied 

Research (CSAR), PSN College of Engineering and Technology, Tirunelveli. 

The spectrum was recorded between the wavelength ranges of 200 – 800 nm 

using a light source of deuterium and halogen lamps for ultra-violet and 

visible regions respectively. The bandgap values were determined by 

extrapolating the linear region of Tauc’s plot to the photon energy. 

2.8.6 Thermogravimetric Analysis (TGA) 

 To study the thermal properties of the composites, the TiO2 aerogel 

and aerogel composite powders were subjected to TGA analysis and weight 

loss due to removal of water molecules and MOF is determined. TGA was 

carried out between the temperature ranges of 40 - 750 °C with a           
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heating rate of 10 °C/min. The analysis was done using Perkin Elmer 

STA6000 available at Sophisticated Test and Instrumentation Center (STIC), 

Cochin University of science and technology, Cochin.  

2.8.7 X-Ray Photoelectron Spectroscopy (XPS) Analysis 

 XPS analysis was performed on TiO2 aerogel thin layers to study 

the surface characteristics of the aerogel layers. The survey spectra and high 

resolution elemental spectra of TiO2 aerogel were obtained using (XPS, 

ESCALAB 250Xi, Thermo Fisher Scientific, USA), using Al-Kα (1486.6 eV) 

radiation with Phoibos-100 MCD energy analyzer available at Dongguk 

University, Seoul, South Korea.  

2.8.8  Dye Adsorption 

 The dye loading measurements were performed to evaluate the 

quantity of dye adsorbed by absorption spectroscopy. An ethanol solution of 

N719 (0.3 mM) was prepared and its absorption spectrum (labeled STOCK) 

was recorded; after 3h of immersion of the fabricated photoanodes, the 

absorption spectrum of the solution was recorded again. The difference in 

absorption before and after immersion gave the dye loading capacity of the 

corresponding photoanode. The absorbance spectrum of the desorbed dye 

solution was recorded between the wavelength ranges of 200 – 800 nm using 

a Shimadzu-2600 UV-Vis spectrophotometer available at Center for Scientific 

and Applied Research (CSAR), PSN College of Engineering and Technology, 

Tirunelveli. The concentration of dye molecules was estimated using Beer-

Lambert’s law equation (2.3),  

 A = εbc               (2.3) 

 Here, A is absorbance, ε is molar extinction co-efficient, b is path 

length and c is the concentration of the dye molecules. 



50 

 

 

2.8.9 Fourier Transform Infrared Spectroscopy (FT-IR) 

 FT-IR was used to study the adsorption mechanism of dye 

molecules on the surface of TiO2 aerogels. The spectrum was recorded 

through KBr pellet method using JASCO FTIR spectrometer available at 

Center for Scientific and Applied Research (CSAR), PSN College of 

Engineering and Technology, Tirunelveli. The resolution of the 

spectrophotometer was set at 4 cm-1. 

2.8.10 Photovoltaic Study 

 The photocurrent density-photovoltage (J-V) characteristics and 

Intensity Modulated Photocurrent spectroscopy (IMPS)/ Intensity Modulated 

Photovoltage spectroscopy (IMVS) were performed using ZAHNER electrik 

IM6 electrochemical work station available at Center for Scientific and 

Applied Research (CSAR), PSN College of Engineering and Technology, 

Tirunelveli. The LED light source was controlled using PP211 slave 

potentiostat coupled with main potentiostat IM6. The efficiency of the DSSC 

was determined using the following equation. The ratio of maximum power to 

intensity of the incident light gives the efficiency of the cell. The power 

conversion efficiency (η) of the DSSC can be determined from the following 

equation (2.4) (Jena et al. 2012).  

             (2.4) 

              (2.5) 

 Here, Pmax is the maximum power obtained by multiplying current 

and voltage at a particular point where they are maximum. Pin represents the 

intensity of the incident light (100 mW/cm2) on solar cell. Jsc represents short-

circuit current density and defined as the highest current density obtained 
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under short-circuit condition i.e. when the applied voltage is zero, Voc 

represents open circuit voltage and defined as the maximum voltage obtained 

when there is no current flow. It corresponds to the energy difference between 

Fermi level of the semiconductor and redox energy level of the redox couple. 

Fill factor (FF) is defined as the ratios of maximum power (Pmax) to the 

product of short-circuit current density and open circuit voltage as shown in 

the equation (2.5).   
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CHAPTER 3  

 SYNTHESIS AND CHARACTERIZATION  

OF TiO2 AEROGEL–Cu-BTC METAL-ORGANIC 

FRAMEWORK COMPOSITES  

 

3.1 INTRODUCTION 

 Nanostructured porous materials have emerged as outstanding 

candidates in areas such as gas storage, gas separation, targeted drug delivery, 

magnetism, catalysis, energy applications etc., (Li & Xu 2013). Aerogels and 

metal-organic frameworks are regarded as important materials amongst the 

porous solids.  Aerogels are a class of mesoporous materials offering large 

internal surface area, wide pore size distribution, high optical transparency 

and low density (Hüsing & Schubert 1998). Different types of metal-oxide 

aerogels such as SiO2, TiO2, ZrO2, Nb2O5, Al2O3, and V2O5 aerogels are 

reported in the literature (Hüsing & Schubert 1998) and among them, titania 

aerogels are of particular interest due to their excellent properties such as 

wide band gap, good chemical stability, high specific surface area, and 

continuous network (Li et al. 2013). 

 On the other hand, metal-organic frameworks (MOF) are 

microporous materials that have attracted the attention of researchers because 

of their exceptionally high surface area, pore size tunability, customized 

architecture, large pore volume and low density (Li & Xu 2013). MOFs are 

well-defined crystalline materials formed by the self-assembly of inorganic 

and organic moieties. At present, MOF composites/hybrids are a rapidly 
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developing interdisciplinary research area. In these kind of composites, the 

advantages of both MOF and functional materials are combined together, thus 

opening pathways to new physical and chemical properties as well as 

enhanced performances that are not readily achievable by the individual 

components. While MOF composites are known with a variety of functional 

materials such as metal nanoparticle/nanorods, quantum dots, polymers, 

oxides, carbon nanotubes, graphene etc., (Zhu & Xu 2014) MOF composites 

with TiO2 are only scarcely reported despite being promising materials in the 

fields of photovoltaics and photocatalysis. Thus far preparative approaches 

are limited to layer-by-layer coating of MOF over TiO2 surface (Li et al. 

2011), MOF core – titania shell nano composite (HKUST-1@TiO2) (Wang  

et al. 2016), and hydrothermal synthesis of TiO2-MIL-125 composite  

(Vinogradov et al. 2014) involving Ti-MOF, MIL-125 and TiO2. 

 In this chapter, we report, the synthesis of mesoporous TiO2 aerogel 

– Cu-BTC MOF composites achieved through a conventional sol-gel route 

followed by ambient pressure subcritical drying. The synthesized materials 

have been investigated using XRD, FTIR, UV, BET measurements, FE-SEM 

with elemental mapping, EDS analysis, TEM and the results are presented 

herein. 

3.2 PHYSICAL PROPERTIES 

 First, the incorporation of Cu-BTC MOF with TiO2 aerogel is 

evidenced by naked eye since the synthesized composites exhibited difference 

in their colouration. As shown in the photograph in Figure 3.1, pristine titania 

aerogel (0%) is white, Cu-BTC MOF is dark sea blue while the composites 

are light-sea blue color. It is progressively increased with the increase of 

MOF concentration. Therefore, this clearly indicates that MOF is evenly 

dispersed with TiO2 aerogel matrix. 
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Figure 3.1 Photograph of pristine titania aerogel, aerogel composites 

and Cu-BTC MOF 

3.3 STRUCTURAL PROPERTIES: WAXD AND SAXD 

MEASUREMENT 

 The WAXD patterns of pristine titania aerogel, pristine Cu-BTC 

and the composites are shown in Figure 3.2. For the pristine titania aerogel, 

the peaks at diffraction angles 25.42°, 37.96°, 47.86°, 54.03°, 62.68°, and 

68.88° were indexed as planes (1 0 1), (1 1 2), (2 0 0), (2 1 1), (2 0 4), and    

(1 1 6) respectively and attributed to the anatase phase of titania            

(JCPDS No: 21-1272). Crystallite sizes were evaluated using Debye-Scherrer 

formula with Miller plane (1 0 1) and found to be in the range 6-8 nm. The 

WAXD pattern of MOF is also included for reference and the 2θ values of 

11.52°, 13.32°, 18.92°, 25.82°, and 29.12° represent the planes (2 2 2),          

(4 4 0), (4 0 0), (0 4 0) and (2 0 1), respectively. A good match of this pattern 
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with the literature confirms the Cu-BTC formation under the employed 

synthetic conditions (Kumar et al. 2013). However, the presence of MOF in 

the composites could not be detected by WAXD perhaps due to the low MOF 

concentration. Hence, in order to unequivocally prove the existence of MOF 

in the composites we performed SAXD analysis. 

