
 
 

Functional Carbon Materials Derived from Metal-

Organic Frameworks (MOFs) for Electrochemical 

Energy Storage and Conversion 

 

 

 

 

 

 

By  

INAYAT ALI KHAN (Mr.) 

 

 

Analytical/Inorganic Section, Department of 

Chemistry, Quaid-i-Azam University, Islamabad, 

Pakistan 

2017 

  



 
 

ABSTRACT 

World electricity demand is estimated to double by the mid-century 

and to triple by the end of the century, even after efficient conservation 

technology development. Fossil fuels such as natural gas and oil, the major 

contributors to global electricity generation, are anticipated to peak-over in the 

following few decades. The generation of electrical energy from renewable 

resources instead of from fossil fuels has received great interest due to the 

resource limitations and environmental impacts of the latter. Renewables such 

as solar radiation and wind face significant challenges of time-dependent 

intensity fluctuation and natural geographical distribution. Among the 

different strategies for smoothing the disordered renewables, the electrical 

energy storage and conversion has been recognized the most efficient and 

effective approach. Energy storage in the form of charges include 

supercapacitors and battery technologies, the former is very effective in terms 

of power density while the latter is the best option in terms of energy density. 

Energy conversion devices include fuel cells, which can generate electricity 

from chemical fuels with large efficiency and zero pollutant emission and are 

very suitable for use in vehicle engines and portable electronics.    

In the first part of this research work, different MOFs precursors, 

namely MOF-5, Zn-BTC, MOF-199, MIL-101(Cr) and ZIF-12 are converted 

to pure carbon, and metal oxide decorated carbon structures by the inert-

atmosphere template carbonization approach. MOF-derived carbon 

nanospheres and microporous carbons have delivered specific capacitance in 

the range of 150 to 350 F g–1, the optimum performance of the designed 

electrode materials in comparison to the literature. In long-term cycling 

performance, the copper oxide decorated graphitic carbons and the chromium 

oxide decorated turbostratic graphitic carbons retained about 95% of their 

initial capacitance. The novel innovative hybrid composite of cobalt oxide 

embedded N-doped carbon nanotubes (CNTs) from single-step calcination of 

ZIF-12 has shown an excellent lithium charge/discharge and storage, retaining 



 
 

~95% capacity after 50 cycles and a reversible capacity of ~1100 mA h g–1 at 

a current density of 0.1 A g–1, which far exceeds the performance of 

conventional lithium ion battery anode materials under similar conditions. 

In the second part of this research work, platinum group metal-type 

(PGM-type) catalysts were deposited on MOF-5-derived high-surface area 

carbon and electrochemically evaluated for the fuel cell cathodic sluggish 

oxygen reduction reaction (ORR). The Pt-Ni composition (1:1) exhibited a 

pronounced positive shift of 90 mV in onset-potential while the Pt-Cu 

composition (1:1) has delivered an outstanding stability and longevity when 

evaluated against the commercial Pt/C (20%) catalyst. The significantly 

improved activity and stability of the catalysts can be attributed to the Pt 

electron interaction with first-row transition metals and carbon support that 

prevents the nanoparticles from agglomeration and dissolution as has been 

proved in X-ray and microscopic analysis. 
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1. Introduction 

Nano-porous carbon (NPCs) materials are universal, necessary and 

attracting much interest for their unique architecture and widespread 

applications. NPCs are extensively used in different fields such as sensing [1], 

separation/filtration [2], as photonic-chips in optics [3], as catalysts support 

for fuel cells [4], for electrochemical hydrogen storage [5], as electrode 

materials for supercapacitors [6], lithium ion batteries [7], and solar cells [8] 

and in other emerging nanotechnologies. The miscellaneous use of NPCs relay 

not only on their impressive physical and chemical properties, such as 

electrical and thermal conductivity, stability and low density, but also on their 

wide availability. Based on porosity, IUPAC (the International Union of Pure 

and Applied Chemistry) has recommended a classification for NPCs: a) 

microporous (pore size< 2 nm), b) mesoporous (2 nm< pore size< 50 nm), and 

c) macroporous (pore size> 50 nm). In the last few decades, extensive progress 

has been made in carbon synthesis, both through advancement made in the 

existing protocols and through practical designing of new synthetic methods. 

Some of the orthodox protocols for the synthesis of activated carbon and 

carbon molecular sieves are chemical activation, physical activation [9-11], 

catalytic activation [12, 13] and carbonization of polymer-blends and polymer-

aerogels at high temperature [14-16]. Broad pore-size distribution including 

both micro-pore regions and meso-pore regions have been identified for these 

activated carbons which are predominantly used in adsorption, separation and 

catalysis. The porosity and specific surface area of carbon materials have been 

increased many-fold (surface area up to 3000 m2 g–1, Figure 1.1) by the use of 

potassium hydroxide, a chemical activating agent [17, 18]. Moreover, the 

carbide reaction with halogens for the synthesis of carbon materials has 

resulted in the creation of micro-pores in a very fine size distribution which 

afforded high surface area, large pore volume and adsorption capacity for 

gases and liquids [19-21]. Despite the enormous applications of these 

microporous carbons in different fields of adsorption and catalysis, there 



 
 

remain certain limitations. The critical drawbacks of activated microporous 

carbon materials are: a) narrow pore size distribution which leads to slow mass 

transport, b) surface functional groups and defects which result in low 

conductivity, and c) use of high temperature which result in the collapse of 

porous structure.   

 

Figure 1.1– Gas adsorption isotherms of raw, air-treated and KOH-activated 

carbon samples, from reference [17].    

Extensive research work has been made to design protocols such as 

template carbonization (nano-casting) for carbon synthesis which have 

afforded carbon of diverse porous nature and widespread applications. The 

template carbonization method is further divided into two categories: a) hard-

template carbonization [22, 23], and b) soft-template carbonization [25-26]. 

Hard-template carbonization involves the selection of pre-synthesized 

template, incorporation of suitable carbon precursor, carbonization and 

removal of template. Generally, the template is like a porous mold which can 

hold but does not interact chemically with carbon precursor and can replicate 

its porosity to the structure of resultant carbon after heat treatment, Figure 1.2. 

On the other hand, soft-template synthesis involves thermally decomposable 

template and carbon precursor to generate porous carbon structures upon 

thermal treatment. In soft-template strategy template-precursor ratios, solvent 

and temperature are all important to create proper pore structure in the carbon 



 
 

matrix. Contrary to the hard-template method, the chemical interaction of 

precursor and template play a vital role in controlling porosity of the resultant 

carbon. Owing to the successful synthesis methods with limited drawbacks 

and the diverse porous structure of the resultant carbon, hard and soft-template 

have proven to be the most attractive method for the synthesis of mesoporous 

carbon. The template synthesis of carbon materials before the era of metal-

organic frameworks (MOFs) is reviewed in this part of the thesis. 

 

Figure 1.2– Schematic representation of template carbonization method of 

carbon synthesis. 



 
 

1.1. Mesoporous Carbon via Hard-Template Method  

The synthesis of mesoporous carbon was first reported by Knox and co-

workers [22, 23] in the early 1980s when they used silica gel as a hard-

template. Phenolic resins were impregnated inside the pores of the template; 

carbonization followed by template wash resulted in spherical mesoporous 

carbon with surface area 460-600 m2 g–1. The surface area was drastically 

decreased to 150 m2 g–1 by graphitization at 2500 °C and the final graphitized 

spherical mesoporous carbon presented superior characteristics in liquid 

chromatography. A similar approach was later adopted by Kyotani et al. using 

zeolite as a template and their method of precursor impregnation followed by 

chemical vapor deposition successfully resulted in template-replicated carbon 

[27-29]. The Brunauer-Emmett-Teller surface area was, surprisingly, 3600 m2 

g–1 but the carbon was predominantly micro-porous in nature and produced 

acceptable results in energy storage devices, Figure 1.3.  

 

Figure 1.3– Zeolite template synthesis of microporous carbon. Empty USY 

zeolite template (a), template pores filled with carbon precursor (b), obtained 

carbon (c) and TEM micrograph (d).   

Great progress was made in the synthesis of ordered mesoporous silica 

(OMS) in the late 1990s and these were used predominantly as templates for 

the synthesis of ordered mesoporous carbon materials (OMC). Mesoporous 

silica templates including MCM-41*, MCM-48*, hexagonal aluminosilicates 

(Al-HMS), SBA-15*, MSU-H silica, 3D bicontinuous mesoporous silica 

(FDU-5) and KIT-6 were used along with different carbon precursors for the 

synthesis of ordered mesoporous carbons [30-37]. OMCs of different structure 

and symmetry have been synthesized via OMS templates including: a) OMC 



 
 

of I41/a symmetry with cubic structure [31], b) OMC of P6mm symmetry with 

2D hexagonal structure [35, 36], c) OMC of Ia3d symmetry with cubic 

structure [31, 32, 37], d) OMC of Im3m symmetry with body-centered cubic 

structure [38], e) OMC of Fm3m symmetry with face-centered cubic structure, 

and f) OMC of Pm3n symmetry with a cubic structure [25]. The key advantage 

of the template synthesis using OMS is the positive or negative symmetry 

replication of the template used and exclusive conversion into a novel ordered 

array structure after template removal.   

(*History: MCM-41/MCM-48 (Mobil Crystalline Material Number 41/48) is the 

abbreviated name initially given to mesoporous silica synthesized by Mobil’s company 

researchers for the first time in 1992. SBA-15 (Santa Barbara Amorphous Number 

15): Silica nanoparticles were synthesized in 2003 at the University of California, 

Santa Barbara, and the materials were named Santa Barbara amorphous type 

materials [39-42]. ZSM-5 (Zeolite Socony Mobil Number 5) is an abbreviated name of 

zeolite synthesized by Mobil’s company in 1975 and were used predominantly as 

heterogeneous catalyst in petroleum industry.) 

Besides the template structure and symmetry, the carbon precursor also 

has an impact on the porosity of the resultant OMCs via hard-template 

synthesis. It has been recognized that precursors, such as sucrose, sugar and 

furfuryl alcohol, with non-rigid molecular structure always result in OMCs 

with considerable miropores [25, 31] which are responsible for high BET 

surface area and pore volume. On the other hand, precursors, such as 

mesophase pitch, acenaphthene, and pyrene, of rigid molecular structure used 

with ordered or disordered silica templates produce OMCs of high mechanical 

strength and low BET area [43, 44]. Further modification in the synthesis 

method of ordered mesoporous carbon materials is the impregnation of the 

rigid precursor followed by CVD and high temperature treatment of 

amorphous carbon to enhance the degree of graphitization. These carbon 

materials have comparatively low surface area, high electrical conductivity 

and have exhibited potential applications in electric double-layer capacitors 

(EDLCs) and as a support in fuel cells [45-49]. Further, OMS have also been 



 
 

used as a template for the synthesis of disordered mesoporous carbon (DMCs). 

The DMCs were obtained, in different morphologies and with different pore 

structure, by silica-templating [50-54] and copolymerization of the precursors 

[55-59].        

1.2. Mesoporous Carbon via Soft-Template Method  

The structural replication of ordered mesoporous silica to ordered 

mesoporous carbon is a key advancement in the area of mesoporous materials, 

which have demonstrated outstanding results in different applications. 

However, hard-template synthesis is a severe route suffering drawbacks such 

as excessive preparation times and the use of environmentally damaging, 

noxious chemicals. Besides the hard-template approach, researchers have tried 

to synthesize mesoporous carbon via soft-template approach that 

predominately involves the conversion of precursor and template self-

assembled nanostructures to mesoporous carbon at elevated temperature. The 

key requirements for the synthesis of mesoporous carbon materials via the self-

assembled approach are: a) the conversion of the precursor to porous 

nanostructure upon reaction, b) the nanostructure should survive at high 

temperature, c) easily convertible to carbon with good yield, d) the 

nanostructure should be a cross-linked polymer that can replicate its 

nanostructure to the resulted carbon materials. Up to now only amphiphilic 

molecules and block copolymers meet these requirements and have been used 

for the synthesis of mesoporous carbon via soft-template approach. 

The early attempts, the synthesis of mesoporous carbon materials using 

surfactant as template and mesophases of phenolic resin and soluble pitch as 

precursors [60-62], were unsatisfactory. The Coulombic interaction between 

surfactant template and precursor was proposed as a crucial factor for the self-

assembled composite that resulted in non-porous carbon at elevated 

temperature. The lack of porosity in the resultant carbon was attributed to the 

alkyl long chains in the surfactant that give charcoal residues after pyrolysis. 



 
 

It has been suggested that mesoporous carbon via soft-template method is 

possible using short alkyl chain surfactant that can decompose completely 

[63]. Similarly, most of the block copolymers are not suitable for the synthesis 

of carbon material due to low stability of the nanostructure at elevated 

temperature and low carbon yield. However, many attempts were made to 

synthesize mesoscopic carbon via the direct carbonization of self-assembled 

block copolymer nanostructures. First, triblock copolymers and di-block 

copolymers were used as soft templates for the synthesis of carbon but 

unfortunately the carbon materials were not mesoporous in nature [64, 65].  

The first successful attempt of block copolymer conversion to 

mesoporous carbon was reported in 2004 when Dai et al. [24] used 

polystyrene-b-poly(4-vinylpyridine) (PS-P4VP)/resorcinol-formaldehyde 

system for the synthesis of carbon materials. Carbonization of the system at 

elevated temperature resulted in highly ordered carbon film with pore diameter 

of 33.7±2.5 nm and wall thickness of 9.0±1.1 nm. Unlike block copolymers, 

the PS-P4VP/resorcinol-formaldehyde system consists of a polymer template 

as pore-formation and structure-directing agent while the precursor is a cross-

linked carbon-yielding reagent. The hydrogen bonding between template and 

carbon precursor was observed to be a key factor for the self-assembled 

nanostructure formation and the thermosetting properties of the precursor were 

attributed to the existence of mesoporous structure upon high thermal 

treatment. Later on different combinations of template and precursors were 

tried for the synthesis of mesoporous carbon via soft-template method. 

Different combinations such as poly(ethylene oxide)-b-poly(propylene oxide)-

b-(polyethylene oxide) (PEO-PPO-PEO) resorcinol-formaldehyde system [25, 

66, 67], PEO-PPO-PEO/resol system [67-69], PEO-PPO-PEO/phenol 

formaldehyde resin/silica system [70], PEO-PPO-PEO/ phloroglucinol 

/formaldehyde system [26] and PS-P4VP/carbohydrate system in confined 

space [71] were used successfully for the synthesis of mesoporous carbon.   



 
 

1.3. Metal-Organic Frameworks (MOFs): Synthesis and Derived 

Nanostructured Materials      

Metal-organic frameworks are porous crystalline materials consisting 

of metal ions/clusters and organic ligands/linkers [72-76]. The metal ions and 

organic ligands are linked together through strong chemical bonds which build 

up 2D/3D neutral frameworks with channels and pores of molecular 

dimensions. Kitagawa and coworkers [77] published a comprehensive review 

article in 2004 on functional porous coordination polymers (also called metal-

organic frameworks) in which they labelled components of the structure as 

linker (metal ions) and connectors (ligands). MOF architecture strongly 

depends on the numbers and orientation of connectors and linkers, these 

numbers and orientations are also called coordination numbers and 

coordination geometries. In MOF synthesis transition metal-ions are 

frequently used as useful connectors and, based on coordination number, give 

rise to a range of geometries from simple linear to complicated pentagonal 

bipyramidal and even to a distorted geometry. Besides transition metals, 

elements such as alkaline earth metals (Mg, Sr, Ba), p-block metals (In, Ga), 

lanthanide (Tb, Eu), actinide series (U, Th) and even mixed metals have been 

used for the synthesis of MOFs [78-82]. However, frequently used organic 

ligands are either neutral or anionic in nature while cationic ligands have been 

rarely studied because of low affinity towards metal cation. Neutral organic 

ligands that have been used extensively are pyrazine (pyz) and 4,4`-bipyridine 

(bpy) [83-86] while di- [87-89], tri- [87, 90, 91] tetra- [92, 93] and hexa-

carboxylates [94, 95], simple imidazolates and substituted imidazolates [96] 

are the representative anionic ligands used for MOF synthesis. For instance, 

Cr3+, Cu2+ and Zn2+ have different coordination numbers and geometries 

resulting in a 3D porous network system upon connecting with carboxylate 

ligands. The widely studies metal-organic framework, MOF-5, is a network of 

Zn4O tetrahedron linkers and benzene-1,4-dicarboxylic acid connectors that 

results in a 3D cubic architecture with pore diameter of 12 Å. Changing the 



 
 

linker (clusters) from Zn4O to Cr3O with the same carboxylate ligand 

(connector) results in a different MOF structure of MIL-101(Cr) that has a 

larger pore size of 30 Å. This means that different pore structures and topology 

of MOFs can be easily designed by careful selection of clusters and linkers, 

Figure 1.4. It has been reported that a variety of MOF structures, with the same 

network structural design, are possible by connecting the same metal cluster 

with di-carboxylate ligands of different spacer-length [97]. In this way about 

20,000 MOF structures have been constructed and studied so far in the last few 

decades [74]. 