 

Figure 3.2 WAXD pattern of pristine titania aerogel (0%), Cu-BTC 

MOF and aerogel composites (5%, 10%, and 20%) 

 From the SAXD patterns (Figure 3.3), the intensities of 

characteristic peaks representing MOF is found to increase with MOF 

concentration (highest intensity for the 50% composite) which shows that 

MOF is incorporated within the titania aerogel matrix. In addition, the SAXD 
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results clearly reveal that the Cu-BTC MOF has retained its structural 

integrity in TiO2 aerogel network even after exposure to aqueous medium and 

ammonia vapors during the synthesis step. 

 

Figure 3.3 SAXD pattern of aerogel composites (10%, 20% and 50%) 

3.4 SRUCTURAL PROPERTIES: FTIR SPECTRA 

 Figure 3.4 shows the FTIR spectra of pristine titania aerogel,      

Cu-BTC MOF and MOF-aerogel composites. The vibration band at 616 cm-1 

is observed in all of the pure and composites samples except MOF; it is the 

characteristic band due to symmetric stretching vibration of Ti-O-Ti       

(Ingale et al. 2012). The intensities of the bands corresponding to carboxylic 

acid  (1377, 1644 cm-1) and Cu-O stretching vibration (730 cm-1) are 

increased substantially in composites and this further affirms that the Cu-BTC 

is incorporated in to the titania aerogel (Kumar et al. 2013). 
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Figure 3.4 FTIR spectra of pristine titania aerogel (0%), Cu-BTC 

MOF and aerogel composites (5%, 10% and 20%) 

3.5 TEXTURAL PROPERTIES 

 Figure 3.5 illustrates the nitrogen adsorption-desorption isotherm 

for titania aerogel, composites. It exhibited type IV isotherm which is unique 

for mesoporous materials. The isotherms clearly show that the composite is 

more robust than titania aerogel. Therefore, the addition of MOF makes the 

composite mechanically more stable. The BET results are given in Table 3.1. 

From Table 3.1, it is noticed that there is a slight decrease in the BET surface 

area for the composites. The reduction in surface area may be explained as 

follows. During the formation of TiO2 aerogel-Cu-BTC composite, MOF may 

either get dispersed on the surface of TiO2 aerogel network or may go inside 

and occupy the TiO2 aerogel pores thereby blocking it and consequently 

reducing the surface area and pore sizes of the composites.  
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Figure 3.5 BET nitrogen adsorption-desorption isotherms of pristine 

titania aerogel (0%), and aerogel composites (5%, 10% and 

20%) 

Table 3.1 BET results of titania aerogel and composites 

S. No. Sample Surface area 

(m2/g) 

 Pore Volume 

(cm3/g) 

Pore diameter 

(nm) 

1. 0% 252 0.55 23 

2. 5% 212 0.31 9.2 

3. 10% 240 0.26 5.5 

4. 20% 204 0.15 3.8 

 

 Eventually, analysis of the pore sizes by BJH method (Figure 3.6) 

shows that upon increasing MOF concentration, the pore size distribution 

starts to get narrow with an average pore radius shifting to a lower value       
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(3 nm for 20% composites) whereas for titania aerogel the average pore radius 

is around 23 nm. 

 

Figure 3.6 BJH pore analysis of pristine titania aerogel (0%), and 

aerogel composites (5%, 10% and 20%) 

3.6 MORPHOLOGICAL PROPERTIES: TEM ANALYSIS 

 TEM analysis was performed to get more insight on the 

nanostructure of the pristine titania aerogel as well as the newly synthesized 

composites. TEM images (Figure 3.7 and 3.8) illustrate that the composites 

are composed of well-interconnected continuous nanoporous network 

structure similar to that of pristine titania aerogel and as such the network is 

made up of nanometer sized (4-8 nm) titania particles that act as matrix for 

composites. As the MOF % increases, clusters of MOF start to appear which 

are dispersed on the titania aerogel matrix thus confirming the incorporation 

of MOF in the composites. 
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Figure 3.7 Lower resolution of TEM images of a) pristine titania 

aerogel (0%),  b) 5%, c) 10% and d) 20% aerogel 

composites  

 

 

 

 

 

 

 

 

Figure 3.8 Higher resolution of TEM images of a) pristine titania 

aerogel (0%),  b) 5%, c) 10% and d) 20% aerogel 

composites  
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3.7 MORPHOLOGICAL PROPERTIES: FESEM WITH 

MAPPING AND EDS ANALYSIS 

 Figure 3.9 (a-d) shows the FE-SEM images of pristine titania 

aerogel and composites. As with the pristine titania aerogel materials, the 

composites exhibited porous morphology. Some irregularly shaped 

agglomerations of MOF clusters can be seen to be dispersed in the titania 

aerogel matrix as well. Both FESEM and TEM results clearly indicate that 

these MOF clusters maybe the responsible for the blockage of pores and the 

consequent changes in the surface area and pore sizes of the composites as 

evidenced by BET results.  

 

Figure 3.9 FESEM images of a) pristine titania aerogel (0%), b) 5%, c) 

10% and d) 20% aerogel composites  

 Additionally, EDS analysis (Figure 3.10) and elemental mapping 

(Figure 3.11) were undertaken in order to identify the distribution of            
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Ti, Cu, C, O elements in the composites and also to confirm the presence of 

MOF in titania aerogel. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 EDS analysis of aerogel composites (5%, 10% and 20%) 

 



63 

 

 

 

Figure 3.11 Elemental mapping of O, Ti, Cu and C in composite (20%)  

3.8 OPTICAL PROPERTIES 

 The absorption spectra of pristine titania aerogel, MOF and the 

composites are presented in Figure 3.12. The titania aerogel absorbs photons 

from UV region whereas the MOF absorbs from visible region. As expected, 

the TiO2 aerogel–Cu-BTC MOF composites absorbed more photons from 

both UV and visible region. Thus, the photon absorption is enhanced due to 

the incorporation of MOF. The composites are shown to exhibit the features 

of both TiO2 aerogel and Cu-BTC in the optical absorption spectra. Further, 

the absorption in the visible region increases progressively with the increase 

of MOF concentration with the maximum absorption being observed for the 

composite having highest concentration of MOF (20%). Thus, the composites 

enhance the absorption range and ensure the improved light harvesting. This 

property of composites makes it different from pristine titania aerogel and 
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could be beneficial for catalysis (Vinogradov et al. 2014) and energy 

applications (Lee et al. 2013).   

 

Figure 3.12 Absorption spectra of pristine titania aerogel (0%), Cu-BTC 

MOF and aerogel composites (5%, 10% and 20%) 
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CHAPTER 4  

STUDIES ON POROUS TIO2-Ni-MOF  

COMPOSITE AEROGEL AS PHOTOANODES  

IN DYE-SENSITIZED SOLAR CELLS 

 

4.1 INTRODUCTION 

 Clean energy is a significant prerequisite for the sustainability of 

the future generation and to overcome the adverse environmental effects of 

fossil fuel depletion (Kamat 2007; Linares et al. 2014).  Nature uses sunlight 

as an unpolluted and renewable energy source and, hence, the solar 

photovoltaic (PV) technology appears very much dependable for our current 

and future energy needs. However, the high cost of silicon PV panels has 

resulted in their under utilization and inaccessibility to the majority of the 

population (Raugei & Frankl 2009; Powell et al. 2012; Timilsina et al. 2012). 

Dye-sensitized solar cells (DSSCs), advanced and inspired by photosynthesis, 

are less expensive, easy to fabricate, and environmentally safe, offering an 

excellent application potential (O'regan & Grätzel 1991; Grätzel 2003; 

Hagfeldt et al. 2010); their component architectures make the DSSC modules 

flexible and colorful, adding aesthetic value. However, high power conversion 

efficiency (PCE) and long-term durability of the device are required for 

DSSCs operating with their full potential.  

 The PCE is influenced by many factors, such as light harvesting, 

electron injection, regeneration, and recombination processes, while the 

device durability mainly suffers from liquid electrolyte leakage, evaporation, 
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and poor stability (Kim et al. 2004; Kang et al. 2007). Quasi-solid DSSCs 

(QSDSCs) developed from polymer gel electrolytes are promising in terms of 

long-term durability, but their cell efficiency is highly suppressed due to low 

conductivity and poor electrolyte penetration (Song et al. 2014); hence, 

QSDSCs with both enhanced device durability and higher power output are 

critical to develop. An important feature of the DSSC architecture is the 

interdependence among its components, such as semiconductors, dyes, and 

electrolytes, i.e., when one component is modified, the others will have to be 

optimized for achieving better performance. In this present investigation, we 

have attempted to develop a suitable semiconductor film for use in QSDSC.  