 

Figure 1.4– Presentation of MOF synthesis from clusters and linkers. Some 

representative metal clusters and linkers and MOFs are also shown.    

MOFs are fundamentally synthesized via hydrothermal and 

solvothermal methods which proceed in a few hours to days [75]. A 

complementary definition has been employed by Rabenau et al. [98] for 

solvothermal type reaction: a reaction taking place in a closed vessel under 

autogenous pressure above the boiling point of the solvent. The solvothermal 



 
 

and even nonsolvothermal approaches are well recognized to produce simple 

molecules and ionic crystals. A concentration gradient develops under 

solvothermal conditions that promotes diffusion of the reactants into each 

other and allows MOF formation. A concertation gradient can also arise by 

varying temperature or even under slow cooling of the reaction mixture. Room 

temperature syntheses have also been reported for some of the well-known 

MOFs such as MOF-5, MOF-74, MOF-177, HKUST-1, and ZIF-8 [99-101]. 

It has been observed that rise in temperature is very crucial to attain good 

crystallinity and reaction kinetics; however, temperature can affect the 

morphology of the crystals [102], and extended reactions under high 

temperature can result in the dilapidation of MOF structure [103]. Besides the 

conventional methods, approaches such as microwave-assisted synthesis 

[104], electrochemical synthesis [105], mechanochemical synthesis [106], and 

sonochemical synthesis [107-110] have also been adopted for MOF 

construction. The in-situ synthesis mechanism and structure formation of 

MOFs, including MOF-5 and ZIF-8, have also been investigated. According 

to Zhuo and coworkers [111] observation for MOF-5, at the start of the 

reaction Zn2+ ions and C8H4O4 ligands associate with one another forming 

crystalline nanoplates with diameter ca. 5-10 nm. The nanoplates enlarge with 

the help of ligand and convert to microplates which further join together and 

form a stacked layered structure of ca. 80-200 µm in diameter and about 20 

µm in thickness. This expansion followed by surface recrystallization finally 

results in a large cubic crystalline product. It has also been reported [112] that 

ZIF-8 synthesis occurs via external nucleation followed by a metastable state, 

and finally an established porous structure. 

Extensive research work and increasing publications, dedicated to the 

field of MOFs, makes them an emerging area of porous materials that have 

tremendous applications. There is a doorstep relation between MOFs structural 

and their imminent potential applications so, it is very challenging but highly 

desirable to construct MOF of expected properties. The most important 



 
 

properties of MOFs are determined by their pore structure; therefore, MOF 

structural features and external/internal environment are all important from the 

point of view of potential applications. By changing the nature of metal ions, 

linkers and ligands dimensions MOFs with exceptionally high surface area 

(the latest Langmuir surface area; 10,000 m2g–1) and pore size (ca. 9.8 nm) 

have been successfully synthesized [113, 114] as can be seen in Figure 1.5. 

These exceptional features of MOFs hybrid, porous crystalline materials 

distinguished them separate from conventional inorganic porous crystalline 

materials such as zeolites and silica. Based on structural diversity and flexible 

porosity MOFs have been tested in different fields of study: for example, gas 

storage and separation [115-121], sensing/recognition [122, 123], drug 

delivery [124, 125], proton conduction [126-128], catalysis [129-134], 

magnetism [135-140], fluorescence [141-146], thin films [147, 148], as 

nanoreactors and hosting gest molecules or nanoparticles [149-151], Figure 

1.6. It is necessary to mention that alongside MOFs structural diversity, 

flexible porosity and architectural tailorability the crucial boundaries of these 

emerging porous materials lie in their low chemical, thermal and mechanical 

stability [152]. Aside from potential applications of MOFs in different fields, 

some of the MOF-derived materials with replicated nanostructures have 

received extensive attention in the past 10 years by the virtue of their 

prominent applications in energy-related areas. MOFs are inorganic-organic 

hybrid materials and can be easily converted to amorphous carbon or metallic 

constituents by simple carbonization at elevated temperature. Exploiting the 

hybrid nature of MOFs, different research groups have successfully converted 

various MOFs to nanoporous carbon, metal/metal oxide decorated carbon 

composites and even to pure metal/metal oxides in the nanoregime. In view of 

the most recent literature on MOFs herein, we are focus on highlighting MOF-

derived materials for electrochemical energy storage and conversion 

applications.  



 
 

 

Figure 1.5– MOF unit architectures showing how linkers of different length 

result in widening of pore apertures.   

1.4. MOFs-Derived Nanostructured Carbons and Energy Applications 

MOFs conversion to new amorphous porous materials such as porous 

carbon and doped porous carbon have been extensively studied by numerous 

researchers for green energy application. Their inherent porosity and structure 

assortment make them suitable precursor candidates for replicated porous 

structures upon careful calcination under inert conditions and some of these 

derived materials have demonstrated good to excellent outcomes in energy 

technologies such as hydrogen storage, fuel cells, electric double-layer 

capacitors (EDLCs) and lithium ion-batteries (LIBs). Mesoporous carbon 

obtained via traditional template approaches, as mentioned above in detail, 

presented results superior to those of commercial available activated carbon, 

but still these methods suffer unforeseen complexity in synthesis. MOF-

template synthesis of porous carbon is significant and advantageous compared 

to the traditional methods for utilizing carbon-rich, highly porous and flexible 

templates that retain unique rigidity and excellent porosity in the carbon matrix 

after thermal treatment. Further, N-doped or metal/metal oxides decorated 

carbon derived from MOFs has always shown extraordinary performance in 

sorption, catalysis and in electrochemistry. In this part of the thesis 

introduction we emphasize MOF precursors to valuable carbon-based 

materials and their green chemistry applications. 



 
 

 

Figure 1.6– Applications of MOFs: MIL-47 separating ethyl benzene, para-

xylene and meta-xylene in chromatography (a), the conversion of MOF-5 and 

furfuryl alcohol (FA) to high surface area carbon for EDLC applications (b).    

1.4.1. MOF-template synthesis of porous carbon as electrode materials in 

EDLCs  

Zn-based MOF-template synthesis of porous carbon as electrode materials in 

EDLCs (MOF-5) 

MOF-5 is a framework of zinc and terephthalic acid and was first 

reported in 1999 with Langmuir surface area of 2900 m2 g–1 and pore volume 

of 1.04 cm3 g–1 [153]. The inherent surface properties such as high surface area 

and pore volume make it a suitable candidate among the porous materials for 

gas storage and separation. MOF-5 is thermally stable up to 400 °C and has 

also been used as a sacrificial precursor for carbon materials. Possessing high 



 
 

surface area and miscellaneous porosity these derived carbon materials are 

predominantly investigated in energy related applications. In the first attempt 

Xu and coworkers [154] used MOF-5 as a porous template and furfuryl alcohol 

(FA) as carbon source to synthesize porous carbon. Furfuryl alcohol vapors 

were introduced into the channels of MOF-5 via a vapor deposition method 

and upon heating up to 150 °C resulted in the polymerization of furfuryl 

alcohol to polyfurfuryl alcohol (PFA) inside the host framework. Pyrolysis of 

the composite PFA/MOF-5 at 1000 °C for 8 h under inert atmosphere 

produced porous carbon, abbreviated as NPC (nanoporous carbon), with 

exceptional surface properties; namely, surface area and pore volume up to 

2872 m2 g–1 and 2.06 cm3 g–1, respectively. The carbon was exclusively 

mesoporous in nature with the inclusion of micropores in the texture and 

insignificant macroporosity, Figure 1.6(b). For further insights and to study 

the effect of temperature, Xu and coworkers [155] carbonized PFA/MOF-5 

composite (in this case, the furfuryl alcohol was introduced via a wet 

impregnation method) at 530 °C, 650 °C, 800 °C, 900 °C, and 1000 °C 

followed by acid wash of the samples obtained below 900 °C. BET surface 

area varied in the range of 1141-3040 m2 g–1 and plot of temperature versus 

surface area gave a V-shaped curve presenting a non-linear relationship 

between the variables. The NPCs were tested for hydrogen storage and as 

electrode materials in electric double-layer capacitor (EDLC) applications. 

Maximum capacitance up to 204 F g–1 at 5 mV s–1 from cyclic voltammetry 

and up to 258 F g–1 at 250 mA g–1 from galvanostatic charge/discharge were 

calculated. Although Xu and coworkers had reported a novel method of 

nanoporous carbon synthesis, they did not elucidate a mechanism of 

framework decomposition; this was described two year later by Yang et al. 

[156] in their study of IRMOFs.   

Several other attempts have been published in which carbon precursors 

other than furfuryl alcohol, for example glycerol [157 a, b, c], glucose [158], 

phenolic resin/carbon tertrachloride/ethylenediamine [159] and even graphene 



 
 

oxide [160] were used along with MOF-5 template for carbon synthesis. To 

the best of our knowledge porous carbon, produced from MOF-5/glycerol 

composite is worm-like mesoporous carbon (WMC) [157 a] also called 

hierarchal porous carbon (HCPs) [157 c] targeted for EDLCs applications, out 

executed other porous carbon produced via similar template approach. For 

MOF-5 synthesis a modified synthesis procedures was reported by Deng et al. 

[157 c]: a crystalline product of MOF-5 was obtained from DMF by mixing 

benezene-1,2-dicarboxylic acid, zinc nitrate hexahydrate and bismuth nitrate 

pentahydrate. The concentration of bismuth salt was varied from 0 to 0.4 mmol 

and four different samples of precursor were collected accordingly. After 

drying under vacuum and the addition of glycerol carbon source, each sample 

was carbonized at 1000 °C for 8 h and in total four-end products labelled 

according to the amount of bismuth as HPC-0, HPC-0.1, HPC-0.2 and HPC-

0.4 were collected. The microscopic analysis revealed a flower-like structure 

consisting of carbon sheets and the gaps between the sheets were considered a 

key factor in facilitating faster movement of electrolyte ions for high 

capacitance. The calculated BET surface area was 2587 m2 g–1 and pore sizes 

positioned at 2.6 and 6.3 nm. The electrochemical capacitive behavior of HPCs 

was investigated through galvanostatic charge/discharge and for sample like 

HPCs-0.2 (having bismuth salt concentration of 0.2 mmol) capacitance as high 

as 344 F g–1 at 50 mA g–1 was reported. The electrochemical experiments 

confirmed the value of mesoporous carbon produced via a MOF-5 template 

approach as a novel electrode material for EDLCs. In the similar work reported 

by Yuan et al. [157 a, b] the carbon was denoted as WMC instead of HPCs-

0.2 and the calcination temperature was 950 °C instead of 1000 °C, the 

remaining experimental procedures can be considered the same. The second 

best performing electrode material is MAC-A [159] obtained by the 

carbonization of carbon tetrachloride/ethylenediamine/MOF-5 composite 

followed by KOH activation at 900 °C with a capacitance of 274 F g–1 at 250 

mA g–1, 70 F g–1 less than that produced by WMC/HPCs-0.2.  



 
 

Zn-based MOF-template synthesis of porous carbon as electrode materials in 

EDLCs (other than MOF-5)  

Numerous research groups have tried to investigate a correlation 

between the surface features of MOF-templated porous carbon and different 

variables such as calcination temperature, ligand structure, zinc carbon ratio 

[161-164] and also their impact on the corresponding application. In the work 

of Aiyappa et al. [161], they directly carbonized different Zn-based MOFs 

including MOF-5; the influence of ligand rigidity and flexibility on the carbon 

porosity has been properly studied. Among the options, high BET surface area 

of 2119 m2 g–1 for MOF-5 (possessing the most rigid ligand) derived carbon, 

C-MOF-5, has been reported. The derived carbon samples from MOFs direct 

calcination were tested for H2 storage and as electrode materials for EDLC 

applications. From galvanostatic charge/discharge measurements maximum 

capacitance up to 170 F g–1 at 1 A g–1 has been reported for C-MOF-2 carbon 

sample. Similarly, we carbonized a mixture of Zn-BTC and polyfurfuryl 

alcohol at different temperatures and investigated the effect of temperature and 

carbon source on the surface area and total porosity of the resultant carbon. 

The maximum BET surface area of 1455 m2 g–1 and specific capacitance of 

375 F g–1 at 0.75 A g–1 were calculated for the sample MPC-950 obtained at 

maximum calcination temperature of 950 °C [162]. Very recently Xu and 

coworkers [165] have demonstrated a catalyst-free, and MOF-self template 

strategy for the synthesis of one-dimensional non-hollow carbon nanorods 

which were further converted to few-layered graphene nanoribbons after 

sonochemical activation. The key point of the work is the use of 2-hydroxy 

benzoic acid as a skeletal modulator during MOF-74-rods synthesis. 

Morphology-conserved carbon nanorods were obtained after carbonization of 

MOF-74-rods at elevated temperature which were transformed to few layered 

graphene nanoribbons. The electrical conductivity of graphene nanoribbons 

was determined to be 4.93 S cm–1, better than that of carbon nanorodes and 

mesoporous carbon. As electrode materials in EDLCs a maximum capacitance 



 
 

up to 198 F g–1 at 50 mA g–1 for graphene nanoribbons was calculated. The 

capacitive performance of the material was attributed to the enhanced 

electrical conductivity and cylindrical layered morphology. An easy synthesis 

process and commercial scalability were also claimed in the work; however, 

the exact role of the acid-modulator in the synthesis of MOF-74-rods is not 

clearly elucidated. Zn-based MOFs conversion to porous carbon was 

extensively studied but there was need to investigate the decomposition 

mechanism and the effect of solvent’s volatility on the porosity of the resultant 

carbon. In early 2012, the thermal decomposition of IRMOFs, including 

IRMOF-1, IRMOF-3 and IRMOF-8, were deeply studied and the 

decomposition mechanism was elucidated by temperature-program desorption 

(TPD) and mass spectroscopy (MS) techniques [156]. It has been observed 

that the MOF structure decomposes to carbon gases, carbonaceous matter and 

ZnO; subsequently, at 750 °C, ZnO is reduced to Zn by carbon and is finally 

flashed away with argon flow, Figure 1.7. Encouraged by the extreme 

microporosity of the carbon, the samples MDC-1, MDC-2 and MDC-8 were 

predominantly studied for hydrogen storage. The carbon porosity was 

significantly shifted to meso- and even to macropores by adopting volatile 

solvent (chloroform) evaporation carbonization approach for IRMOF-1 [166]. 

The obtained carbon samples have presented BET surface area up to 3200 m2 

g–1 and excellent porosity that supported rapid water desalination. 

 

Figure 1.7– Morphological change of MOF precursor with temperature to 

yield carbon (MDC-1), from reference [156].          



 
 

MOF-template synthesis of N-doped porous carbon as electrode materials in 

EDLCs (ZIFs) 

To enhance the electrochemical performance [167-169] and surface 

adsorptive properties [170, 171] it is of interest to dope electron-rich 

heteroatom in the structure of porous carbon, and different nitrogen-, sulfur- 

and phosphorus-based organic precursors have been utilized. The ligand in the 

MOF can possess heteroatoms, for example N, and can serve directly as a 

sacrificial precursor for N-doped carbons. Herein, we summarize N-doped 

porous carbon derived from ZIFs (zeolitic-imidazolate frameworks) and 

EDLC applications only. ZIF-8 has a zeolite framework topology built on nets 

of connected ZnN4 tetrahedra making a Zn-IM-Zn angle (IM: imidazolate unit) 

close to 145° comparable with the Si-O-Si angle normally found in many 

zeolites [172]. ZIF-8 has acceptable thermal stability and is also sufficiently 

stable in water and in common organic solvents [172]; for these reasons it is 

chosen as a good source of N-doped porous carbon. Exploiting the exceptional 

porosity of ZIF-8, Xu and coworkers [173] introduced furfuryl alcohol 

(molecular dimensions: 8.43 Å × 6.44 Å × 4.28 Å) in the 3D channels and the 

composite’s polymerization followed by carbonization at 800 °C and 1000 °C 

produced N-doped porous carbons. Both the carbon samples, C800 and C1000, 

have presented high mesoporosity and substantial hydrogen storage. From 

cyclic voltammetry analysis, a decrease in specific capacitance of up to 15% 

with increase in potential sweep rate from 5 to 50 mV s–1 was observed which 

was attributed to the presence of micropores in the carbon matrix. Specific 

capacitance as high as 200 F g–1 at 250 mA g–1 was calculated for both the 

samples from galvanostatic charge/discharge experiments. In another attempt, 

Chaikittisilp et al. [174] reported the effect of calcination temperature on 

surface area of ZIF-8 derived N-doped carbon. The BET surface area was 

dramatically increased from 24 to 1110 m2 g–1 when the temperature was raised 

from 600 to 1000 °C. Contrarily, an inverse relation was found between 

surface area and specific capacitance: high capacitance of 130 F g–1 for Z-800 



 
 

sample and low capacitance of 112 F g–1 for Z-1000 sample (digits showing 

the calcination temperature) were calculated from cyclic voltammetry at 50 

mV s–1. Later on in 2014 Xu and coworkers [175] reported that the surface 

area of ZIF-8-base N-doped carbon can be increased by carbonization 

followed by KOH activation at 800 °C. The carbon sample AS-ZC-800 with 

BET area of 2972 m2 g–1 and pore volume of 2.56 cm3 g–1 has demonstrated 

exceptional performance as electrode even at high scan rate of potential in 

EDLC applications. The detail of the thermal decomposition of ZIF-8 was 

investigated by Gadipelli et al. [176] via synchronized TG-MS (thermal 

gravimetric-mass spectroscopy) technique, Figure 1.8. According to their 

findings, the methyl group (from the 2-methyl imidazolate unit) is lost first, at 

temperature up to 600 °C; the imidazole ring decomposition starts at 600 to 

900 °C; and finally, above 900 °C, Zn and N are vaporized leaving a small 

residue of N-doped porous carbon.  

Besides ZIF-8, other imidazolate frameworks were also used for the 

synthesis of N-doped porous carbon. The effect of template porosity on the 

specific surface area of the resultant carbon was investigated by Banerjee and 

coworkers [177] keeping the same furfuryl alcohol as added carbon source. 

The lowest porosity of the carbon C-69 (BET area 1171 m2 g–1) from ZIF-69, 

moderate porosity of the carbon C-86 (BET area 1311 m2 g–1) from ZIF-68 

and highest porosity of the carbon C-70 (BET area 1510 m2 g–1) from ZIF-70 

were reported. The carbon samples were thoroughly studied for H2 and CO2 

uptake. Electrical conductivity of the carbon samples was measured and a 

linear correlation with BET surface area was estimated. Targeting EDLC 

applications, ZIF-11 was carbonized directly and N-doped porous carbon 

micropolyhedra (N-PCMPs) were obtained [178]. The surface area of the 

carbon sample has dramatically increased to 2188 m2 g–1 after chemical 

activation with KOH and displayed improved capacitance of 307 F g–1 at 1. 0 

A g–1. Adopting a modified synthetic approach Tang et al. [179] for the first 

time successfully converted core-shell of ZIF-8@ZIF-67 to a unique 



 
 

combination of N-doped porous carbon as the core and graphitic carbon as the 

shell upon carbonization. As electrode materials in EDLC applications, 

specific capacitance up to 270 F g–1 at 2 A g–1 was calculated from 

galvanostatic charge/discharge measurements. Structural and morphological 

diversity is a key factor for more effective carbon materials in EDLCs: Zhu 

and coworkers [180] introduced silica colloids as additional poro-genes in the 

3D channels of ZIF-8 and hierarchical carbon structure was obtained after 

carbonization. The carbon materials were proportionally confirmed as miro- 

and mesoporous via microscopy and gas adsorption analysis. A high 

capacitance of 181 F g–1 and lowest resistance of 0.2 Ω cm2 were recorded 

from cyclic voltammetry and impedance spectroscopy. Other MOF structures 

including Cu-based, Al-based, and Mg-based [181, 182] have also been 

reported for porous carbons.  

 

Figure 1.8– Scheme showing the decomposition of ZIF-8 during 

carbonization (a) and the TGA plot weight loss versus temperature (b), from 

refrence [176].             

MOF-template synthesis of metal/metal oxide-doped porous carbon as 

electrode materials in EDLCs  

Carbon materials with high surface area and excellent porosity are used 

as electrode materials in EDLCs which (non-Faradic) accommodate limited 



 
 

charge and produce low energy density. On the other hand, pseudo-capacitors 

are electrochemically more energetic utilizing transition metal oxides/sulfides 

decorated carbons as charge storing electrodes with high energy densities and 

are much attractive to the scientific community. Metal oxides including Co3O4, 

RuO2, MnO2, CuO, NiO and V2O5 have been extensively studied as electrodes 

in capacitors and proved to have superior performance compared to the 

conventional carbon materials. MOFs are hybrid crystalline materials 

composed of transition metals such as V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Hf 

etc. and organic ligands, and can be used as sacrificial precursors for 

metal/metal oxides/sulfides decorated porous carbon electrode materials. 

Among the different MOF structures, Co-based MOF, Cu-based MOF, Cr-

based MOF and Ni-based MOF etc. are utilized for metal oxide electrodes in 

capacitor applications. With increasing research growth in MOF-derived 

electrochemical functional materials, different researcher have employed Co-

based MOFs for Co3O4 synthesis that were identified in different structure and 

morphology and were used as electrode materials in EDLC applications. The 

Co3O4 have demonstrated capacitance as high as 400 F g–1 to 1100 F g–1 and 

excellent stability over several thousand cycles [183-186]. It is always 

interesting from a conductivity and improved electrochemistry point of view 

to have carbon layers on metal/metal oxides and MOFs can significantly be 

utilized for metal-encapsulated carbon composites. We for the first time 

synthesized copper, copper oxide encapsulated graphitic carbon by simple 

carbonization of MOF-199 under argon [187]. The surface functionalization 

of the materials was confirmed by X-ray analysis and as electrode materials 

they outperformed the available literature reported materials. Specific 

capacitance up to 750 F g–1 at 2 mV s–1, capacitance retention up to 43% at 

different scans of potential and long term stability up to 5.5% capacitance loss 

over 3000 cycles were estimated from electrochemical testing. In a capacitor, 

porosity of the electrode materials is a key factor to optimally accumulate 

electrolyte ions and demonstrate high current density and long-life stability. 



 
 

Zhi and coworkers [188] obtained porous Fe3O4/carbon composite using Fe-

based MOF by simple and well-controlled pyrolysis under inert atmosphere. 

Interestingly, improved capacitive performance such as retained capacitance 

up to 83.3% even after 4000 cycles of charge and discharge with temperature 

rise from 0 to 60 °C was reported for the composite. Metal or metal oxide 

derived from MOFs can practically act as a catalyst for the improved degree 

of graphitization at certain temperature. Wu et al. [189] used Ni-based MOF 

for moderately graphitic porous carbon embedded nickel nanoparticles. The 

effect of temperature on structure of carbon and surface area was thoroughly 

studied and 800 °C is the reported temperature for the optimum surface and 

structural features of the composite. Nickel nanoparticles encapsulated 

partially graphitic carbon composite obtained at 800 °C have demonstrated 

excellent capacitive performance with specific capacitance up to 886 F g–1 at 

1 A g–1 and have exhibited good cycles-life stability. Similarly, we have 

reported chromium oxide (Cr2O3) nanoribbons encapsulated in graphitic 

carbon structure obtained at 900 °C by calcining polyfurfuryl alcohol/MIL-

101(Cr) composite [190]. High BET surface area up to 438 m2 g–1, specific 

capacitance up to 300 F g–1 at 2 mV s–1 and excellent long term cycling 

stability were recorded.  

Besides metal oxide embedded carbon electrode materials, metal 

sulfides embedded carbon from MOFs has also been reported for EDLC 

applications. It is noted that for S-doping an external source of sulfur has been 

used in all the reports. The first report was the sulfidation of HKUST-1 at 

elevated temperature under inert atmosphere for copper-sulfide (Cu1.96S) 

nanoparticles within porous carbon octahedra [191]. The effect of temperature 

on surface area, carbon content and specific capacitance was investigated in 

the work. High specific capacitance and good cycling stability were recorded 

for the composite in EDLC applications. In another attempt, NiS nanoframes 

were reported for capacitor applications by the chemical etching reaction of 

Prussian blue MOF analogues with S2–, the reaction was assumed to be an 



 
 

anisotropic chemical etching/anion exchange [192]. A high specific 

capacitance of 1290 F g–1 after 4000 cycles, 91.8% retention, was recorded for 

the designed nanoframes as electrode materials in EDLCs application. 

Electrode materials with high porosity and additional surface energetic sites 

are extremely important in EDLC applications. There are a few reports of 

MOFs template strategy toward multi-metallic hollow nanocages targeting 

capacitors [193, 194]. In electrochemical evaluation as electrode materials 

Co3O4/NiCo2O4 double-shelled nanocages have demonstrated excellent 

capacitive behavior of 972 F g–1 and long-term cycling stability up to 12000 

cycles (Figure 1.9) [194]. 

 

Figure 1.9– Electrochemical evaluation of MOF derived Co3O4/NiCo2O4 

EDLCs materials, from reference [194].  

 

 



 
 

1.4.2. MOF-Template Synthesis of Porous Carbon as Anode Materials in 

LIBs  

The prime anode material castoff in current state of the art lithium ion 

batteries (LIBs) is graphite with a theoretical capacity of 372 mAh g–1 [195]. 

Today’s electronic devices are becoming more and more energy demanding as 

we enter the information age; future devices will need greater capacity than 

even the uppermost value that graphite can deliver. The researchers are 

interested to design novel and efficient anode materials for LIBs [196]. 

Numerous carbon materials with capacity higher than conventional graphite 

including mesoporous carbon, graphene, carbon nanotubes etc. have been 

studied as anodes in LIBs [197]. Metal oxides have also been tried for this 

purpose as they have structural diversity and can provide optimal 

characteristics for energy storage. As already discussed, MOFs are extensively 

used for both porous carbon and metal oxides and can be considered as 

precursor materials to design LIB anodes. The first report of heteroatom doped 

carbon derived from MOF was reported by Chen and coworkers in 2014 [198]; 

they thermally converted ZIF-8 to N-doped graphene particles with 17.72 

wt.% nitrogen content. The anode material delivered a high capacity of 2132 

mAh g–1 after 50 cycles attributed to the lattice/edge architecture of hexagonal 

carbon structure. The effect of porosity on the capacitor performance has also 

been investigated in the proceeding research work on ZIF-8-derived 

microporous carbon as anode in Na ion battery applications [199].  

MOF-template synthesis of metal/metal oxide doped porous carbon as anode 

materials in LIBs  

MOFs decomposition under a blanket of argon atmosphere can lead to 

metal/metal oxide doped carbon layers which will act as a conductive coating 

for improving the anodes performance. The first report of metal oxide doped 

carbon was the synthesis of hierarchical porous carbon-coated ZnO quantum 

dots (QDs: 3.5 nm) from IRMOF-1 under carbonization. As LIB anode, charge 



 
 

capacity up to 1200 mAh g–1, good cycle stability and rate capability have been 

reported [200]. Recently, we have synthesized cobalt oxide embedded 

nitrogen-doped multi-walled carbon nanotubes (CoO/N-CNT) using ZIF-12 

by the carbonization approach. Reversible capacity up to 1100 mAh g–1 at 0.1 

A g–1, and excellent rate capacity have been recorded [201]. The high surface 

area (365 m2 g–1) and structural robustness of the composite were considered 

the key factors in the improved electrochemical performance as anode. Other 

similar reports of MOF-derived materials for LIB application with acceptable 

capacity have been published for Zn-based MOF, Sn-based MOF, Ni-based 

MOF and Fe-based MOF [202-206].    

MOF-template synthesis of metal oxides as anode materials in LIBs 

MOF-template synthesis of nanometric size Co3O4 has been 

accomplished for other nanoscale transition metal oxides including Fe2O3, 

CuO and mixed metal oxides, and has been established as a route to anode 

materials for LIB application. The traditional carbonization approach to 

nanosized Co3O4 synthesis specifically resulted in agglomerated nanoparticles 

and other morphologies such as mesoporous Co3O4, plate- and rod-shaped 

Co3O4, hollow dodecahedral Co3O4, and nanorings etc. All of these drawn-out 

morphologies have been verified to retain greater electrochemical 

performance in terms of capacity, rate capability, and cycleability.           

Agglomerated nanoparticles of Co3O4 along with mesoporous Co3O4 

have been designed for LIBs since the first report of Xu and coworkers in 2010 

[207, 208]. The mesoporous Co3O4 materials have exhibited high surface area, 

acceptable pore volume and demonstrated reasonable reversible capacity of 

913 mAh g–1 after 60 cycles. There are a few other reports of Co3O4 in different 

sizes (micro/nano) and different dimensions (rods and plates) synthesized from 

MOFs and tested as LIB anode material [209-211]. ZIF-67, ([Co(mIm)2]n 

mIm: 2-methylimidazolate), was converted to Co3O4 hollow dodecahedra by 

open atmosphere thermal treatment, Figure 1.10(a, b). Benefiting from the 



 
 

structural features, the synthesized hollow dodecahedral Co3O4 displayed high 

lithium storage capacity and superior cycling stability, Figure 1.10(c, d) [212]. 

In 2014, Co-based MOFs with different morphologies such as micro-spindles 

and micro-flowers were thermally converted to Co3O4 nano-rings of diameter 

= 760 nm. The synthesized Co3O4 nano-rings displayed high reversible 

capacity (1370 mAh g–1) compared to commercial Co3O4 (117 mAh g–1) after 

30 cycles. The superior performance of Co3O4 hexagonal nano-rings was 

attributed to the reduced transfer pathway for Li+ which was effectively 

afforded by the distinctive morphology [213]. Other oxides derived from 

MOFs including Fe2O3 [214-216], CuO [217, 218] and even TiO2 [219] have 

also been studied for LIB anode application. Besides single metal oxides, 

MOF-derived mixed transition-metal oxides and MOF-derived metal [220-

228] or metal oxides/graphene or CNTs composites [229-237] have also been 

reported for LIB applications.   

 

Figure 1.10– FESEM image of ZIF-67 (a), FESEM image of Co3O4 hollow 

dodecahedra (b), cycling performance at current density of 100 mA g–1 (c) and 

rate capacities at various current densities, 1 C to 10 C (d), from reference 

[212].  



 
 

1.4.3. MOF-Template Synthesis of Porous Carbon for Fuel Cell 

Applications 

High surface area porous carbons have been the object of studies for 

usage in numerous energy related applications. It is certain that MOFs can be 

converted to heteroatom-doped high surface area carbons which can be 

explored in fuel cell applications. In this part of the thesis we summarize MOF-

derived N-doped porous carbon as metal-free fuel cell catalysts, and MOF-

derived porous carbon as a support of Pt-based fuel cell catalysts. Zhang et al. 

[238] used ZIF-8 as a sacrificial precursor for N-doped graphitic porous carbon 

fuel cell catalysts by simple carbonization under inert atmosphere. The ZIF-8 

precursor worked as both carbon and nitrogen source in the product with well-

conducting net-like structure and high surface area. Further, the effect of 

carbonization temperature and time on electrochemical studies were 

thoroughly investigated. For carbon sample obtained at 1000 °C (for 10 h) 

current density was up to 4.3 mA cm–2 and oxygen reduction onset potential 

(Eonset) was 0.02 V vs. Ag/Ag+ which is 40 mV negatively shifted in 

comparison to the commercial Pt catalyst. The excellent oxygen reduction 

reaction (ORR) activities of the catalysts were attributed to enhanced degree 

of graphitization, high N-active sites and high surface area of derived carbon 

materials. In another report amino-MIL-53(Al) was converted to high BET 

area and 1 nm microporous N-doped carbon for ORR of acceptable catalytic 

performance in alkaline medium [239]. The effect of secondary carbon source 

such as glucose on surface area and ORR activity has also been investigated 

while carbonizing ZIF-7/glucose composite for N-doped porous carbon. The 

addition of glucose improved the graphitization and purity of the end product. 

The ZIF-7/glucose composite derived carbon presented superior ORR 

activities among the options with Eonset = 0.86 V vs. RHE (reversible hydrogen 

electrode) and electron transfer number ca. 3.68 at 0.3 V in alkaline medium. 

Moreover, the catalyst also demonstrated excellent methanol tolerance in 

comparison to the commercial Pt catalyst. The superior electrochemical 



 
 

performance as fuel cell catalyst of the synthesized N-doped porous carbon 

was attributed to graphene-like morphology, high surface area and porosity 

[240]. 