 Although TiO2 is the most common semiconductor material for 

DSSCs and has the advantages of low cost, superior thermal and chemical 

stability, and non-toxicity, its poor electron mobility is a major drawback 

(Lim et al. 2015). Improving the electron transport pathway is a critical factor 

to enhance the final power output of a device. Widespread researches have 

performed to enhance the properties of TiO2, including nanoarchitectural 

modifications, doping, and composite formation (Fan et al. 2017);                 

in particular, TiO2 composites have shown great progress as efficient 

photoanodes (Dembele et al. 2013; Fan et al. 2017). For example,          

carbon nanotube–TiO2 and Au–TiO2 composites exhibited enhanced PCE of 

9.0% and 10.1%, respectively, compared to that of pure TiO2 (5.5%)           

(Dembele et al. 2013; Li et al. 2013). However, most of such best performing 

composite materials are based on nanocarbon or Au/Ag nanoparticles, which 

increase the manufacturing costs. In this context, we are interested in 

developing metal–organic frameworks (MOFs) as novel, cost-effective, and 

high performing composite materials for DSSC photoanodes          

(Ramasubbu et al. 2017).  
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 MOFs are crystalline and porous materials easy to synthesize       

(Li & Xu 2013) owing to their outstandingly large surface area, tunable 

porosity and low density they are attractive materials for use in DSSCs 

(Foster et al. 2014; Li et al. 2014; So et al. 2015; Kaur et al. 2016; Li et al. 

2016; Spoerke et al. 2017). MOFs have been applied as separate coating 

layers on TiO2 surfaces through the layer-by-layer (LBL) technique (Li et al. 

2011; Joyce et al. 2013; Butler et al. 2014; Lee et al. 2014), providing a 

maximum PCE of 4.5% (Li et al. 2011). We have recently reported TiO2 

aerogels as competent photoanode materials for DSSC applications (Alwin et 

al. 2015; Alwin et al. 2017; Alwin et al. 2017). TiO2 aerogels are mesoporous 

three-dimensionally interconnected network structures having ahigh surface 

area (250 m2g–1) that allows better electron transport, electrolyte penetration, 

and dye immobilization (Alwin et al. 2015; Pietron & Rolison 2004; Baia et 

al. 2006; Pietron et al. 2007); hence, TiO2–MOF composite aerogels could, in 

principle, combine the beneficial properties of both materials, resulting in a 

better DSSC device. MOF–aerogel composites (MOFACs) are a new class of 

hybrid nanomaterials with multimodal porous properties for various 

applications, including solar cells (Anderson et al. 2000; Inonu et al. 2018). 

 In this work, we prepared a new MOFAC consisting of TiO2 

aerogel and Ni-MOF and demonstrated the resulting efficiency enhancement 

of the fabricated DSSC device. The weight percentage of the MOF loading 

was systematically varied from 0% to 0.75% with respect to the titania 

precursor and accordingly optimized. The interaction between TiO2 aerogel 

and Ni-BTC MOF was confirmed through FT-IR and XRD analyses. The 

overall optical absorption was improved by the composites. The newly 

synthesized MOFACs were used as photoanode materials for QSDSCs for the 

first time; the effects of combining MOF and TiO2 aerogel on the photovoltaic 

performances were investigated via photocurrent density–applied voltage     

(J-V) measurements, transient measurements of photocurrent response and 
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photovoltage decay, electrochemical impedance spectroscopy (EIS), and dye 

adsorption studies. The fabricated QSDSC achieved the maximum PCE of 

8.846%, which was due to the synergistic effects of increased photocurrent 

density, faster electron transport, and reduced charge recombination. 

4.2 PHYSICOCHEMICAL STUDIES 

4.2.1 XRD Analysis 

 The slow scan of XRD patterns of pure TiO2 aerogel and          

TiO2-Ni-MOF composite aerogels with different MOF loadings                 

(0.25 - 0.75%) are provided in Figure 4.1. The  Bragg peaks at 25.42°, 37.96°, 

47.86°, 68.88°, and 75.0° were indexed as (101), (004), (200), (116), and 

(215) planes, respectively, confirming that the TiO2 particles crystallized in 

the anatase phase (JCPDS 21-1272). The crystallinity of the TiO2 particles 

remained unchanged after the incorporation of 0.25% MOF. But, this is not 

the case for higher loading of MOF.  

 

Figure 4.1 XRD pattern of pure titania aerogel and composites (0.25, 

0.50 and 0.75%) 
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 When MOF concentration was increased (0.50%, 0.75%), there are 

some additional diffraction peaks appeared at 31.17°, 34.79° corresponding to 

(211) and (102) planes. These diffractions were attributed to brookite phase 

(PCPDF 02-0514). Therefore, the MOF incorporation induced mixed phase of 

anatase and brookite. This may be explained as follows: During pure TiO2 

aerogel synthesis, the titania precursor was subjected to controlled hydrolysis. 

This produces primary TiO2 particles preferably in anatase phase. But, in 

composites, the required weight percentage of MOF was dispersed with the 

TiO2 sol after complete hydrolysis. The MOF dispersal now inhibits and 

suppresses the crystalline growth of TiO2 and causes the formation of mixed 

phases. This was clearly observed in XRD pattern of 0.75% by the reduced 

intensity of the prominent peak corresponding to the (101) plane.    

 The crystallite size, determined using the Debye–Scherrer formula, 

ranged between 8.5 and 5.7 nm in the prepared composites. The absence of 

MOF diffraction peaks in all the composite aerogels was probably due to the 

low MOF concentrations; however, a closer scrutiny of the prominent peak 

corresponding to the plane (101) revealed a 2θ shift from 25.3°                   

(for pure aerogel) to 24.84°, 24.9°, and 24.6° for the composite aerogels 

having 0.25%, 0.50%, and 0.75% MOF, respectively. Such a peak shift 

unequivocally confirmed the interaction between the Ni-BTC MOF and the 

TiO2 aerogel matrix (Hou et al. 2011). 

4.2.2 FTIR Analysis 

 The FTIR spectra of the TiO2-Ni-MOF composite aerogels, pure 

TiO2 aerogel, and MOF are compared in Figure 4.2. The characteristic 

stretching vibration (–C=O) of the ligand BTC observed at 1712 cm–1 was 

shifted to 1610 cm–1 in the Ni-BTC MOF (Kumar et al. 2013), clearly 

indicating the ligand–metal (Ni) complexation and confirming the Ni-BTC 

MOF formation under the synthetic conditions adopted. The vibration band at 



70 

 

 

457–700 cm–1, representing the characteristic Ti–O vibration (Ingale et al. 

2012; Zu et al. 2015), was observed for all the samples except MOF. The 

bands corresponding to the carboxylic groups (1372 and 1610 cm–1) and     

Ni–O (722 cm–1) were also observed in all the composite aerogels samples. 

This further confirmed the presence of both MOF and TiO2 aerogel in the 

composites.  

 

Figure 4.2 FTIR spectra of pure titania aerogel, composites (0.25, 0.50 

and 0.75%) and Ni-BTC MOF 

4.2.3 UV Absorption Spectral Analysis 

 Figure 4.3 shows the absorption spectra of pure aerogel, Ni-MOF 

and the composite aerogels. As expected, pure titania aerogel absorbs light 

photons from UV region only and there is no absorption in visible region.   
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Ni-MOF shows absorption in the visible region. In all the composite aerogels, 

the absorption edges were found to be red-shifted. Therefore, the composite 

aerogels absorbed more light photons than pure aerogel. This is clearly due to 

the incorporation of MOF and can be explained as follows. The amount of 

light photon reaching the interior of spherical particle depends on the size of 

the particle and optical property of TiO2. Also, the surface morphology of the 

TiO2 particle influences the penetration of light photons.   

 

Figure 4.3 UV Absorption spectra of pure titania aerogel and 

composites (0.25, 0.50 and 0.75%). 
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light photons and allow deeper penetration. The rate of loss of incident photon 

scattering on the rough surface is minimum and therefore absorption of light 

is increased as observed in composites. Thus, the improvement of light 

photon absorption in composites is due to synergistic effects of smaller 

crystallites and the improvement in porosity of the composites                  

(Yan et al. 2006; Periyat et al. 2007).  