Besides the self N-doped porous carbon derived from MOFs with 

nitrogen-containing ligands, heteroatom-doped (N, S, P) porous carbon 

derived from MOFs and external sources such as melamine, urea, and dimethyl 

sulfoxide (DMSO) have also been reported. Kurungot and coworkers [241] 

used MOF-5 as carbon source and melamine as nitrogen source for the 

fabrication of N-doped graphitic carbon (g-C3N4) for ORR fuel cell cathodic 

reaction, Figure 1.11a. The catalyst synthesized at 900 °C showed the highest 

ORR activity with current density up to 4.2 mA cm–2 and electron transfer 

number of 3.12, Figure 1.11b. Nitrogen and sulfur co-doped porous carbon 

was synthesized by Li et al. [242] using MOF-5 as template and carbon source, 

urea as nitrogen source and DMSO as sulfur source. The designed catalyst, N-

S-MOFs-C, was reported with onset potential of 0.005 V vs. Ag/Ag+ for ORR 

and electron transfer number of 3.8, very close to that of the commercial Pt 

catalyst. The improved oxygen reduction and methanol tolerance of the 

catalyst was attributed to the synergetic effect of the heteroatoms and carbon 

active sites. For the cathodic fuel cell reaction, one of the crucial factors is the 

electron transfer number to investigate the sluggish oxygen reduction kinetics. 

The effect of N content, surface area and porosity of the carbon materials on 

the electron transfer number was scrutinized by Xu and coworkers [243] in 

2014. In their report, ZIF-8 as template was incorporated with furfuryl alcohol 

and hydroxyl amine as additional carbon and nitrogen sources and the 

composite was calcined at different temperatures. Among the series samples, 

NC900 and NC1000, exhibiting moderate N content, high surface area and 

high percent of mesopores, preferred the four-electron pathway of ORR, 

whereas the sample NC800, with a high N content, a modest surface area and 

high percent of micropores, preferred the two-electron reduction path of ORR. 

Moreover, numerous research articles have been published about the MOF-



 
 

derived N-doped porous carbon incorporated into either carbon nanotubes 

(CNTs) or graphene that have been proved to enhanced the composite polarity, 

conductivity and electron donor tendency, subsequently enhancing the 

electrochemical performance. Fuel cell catalysts have been synthesized by in 

situ growth of ZIF-8 on CNTs, followed by pyrolysis at high temperature 

[244]. The structural and morphological characterization have illustrated the 

composite with CNTs as a conductive carbon skeleton with N-doped porous 

carbon spots decoration, presenting repeated catalytic active sites. The CNTs 

skeleton along with N-doped carbon layers contributed synergistically to the 

improved ORR electrocatalytic activities. In another report Wang and 

coworkers [245] have investigated N-doped nanoporous carbon/graphene/N-

doped nanoporous carbon sandwich-like structure for ORR using Zn and Co-

based ZIFs as nitrogen and carbon sources. During ORR testing, the N-doped 

nanoporous carbon/graphene nanosheets exhibited onset potential up to 0.92 

V vs. RHE and current density up to 5.3 mA cm–2, very close to the commercial 

Pt catalyst.  

 



 
 

 

Figure 1.11– Scheme presenting the synthesis of N-doped porous carbon from 

MOF-5 and melamine incorporation followed by carbonization at 600 °C (a) 

and ORR polarization showing the specific activities of the synthesized and 

commercial catalyst and K-L plots for electron transfer number (b), from 

reference [241].  

MOF-template synthesis of porous carbon as a support of Pt catalysts for fuel 

cells  

In fuel cell technology, especially proton exchange membrane fuel 

cells (PEMFCs), platinum (Pt) noble-metal is a widely accepted, favored and 

effective catalyst under both acidic and alkaline conditions due to its 

exceptional electrocatalytic performance. Despite the astonishing catalytic 

properties of Pt there are still some major issues affecting its widespread usage, 

including a) scarcity, b) easy deactivation by CO, c) the fuel cross over effect, 

and d) pH lowers the catalyst durability [246]. To reduce the cast by decreasing 

Pt loading or replacing Pt with other metals while maintaining optimum 

performance is the central subject of most recent fuel cell catalyst research. To 

date, much effort has been made to develop low cast and high efficiency fuel 

cell catalysts by synthesizing Pt-cheap metal composites such as alloys, 

bimetallic/multi-metallic nanoparticles and even unique core-shell structures. 

Further, it is also well recognized that the catalytic activity of nanoparticles is 

largely dependent on the nature of the support. Besides the spontaneous 



 
 

growth of small metal nanoparticles, narrow size distribution and long term 

durability, the key role of support is to synergistically boost the pathway 

leading to the end product. Thus, crucial features of a support include high 

surface area, sufficient porosity, strong interaction with metal nanoparticles, 

and the presence of active sites participating in the reaction to proceed [247]. 

Specifically for fuel cells technology, active carbon materials such as activated 

carbon, mesoporous carbon, carbon nanotubes (CNTs) and graphene have 

been extensively studied as Pt catalyst support.  

MOF-derived carbon materials were also studied as one of the best 

support for fuel cell catalysts. We for the first time used MOF-5 derived high 

surface carbon as a support for Pt-based catalysts while targeting direct ethanol 

fuel cells (DEFCs) and direct methanol fuel cells (DMFCs) [248-250]. In the 

series of the synthesized catalysts, the PtFe combination supported on MOF-5 

derived high surface area carbon delivered power density up to 121 mW cm–2 

in DEFCs testing [248]. The excellent ORR activity with catalyst onset 

potential up to 1.03 V vs. RHE, which is about 90 mV positively shifted 

compared to commercial Pt catalyst, has been recorded for Pt-Ni/PC 950 

(15:15%) catalyst [249]. Similarly, the catalyst combination of Pt-Cu/PC 950 

(15:15%) demonstrated superior electrochemical performance and long term 

stability in both oxygen reduction reaction (ORR) and methanol oxidation 

reaction (MOR) [250]. The outstanding electrochemical performance of the 

synthesized catalysts was attributed to the high surface area carbon support 

which ensured metal nanoparticle dispersion and extra stability, along with the 

electronic effect of the transition metals incorporated in the catalyst 

combination. Targeting direct borohydride fuel cells (DBFCs) Wang and 

coworkers [251] used MOF-5 along with furfuryl alcohol as carbon source for 

Pt catalyst under inert carbonization. The synthesized catalyst Pt/NPC showed 

36.38% higher current density than the Pt catalyst supported on commercial 

carbon and also presented a high power density of 54.34 mW cm–2 versus 

34.13 mW cm–2 for Pt/XC-72 commercial catalyst. Besides the post-synthesis 



 
 

carbon decoration with Pt metal nanoparticles, Afsahi et al. [252] introduced 

Pt ions into Al-based MOF (MOF-253) and calcined the structure at a range 

of temperatures. The samples obtained at 950 °C (C3) and 1050 °C (C4) were 

tested as anode and cathode in PEMFCs and the results were compared with 

available commercial catalyst. The C3 catalyst presented open circuit voltage 

up to 970 mV, comparable to the commercial catalyst value of 970 mV and 

acceptable current density of 482 mA cm–2.  

MOF-template synthesis of metal-Nx doped porous carbon for fuel cells  

Extensive research work has been carried out to design non-precious 

metal catalysts and the literature shows that among the different options, 

macrocyclic catalysts with Fe–N4 moiety and binuclear catalysts with Co–N4 

moiety follow 4-electron reduction path of ORR to water as the anticipated 

product, the imperative feature for PEMFCs commercialization [253]. MOFs 

with metals such as Co, Fe etc. and nitrogen-containing organic ligands can be 

used as sacrificial precursors for metal–Nx type catalysts for fuel cell 

applications [254-270]. The first report about MOFs as precursor for fuel cell 

catalysts was published in 2011 by Liu and coworkers [254] when they 

converted Co-imidazolate to Co-N4 type catalyst by pyrolysis followed by acid 

wash to improve the purity. Increased ORR activity with onset potential of 

0.83 V vs. RHE and high mass activity were recorded for the catalyst obtained 

at 750 °C. The enhanced catalytic activities were attributed to high surface area 

and extensive micropores with the inclusion of mesopores. Later, a Co-based 

zeolitic imidazolate framework (ZIF-67) was extensively studied as fuel cell 

catalyst precursor. In the work of Wang et al. [255] the effect of metal to ligand 

ratio in MOF and porosity on ORR were deliberately studied. It has been found 

for the ZIF-67-derived Co catalyst that the best ORR performance is achieved 

for the sample catalyst with maximum porosity which is obtained by optimum 

carbonization followed by acid wash. The pyrolysis of small size ZIF-67 (300 

nm) afforded N-doped nanopolyhedrons decorated with cobalt nanoparticles, 



 
 

a catalyst with inherent size and shape of the precursor. The catalyst 

demonstrated ORR with onset potential of 0.86 V vs. RHE in acidic solution, 

which is as good as the best carbon-based oxygen reduction catalyst [256]. 

Surprisingly, Guo and coworkers [257] obtained Co@Co3O4@C core@bishell 

nanoparticles (NPs) encapsulated in a highly ordered porous carbon matrix 

(CM) from ZIF-67. The promising feature of the catalyst, Co@Co3O4@C-CM, 

was the highly ordered carbon matrix which can provide better transport 

pathway than that of the disordered counterpart. The designed catalyst showed 

similar ORR activity to the commercial Pt catalyst and better stability and 

methanol tolerance in alkaline medium. The improved catalytic activity was 

attributed to the unique structure and highly ordered carbon matrix holding the 

cobalt nanoparticles. In the field of electrochemical energy conversion and 

storage, carbon based electrode materials always remain a center of research 

interest and researchers have tried to incorporate carbon structure like 

graphene or graphene oxides to the MOF-derived nanostructures. One such 

report describes ZIF-67 synthesis on graphene oxide as a support and the 

composite carbonized at elevated temperature; an N-doped graphene/cobalt 

embedded porous carbon polyhedron (N/Co-doped PCP/NRGO) structure was 

obtained [258]. The hybrid catalyst demonstrated improved ORR activity 

along with good stability and methanol tolerance in comparison to the state of 

the art Pt catalyst. The hybrid structure also exhibited excellent activity for 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). The 

synergic effects between N/Co-doped PCP (porous carbon polyhedron) and 

NRGO (N-doped reduced graphene oxide) were considered to be a key factor 

in the superior catalytic performance of the hybrid structure. 

In the effort to design non-precious metal fuel cell catalysts, in 

particular of Fe–N4/C type for cathode ORR sluggish reaction, several kinds 

of material precursors, including complexes [259] and MOFs with nitrogen-

containing ligands, have been tried. The first report in which iron imidazolate 

framework was used as a precursor for fuel cell catalyst was published in mid-



 
 

2012 [260]. The synthesized catalyst, after pyrolysis, demonstrated good 

catalytic activity which was further improved by mixing the iron imidazolate 

framework with zinc imidazolate framework, and subsequently calcining the 

mixture. The obtained catalysts were tested for fuel cell applications, and onset 

potential up to 0.977 V vs. RHE and current density up to 12 A cm–2 at 0.8 V 

were recorded in a single cell test. A stable Fe-based MOF, MIL-88B-NH3 

(ligand is 2-aminoterephthalic acid), was carbonized at three different 

temperatures, namely 700, 800 and 1000 °C under argon gas and N-doped Fe 

decorated carbon catalysts were obtained (Figure 1.12) [261]. In ORR testing, 

the catalysts presented onset potential up to 1.03 V vs. RHE and half-wave 

potential up to 0.92 V vs. RHE in alkaline medium. In direct alkaline fuel cell 

testing power density reached to 22.7 mW cm–2 which is 1.7 times greater than 

the commercial Pt catalyst. 

 

Figure 1.12– The electrochemical performances of MIL-88B-NH3 derived 

catalyst CNPs in fuel cell applications. CV curves (a), LSV polarizations plots 

(b), LSV curves at different rotation speeds of electrode (c), K-L plots for 

electron numbers (d), chronoamperometric response at 0.84 V (e) and 

chronoamperometric response at 0.84 V showing methanol tolerance (f), from 

reference [261].         

  



 
 

Similarly, MIL-88c-Fe (ligand is naphthalene-2,6-dicarboxylic acid) 

along with dicyandiamide (DCDA) was converted to Fe/Fe3C-containing N-

doped porous carbon material under calcination for ORR activities [262, 263]. 

The catalyst obtained at 800 °C demonstrated onset potential and rate kinetics 

close to the commercial catalyst toward oxygen reduction but better methanol 

tolerance and stability to that of marketed Pt/C. In another report Kaliaguine 

and coworkers [264] used Fe-based MOF as a sole precursor for ORR catalyst, 

which was calcined at high temperature then washed with acid solution 

followed by heating under NH3 from 700 to 1000 °C. The catalysts were 

characterized by range of instrumental techniques and Fe/N/C type active sites 

along with conductive carbon matrix were identified. Among the different 

options, the C700/950 catalyst showed acceptable onset potential and half-

wave potential and also exhibited open circuit voltage of 0.945 V and power 

density up to 0.302 W cm–2 at 0.39 V. For Fe/N/C type catalysts, other 

precursors such as iron acetate and 1,10-phenanthrolene incorporated in 

porous host have also been reported since the first publication of Dodelet and 

coworkers [265] where iron acetate and 1,10-phenanthrolene were the Fe and 

N sources, respectively. Following the strategy of host and precursor, 

microporous ZIF-8 was used as a sacrificial, porous mold to accommodate iron 

acetate and 1,10-phenanthrolene that is afterwards pyrolyzed first under argon 

and then under ammonia. The best catalyst option (1/20/80-Z8-1050 °C-15 

min) of the study showed power density of 0.75 W cm–2 (current density of 

1120 A g–1) at 0.6 V in H2-O2 fuel cell testing, a significant but comparable 

voltage to that of commercial Pt cathode catalyst [266]. The catalyst mass 

equivalent performance in H2-O2 fuel cell testing was increased by 35% by 

adding highly graphitized carbon fibers (26 wt.%) into the precursors [267]. 

Later, Jaouen and coworkers [268] replaced phenanthrolene with 2,4,6-tris(2-

pyridyl)-s-triazine (TPTZ) and carbonized the composite under argon at 1050 

°C for 1 h and then under ammonia at 950 °C for 15 min to yield the catalyst. 

In this case the catalyst presented current density up to 190 A g–1 at 0.6 V in 



 
 

H2-O2 fuel cell testing, much lower than that of catalyst synthesized from 1,10-

phenanothrolene precursor. The same group have also published the effect of 

furfuryl alcohol on iron acetate/1,10-phenanthrolene/ZIF-8 composite’s 

derived catalyst for ORR activities. Other ZIF structures as templates have also 

been tried to synthesize Fe/N/C type fuel cell catalysts [269].  Zhao et al. [270] 

for the first time carried out solid state synthesis of ZIFs from ZnO powder 

and organic ligands such as imidazole, 2-methylimidazole, 2-ethylimidazole 

and 4-azabenzimidazole. During the synthesis of ZIFs, 5 wt.% of tris-1,10-

phenanathrolene iron(II) perchlorate was added and catalysts Zn(Im)2TPIP, 

Zn(mIm)2TPIP, Zn(eIm)2TPIP, and Zn(4abIm)2TPIP were synthesized by 

careful carbonization of the composite under argon at 1050 °C for 1 h and then 

under ammonia at 950 °C. The catalyst Zn(mIm)2TPIP was reported with onset 

potential of 0.902 V vs. RHE and half-wave potential of 0.76 V vs. RHE and 

presented 4-electron reduction pathway of ORR with minimum H2O2 yield. 

Iron phenanthrolene complex has also been incorporated into the cavities of 

ZIF-68, ZIF-69 and ZIF-70 and the composite carbonized at 900 °C under 

argon to fabricate Fe/N/C type ORR catalysts [271]. The catalyst FeNC-70 

reduced molecular oxygen with onset potential of 0.80 V vs. RHE which is 

pointedly higher than the other options (FeNC-68, FeNC-69) and comparable 

to few other reports of similar catalyst type.   

1.5. Energy Storage 

Energy storage is the detention or capture of produced energy at one 

time for use at a later time. In today’s modern world the leading form of energy 

is electricity and the demand is growing at faster rate than overall 

consumption. Global electricity generation in 2012 was approximately 22,200 

tetra watt hour (TW h) to which fossil fuel generated electric power contributed 

the greatest part [272–274]. About 70% of electricity is supplied from fossil 

resources including coal, oil and natural gas. It has been estimated that the 

global electricity demand is expected to double by the mid-century and triple 



 
 

at the end of the century, even after efficient conservation technology 

development. Further, natural sources such as oil and gas are anticipated to 

peak-over in the next few decades while coal reserves may remain longer for 

the continuation of the existing electricity consumption level. However, coal 

firing results in emission of lifecycle CO2 with an average of 1000 g for every 

kilo watt hour (kW h) electricity, the key contributor to global warming [275, 

276]. Different emission regulation policies have been introduced by different 

agencies to monitor CO2 levels released into the atmosphere from industries. 

The generation of electrical energy from renewable resources has received 

great interest over the use of fossil resources due to resource limitations and 

environmental concerns. Among the renewables, solar and wind energy are the 

most abundant and potentially available sources of energy [275, 277]. The 

worldwide energy requirements for one year can be potentially obtained from 

solar irradiation of Earth for one hour. Similarly, seizing a small quantity of 

wind energy can contribute significantly to the world’s electricity demand. 

Photovoltaic installation is rapidly growing worldwide, by about 40% per year 

[278], and solar energy harvesting up to 100 GW by 2020 is the target of the 

United States. The installed wind power generated energy was up to 74.3 GW 

in 2006 and climbed to 94 GW in the next year 2007 [279]. However, the 

inconstant nature of these renewables poses significant challenges even for the 

electric grid operators. Generally, the wind power profile peaks at night while 

in the daytime wind power can be a few giga-watt (GW) or a few mega-watt 

(MW) or even zero at times [280]. Likewise, the solar power can be generated 

during the daytime and fluctuates when the clouds pass by, Figure 1.13. 

Further, these resources are localized usually far away from the load zones. 

Thus the intermittent nature of these renewable resources has presented a 

challenge in energy production and capacity balance preservation to ensure the 

stability and consistency of the power network. Among the different strategies 

to smooth the disordered output of the renewables, electrical energy storage 



 
 

has been recognized as one of the most efficient and effective approaches [281, 

282]. 

 

Figure 1.13– Photovoltaic power over a span of 6 days in Spain, from 

reference [280]. 

Electrical energy storage (EES) is a process of converting energy to a 

storable form and reserving it by various means, then transforming the stored 

energy back into electrical energy upon demand [283]. Chemical energy, 

electrical energy, solar radiation, gravitational potential energy, thermal 

energy, kinetic energy and latent heat are all the different form of energies. 

Keeping the prerequisites such as performance, cost, reliability and durability 

these renewables can be potentially adopted in different modern energy 

technologies. These technologies can be categorized according to how the 

electrical energy is stored: direct storage in the form of electrical charges; or 

indirect storage by conversion to some other energy form, for example kinetic, 

chemical or potential energy, Figure 1.14. Energy storage in the form of 

charges are capacitors or supercapacitors which are very effective in terms of 

power density but have low energy density and discharge in a few seconds. 

These technologies are used for power management and have been tested for 

grid power applications [284]. The ‘converting’ technologies for indirect 

storage of electrical energy include flywheels (converting electrical to kinetic 



 
 

energy), hydro pumps and compressed air systems (converting potential to 

electrical energy) and batteries (electrochemical energy storage). Batteries can 

efficiently store energy in chemicals and reversibly discharge it upon demand. 

Batteries such as lead-acid batteries, Ni metal batteries, redox flow batteries, 

sodium sulfur batteries, Li ion batteries, lead carbon batteries etc. have been 

designed for different applications.  

 

Figure 1.14– Classification of EES technologies by stored energy. 

 

1.5.1. Supercapacitors  

Supercapacitors or electrochemical capacitors, also widely known as 

ultra-capacitors, employ high surface area, porous carbon electrodes and 

comparatively thinner electrolytic dielectrics to attain capacitances greater 

than orthodox capacitors [285, 286], Figure 1.15. In comparison to 

conventional capacitors, having conducting metal electrodes separated by an 

insulator in between, supercapacitors are competent to achieve greater energy 

density and can preserve high power density by the combination of high 

surface area electrodes and thinner dielectrics. The capacitance of a capacitor 

is define as the ratio of stored charge to the applied voltage (C = q/V). The 

capacitance is directly proportional to the surface area of the electrode and 

inversely proportional to the distance between the electrodes:  

C = εₒ.εr  
𝑨

𝑫
 …………………………………………………. (1) 



 
 

Here, C is the capacitance (F g–1), A is the surface area (cm2), D is the distance 

between the electrodes (cm), εₒ is the dielectric constant of free space 

(permittivity) and εr is the dielectric constant of insulating materials. The 

primary factor of a supercapacitor is the energy density which is directly 

proportional to the capacitance (E = ½ CV2) and for the determination of power 

density (P) the internal resistance (resistance due to current collectors, 

electrodes and insulating materials) of a capacitator should be counted:  

P = 
𝑽𝟐

𝟒 ×𝑬𝑺𝑹 
 ……………………………………………………. (2) 

Here, P is power density (W cm–2), V is voltage (V), and ESR is the equivalent 

series resistance measured in ohm (Ω). Equation 2 shows that by maintaining 

ESR low, supercapacitors can deliver high power density comparable to 

conventional capacitors.    

The performance of capacitors, supercapacitors, batteries and fuel cells 

can be shown in the form of a Ragone plot, Figure 1.15b. Capacitors have 

comparatively high power density but very low energy density compared to 

batteries and fuel cells. This means that a capacitor can store relatively less 

energy per unit mass or volume but can deliver the stored energy rapidly to 

generate a lot of power. On the other hand, batteries can store high energy per 

unit mass or volume, but cannot deliver it quickly and the power density is 

low.  

(a) 

 

 

 



 
 

 (b) 

 
 

Figure 1.15– Charging and discharging of supercapacitors (a) and Ragone plot 

(b). 

 

Supercapacitors are divided into three categories: electric double-layer 

capacitors (EDLCs), pseudocapacitors and hybrid capacitors, Figure 1.16. 

These can be differentiated by their mechanism of charge storage: EDLCs 

store charges non-Faradically (no redox reaction but only charge storage by 

physical adsorption), pseudocapacitors store charges by a Faradic mechanism 

while hybrid capacitors store charges by the combination of the two i.e. by 

Faradic and non-Faradic mechanism. 

Electric double-layer capacitors (EDLCs): EDLCs storage devices comprise 

two carbon-based electrodes, a separator and an electrolyte. During operation 

of an EDLC the randomly distributed oppositely charged ions accumulate on 

the electrode surface as voltage is applied and the capacitor becomes charged 

(energy stored). The ions diffuse across the separator into the pores of the 

electrode by natural attraction of unlike charges and the electrodes prevent 

them from recombination. Consequently, a double-layer of charge is created 

at each electrode which allow the device to achieve high energy density 

compared to conventional capacitors, Figure 1.15. Charge storage in EDLCs 

is highly reversible presenting very high cycling stability and can demonstrate 

as many as 106 cycles while batteries are limited only to 103 cycles. The 



 
 

EDLCs performance also depends on the nature of the electrolyte which can 

be either an aqueous electrolyte (KOH or H2SO4) or organic electrolyte 

(acetonitrile). EDLCs are further divided based on the carbon materials used 

as electrodes. Different carbons such as activated carbon, porous carbon, 

carbon molecular sieves, graphene and carbon nanotubes etc. can be used to 

store charges in EDLCs. 

Pseudocapacitors: Unlike EDLCs, pseudocapacitors store charge energy via 

the transmission of charge between electrode and electrolyte. Different Faradic 

processes are possible, for example electro-deposition, redox reaction and 

intercalation process [287, 288]. These Faradic processes are responsible for 

the high energy density of pseudocapacitors compared to EDLCs. The 

dominant electrode used in pseudocapacitors are either conducting polymers 

or metal oxides. 

Hybrid Capacitors: In this class of supercapacitors charges are stored via both 

Faradic and non-Faradic processes to attain energy and power densities greater 

than EDLCs and pseudocapacitors. The hybrid capacitors may be composite 

type (having electrodes of carbon decorated with metal oxides), asymmetric 

(the combination of EDLCs and pseudocapacitors) and battery type (the 

combination of supercapacitors with battery electrodes).      

 

Figure 1.16– Classification and related taxonomy of supercapacitors. 

 



 
 

1.5.2. Lithium Ion Batteries (LIBs) 

Generally, a Li ion battery is the gathering of several cells connected 

either in series or in parallel. Each Li ion cell consist of an anode and cathode 

which are proficient to store Li ions flowing in between the electrodes during 

cell operation. Lithium ions move through an electrolyte solution of Li salt in 

an organic solvent or conducting polymer, Figure 1.17. The two electrodes are 

separated by a Li ions-conductive membrane, a polymer that does not conduct 

electrons. The electrodes are the charge loading materials: the anode stores Li 

ions at lower potential while cathode stores Li ions at high potential, giving 

rise to an overall cell potential. The cell potential is the difference of charge 

potential at cathode and anode divided by the ion charge (Vcell = Ucathode –

Uanode/e) and the cell operates in between 3.0 V to 4.2 V [289]. Li ions move 

vigorously from the negative electrode to the positive electrode upon discharge 

and the accompanying electrons move from the negative current collector 

(copper metal) to the positive current collector (aluminum metal), as a result 

current flows in the external circuit. In the course of charging condition, 

external power creates a potential difference that is a driving force for the Li 

ions to migrate through the solution from the cathode back to the anode, Figure 

1.17. During charge/discharge Li ions reversibly intercalate with little 

expansion and contraction of the electrode materials. Most of the electrode 

materials used in LIBs are layer structured where Li ions can insert. 

 

Figure 1.17– Charge/discharge of lithium ion battery. 



 
 

The amount of charge stored by a cell is called cell capacity and is 

generally expressed in unit of milliampere hours (mAh). The crucial and 

evaluating parameter of a battery is the theoretical capacity of the electrode 

materials in unit of milliampere hours per gram (mAh g–1). In the literature the 

current quantity is usually expressed as a fraction of capacity (C/X), the 

amount of charge transferred in specific time period. For example, a C/20 

charge rate of cell means that it will take 20 h for complete charge and 

discharge. The energy state of lithium can be better evaluated while using the 

electrochemical potential (versus Li/Li+ reference electrode) instead of 

chemical potential. Li insertion occurs at low electrochemical potential versus 

Li/Li+ at the negative electrode while Li insertion occurs at high 

electrochemical potential versus Li/Li+ at the positive electrode. Thus, it is 

highly desirable to intercalate Li ions at negative electrode at a potential as low 

as possible. Similarly, it is also desirable for the positive electrode to 

intercalate Li ions at a potential as high as possible. 

Common negative electrode materials are graphite and Li4Ti5O12 

(lithium titanium oxide; LTO). Graphite is a commercially available, cheap 

and stable material which can operate at low potential between 0.1 V to 0.3 V 

versus Li/Li+ and also has comparatively high theoretical capacity up to 372 

mAh g–1. LTO exists in a spinel form having theoretical capacity up to 175 

mAh g–1 and can operate at comparatively high voltage (1.4 V). Spinel lithium 

metal oxides, LiMO2 and LiM2O4, are the common positive electrode 

materials in lithium ion batteries. Lithium cobalt oxides (LiCoO2), lithium 

manganese oxide (LiMn2O4), and lithium mixed metal oxides have been 

mainly used as positive electrode materials. The electrolyte system consists of 

Li salt dissolved in organic solvents. The most commonly employed 

electrolyte systems comprise salts such as LiPF6 or LiBF6 dissolve in solvents 

such as ethylene carbonate (1,3-dioxolan-2-one) or dimethyl carbonate or 

mixtures of the two.  
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Figure 1.18– Structures of different solvents used in LIB solvent systems. 

1.6. Energy Conversion 

Our dependence on hydrocarbon fuels is rapidly growing day by day; 

while the effective use of renewable energies such as solar radiation and wind 

can overcome this dependency. The Sun is the ultimate source of energy, but 

still we are unable to produce sufficient energy when it is cloudy or dark so a 

means to store energy for when it is needed is highly desirable. Fuel cells are 

an energy conversion technology utilizing hydrogen which can be generated 

in an electrolyzer during the daylight hours then is to use to operate a fuel cell 

producing electricity when it is needed at night; this is called the solar-

hydrogen energy cycle. Fuel cells convert chemical energy to electrical 

energy; in other words they are electrochemical energy conversion device. 

Table 1.1 shows the different types. When hydrogen is fed as fuel the setup is 

a proton exchange membrane fuel cell (PEMFC) that generates electricity, 

water and some heat. In PEMFCs, a proton-conducting polymer membrane 

(usually Nafion) separates the anode and cathode sides and contains the 

electrolyte solution, also called membrane electrode assembly (MEA). During 

operation of a typical PEMFC, hydrogen disseminates to the anode catalyst 

where it dissociates into a proton and an electron. The protons are directed 

through the membrane to the cathode and the electrons are forced to travel in 



 
 

an external circuit. At the cathode, oxygen molecules react with electrons and 

protons to form water, Figure 1.19. 

 

Figure 1.19– Proton exchange membrane fuel cell (PEMFC). 

PEMFCs offer broad application opportunities for energy related fields 

ranging from home appliances to large-scale commercial energy consumption. 

They are superior to thermal engines for their advantage of zero pollutant 

emission. Both the by-products, water and heat, can be put to some kind of use 

when adopting PEMFCs as a commercial energy device. In using PEMFCs, 

factors including cell operating efficiency, temperature range, catalysts, and 

electrolytes should be considered, Table 1.1. In contrast to conventional 

batteries, a H2 fuel cell receives a supply of energy (stored in the form of 

hydrogen) from the outside at anode and can generate electricity. The 

electrodes of a fuel cell are stable and performing as catalysts in the release 

and getting of electrons and are chemically not charged during this process.  

 

 

 

 



 
 

Table 1.1– Different types of fuel cells; electrolytes, operating temperatures 

and efficiencies  

Fuel cell 

type 

Electrolyte  Operating 

temperature 

(°C)  

Electrical 

efficiency 

(%)  

Fuel/ 

Oxidant  

Energy 

output 

Alkaline 

fuel cell  

Potassium 

hydroxide 

solution  

Room 

temperature 

to 90  

60 to 70 H2/ O2 300 W 

to 5 kW 

Proton 

exchange 

membrane 

fuel cell  

Proton 

exchange 

membrane  

Room 

temperature 

to 80  

40 to 60 H2/ air, 

O2 

1 kW  

Direct 

methanol 

fuel cell  

Proton 

exchange 

membrane 

Room 

temperature 

to 130  

20 to 30 CH3OH/ 

air, O2 

1 kW 

Phosphoric 

acid fuel 

cell  

Phosphoric 

acid  

160 to 220 55 Natural 

gas, 

biogas, 

H2/ air, 

O2  

200 kW 

Molten 

carbonate 

fuel cell 

Molten 

mixture of 

alkali metal 

carbonates 

620 to 660 65 Natural 

gas, 

biogas, 

coal gas, 

H2/ air, 

O2 

2 MW 

to 100 

MW 

Solid oxide 

fuel cell 

Oxide ion 

conducting 

ceramics  

800 to 1000 60 to 65 Natural 

gas, 

biogas, 

coal gas, 

H2/ air, 

O2 

100 kW 

Source: H-tech, SAE international 



 
 

Fuel cells are electrochemical energy conversion devices that generate 

electric power from chemical fuels. The fuel cell was first invented in the 

1830s by Grove [290] and Schönbein [291] and was commercialized later by 

NASA for the Gemini mission in the 1960s to generate power for satellites, 

probe and capsules [292-294]. Fuel cells can be operated close to room 

temperature while using hydrogen or methanol as fuel and can be consider as 

promising future energy device both in vehicles and portable electronics. In 

parallel to the fuel oxidation at anode (H2 → 2H+ + 2e–) there is oxygen 

reduction at cathode (1/2O2 + 2H++ 2e– → H2O), called oxygen reduction 

reaction (ORR). The protons and electrons generated at the anode are moved 

toward cathode through an external circuit and proton conducting membrane 

where oxygen is reduced by reacting with protons and electrons (equation 1). 

Individually, the anodic and cathodic reaction occurs on Pt catalysts, highly 

dispersed on carbon, to enhance the reaction kinetics of both oxidation and 

reduction. Using the acidic fuel cell electrolytes, the oxygen can be reduced 

either through four electron pathway (equation 1) or through two electron 

pathway (equation 2, 3).  