4.2.4 Bandgap Measurement 

 The bandgap values were determined through the Tauc plot  

(Figure 4.4); Pure TiO2 aerogel exhibited a bandgap of 3.0 eV that, upon the 

MOF addition, was reduced to 2.80, 2.79, and 2.85 eV for 0.25%, 0.50%, and 

0.75% MOF loadings respectively. Bandgap reduction is favorable for greater 

light harvesting and, hence, PCE is improved. 

 

Figure 4.4 Tauc plots of pure titania aerogel and composites (0.25, 0.50 

and 0.75%). 
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a) b)

c) d)

4.2.5 Morphological, EDS and Elemental Mapping Analysis 

 The FE-SEM images, used to characterize the surface morphology 

of the newly synthesized composite aerogels, are shown in Figure 4.5 (a–d); 

both pure aerogel and composite aerogels exhibited a highly porous nature. 

The spherical-shaped TiO2 particles were well-connected with each other, 

which should facilitate the electron injection from the TiO2 aerogel to the 

conducting FTO substrate. 

 

 

 

 

 

 

 

 

 

Figure 4.5 FESEM images of a) pure titania aerogel, b) 0.25%,  

c) 0.50% and d) 0.75% composites 

 The EDS analysis was used to analyze the elemental compositions 

present in the prepared composite aerogels. Figure 4.6 illustrates the elements 

distributed in the composite aerogel (0.50%). It further clearly confirmed the 

presence of Ni within the TiO2 aerogel network. Moreover, the elemental 

mapping was also performed to identify the distribution of elements in the 

prepared composites. Thus, from Figure 4.7, it exhibited the distribution of 
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elements such as Ti, Ni, C, and O in the composite aerogels. This 

unambiguously demonstrated the MOF presence in theTiO2 aerogel matrix. 

 

Figure 4.6 EDS analysis of composites (0.50%) 

 

Figure 4.7 Elemental mapping of composites (0.50%) 
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a)

c) d)

b)

4.2.6 Microstructure Analysis 

 The microstructures of the pure aerogel and synthesized composite 

aerogels were analyzed by TEM (Figure 4.8(a–d)). Higher magnification 

TEM images revealed that both pure and composite aerogels had              

well-interconnected three-dimensional continuous pore–solid networks with a 

highly porous morphology, which could be advantageous for accommodating 

a large number of dye molecules. 

 

 

 

 

 

 

 

 

Figure 4.8 TEM images of a) pure titania aerogel, b) 0.25%, c) 0.50% 

and d) 0.75% composites 

  In addition, the lattice fringes were obtained from the HRTEM 

images (Figure 4.9); Pure TiO2 aerogel exhibited a lattice fringe of 0.35 nm 

which agrees well with the interplanar spacing of the crystal plane (101), and 

it decreased to 0.31, 0.28, and 0.28 nm for the different loaded                
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MOFs (0.25, 0.50, 0.75%) respectively. This could be due to the strain 

introduced in the TiO2 aerogel lattice by the Ni-MOF incorporation.  

 

Figure 4.9 HR-TEM images of a) pure titania aerogel, b) 0.25%,          

c) 0.50% and d) 0.75% composites 

 The SAED patterns (Figure 4.10 (a–d)) provided information about 

the crystallinity of pure and composite aerogels. Distinct diffraction rings 

corresponding to different planes were observed for pure aerogel and 

composite aerogels having 0.25% and 0.5% MOF, showing that the structural 

integrity and TiO2 crystallinity were preserved even after the MOF 

incorporation. However, some of these diffraction rings were absent in the 

SAED pattern of the composite containing 0.75% MOF, suggesting a loss in 

crystallinity with higher MOF loadings. Similar observations were made with 

the XRD results. 

(a)
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Figure 4.10 SAED pattern of a) pure titania aerogel, b) 0.25%,             

c) 0.50% and d) 0.75% composites 

4.2.7  Thermal Analysis 

 The MOF presence in the TiO2 aerogel was further established by 

thermogravimetric analysis (TGA). The thermogram of pure titania aerogel, 

Ni-BTC MOF and composite aerogel (0.50%) is shown in Figure 4.11.          

It showed the complete degradation of MOF above 450 °C. This is due to the 

disruption of the ligand at this temperature. Both pure and composite aerogel 

underwent the same weight loss. However, a major weight loss is observed in 

the composite in the 350–700 °C range, as clearly shown by both TGA 

(Figure 4.11) and differential thermogravimetry (DTG) (Figure 4.12) results. 

This was probably due to the MOF incorporation and, hence, further 

confirmed its presence in the TiO2 aerogel matrix. 

a) b)

c) d)
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Figure 4.11 TGA analysis of pure titnaia aerogel, MOF and composite 

(0.5%) 

  

Figure 4.12 DTG analysis of pure titnaia aerogel, MOF and composite 

(0.5%) 
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4.2.8 BET-BJH pore Analysis 

 The BET surface area was determined using BET nitrogen 

adsorption–desorption isotherms as shown in Figure 4.13.  

 

Figure 4.13 BET nitrogen isotherms for composites (0.25%, 0.50% and 

0.75%) 
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Table 4.1. 
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Figure 4.14 BJH pore analysis for composites (0.25%, 0.50% and 0.75%) 

 The SABET values were 252 m2g–1for pure TiO2 aerogel and 269, 

253, and 233 m2g–1for the composite aerogels containing 0.25%, 0.50%, and 

0.75% MOF respectively. The VP ranged between 0.31and 0.27 cm3g–1for the 

composite aerogels and it was 0.55 cm3g–1 for pure aerogel; in a similar way, 

the pure aerogel exhibited a mean pore diameter of 23 nm that was reduced to 

4.65, 5.20, and 4.76 nm for the composite aerogels containing 0.25%, 0.50% 

and 0.75% MOF, respectively. These results clearly prove that the MOF 

incorporation in a TiO2 aerogel network tends to reduce the total pore volume, 

surface area and average pore diameter. This could probably mean that MOF 

gets trapped inside or outside the pores of the TiO2 aerogel network, as 

observed in our previous work (Ramasubbu et al. 2017). 
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Table 4.1 Measured BET and BJH parameter values 

Wt% BET surface area 

(m2g–1) 

pore volume 

(cm3g–1) 

Average pore 

diameter (nm) 

0% 252 0.55 23 

0.25% 269 0.31 4.65 

0.50% 253 0.33 5.20 

0.75% 233 0.27 4.76 

 

4.2.9 XPS Analysis 

 XPS was used to analyze the various chemical elements present in 

the pure titania aerogel and its composite aerogels. It is useful to confirm the 

interaction between Ni-BTC MOF and titania aerogel. The survey spectra of 

both pure titania aerogel and aerogel composite (0.75%) is shown in the 

Figure 4.15. It exhibits different peaks corresponding to various elements. 

Also, it is clear that the composite aerogel show peaks corresponding           

Ni element along with other elements such as Ti, C and O. Thus, it is apparent 

that there is an interaction exists between Ni-BTC MOF and titania aerogel.  

Figure 4.16 represents the Ti 2p spectra for both pure and composite aerogel 

(0.75%). The Ti 2p spectra exhibits two peaks at nearly 465 eV and 459 eV 

corresponding to the binding energies of Ti 2p1/2 and Ti 2p3/2 respectively. 

Further, Ni 2p spectra (Figure 4.17) exhibits three peaks at 879, 877 and    

873 eV corresponding to Ni 2p1/2, Ni3+ and Ni2+core levels respectively. 

Figure 4.18 shows the spectra of O 1s state of pure and composite aerogels 

and the corresponding binding energy levels are obtained at 531 eV. Further, 

the sharp intense peak at 248eV belongs to C 1s of the pure and composite 

aerogels. 
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Figure 4.15 XPS survey spectra of pure titania aerogel and composite 

(0.75%) 

 

Figure 4.16 Ti 2p state in pure titania aerogel and composite (0.75%) 
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Figure 4.17 Ni 2p state in aerogel composite (0.75%) 

 

Figure 4.18 O 1s state in pure titania aerogel and composite (0.75%) 
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4.3 DYE ADSORPTION AND PHOTOVOLTAIC STUDIES 

4.3.1 Dye Loading 

 The dye loading measurements were performed to evaluate the 

quantity of dye adsorbed by absorption spectroscopy. An ethanol solution of 

N719 (0.3 mM) was prepared and its absorption spectrum (labeled STOCK) 

was recorded; after 3h of immersion of the fabricated photoanodes, the 

absorption spectrum of the solution was recorded again. The difference in 

absorption before and after immersion gave the dye loading capacity of the 

corresponding photoanode which is shown in Figure 4.19 and the resultant 

parameter values were tabulated in Table 4.2;  

 

Figure 4.19 Dye loading of pure aerogel, composites (0.25, 0.5 and 0.75%) 
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photoanodes coated with the composite aerogels containing 0.25%, 0.50%, 

and 0.75% MOF, respectively. As expected, the dye loading capacity was the 

highest for the 0.25% MOF loading since the corresponding SABET was      

269 m2g–1. These results agreed well with those about the BET surface area 

results. 

4.3.2 Photovoltaic Measurements 

 The effects of MOF incorporation on the photocurrent density, 

photovoltage, and PCE of the TiO2-Ni-MOF composite aerogels (0.25%, 

0.50%, and 0.75%) based QSDSCs were studied based on the J-V plots. It is 

shown in Figure 4.20. The results of the J-V plot measurements are compared 

with those about the dye loading capacity and are given in Table 4.3.  

QSDSC-0 exhibited a PCE of 6.805% with JSC = 20.07 mAcm–2 and          

VOC = 0.638 V. In comparison, QSDSC-0.25 achieved higher                       

JSC (23.65 mAcm–2) and, hence higher, PCE (7.95%). This is clearly because 

of the high surface area (269 m2g–1) and dye loading capacity                    

(1.08 x 10–3 mmol mg–1); however, it showed a slight drop in the                

VOC (0.627 V). QSDSC-0.50 reached the highest PCE (8.846%) among all the 

tested QSDSCs, with an increase of ~30% compared to that of QSDSC-0. The 

increment in PCE is resulted mainly from the significant JSC increase (from 

20.07 to 27.32 mAcm–2), despite the VOC decrease (to 0.624V).  

 However, further increase in the MOF concentration (0.75%) in 

device, QSDSC-0.75 leads to a decrease in PCE of (4.353%), along with a 

reduction in JSC (12.48 mAcm–2) and VOC (0.605 V). This may be due to the 

reduction in dye loading capacity, which also results in smaller JSC. Surface 

area is one of the important parameter to achieve higher PCE. But, in our 

case, despite device QSDSC-0.50 possess surface area lower than QSDSC-

0.25, it delivers high performance. Therefore, surface area is not the only 

parameter to govern the performance of device. To elucidate the high 
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performance, electrochemical impedance studies were also performed on the 

devices.  

 

Figure 4.20 J-V curve of QSDSC based on pure aerogel, composites 

(0.25, 0.5 and 0.75%) 

Table 4.2 Results of the photovoltaic measurements 

Device Open-

circuit 

voltage  

(V) 

Photocurrent 

density 

(mAcm–2) 

Fill 

Factor  

Power 

conversion 

efficiency 

(%) 

Dye loading 

capacity 

(x 10–

3mmolmg–1) 

QSDSC-0 0.638 20.07 0.528 6.805 0.95 

QSDSC-0.25 0.627 23.65 0.533 7.950 1.08 

QSDSC-0.50 0.624 27.32 0.516 8.846 0.88 

QSDSC-0.75 0.605 12.48 0.576 4.353 0.77 
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4.3.3 Electrochemical Impedance Analysis – Nyquist Plot 

 To develop DSSCs having a high PCE, the electron/hole 

recombination rate needs to be reduced and the electron transport must be 

enhanced (Fan et al. 2012). EIS is a key method to examine the dynamics of 

electron transport and recombination across interfaces (Fan et al. 2012;         

Li et al. 2014). Figure 4.21 show the Nyquist plots obtained for the fabricated 

QSDSCs; the experimental data were fitted using the Z-MAN software 

according to the equivalent circuit (inset of Figure 4.21). It consisted of three 

semi-circles: the first, in the large and middle frequency regions, related to the 

charge-transfer resistance (R1, R2) at the dye/TiO2/electrolyte interface; the 

third, in the low-frequency region, represented the diffusion of ions in the 

electrolyte (R3) (Miao et al. 2013). Rs denoted the sheet/contact or            

series resistance at the TiO2 layer/FTO interface (Wang et al. 2005).  

 

Figure 4.21 Nyquist Plot of QSDSC based on pure aerogel, composites 

(0.25, 0.5 and 0.75%) 

10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

Z
''

(
)

Z'()

 0%

 0.25%

 0.50%

 0.75%

 

 

RS

R1 R2 R3

C1 C3C2



88 

 

 

 The values of the fitted EIS parameters are summarized in        

Table 4.3. The Rs value decreased with increasing the MOF content, 

indicating that the composites provide better contact. This can be explained as 

follows: The rough surface due to enhanced porosity in composites allows 

deeper penetration of electrolyte and achieved good interfacial contact with 

the FTO substrate and dye-adsorbed TiO2 aerogel composite. This facilitates 

electron transport across the interface between substrate and dye-adsorbed 

TiO2 aerogel composites.  

Table 4.3 Electrochemical impedance data for pure TiO2 aerogel and 

composite aerogels (0.25%, 0.50%, and 0.75% MOF loadings)-

based quasi-solid dye-sensitized solar cells 

Device Rs (Ω) R1 (Ω) R2 (Ω) R3 (Ω) 

QSDSC-0 18.3 16.8 25.7 17.1 

QSDSC-0.25  13.1 25.8 11.2 10.7 

QSDSC-0.50  11.9 16.3 9.81 10.9 

QSDSC-0.75  12.8 14.6 54.3 96.1 

 

 The enhanced porosity of composite aerogels is obtained due to the 

effects of smaller crystallite size as described above. Thus, the porosity 

influences the electron transfer and contributes in PCE enhancement. The 

difference in the device performance of a QSDSC essentially comes from R2, 

which greatly depends on the electron transportation across the 

dye/TiO2/electrolyte interface. In our experiment, R2 decreased from 25.7 Ω 

for QSDSC-0 to 11.2 and 9.81 Ω for QSDSC-0.25 and QSDSC-0.50, 

respectively; this was probably due to the MOF incorporation. In addition, the 

R2 value of QSDSC-0.50 was the lowest. Since a decrease in R2 corresponds 

to a faster electron transport at the dye/TiO2/electrolyte interface, the increase 

in JSC (27.32 mAcm–2) for QSDSC-0.50 was mainly due to the increased 
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electron transport and the consequence PCE enhancement, despite the lower 

dye loading capacity respect to that of QSDSC-0.25. In stark contrast, 

QSDSC-0.75 exhibited the highest R2 (54.3 Ω) and, therefore, the slowest 

electron transfer, leading to the lowest JSC (12.48 mAcm–2) and PCE (4.353). 

4.3.4 Electrochemical Impedance Analysis – Bode Plot 

  Figure 4.22 illustrates the bode plot of all the QSDSC devices. The 

electron lifetime can be calculated from the frequency corresponding to 

maximum phase angle (fmax). It can be seen that the maximum frequency of 

composite based QSDSCs was found to be shifted to lower frequencies in 

comparison with pure aerogel based QSDSC.  

 

Figure 4.22 Bode phase plot of QSDSC based on pure aerogel, 

composites (0.25, 0.5 and 0.75%) 

 The device based on pure aerogel shows maximum phase angle at 

frequency (fmax) of 172 Hz. For QSDSC-0.25, QSDSC-0.5 and QSDSC-0.75, 
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proportional to electron lifetime, the decrease in fmax indicated a reduced 
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charge-recombination rate in composite based QSDSCs (Lim et al. 2015). 

Thus, the addition of MOF suppresses the charge recombination in 

composites based QSDSCs.  

4.3.5 Transient Photocurrent Response 

 The results of the transient photocurrent response measurement, 

performed for all the fabricated QSDSCs under light illumination of             

50 mW cm–2 with several ON-OFF cycles, are shown in Figure 4.23; they 

were in good agreement with the J-V curves. The photocurrent was raised 

instantaneously upon light illumination and fell down sharply when the light 

was switched off, remaining stable for several ON-OFF cycles.  

 

Figure 4.23 Transient photocurrent response of QSDSC based on pure 

aerogel, composites (0.25, 0.5 and 0.75%) 
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electrons were more easily transferred in the former ones. However, the rise 

of the photocurrent in QSDSC-0.75 was the slowest, accompanied by a low 

PCE; this was probably due to the increased electron/hole recombination 

producing high R2 (54.3 Ω) so that the transportation of the photogenerated 

electrons was greatly hindered.  

4.3.6 Transient Photovoltage Decay 

 The transient photovoltage decay was also evaluated, under light 

illumination (50 mW cm–2), to determine the kinetics of the charge 

recombination process; the results are shown in Figure 4.24. The fabricated 

QSDSCs exhibited good stability over several ON-OFF cycles. A close 

observation of the photovoltage decay clearly shows that the MOF 

incorporation (up to the optimum weight percentage) effectively suppressed 

the charge recombination and, hence, QSDSCs-0.25 and QSDSCs-0.50 

exhibited slower decay rates than QSDSC-0.  