Desired, 4e– pathway:  

O2 + 4H+ + 4e– → 2H2O (E° = 1.229 V vs SHE) ---------- (1) 

Non-desired, 2e– pathway:  

O2 + 2H+ + 2e– → H2O2 (E° = 0.67 V vs SHE) ---------- (2) 

H2O2 + 2H+ + 2e– → 2H2O (E° = 1.77 V vs SHE) ---------- (3) 

Under acid/base condition the 4-electron reduction pathway is the most 

favorable for improved fuel cell efficiency and limited H2O2 formation [295-

308]. The oxygen reduction can also proceeds through a 2-electron reduction 

pathway in which H2O2 can directly or indirectly be converted to water that 

can lower the cell efficiency by lowering the electrode durability and causing 

electrolyte damage. From kinetics studies it has been observed that the rate of 

hydrogen oxidation at the anode is much faster than the rate of oxygen 

reduction at cathode. Therefore, the Pt loading at anode can be dropped to less 



 
 

than 0.05 mg cm–2 and the Pt loading at cathode can exceed 0.4 mg cm–2. 

Keeping the cost effect of fuel cell technology it is highly desirable to reduce 

Pt loading or even completely replace it with a cheap and abundant metal. Due 

to the excellent catalytic properties, Pt is still one of the universal fuel cell 

catalyst. Major challenges to the commercial implementation of Pt as ORR 

catalyst are summarized below: 

1) Scarcity: Scarcity refers to the global shortage of platinum metal. The 

price of Pt catalysts still accounts for 49% of the PEMFC stack and 24% 

of the 80 kWnet PEMFC system [309-311]. The US Department of 

Energy (DOE) Fuel Cell Technologies Program in 2013 has proposed 

0.15 mg cm–2 and 0.14 g kW–1 as the optimum loading of Pt [309, 310]. 

The price of fuel cells is directly linked to the price of precious Pt metal. 

2) Carbon monoxide (CO) poisoning: CO is a strong π-donor ligand and 

can conjugate with metals through synergetic back-bonding that leads to 

the blockage of catalyst active sites and deactivation. Hydrogen fuel 

obtained from natural sources has traces of CO that are difficult to 

remove and can be preferentially adsorbed on the Pt active sites, resulting 

in reduced catalytic performance.   

3) Fuel crossover effect: The fuel crossover effect arises in the use of 

methanol as fuel in direct methanol fuel cells (DMFCs) where the 

methanol molecules are permeable to the proton conducting membrane. 

Methanol molecules can move toward cathode via membrane and can 

poison Pt catalyst. This will change the cathode selectivity toward 

oxygen reduction and can greatly change the catalyst life time.  

4) Durability: Pt durability is highly important because of low pH, 

dissolved oxygen, and high positive operating potential [312-317]. In all 

these circumstances Pt particles can dissolve and redeposit on each other 

and also at membrane [315-318].                                 

The above-mentioned drawbacks prevent large-scale practical implementation 

of fuel cell technology. Extensive research work has been carried out to design 



 
 

less expensive and more efficient catalysts for proton-exchange membrane 

fuel cells. These include Pt alloys, core-shell structures, carbon-based non-

noble catalysts, Pd-based catalysts, metal oxides and chalcogenides. The 

reported progress has been summarized in different review articles [295-308, 

319]. 
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Experimental 

 

 

 
 



 
 

2. Experimental 

2.1. Materials synthesis     

2.1.1. Synthesis of Carbon Nanospheres  

MOF-5  

The zinc acetate salt, Zn(O2CCH3)2·2H2O (3.5 g, 16.0 mmol) and 

benzene-1,4-dicarboxylic acid (BDC: C8H6O4; 1.0 g, 6.0 mmol) were 

separately dissolved in dimethylformamide (DMF; 20 mL). A few drops of 

triethylamine, Et3N, were added to the BDC solution. The solutions were 

mixed in a round-bottom flask and refluxed at 125 °C for 4 h. After reaction 

completion, the product was collected on folded filter paper, washed several 

times with DMF and methanol, and dried in an oven at 70 °C. The powder 

XRD spectrum (Figure 3.1) of the product matched the simulated pattern of 

MOF-5 [100, 153]. 

Activated carbon (AC) from sucrose  

The activated carbon was synthesized by acid-catalyzed conversion of 

sucrose. Sucrose (C12H22O11; 500 mg for 210 mg of carbon based on 

theoretical calculation) was dissolved in deionized water (20 mL) and sulfuric 

acid was added dropwise under gentle stirring. First the solution became 

blackish brown and then a black solid was precipitated by further addition of 

sulfuric acid. The solid become consolidate mass of carbon by further treating 

the solution with sulfuric acid; this product was isolated by filtration and dried 

at 100 °C. The solid mass was ground to powder and then heated up to 850 °C 

in a furnace in open atmosphere to activate. The product yield was 90% (193 

mg after activation in air) which was in close agreement to theoretical 

calculation. The AC was characterized by PXRD, SEM, EDX and gas 

adsorption analysis.     

MOF-5/activated carbon (AC) composite  

For the synthesis of MOF-5/AC composite, 100 mg of AC and 3.5 g 

(16.0 mmol) of zinc acetate salt were suspended in 20 mL of DMF. A solution 



 
 

of terephthalic acid (1.0 g, 6.0 mmol) in DMF (20 mL) containing a few drops 

of Et3N, was added dropwise at room temperature under stirring. After 30 

minutes blackish white precipitate was formed which was collected after 

washing and drying, Scheme 2.1.  

 

Scheme 2.1– Synthesis of MOF-5 and MOF-5/AC composite. 

 

Separate samples of MOF-5 (0.25 g) and composite (0.25 g) were dried 

under vacuum at 200 °C for 3 hours. Dried samples were transferred to a 

ceramic boat and the boats were placed in a temperature-programmed tube 

furnace. First, an inert atmosphere was created inside the tube furnace by 

continuous flushing of argon for 30 minutes. The carbonization was carried 

out at 850 °C under argon for 6 h and samples were collected as MOF-5-C 850 

and MOF-5/AC-C- nsp 850, here 850 is the carbonization temperature and nsp 

stands for carbon nanospheres. After thermal conversion samples were washed 

with HF solution (1 mol L–1) to remove ZnO. 

For fuel cell catalysts, the as-synthesized MOF-5 (without activated 

carbon) was calcined at 950 °C under argon. The carbonization time was 

prolonged to 9 h instead of 6 h for improved degree of carbon graphitization 

and removal of all impurities including Zn. The carbon sample, PC 950, was 

separately characterized and used as a support for ORR catalysts. The 

prolonged carbonization resulted in a decrease of carbon surface area 



 
 

compared to the literature reported values for carbon obtained via MOF-5 

direct carbonization, Table 2.1.      

 

Table 2.1– The carbonization time and surface parameters of MOF-5 derived 

carbons versus carbon black, carbonization was carried out in the temperature 

range of 900-950 °C 

Carbon 

materials 

Carbonization 

time (h) 

BET 

surface area 

(m2 g–1) 

Pore 

volume 

(cm3 g–1) 

Ref. 

MDC-1 3 3174 4.06 156 

MC 6 1812 2.87 159 

PC 950 9 1453 2.00 This work 

 

Electrocatalysts  

The polyol reduction method [320, 321] was used to synthesize the 

ORR electrocatalysts. Typically, the obtained carbon material (PC 950; 70% 

for one catalyst) was sonicated in ethylene glycol for 30 min to make a 

suspension, which was heated up to 100 °C with gentle stirring. Appropriate 

quantities of H2PtCl6·6H2O and Ni(NO3)2·6H2O were dissolved in 10 mL of 

ethylene glycol separately and the solutions were added to the carbon 

suspension dropwise over a time period of 30 min each. After the addition of 

salt solutions, the temperature of the resultant mixture was raised gradually (2 

°C min–1) to 180 °C and maintained for 4 h to complete the reaction. 

Afterwards, the reaction was cooled to room temperature and the precipitate 

was obtained, washed, and dried to afford the final product in 96% yield. The 

synthesized catalysts were designated as Pt-Ni/PC 950 (15:15%), Pt-Ni/PC 

950 (10:20%), Pt-Ni/PC 950 (5:25%), and Ni/PC 950, respectively. The values 

in parenthesis indicate the metal wt.% loading in 1:1, 1:2, and 1:5; Ni/PC 950 

is composed of 30 wt.% of Ni only. 



 
 

The same experimental procedure was followed for the preparation of 

the Pt-Cu (using Cu(NO3)2.3H2O salt) on PC 950 series catalysts and for only 

Pt (20%) on PC 950 (80%) catalyst.  

2.1.2. Synthesis of Microporous Carbon (MPCs)  

Zn–BTC MOF  

The zinc acetate salt, Zn (O2CCH3)2.2H2O, (1.7 g, 7.76 mmol) and 

benzene-1,3,5-tricarboxylic acid (BTC; C9H6O6, 0.21 g, 1 mmol) were 

separately dissolve in DMF (20 mL). A few drops of Et3N were added to the 

BTC solution. The resulting solutions were mixed in a round-bottom flask and 

stirred at room temperature. The product was vacuum filtered, washed several 

times with DMF and methanol, and dried at 70 °C. The product PXRD 

spectrum matched the simulated pattern of reported Zn–BTC MOF, Figure 2.1 

[161]. 

 

Figure 2.1– PXRD patterns of Zn-BTC MOF and PFA/Zn-BTC MOF 

composite. 

Furfuryl alcohol/ Zn–BTC MOF mixture 

Zn–BTC MOF was vacuum dried for 12 hours and the evacuated Zn–

BTC MOF (0.5 g) was mixed with furfuryl alcohol (5 mL) under stirring to 

saturate the template with precursor. The furfuryl alcohol/ Zn–BTC MOF 



 
 

(FA/Zn–BTC MOF) mixture was washed with absolute ethanol to remove 

surface adsorbed furfuryl alcohol. 

Separate samples of FA/ Zn–BTC MOF were transferred to a ceramic 

boat, placed in tube furnace and air was flushed away by continuous flow of 

argon for 30 min followed by heating at 150 °C for 24 h to carry out the 

polymerization of furfuryl alcohol inside the pores of Zn–BTC MOF template. 

The resulting material, polyfurfuryl alcohol/ Zn–BTC MOF (Zn–BTC 

MOF/PFA) was kept under argon atmosphere. Separate carbonizations were 

performed at 650 °C, 750 °C, 850 °C, and 950 °C, for 6 h and the resulting 

samples were designated ZnO@MPC–650, ZnO@MPC–750, ZnO@MPC–

850, and MPC–950, respectively, where MPC stands for microporous carbon 

and the digits are the degradation temperature. The composites obtained at 650 

°C, 750 °C and 850 °C were washed with HF (1 mol L–1) solution to remove 

ZnO and the resulting pure carbon samples were coded as MPC–650, MPC–

750 and MPC–850, respectively. 

2.1.3. Synthesis of Copper Oxides Decorated Graphitic Carbon 

Composites (CuOx/C)  

MOF-199  

The copper salt, Cu(NO3)2.3H2O, (0.72 g i.e. 3 mmol) and ligand (BTC: 

C9H6O6, 0.21 g i.e. 1 mmol) were separately dissolve in DMF (20 mL). A few 

drops of Et3N were added to the solution of the ligand. The solutions were 

mixed and allowed to stir at room temperature. Blue precipitate was collected 

on folded filter paper, washed several times with DMF and methanol, and then 

dried at 70 °C. The PXRD spectrum of the synthesized material (Figure 2.2) 

closely matched the data simulated from single crystal reported in the literature 

[322]. 



 
 

 

Figure 2.2– PXRD patterns of MOF–199 (Cu BTC). 

Copper oxides decorated graphitic carbon composites 

MOF-199 was vacuum dried at 200 °C for 12 h and the dried samples 

were calcined at 700 °C and 800 °C for 6 h under argon using tube furnace. 

The products, Cu-Cu2O-CuO/C 700 and Cu-Cu2O-CuO/C 800, were collected; 

where the digits indicate the carbonization temperature.  

2.1.4. Synthesis of Chromium Oxide Decorated Carbon (Cr2O3/C 900) 

MIL–101(Cr) 

Chromium salt (Cr(NO3)3.9H2O; 2.5mmol), benzene-1,4-dicarboxylic 

acid (BDC: C8H6O4; 2.5 mmol) and hydrofluoric acid (HF; 2.5 mmol) were 

dissolved in deionized water (H2O; 280 mmol). The resulting solution was 

mixed and put into a Teflon-lined stainless steel autoclave. The autoclave was 

kept at 220 °C for 24 h. The product, a green powder, was vacuum filtered and 

washed several times with water then dried in an oven at 70 °C. The product 

XRD spectrum matched that of MIL–101(Cr) (Figure 2.3) [323, 324]. 



 
 

 

Figure 2.3– PXRD pattern of MIL-101(Cr). 

Furfuryl alcohol /MIL –101(Cr) mixture 

MIL–101(Cr) [Cr3F(H2O)2O[(O2C)C6H4–(CO2)]3.nH2O] was vacuum 

dried at 200 °C for 12 h. The evacuated MIL–101(Cr) (0.5 g) was mixed with 

furfuryl alcohol (5 mL) under stirring. After saturation, the collected furfuryl 

alcohol/ MIL-101 (Cr) mixture was washed with absolute ethanol to remove 

furfuryl alcohol adsorbed on the surface.  

The carbonization of furfuryl alcohol/ MIL–101(Cr) mixture was 

carried out in a tube furnace. Initially, the mixture was heated at 150 °C for 24 

h to carry out the polymerization of furfuryl alcohol inside the pores of MIL–

101(Cr) template. The resulting material, polyfurfuryl alcohol/MIL–101(Cr) 

was kept under Ar atmosphere. Carbonization was carried out at 900 °C, for 6 

h to obtain Cr2O3–carbon nanocomposite and the resulting sample is from 

herein referred to as Cr2O3/C 900. The carbonization of MIL–101(Cr) alone at 

the above mentioned temperature results in the formation of chromium oxide 

only, as evidenced by PXRD analysis described in Results and Discussion, 

which confirmed the furfuryl alcohol as the major source of carbon in the 

composite material.   



 
 

2.1.5. Synthesis of Cobalt Oxide Decorated N-Doped Carbon Nanotubes 

(CoO/N-CNTs)  

ZIF-12  

  The cobalt salt, Co(NO3)3.6H2O, (0.41 g, 1.4 mmol) and benzimidazole 

(0.72 g, 6.1 mmol) were separately dissolved in DMF (7 mL). The solutions 

were mixed together, stirred thoroughly and transferred to a Teflon-lined 

stainless steel autoclave and kept at 150 °C for 48 h [172]. After completion 

of the reaction and cooling to room temperature, purple colored crystals of 

ZIF-12 were collected, and washed with excess DMF and ethanol to remove 

the unreacted materials. The sample was analyzed by powder X-ray diffraction 

(PXRD) and the pattern of as-synthesized product was found to match well 

with the reported single crystal data, Figure 2.4.  

 

Figure 2.4– PXRD patterns of ZIF-12. 

The synthesized and vacuum evacuated ZIF-12 (300 mg) was 

transferred into a ceramic boat which was placed in a quartz tube fixed in a 

tube furnace (Nabertherm B 180). Initially air was flushed away by continuous 

flow of Argon for 30 min followed by heating at 950 °C for 6 h to obtain the 

cobalt oxide embedded nitrogen-doped carbon nanotubes (CoO/N-CNT) 

material; yield ca. 83% (250 mg).   



 
 

2.2. Characterization 

Thermogravimetric analysis was carried out in a TGA/SDT 851e 

(Mettler Toledo–Switzerland) thermo-balance under N2 flow with temperature 

ramp of 10 °C min–1 from room temperature to 500 °C. Weight loss versus 

temperature was continuously recorded during the experiment. Mercury 3.6 

software was used to extract the simulated PXRD pattern of MOF-5.   

A RIGAKU MiniFlex600 X–ray diffractometer was used for PXRD 

analysis. The instrument scan speed was 0.02 degree s–1 at 40 kV and 15 mA 

with a Cu Kα (λ = 1.544206 Å) radiation source.  

A Kratos AXIS Ultra DLD machine with vacuum 2×10–9 mbar was 

used for XPS analysis. Samples of spot size 500 µm were analyzed under Al 

Kα (energy hν = 1486.68 eV) radiation and 164 W (10.8 mA and 15.2 kV) 

power. The angle between the plane of the sample and detector was fixed at 

90° for the radiated photoelectrons after X-ray irradiation. The emitted photons 

were at 90° to the detector and adventitious carbon C 1s (284.5 eV) was used 

as reference and peaks in the spectrum were shifted accordingly. CasaXPS 

software were used for spectrum fitting with Shirley/Linear type background 

correction and asymmetric Gaussian/Lorentzians (0–30% Lorentzian 

character) was adopted. The FWHM in the range of 0.7–2 eV was maintained 

for sub-peaks, keeping instrumental specific parameters. In this way the peaks 

were added and the best fit was obtained.   