 

Figure 4.24 Transient photovoltage response of QSDSC based on pure 

aerogel, composites (0.25, 0.5 and 0.75%) 
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4.3.7 Valence Band (VB) and Conduction Band (CB) energy levels, 

charge injection mechanism 

 The energy level (VB and CB) diagram of pure TiO2 aerogel and 

composites based DSSC was given (in Figure 4.25) along with the energy 

level of N719 dye and redox couple. The energy level diagram of the present 

system has been plotted according to the previous report (Liu et al. 2015). 

Based on the band gap values measured from Tauc’s plot, the energy levels 

were plotted. Pure TiO2 aerogel show band gap of 3.0 eV. Due to MOF 

incorporation, the composites 0.25, 0.50 and 0.75% have reduced band gap 

values of 2.80, 2.79 and 2.85 eV respectively. On light illuminates on DSSC, 

the dye absorbs light photons and gets excited. The excited dye molecules 

injects in to the conduction band (CB) of TiO2.  This injection of electrons 

mainly depends on the energy level difference between the dye molecule and 

CB of TiO2. As it is clearly seen from the Figure 4.25, the energy level 

difference is high for composites.  This favors the photo-excited electrons 

injection preferably from dye molecule to composites.  

 

Figure 4.25 Energy level diagram illustrating the charge transport 
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 Table 4.4 gives a comparison of the photovoltaic performances of 

various MOF-TiO2 photoanode based DSSCs. 

Table 4.4 Comparison of performance of MOF-TiO2 electrodes 

 

Device 

 

Open-

circuit 

voltage  

(V) 

 

Photocurrent 

density 

(mAcm–2) 

 

Fill 

Factor  

 

Power 

conversion 

efficiency 

(%) 

Reference 

ZIF-8/TiO2  0.753 10.28 0.69 5.34 
(Spoerke  

et al. 2017) 

MIL-125/TiO2  0.85 10.9 0.69 6.4 
(Vinogradov 

et al. 2014) 

Zn(l-

LCl)(Cl)/TiO2  
0.68 6.22 0.55 2.34 

(Alwin et al. 

2018) 

Cu-BTC/TiO2 

(without dye) 
0.49 1.25 0.43 0.26 

(Foster et al. 

2014) 

Ru-MOF/TiO2 

(without dye) 
0.63 2.56 0.63 1.22 

(Joyce et al. 

2013) 

ZIF-8/ZnO 0.66 8.13 0.68 3.67 
(Ingale et al. 

2012) 

TiO2-Ni-MOF  0.624 27.32 0.516 8.846 This Work 
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CHAPTER 5 

STUDIES ON COBALT MOF/TITANIA AEROGEL 

COMPOSITE AS SUPERCAPACITOR ELECTRODE  

 

5.1  INTRODUCTION 

 High-power energy resources are regarded as an urgent demand for 

modern portable electronic devices and hybrid electric vehicles         

(González et al. 2016; Wang et al. 2017; Muzaffar et al. 2019). Although 

supercapacitors are among the one and much efficient energy storage device 

providing high power density, excellent reversibility, long cycle life and 

safety operation, their practical applications were impeded by the lack of 

advanced, high-performance electrode materials. Further, carbon-based 

electrode materials suffer from low specific capacitance due to reversible 

adsorption of ions at the electrode/electrolyte interface. Fortunately, metal 

oxides with multiple oxidation states and rich redox reactions could achieve 

higher specific capacitance which makes them a promising electrode material. 

Among them, TiO2 has been proven as an attractive electroactive material for 

supercapacitor applications due to its high accessible surface area, excellent 

electrochemical stability, non-toxic, abundance, cost-effective., their intrinsic 

low conductivity is a major drawback (Kim et al. 2014).  

 To settle this problem, a lot of efforts have been devoted to 

improving the conductivity of TiO2 that includes doping, composites, hybrids 

formation (Liang et al. 2004; Hsieh et al. 2009; Lu et al. 2010; Sun et al. 

2012; Xiang et al. 2012; Kim et al. 2013; Ramadoss & Kim 2013; Kim et al. 
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2014; Fisher et al. 2015; Jiang et al. 2015; Aravinda et al. 2016; Elmouwahidi 

et al. 2018; Jiang et al. 2018; Mishra et al. 2018). TiO2 composites are 

particularly having shown great promise as efficient electrode materials. 

Therefore, we have adopted a novel strategy and utilized metal-organic 

frameworks (MOFs) as new, inexpensive and advanced compositing material 

for supercapacitor applications. MOF or porous coordination polymers are the 

self-assembled crystalline materials composed of metal ions/clusters and 

organic ligands (Yuan et al. 2018).  Because of their permanent porosity, high 

internal surface area, high pore volume, MOFs are attractive candidates for 

use in supercapacitor (Zhao et al. 2016; Liang et al. 2018).  

 MOF has been directly used as electrode materials (Lee et al. 2012; 

Choi et al. 2014; Yang et al. 2014; Wen et al. 2015; Yan et al. 2016;       

Rajak et al. 2017; Sheberla et al. 2017; Yang et al. 2017). Recently, we have 

demonstrated TiO2 aerogel and TiO2 aerogel-Cu-BTC MOF composite as the 

efficient material for dye-sensitized solar cells in our previous reports    

(Alwin et al. 2015). Being a mesoporous material with a high surface area             

(250 m2g-1), TiO2 aerogels are providing opportunities for better electrolyte 

diffusion and ion transport. Hence, nanocomposites of MOFs with titania 

aerogel could in principle combine the beneficial properties of both materials 

for better supercapacitors. At present, MOFACs (MOF/Aerogel composites) 

are being emerged as a kind of nanohybrid materials and finds a wide variety 

of applications including supercapacitors (Anderson et al. 2000;              

Inonu et al. 2018). 

 Here, in this chapter, we report the synthesis of cobalt MOF-titania 

aerogel composite and used as the electrode material for supercapacitor. The 

MOF weight percentage in composite was varied as 0.25% (TC1), 0.50% 

(TC2), and 1.0% (TC3) with respect to titania precursor. XRD, FTIR and 

TGA results confirmed the incorporation of MOF with titania aerogel. The 
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electrochemical performances were assessed through cyclic voltammetry 

(CV) and galvanostatic charge-discharge (GCD). The results reveal that the 

incorporation of MOF significantly improved the rate capability of titania 

aerogel electrodes from 43% to 63%. Furthermore, a hybrid supercapacitor 

(Composite//AC) was also assembled and showed good cycle stability over 

5000 cycles. 

5.2  XRD ANALYSIS 

 X-ray diffraction pattern (XRD) of pure titania aerogel and 

composites TC1, TC2 and TC3 are shown in Figure 5.1. The diffractions at  

25.36°, 37.93°, 47.96°, 54.10°, 62.71°, 69.44° and 75.22° are indexed as 

(101), (004), (200), (105), (204), (116) and (215) respectively., which 

confirms anatase phase (JCPDS: 21-1272) of titania.  

 

Figure 5.1 XRD pattern of pure titania aerogel and composites (TC1, 

TC2 and TC3) 
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 With the increase of MOF concentration, the crystallinity is 

reduced as it is evidenced by the decrease of prominent peak (101) intensity 

together with a (004) peak broadening. Further, a mixed phase of titania 

(brookite and anatase) is observed at higher concentration of MOF.  This is 

because of the addition of MOF that suppress the growth of titania. MOF is 

added in titania sol during the preparation of composites; either it gets 

attached on the surface of titania aerogel or it occupies aerogel pores. This is 

the possible interaction that can happen between MOF and titania aerogel.  

MOF incorporation could affect TiO2 lattice and reduce its crystallite size. 

Due to lower concentration, the composites have no diffractions of MOF; 

however, it is noticeable from a close observation of diffraction (101) that 

reveals 2θ shift from 25.36° (TAG) to 24.75° (TC1), 24.97° (TC2),        

24.93° (TC3) and this obviously confirmed the incorporation of cobalt MOF 

with titania aerogel matrix (Hou et al. 2011). 

5.3  FTIR ANALYSIS 

 

Figure 5.2 FTIR spectra of pure titania aerogel and composites (TC1, 

TC2 and TC3) 
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 The FTIR spectra of pure titania aerogel, composites and MOF are 

displayed in Figure 5.2. The band observed between 500-700 cm-1 represents 

Ti-O vibrations (Ingale et al. 2012). Also, the bands between 1370-1620 cm-1 

are attributed to carboxylic groups which is characteristic bands of MOF 

(Kumar et al. 2013). These bands are seen in composites. Hence, this further 

affirmed the incorporation of MOF with titania aerogel. 

5.4  TGA-DTG ANALYSIS 

 

Figure 5.3 TGA analysis of pure titania aerogel, MOF and composites 

(TC1, TC2 and TC3) 

 Thermogravimetric analysis (TGA) of pure titania aerogel,         

Co-MOF and titania aerogel composites (TC1, TC2 and TC3) are displayed in 

Figure 5.3. It shows their corresponding weight loss during the entire 

temperature range. The first weight loss occurred between 40-300 °C 
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trapped in the pores. The second weight loss occurred between 300-400 °C is 

attributed to the removal of structural hydroxyls and organic residues. Further, 

each of the aerogel composites exhibited a significant weight loss between 

300-700 °C corresponding to their MOF weight %. The MOF framework built 

by organic ligand (1, 3, 5 benzene-tri-carboxylic acid, H3BTC) whose 

disruption takes place at this temperature. Hence, major weight loss is 

obtained for aerogel composites as clearly illustrated in Figure 5.3 and it 

confirmed the presence of cobalt MOF with titania aerogel                     

(Kumar et al. 2013). 

 

Figure 5.4 DTG analysis of pure titania aerogel, MOF and composites 

(TC1, TC2 and TC3) 

 Differential thermogravimetric (DTG) analysis of pure titania 

aerogel, Co-MOF and titania aerogel composites (TC1, TC2 and TC3) are 
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corresponding to MOF; that decomposition is not observed in pure aerogel. 

Therefore, it clearly confirmed the presence of cobalt MOF with TiO2 aerogel. 

5.5    BET-BJH PORE ANALYSIS 

 The surface area and pore size are the important parameter to 

accelerate the electrochemical reactions. Figure 5.5 illustrates nitrogen 

isotherm of all the composites. It shows Type IV isotherm with a typical 

hysteresis loop, which is unique for mesoporous materials. The         

Brunauer-Emmett-Teller (BET) specific surface area of titania aerogel is    

252 m2g-1. However, after the incorporation of MOF, the surface area for the 

composite TC1, TC2 and TC3 is slightly increased as 264, 253 and 289 m2g-1 

respectively. The increase in surface area may be due to the incorporation of 

MOF. Compared with all other composites, the TC3 having 1% of MOF, 

possessing the highest BET surface area. This could be highly beneficial, as it 

provides larger contact surface area for the adsorption of electrolyte ions and 

exposed rich electroactive sites for the redox reactions (Cui et al. 2019). 

 

Figure 5.5 BET nitrogen isotherm of composites (TC1, TC2 and TC3) 
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Figure 5.6 BJH pore analysis of composites (TC1, TC2 and TC3) 

 Pore sizes were evaluated by Barrett-Joyner-Halenda (BJH) method 

(Figure 5.6). The pore volume of composites decreased with the increase of 

MOF concentration. The pore volume of composites TC1, TC2 and TC3 are 

0.35, 0.38 and 0.29 cm3/g respectively. The reduced pore volume of 

composite shortens the ion transport distance and/or diffusion path for 

electrolyte ions (Li et al. 2012). Thus, both the properties of composites such 

as high surface area and reduced pore volume ensure better electrochemical 

performance. The BET and BJH results are summarized in Table 5.1. 

Table 5.1 BET and BJH results 

Sample BET Surface 

Area (m2g-1) 

Pore volume 

(cm3/g) 

Average Pore 

diameter (nm) 

TC1 264 0.35 5.49 

TC2 253 0.38 5.76 

TC3 289 0.29 4.32 
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(a) (b)

(c) (d)

5.6 FESEM, EDS AND ELEMENTAL MAPPING 

 Surface morphology of the prepared composites was studied by 

FESEM images shown in Figure 5.7. It exhibited highly porous morphology. 

This morphology is favorable for supercapacitor applications. EDS analysis 

(Figure 5.8) confirmed the presence of cobalt in composites.  

 

Figure 5.7 FESEM images of a) pure titania aerogel, b)TC1, c)TC2 and 

d)TC3 composites 

  Also, elemental mapping were carried out and is given in the   

Figure 5.9. It shows the elements Ti, Co, C, and O are very well distributed in 

composites. These two results further confirmed the presence of cobalt MOF 

in to titania aerogel. 
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Figure 5.8 EDS analysis of composites (TC1, TC2 and TC3) 
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Figure 5.9 Elemental mapping of composite  (TC3) 

5.7  TEM IMAGES AND SAED PATTERN  

 Figure 5.10 (a-c) shows the TEM images of pure aerogel and 

composites. It clearly demonstrates that the interconnected TiO2 particles 

forming a network of three-dimensional porous structures. This could be 

favorable for electrolyte diffusion and ion transportation into the pores. SAED 

patterns of pure aerogel and composites (Figure 5.11) (d-f) show bright 

concentric rings corresponding to their diffractions and suggesting good 

crystallinity. 
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Figure 5.10 TEM images of a) pure titania aerogel, b) TC1, c) TC2 and 

d)TC3 composites 

 

Figure 5.11 SAED pattern of a) pure titania aerogel, b) TC1, c) TC2 and 

d)TC3 composites 
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5.8 SUPERCAPACITOR MEASUREMENTS 

5.8.1 Cyclic Voltammetry 

 The influence of MOF on the electrochemical performance was 

evaluated using a three-electrode electrochemical cell. Figure 5.12 (a-d) 

depicts CV profile of pure titania aerogel (TAG), composite TC1, TC2 and 

TC3 electrodes for various scan rates (5 to 100 mV/s) with a potential 

window ranging from 0 – 0.6 V. It exhibited a couple of redox peaks that 

originates from Faradaic reaction of the active materials of electrode in 

alkaline electrolyte, signifying that the materials are battery-type             

(Chen 2017; Omar et al. 2018). The composite electrodes displayed different 

oxidation and reduction peak potentials, suggesting that the incorporation of 

MOF influence the electronic transmission path (thus the faradaic reaction) of 

the electrode materials (Chen et al. 2016). 

  Noticeably, the oxidation and reduction peaks were shifted to 

higher and lower potentials, respectively, and augmented progressively with 

increasing scan rates. This is related to the internal diffusion resistance of the 

electrode materials which hindered to the fast electron flow from the electrode 

materials to the Ni foam. With the increase of scan rate, the peak current 

increases and the CV profile is nearly symmetrical implying excellent 

reversibility.  

 The comparison of CV profile for all samples at 5 mV/s is shown in 

Figure 5.13. The area of the CV profile of TC3 is relatively larger compared 

with other electrodes that signifies its high specific capacity. 
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Figure 5.12 CV profile of a) pure titania aerogel b) TC1, c) TC2 and  

d) TC3 composites 

 

Figure 5.13 Comparative CV profile of pure titania aerogel and 
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5.8.2 Galvanostatic Charge-Discharge (GCD) 

 The GCD analysis was also performed on the supercapcitors 

fabricated using the composites. Figure 5.14 (a-d) gives the charge and 

discharge time of all electrodes at different current densities; the typical non-

linear GCD profile, signifying battery-type material as in agreement with the 

CV results. Figure 5.15 presents the GCD profile of all electrodes at 0.8 A/g 

current densities. The specific capacity of all the electrodes was evaluated 

from the discharge curve of GCD and compared in Figure 5.16. 

 

Figure 5.14 GCD profile of a) pure titania aerogel, b) TC1, c) TC2 and 

d) TC3 composites 
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Figure 5.15 Comparative GCD profile of pure titania aerogel and  

composites  (TC1, TC2 and TC3)  

 The pure titania aerogel electrodes displayed specific capacity of 

66.4 C/g at 0.8 A/g. This value is greater than those obtained for pure TiO2 as 

20 Fg-1, 33µFcm-2 reported in the previous literature (Lu et al. 2010) (Salari et 

al. 2011; Ramadoss & Kim 2013) (Salari et al. 2011). The enhanced 

performance is mainly because of the aerogel structure. Aerogel is unique 3-D 

interconnected continuous network offering not only high surface area and 

good pathway for charge transport but also shortens diffusion path and 

facilitates electrolyte diffusion into the pores thereby improve the 

electrochemical performance. It can be seen that the value of specific capacity 

decreases with the increase of applied current in all the electrodes.  

 Particularly, titania aerogel electrode (TAG) show specific capacity 
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the incorporation of MOF which facilitates the electron transfer by reducing 

the internal resistance. 