A Horiba XploRA PLUS Raman microscope was used for Raman 

analysis with a 532 nm laser source and 10x objective.  

An Autosorb iQ3 (Quanta Chrome Instruments USA) gas sorption 

machine was used for N2 adsorption/desorption. An appropriate amount of 

sample was loaded in a sample tube and degassed at 200 °C for 12 h under 

vacuum before isotherm measurement. A liquid nitrogen bath at 77 K was used 

for isotherm measurements. The Brunauer-Emmett-Teller (BET) model was 

used to calculate the surface area and the DFT method was used to calculate 

the porosity. 



 
 

SEM and EDX analysis were performed using JEOL–JSM–6610LV 

instrument while TEM analysis was conducted using a JEOL-JEM 2010F FE-

TEM field-emission transmission electron microscope at 200 kV working 

voltage.  

For elemental analysis, an ICP spectrometer ICAP 6000 Series and 

CHNS analyzer 2400 Series II CHNS/O were used.    

2.3. Electrochemical Measurements 

2.3.1. Supercapacitance Testing    

For electrochemical capacitance studies, carbon electrodes were 

prepared by mixing 5 mg of sample with 15 µL Nafion 117 (5 wt.%) by 

sonication to make a slurry/ink. The viscous ink was put between two pieces 

of nickel foam, with 1 cm side length, and pressed to make a plate electrode 

surface. After drying at 100 °C, the electrodes were soaked overnight in 6 mol 

L–1 KOH solution for thorough wetting. A Biologic SP 300 Electrochemical 

Work Station was used for electrochemical measurements. The three-electrode 

cell assembly comprised the sample pressed in nickel foam as working 

electrode; Ag/AgCl (3 mol L–1 KCl) as reference electrode; and Pt wire as 

counter electrode. Cyclic voltammetric and impedance spectroscopic 

measurements were performed using KOH solution (6 mol L–1) electrolyte at 

room temperature. The electrolyte solution was repeatedly purged with pure 

argon before each experiment. From CV results the equation Csp = (ΔQ)/ 

(ΔV×m) was used to calculate specific capacitance: Csp = specific capacitance 

(F g–1), ΔQ = the integrated charge (C), ΔV = potential window (V), m = mass 

of the active carbon materials (g). Similarly, from galvanostatic 

charge/discharge data the equation Csp = (I×Δt)/(ΔV×m) was used to calculate 

specific capacitance: I = the discharge current (A), Δt = discharge time (s), ΔV 

= potential window (V), m = mass of the carbon materials (g).  



 
 

The same experimental procedure was repeated for the electrode 

preparation of carbon nanospheres, microporous carbons, and copper oxide 

decorated graphitic carbons, and chromium oxide doped carbon sample.   

2.3.2. Lithium Ion Battery (LIB) Testing 

The electrochemical performance of CoO/N-CNT was evaluated by 

galvanostatic charge-discharge testing against lithium as counter electrode. 

The working electrodes were made by a slurry coating procedure. The slurry 

was prepared by sonicating 80 weight percent (wt.%) of CoO/N-CNT material, 

10 wt.% of acetylene black and 10 wt.% of PVDF (polyvinylidene difluoride) 

binder in N-methylpyrrolidinone solvent. This slurry was uniformly coated on 

a copper foil current collector. The electrodes were dried in a vacuum oven at 

100 °C for 12 h. A 2025-type coin cell was fabricated in an argon filled glove 

box using polyethylene as separator and 1 mol L-1 LiPF6 in ethylene 

carbonate/dimethyl carbonate (1:1) as electrolyte. The electrochemical 

discharge/charge tests of the sample were performed at voltage limits of 0.01-

3.0 V versus Li/Li+ and the mass loading of material was ca.1 mg cm–2. 

2.3.3. Fuel Cell ORR Testing  

For electrochemical testing a homogenous slurry (ink) was prepared by 

suspending 10 mg of catalyst powder in 2-propanol (40 μL) and Nafion 117 

(10 μL) under sonication for 6 h. The carbon disk (0.2475 cm2), previously 

polished with alumina (0.3 μm), of a ring disk electrode (RDE) was properly 

covered with ink and was dried. An electrochemical workstation (CH 

Instruments, Inc.) equipped with a rotation speed controller (PINE Research 

Instruments) was used for measurements. For cyclic voltammetry (CV), a 

three-electrode cell assembly was used comprising a paste-coated RDE 

(without rotation) as working electrode, Ag/AgCl (3 mol L–1 KCl) as reference 

electrode, and Pt wire as counter electrode. For linear sweep voltammetry 

(LSV), four electrode cell assembly included the carbon disk in RDE with 

coated catalyst paste as 1st working electrode to measure the ORR, and the Pt 



 
 

ring in RDE as 2nd working electrode to record a voltammetric curve for H2O2 

generation; reference and counter electrodes were as for CV. During LSV the 

potentials were scanned cathodically and were presented in the reversible 

hydrogen electrode scale (RHE) while current was converted to current density 

by dividing by electrode surface area (0.2475 cm2). CV experiments were run 

in HClO4 solution (0.1 mol L–1) at a scan rate of 50 mV s–1 for catalysts surface 

generation and were used for electrochemical active area (EASA) calculation 

while the LSV experiments were run in O2-saturated HClO4 solution (0.1 mol 

L–1) for ORR. All the electrochemical measurements were conducted at room 

temperature and the electrolytic cell was purged with ultra-high pure (UHP) 

Ar (99.999%) for 5 min before each experiment. 

For RDE measurements, catalysts deposited on electrode surface were 

scanned, from 1.0 to -0.25 V vs. Ag/AgCl, cathodically at a scan rate of 10 

mV s-1 with varying rotation speed from 625-2500 rpm in HClO4 solution (0.1 

mol L–1). Koutecky–Levich plots were derived from RDE measurement to 

calculate the number of electrons transferred using the following equations: 

  

   

  

 

 

where j is the measured current density, jk is the kinetic current density, jd is 

the diffusion-limited current density, ω is the angular velocity, n is transferred 

electron number, F is the Faraday constant (F = 96485 C mol–1), Cₒ is the bulk 

concentration of O2 (1.26 × 10–3 mol L–1), Dₒ is the diffusion coefficient of O2 

in electrolyte (1.93 × 10–5 cm2 s–1) and V is the kinematic viscosity (1.009 × 

10–2 cm2 s–1) of the electrolyte [325]. 
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3. Results and Discussions 

3.1. Characterization of Carbon Nanospheres (CNSPs) 

The structure of the synthesized materials was investigated via PXRD 

analysis. Figure 3.1 shows the PXRD patterns of the as-synthesized and the 

single-crystal simulated MOF-5 which are well matched. The PXRD reflection 

of MOF-5 is also in close agreement with the work reported by Huang et al. 

[99] and Hafizovic et al. [326], respectively. For MOF porous crystalline 

materials, the quantity and the scattering power of molecules present in the 

pores is mainly responsible for the intensity of XRD reflections at low values 

of 2θ [326]. A weak low-value 2θ reflection at 6.9° was observed for the 

synthesized MOF-5 and MOF-5/AC composite in comparison to the simulated 

pattern, evidencing pore filling either by DMF molecules (MOF-5) or by 

activated carbon (MOF-5/AC), Figure 3.1. Further, according to Hafizovic et 

al. [326], filling the pores of MOF-5 with solvent or adsorbate results in 

increase in intensity of the second reflection (at 2θ = 9.7°) from 15 to 75% 

which is clearly observed in the XRD pattern of MOF-5 and MOF-5/AC in the 

present studies, Figure 3.1. It is obvious from the XRD studies of MOF-5/AC 

that the activated carbon can be considered as a perfectly pore-filling material 

and has resulted to carbon nanospheres upon thermal decomposition, Figure 

3.2. Moreover, the splitting (at 2θ = 9.7°) and shifting of peaks to higher 

values, in comparison to the reference standard pattern, are features of 

distortion of the MOF-5 structure from cubic symmetry [326]. From XRD 

analysis it can be concluded that the AC is the pore filling material of MOF-

5/AC as is evident by the observation of the distinct variance in the relative 

peak intensities at 6.9° and the modified symmetry (as is proved by splitting 

and shifting of peaks at 9.7° to higher values) in comparison to the standard 

pattern. 

After thermal decomposition, sample purity was checked by PXRD 

and the obtained patterns show sharp and well defined peaks attributed to ZnO, 



 
 

Figure 3.3.  ZnO-free, carbon characteristic peaks at 2θ = 24.5° and 44.5° 

corresponding to (002) and (101) diffraction planes get appear after washing 

the samples with acid solution, Figure 3.4a. The calculated value of R factor 

[327] for MOF-5/AC-C nsp 850 sample is high compared to AC 850 and 

MOF-5-C 850 showing improved graphitization.   

 

Figure 3.1– PXRD patterns of the synthesized MOF-5 and the composite. 

 

Figure 3.2– Thermal conversion of precursors to fragmented carbon and 

carbon nanospheres. 

 

 



 
 

 

Figure 3.3– PXRD patterns of samples before acid wash. 

 

The surface analysis of the carbon samples was performed via XPS and 

the result of MOF-5/AC-C nsp 850 is presented in Figure 3.4b. The fitted C 1s 

core XPS spectra yielded three peaks corresponding to carbon, and oxygen 

functionalities [328–330]. In Figure 3.4b the main component of the C 1s core 

line peak at 284.58 eV was assigned to sp2/sp3 type carbon while the other 

components of the peak at 285.48 eV and 286.89 eV can be assigned to C-O 

and C=O type carbons, respectively [329, 330]. In Figure 3.4b, the peak 

assigned to C=C/C-C carbon is intense for MOF-5/AC-C nsp 850 sample 

suggesting its enhanced graphitic nature.  In the Raman spectra, Figure 3.4c, 

carbon-characteristics bands at 1564 cm–1 and 1316 cm–1 were observed with 

relative intensity ratio of 1.10 and 1.07 for MOF-5/AC-C nsp 850 and MOF-

5-C 850, respectively [331].  



 
 

 

 

Figure 3.4– PXRD of the synthesized fragmented porous carbon and carbon 

nanospheres (a), C 1s core line XPS of MOF-5/AC-C nsp 850 (b), Raman 

spectra of the fragmented porous carbon and carbon nanospheres (c) and gas 

adsorption/desorption isotherms of activated carbon, fragmented porous 

carbon and carbon nanospheres (d).    

Gas adsorption/desorption analysis of activated carbon (AC 850), 

porous carbon (MOF-5-C-850) and carbon nanospheres (MOF-5/AC-C nsp 

850) was carried out for surface area and pore size distribution. The carbon 

samples exhibit Type IV isotherms (Figure 3.4d), signifying the presence of 

different pore regions from micro- to macro-size. The adsorption isotherm of 

activated carbon presents low adsorption volume at low relative pressure, 

hysteresis at medium relative pressure and a vertical tail at high relative 

pressure reveals high percent of meso/macropores. The adsorption isotherms 

of the porous carbon and carbon nanosphere samples exhibit a steep rise in 



 
 

adsorption volume at relative pressure below 0.1, indicative of the presence of 

micropores, followed by small slope at medium relative pressure and the 

adsorption/desorption hysteresis presents the mesopores region in the matrix 

and the end rise in the adsorption volume confirms the presence of macropores 

[154, 155]. A very similar pore size distribution pattern was found for porous 

carbon and carbon nanospheres as is shown in the pore size distribution plot, 

Figure 3.5. It means that both the carbon samples, MOF-5-C 850 and MOF-

5/AC-C nsp 850, obtained at the same carbonization temperature and from the 

same template possess similar pore regions. Apart from the porosity caused by 

the vaporization of gaseous species at 850 °C, acid treatment leaches ZnO from 

carbon matrix and has created extra nanopores which contributed to the total 

porosity of the samples. The calculated BET surface area, pore size and pore 

volume from gas adsorption isotherms of the carbon samples is given in Table 

3.1. A comparatively high surface area (677.0 m2 g–1) and pore volume (0.412 

cm3 g–1) of MOF-5/AC-C nsp 850 versus surface area (609.4 m2 g–1) and pore 

volume (0.361 cm3 g–1) of MOF-5-C 850 is due to the pore filling effect of 

sucrose-derived activated carbon which, upon carbonization, gives a spherical 

shape to the end carbon product with preserved microporosity and enhanced 

BET area. 

Table 3.1– Surface parameters of activated carbon, porous carbon and carbon 

nanospheres  

Carbon type 

BET  

(m2 g–1)a 

Pore diameter 

(nm)b 

Pore volume  

(cm3 g–1)b 

Activated carbon 101.1 1.62 0.576 

MOF-5-C 850 609.4 0.65 0.361 

MOF-5/AC-C nsp 850 677.0 0.63 0.412 

a Brunauer-Emmett-Teller model was used to calculate BET area  
b NL-DFT method was used to calculate the pore volume  



 
 

 

 

 

Figure 3.5– Plots of pore size distribution of the activated carbon, fragmented 

porous carbon and carbon nanospheres. 

To further elucidate the porosity and morphology of activated carbon, 

porous carbon and carbon nanospheres SEM and TEM images were obtained 

and are presented in Figure 3.6–3.8. The SEM image of activated carbon, 

Figure 3.6a, shows folded and irregular morphology with widened pores along 

the surface and the obtained EDX spectrum presents single point for carbon, 

Figure 3.6b. The porous carbon sample obtained at 850 °C by decomposing 

MOF-5 have staked-layered cubic morphology closely attached to one another 

and the corresponding TEM micrograph shows folded porous structure, Figure 

3.7a,b. The EDX spectrum have a single point of carbon showing the sample 

purity, Figure 3.7c. An overview of the SEM and TEM images obtained for 

MOF-5/AC-C nsp 850 sample illustrates carbon spheres closely packed on 

each other, Figure 3.8. These spheres are varying in size from 10-100 nm with 

porous surfaces that will facilitate ionic diffusion during electrochemical 

measurements, Figure 3.8c. The morphological change from fragmented 



 
 

porous carbon (from MOF-5) to carbon nanopshere (from MOF-5/AC) is due 

to the filling effect of MOF-5 3D channels by activated carbon that has resulted 

to spherical shape upon carbonization. 

 

Figure 3.6– SEM image (a) and EDX spectrum (b) of activated carbon. 



 
 

 

Figure 3.7– SEM image (a), TEM micrographs (b) and EDX spectrum (c) of 

porous carbon sample. 

 

Figure 3.8– SEM images (a–c) and TEM micrographs (d–g) of the synthesized 

carbon nanospheres. 

3.2. Electrochemical Evaluation of CNSPs   

The CV curves of porous carbon (MOF-5-C 850) and carbon 

nanospheres (MOF-5/AC-C nsp 850) are presented in Figure 3.9a, b, at 

different voltage scan rate and at 1.0 V potential. The rectangular shape of the 

voltammograms, Figure 3.9a, is less distorted with increasing scan rate which 



 
 

means better capacitive behavior of MOF-5/AC-C nsp 850 sample. On the 

other hand, the porous carbon sample presents CV curves with poor box-shape 

maintenance at different voltage scan rates indicating only acceptable 

capacitive performance, Figure 3.9b. Moreover, the high-sweep rates CV 

curves also demonstrate a good capacitive performance for MOF-5/AC-C nsp 

850 sample, Figure 3.10a, while, in the case of the MOF-5-C 850 sample, the 

voltammograms become increasingly distorted until, with increase of potential 

sweep rate to 400 mV s–1, they adopt a completely oval shape (Figure 3.10b) 

thus indicating very weak capacitive behavior for this material. The distorted 

pattern of CV curves with increasing potential scan rate indicates that the 

porous carbon sample is not appropriate for quick charge-discharge 

conditions. Generally, it has been observed that the carbon electrochemically 

active surface area and suitable pore size distribution are crucial for ion 

approachability and better capacitance. As is discussed in the gas adsorption 

analysis part of the present studies, the pore size distribution order is identical 

for the carbon samples; therefore, the enhanced capacitive performance of 

MOF-5/AC-C nsp 850 can be attributed to its spherical morphology that can 

impart mechanical strength to the structure and that can survive even under 

high scan rate of potential [332]. The disordered structure and highly open 

access of the electrolyte ions make MOF-5-C 850 sample the worst capacitor 

electrode under high voltage scan rate. The values of specific capacitance 

calculated, from cyclic voltammograms, are given in Table 3.2 for the three 

carbon materials. For MOF-5-C 850, the table shows a high capacitance of 244 

F g–1 at the lowest potential scan rate and low capacitance of 22 F g–1 at a high 

potential scan rate. At low sweep rates the electrolyte ions have enough time 

to enter into the micro-pores of carbon and resulted in excellent capacitance 

while at high sweep rate the electrolyte ions can interact with meso/macro-

pores only, which are comparatively limited in number due to low mechanical 

stability. On the other hand, the sample MOF-5/AC-C nsp 850 possesses 

comparatively low capacitance of 193 F g–1 at low scan rate and comparatively 



 
 

high capacitance of 102 F g–1 at high scan rate. The excellent capacitive 

performance of the sample especially at high potential sweep rate can be 

attributed to its spherical morphology that imparts a special mechanical 

arrangement to the carbon structure and can survive as charge storing material 

at high scan of potential. Figure 3.9c shows plots of capacitance retention 

versus scan rate, revealing an inverse relation of capacitance and potential scan 

rate of the carbon samples. However, the MOF-5/AC-C nsp 850 sample retains 

about 53% while MOF-5-C 850 and AC retain about 9% and 12% of their 

initial capacitance at high scan rate. 