 

Figure 5.16 Specific capacity of  pure titania aerogel and composites  

(TC1, TC2 and TC3)  
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regions: a semicircle arc at high-frequency and a straight line at                  

low-frequency region. The intercept of EIS curve with real impedance (Z') 

axis at high-frequency region denotes the equivalent series resistance (ESR). 

It can be seen from the inset of Figure 5.17, the ESR values of composite 

electrodes are low compared with TAG electrode that implies faster electron 

transport occurred in composite electrodes. Moreover, the angle between the 

straight line and real impedance (Z') represent the diffusion resistance. It is 

high for all the composite electrodes which are ascribed to low diffusion 

resistance and hence efficient diffusion of electrolyte ions. Further, on 

comparing with TAG, the straight line of all composites is closely parallel to 

the imaginary impedance axis (Z''), representing ideal polarizable capacitance. 

Thus, there are two imporatant key factors such as the low equivalent series 

resistance and low diffusion resistance arising from the incorporation of MOF 

is responsible for the enhanced electrochemical performance of composite 

electrodes (Yang et al. 2015). The supercapacitor performances of MOF-

aerogel composite were compared with other works (Table 5.2). 

 

Figure 5.17 Nyquist plot of pure titania aerogel and composites  (TC1, 

TC2 and TC3)  
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Table 5.2 Comparison of performance of MOF-TiO2 electrodes 

S. 
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 (

C
/g

) 

R
ef
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ce
 

1 TiO2-graphene-

polypyrrole 

Three-

electrode 

1 M H2SO4 201.8 F/g (Jiang et al. 

2015) 

2 Titania carbon 

composites 

Three-

electrode 

1 M KOH 18.4 F/g (Lu et al. 2010) 

3 Graphene-TiO2 

hybrid 

Three-

electrode 

1M Na2SO4 136 F/g (Ramadoss&Kim 

2013) 

4 CNT-TiO2 Three-

electrode 

1 M H2SO4 110 F/g (Hsieh et al. 

2009) 

5 TiO2-Graphene Three-

electrode 

1 M KOH 84 F/g (Fisher et al. 

2015) 

6 Cobalt MOF-

Titania aerogel 

Three-

electrode 

1 M KOH 185.3 F/g (or) 

111.2 C/g 

This work 

 

5.9 HYBRID SUPERCAPACITOR  

 To assess the practicability of the composite material, a hybrid 

supercapacitor, supercapattetry was fabricated with TC3 as the positive 

electrode and activated carbon (AC) as the negative electrode. The electrodes 

were immersed in 1 M KOH electrolyte. Prior to fabrication, CV of AC 

electrode was recorded; Since the stable potential window observed for AC 

and TC3 electrodes was 0 to -0.9 V and 0 to 0.6 V, respectively             
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(Figure 5.18a), it is expected that the operating potential of the device 

TC3//AC can be extended from 0 to 1.5 V. From the Figure 5.18b, CV profile 

of the supercapattery exhibited almost rectangular shape with the additional 

broad peaks attributed to the simultaneous non-faradaic and faradaic reactions 

that happened during energy storage process (Brousse et al. 2015). The GCD 

profiles of TC3//AC (Figure 5.18c) were non-linear due to the influence of 

faradic reaction of TC3 and almost symmetrical which represents the good 

rate capability of the device (Ma et al. 2016). The specific capacity was 

calculated from the discharge curve and the result is shown in Figure 5.18d. 

TC3//AC device has the maximum specific capacity value of 36 C/g.  

 

Figure 5.18 a) CV profile of activated carbon and TC3, (b, c) CV, GCD 

of hybrid supercapaciter, d) Specific capacity of hybrid 

supercapacitor 
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 The ragone plot (Figure 5.19a) relates the energy density and power 

density; the hybrid supercapacitor exhibited high power density 1875 W/Kg 

and energy density 7.5 Wh/Kg. Figure 5.19b exhibits the cyclic stability of 

the supercapattery which has been verified up to 5000 cycles at the current 

density of 2 A/g. There was an increase of specific capacity at the beginning 

of the curves attributable to the improvement of the electrode surface 

wettability and progressive activation of the electrode material within the 

devices. However, at 600th cycle, the specific capacity of the supercapattery 

was slowly dropped and 93% of the initial specific capacity is retained after 

5000 cycles, indicating good stability of the supercapattery. 

 

Figure 5.19 a) Ragone plot, b) Cycle stability of hybrid supercapacitor 
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CHAPTER 6 

SUMMARY AND SCOPE FOR THE FUTURE WORK 

 

 This thesis work was focused on synthesizing different types of 

MOF/Aerogel composites by direct mixing method. The properties of various 

MOFACs were characterized by different techniques. The synthesized 

MOFACs were also used in energy applications and demonstrated their 

usefulness. 

 First, Cu-BTC MOF/titania aerogel composite was synthesized by 

direct mixing method. The samples were characterized by various techniques. 

The composites showed improved properties than their parent materials. The 

small-angle X-ray diffraction clearly showed the diffraction peaks of both 

MOF and titania aerogel. The addition of MOF did not alter the porous 

structure of titania aerogel. This is confirmed from the FESEM and TEM 

images. The BET surface area was found to vary from 252 to 204 m2g-1. 

Interestingly, the composite shows high photon absorption in the UV and 

visible region compared to titania aerogel. The absorption in the visible region 

increased linearly with the increase of MOF weight percentage in composite 

and reached a maximum at a high weight percentage of MOF (20%). 

 Ni-BTC MOF/titania aerogel composites were synthesized and 

used as photoanode for DSSC application. XPS analysis confirmed the 

incorporation of Ni into TiO2 aerogel. Moreover, EDS analysis and mapping 

showed elements (Ti, O, Ni, C) distributions. The effects of MOF 

incorporation on the photovoltaic properties were studied. Pure titania aerogel 
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delivered power conversion efficiency (PCE) of 6.80% with photocurrent 

density JSC of 20 mA/cm2. The MOF/aerogel composite based DSSC showed 

a maximum PCE of 8.84% along with JSC of 27 mA/cm2. The enhancement in 

PCE is because of the increase of photocurrent density of the device. This 

significant improvement in photocurrent density is mainly due to faster 

electron transport at the interface of TiO2/dye/electrolyte. The key factors 

responsible for the efficiency enhancement are low interfacial resistance, 

faster electron transport and reduced charge recombination. Transient 

measurements of photocurrent/photovoltage support this result. Thus, the 

incorporation of MOF with titania aerogel is proved to be highly beneficial. 

 Co-BTC MOF/titania aerogel composites were prepared. The 

effects of MOF incorporation on the capacitive performance were studied. 

The titania aerogel and MOF incorporated titania aerogel electrodes exhibit a 

couple of redox peaks in CV profile that is due to the faradaic reactions on the 

active materials. The GCD profile of all the electrodes shows a typical non-

linear profile signifying that the materials are battery-type. The specific 

capacity of pure titania aerogel electrode is 66.4 C/g at current density of    

0.8 A/g which drops to 41.5 C/g at 5 A/g with rate capability of only 43%. 

But, astonishingly, all of the composite electrodes exhibited high rate 

capability with a maximum of 63%. This improvement in rate capability is 

clearly due to the incorporation of MOF which facilitates the electron transfer 

by reducing the internal resistance. The inclusion of MOF increased the 

conductivity and achieved the highest specific capacity of 111.2 C/g (at 0.8 

A/g) which may be due to the synergistic effects of high BET surface area 

(289 m2/g), larger contact surface for electrolyte adsorption,  higher loading of 

MOF and more number of electroactive sites (Ti and Co) provided by the 

composite. The practical applicability of these materials was also checked by 

assembling hybrid supercapacitor. 
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 On the whole, the prepared hierarchical porous MOFACs showed 

improved photovoltaic and electrochemical properties and improved 

performance than parent titania aerogels. 

SCOPE FOR THE FUTURE WORK 

 Three different metal based MOF/aerogel composites viz. Cu-BTC 

MOF/titania aerogel composite, Ni-BTC MOF/titania aerogel composite and 

Co-BTC MOF/titania aerogel composite were synthesized, characterized 

successfully. Further, the use of above MOFACs were explored in energy 

related applications successfully. Since there are number of choices of MOFs 

and aerogels availble, it should be attempted to synthesize variety of 

MOF/aerogel composites; explored them in various energy applications. As 

far as DSSC concerned, Ni-BTC MOF/titania aerogel composite achieved the 

greatest PCE of 8.84%. This proves that the prepared material is useful in 

enhancing the PCE of DSSCs. Therefore, it should be attempted to make 

larger size of DSSC modules in future. In supercapacitor applications, 

electronic conductivity may further improve through compositing other highly 

conductive materials to obtian high performance.   
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