 

 

Figure 3.9– CV curves of MOF-5/AC-C nsp 850 (a) and MOF-5-C 850 (b) at 

different sweep rates. Plot showing the dependence of capacitance retention 

ratio on voltage scan rate (c), comparative CV curves of porous carbon and 

carbon nanospheres at 50 mV s–1 (d). 

 



 
 

 

 

Figure 3.10– CV curves of MOF-5/AC-C nsp 850 (a) and MOF-5-C 850 (b). 

 

Table 3.2– Specific capacitance (F g–1) from CV measurements at different 

scan rates 

Carbon type Sweep rates (mV s–1) 

2 10 25 50 100 

AC 98 81 69 28 12 

MOF-5-C 850 244 211 140 56 22 

MOF-5/AC-C nsp 850 193 163 143 120 102 



 
 

The galvanostatic charge/discharge results of the carbon samples are 

shown in Figure 3.11a at 1.0 V potential and at 5.0 A g–1 current density. The 

identical charge and discharge curves implies excellent capacitance of the 

carbon materials. However, the discharge time shifted to lower value for MOF-

5-C 850 sample probably due to less stability and potential shock. The 

capacitance up to 75 F g–1 for MOF-5/AC-C nsp 850 and up to 65 F g–1 for 

MOF-5-C 850 were calculated. Cycling tests at 1.5 A g–1 over 3000 cycles 

were carried out and the results are shown in Figure 3.11b. The carbon 

nanospheres sample preserves 91.5% of its capacitance, demonstrating 

outstanding long-term stability while the porous carbon sample has only 66% 

of its initial capacitance after 3000 cycles. The capacitance loss of only up to 

9% for MOF-5/AC-C nsp 850 is probably due to its spherical structure and 

improved mechanical stability. 

 

Figure 3.11– Comparison of the galvanostatic charge/discharge at current 

density of 5 A g–1  (a) and cycling performance of the synthesized porous 

carbon and carbon nanospheres (b). 

Extensive research work on carbon nanospheres, N-doped carbon 

nanospheres and hollow carbon nanospheres have been carried out in the last 

few years for energy, environment and biomedical applications [333, 334]. 

Huang et al. [335] used polyaromatic hydrocarbons as a template-free 

approach for the synthesis of carbon microspheres. The microspheres were 

used as electrode materials in EDLC applications and specific capacitance up 



 
 

to 249 F g–1 at 5 mV s–1 was achieved for sample PPy-C obtained from 

polypyrene. Ordered mesoporous carbon nanospheres (OMCNS) were 

prepared through a facile soft-template method using phenol formaldehyde 

resin and were tested for EDLC applications. The electrode has exhibited both 

high gravimetric and volumetric capacitance along with excellent long-term 

cycling stability [336]. Moon and coworkers [337] have used polystyrene-

based colloidal spheres in the presence of nitrogen source (melamine) for 

nitrogen-doped carbon nanospheres by the pyrolytic carbonization approach. 

Specific capacitance up to 191 F g–1 for sample with 20% N-content was 

reported which was 14 times higher than that of undoped spheres. The 

enhanced capacitance and long term stability of the nanospheres were 

attributed to the spherical morphology and nitrogen doping. Solid, hollow and 

porous carbon nanospheres were synthesized, by spray pyrolysis synthesis 

technique using a metal-salt catalyst, by varying catalyst and carbon source 

ratio. Specific capacitance up to 112 F g–1 at 0.1 A g–1 with no capacitance loss 

after 20,000 cycles was observed when evaluated as electrode materials in 

EDLC applications [338].   

The capacitive behavior of the carbon samples was further investigated 

by electrochemical impedance spectroscopy (EIS) and the results are given in 

Figure 3.12. EIS experiments were conducted in the alternating current (AC) 

frequency range of 100 mHz to 100 kHz using 6 mol L–1 KOH solution. The 

Nyquist plots, Figure 3.12a, show a semicircle the intercept of which with the 

real axis in the low-frequency region gives the total resistivity of the system 

and the ~45° slope which can be attributed to the capacitance of the electrode 

materials. The value of the intercept with the real axis in the high-frequency 

region gives the electrolyte resistance while the diameter of the semicircle 

gives the charge transfer resistance [339]. The electrolyte resistance, inset of 

Figure 3.12a, is almost the same for both the carbon samples. The semicircle 

radius of MOF-5-C 850, Figure 3.12a, is comparatively larger than the radius 

of MOF-5/AC-C nsp 850 due to ionic diffusion limitations arising from the 



 
 

porosity of the carbon sample [340]. In between the semicircle and the ‘tail’ 

with slop ⁓45° is a transition zone (at about 1.2 Ω) can be attributed to the 

mobility of the ions in the mesopores which is very significant for the electrode 

capacitance. The 45° slope at lower AC frequencies indicates a perfect 

capacitive performance of the electrodes.   

 

 

 
Figure 3.12– Nyquist plots (a) and equivalent circuit model (b), depicted from 

impedance measurement. 

3.3. Characterization of Microporous Carbon (MPCs) 

To check the thermal stability and weight loss of Zn–BTC MOF, 

thermogravimetric analysis (TGA) was carried out and the plot of percentage 

weight loss with increasing temperature is shown in Figure 3.13a. The TGA 

curve indicates that all uncoordinated guest molecules, including triethylamine 

base (9%) trapped in the cages of Zn–BTC MOF are removed at ca. 150 °C. 

The predominant weight change in the TGA curve is ca. 66.5% between 380–

480 °C [341] due to the thermal decomposition of the framework. Beyond 480 

°C there is no weight change with increasing temperature, and only the white 

ZnO powder remained. The product was characterized by powder XRD and 

the spectrum contained peaks at 2θ positions corresponding to a hexagonal 

geometry of ZnO (JCPDS cards file No. 00–001–1136). 



 
 

 

Figure 3.13– TGA curve of Zn–BTC MOF (a) and PXRD patterns of the 

carbonized samples before acid wash (b). 

Powder X–ray diffraction patterns of ZnO@MPC–850, ZnO@MPC–

750 and ZnO@MPC–650 are shown in Figure 3.13b, where all the main peaks 

are attributed to ZnO derived from the decomposition of Zn–BTC MOF 

template. ZnO was removed from the samples and carbon-characteristics 

peaks can be observed as in Figure 3.14. ZnO peaks are absent from the PXRD 

pattern for the sample carbonized at 950 °C which is in agreement with similar 

results reported by Liu et al., [154, 155] for MOF–5 and ZIF–8. During the 

carbonization process PFA/Zn–BTC MOF was decomposed to ZnO–C at a 

temperature higher than 600 °C; with further increase in temperature up to 850 

°C, ZnO was reduced to Zn by the presence of carbon [155] and subsequently 

metallic Zn (boiling point 908 °C) vaporized and was carried away by the flow 

of Ar, leaving the carbon alone in the resulting carbon sample (MPC–950) 

which is consistent with PXRD results. Thermally induced removal of zinc 

metal has created extra pore regions in the carbon matrix of MPC–950 sample. 

There are two peaks at 2θ = 24° and 44° corresponding to the crystallographic 

(002) and (100) planes of carbon respectively, in all the MPCs, Figure 3.14.  



 
 

 

Figure 3.14– PXRD patterns of the synthesized carbon samples obtained at 

different carbonization temperature. 

For all the samples (MPC–950, MPC–850, MPC–750 and MPC–650), 

the specific surface area and pore volume were calculated from N2–

adsorption/desorption analysis, Table 3.3. Type–IV isotherms, Figure 3.15a, 

were observed for MPC–950 and MPC–850 samples indicating the existence 

of both micropores and mesopores. The obtained BET surface areas are 1455 

m2 g–1 and 746 m2 g–1 with total pore volumes of 2.031 cm3 g–1 and 1.231 cm3 

g–1 for MPC–950 and MPC–850, respectively. The linear increase of the 

adsorption capacity up to P/Pₒ = 0.5 and a slight hysteresis of desorption curve 

for MPC–950 sample indicate the presence of mesopores. However, the 

adsorption isotherms of MPC–750 and MPC–650 are approximately Type–I 

presenting their microporous nature. The calculated surface areas are 589 m2 

g–1 and 518 m2 g–1 with total pore volumes of 0.914 cm3 g–1 and 0.901 cm3 g–

1 for MPC–750 and MPC–650, respectively. A representative pore size 

distribution plot of MPC–950 is presented, Figure 3.15b, which indicates three 

main regions including ultramicropores (0.45–0.9 nm), micropores (0.9–2 nm) 

and mesopores (2–3.7 nm). The pore size distribution plot further illustrates 

that the ultramicropores and micropores are the major portion of the MPC–950 

total porosity. The gas adsorption analyses indicate that the carbonization 



 
 

temperature correlates linearly with respect to specific surface area of the 

carbon materials. 

 

Figure 3.15– N2‒adsorption/desorption isotherms of the MPCs sample (a) and 

pore size distribution plot of MPC–950 (b). 

 



 
 

Table 3.3– Porous carbons derived from MOF-templates and furfuryl alcohol, their texture parameters and values of specific 

capacitance; H2SO4, KOH are the electrolytes  

MOFs 
Temperature (°C) Precursor Carbon SBET (m2 g–1) Pore volume 

(cm3 g–1) 

Specific Capacitance (F g–1) 
Ref. 

MOF–5 

 

1000 

800 

530 

 

FA 

FA 

FA 

 

NPC 

NPC 

NPC 

 

2872 

417 

1732 

 

2.06 

NA 

NA 

5 mV s–1 250 mA g–1 

145 
204 

NA 

NA 

258 

NA 

NA 

H2SO4 

 

MOF–5 

 

530 

650 

800 

900 

1000 

 

FA 

FA 

FA 

FA 

FA 

 

NPC530 

NPC650 

NPC800 

NPC900 

NPC1000 

 

3040 

1521 

1141 

1647 

2524 

 

2.79 

1.48 

0.84 

1.57 

2.44 

5 mV s–1 50 mA g–1 

155 

12 

167 

107 

122 

120 

158 

222 

151 

148 

149 

H2SO4 

 

 

 

 

Al–PCP 1000 FA 

FA 

FA 

Al–PCP– FA0 

Al–PCP– FA1 

Al–PCP– FA2 

178 

263 

513 

0.245 

0.439 

0.844 

NA 

NA 

NA 

344 



 
 

NA = not available  

ZIF–8 

 

800 

1000 

 

FA 

FA 

 

C800 

C1000 

 

2169 

3405 

 

1.50 

2.58 

5 mV s–1 250 mA g–1 

173 188 

161 

200 

 

H2SO4 

 

ZIF–68 

ZIF–69 

ZIF–70 

1000 

1000 

1000 

FA 

FA 

FA 

C–68 

C–69 

C–70 

1311 

1171 

1510 

1.381 

0.725 

1.749 

NA 

NA 

NA 

200 

177 

 

Zn–BTC 

MOF 

 

950 

850 

750 

650 

 

FA 

FA 

FA 

FA 

 

MPC–950 

MPC–850 

MPC–750 

MPC–650 

 

1455 

746 

589 

518 

 

2.031 

1.231 

0.914 

0.901 

100 mV s–1 1.5 A g–1 This 

work 
320 

297 

274 

215 

160 

125 

120 

80 

KOH 

 

 



 
 

Banerjee and coworkers [161] have reported the use of Zn–BTC MOF 

as the primary source of carbon without the addition of furfuryl alcohol and 

carried out the carbonization at 1000 °C. The reported BET surface area of the 

obtained sample was 1326 m2 g–1 with total microporosity of 49%. However, 

in the present study, the gas adsorption analyses indicate the existence of a 

range of pore sizes from ultramicropores to mesopores which provides a good 

platform for ion accommodation at slow as well as at high scan rates of 

potential during electrochemical evaluation. Tobacco wastes have been used 

for the preparation of microporous carbons with narrow pore size distribution 

at carbonization temperatures ranging from 600 to 1000 °C [342]. It was 

observed that the surface area and average micropore size increase with 

carbonization temperature up to 800 °C but unfortunately annealing of the 

materials occurs and provokes a decrease in BET surface area when the 

temperatures increased above 800 °C. The sample obtained at 800 °C (Burley 

800) was implemented in supercapacitors using Li2SO4 (aqueous) or TEABF4 

(tetraethylamine boron tetrafluoride in acetonitrile) and demonstrated 

outstanding capacitance values of 167 F g–1 (at 0.8 V limit) and 141 F g–1 (at 

2.3 V limit) in 1 mol L–1 Li2SO4 and 1 mol L–1 TEABF4, respectively. 

Similarly, highly porous carbon nanosheets were synthesized by the 

carbonization of potassium citrate as organic precursor in the temperature 

range of 750 to 900 °C. It has been observed that the resultant carbon material 

is predominantly microporous and the pore sizes can be increase by increasing 

the carbonization temperature [343]. 

The surface characteristics of the obtained microporous carbon was 

further investigated via Raman spectroscopy and the results are shown in 

Figure 3.16. The spectrum presents a ‘G band’ at 1585 cm–1 due to the in–

plane stretching motion between pairs of sp2 carbon atoms and a ‘D band’ at 

1322 cm–1 which is believed to be related to the number of ordered aromatic 

rings, and affected by the probability of finding a six-fold ring in a cluster. The 

relative intensity ratios (ID/IG) were 1.22, 1.38, 1.54 and 1.60 for the MPC 



 
 

samples obtained at 950, 850, 750 and 650 °C, respectively, which confirms 

that the obtained microporous carbon samples are disordered [331]. 

 

Figure 3.16– Raman spectra of the carbon samples obtained at different 

temperature. 

 

A representative XPS spectrum is presented in Figure 3.17 and the 

quantitative data is given in Table 3.4. Casa XPS software was used for the 

resolution of XPS C 1s, O 1s and Zn 2p3/2 peaks to determine the surface 

composition accurately. The XPS spectrum yielded three peaks at binding 

energies 284.3 eV, 532.3 eV, and 1022.2 eV corresponding to carbon, oxygen 

attached to carbon [329, 330], and zinc, respectively. From the XPS analysis 

it is clear that carbon surface contains functional groups such as –OH and –

COOH. The oxidation of carbon matrix leads to the reduction of Zn2+ to Zn 

during thermal treatment under inert atmosphere which further confirms the 

proposed synthesis mechanism. The in situ catalytic oxidation of carbon by 

ZnO is proposed here which enhanced the hydrophilic character of carbon for 

aqueous medium during electrochemical studies by the incorporation of polar 

functional groups. Table 3.4 shows that the total elemental compositions of 

MPC samples consist of carbon (88.6 wt.%), oxygen (10.4 wt.%) and very 



 
 

limited quantity of zinc (0.9 wt.%) as impurity. The XPS analysis show that 

elemental Zn is present in trace amount. 

 
Figure 3.17– A representative XPS spectrum of MPC sample.   

 

Table 3.4– Atomic and total elemental percentages of C, O and Zn in the 

surface analysis of representative MPC sample from XPS analysis 

SEM and TEM analysis of MPC samples were carried out to 

investigate the surface texture of the carbons and the acquired images are 

presented in Figure 3.18a-h. The microscopic analysis clearly shows the 

irregular, folded structure of carbon with dominant microporosity which is 

consistent with gas adsorption analysis. The SEM images, Figure 3.18a-d, of 

the samples illustrate that the carbonization temperature has a drastic effect on 

surface morphology of the resultant carbon materials. All the carbon samples 

obtained at different carbonization temperatures were tested for their 

capabilities as an electrode material in EDLCs. 

Core Level Binding Energy  (eV) Atomic % / (At.%) Weight % / (Wt.%) 

C 1s 284.27 91.6 88.6 

O 1s 532.28 5.7 10.4 

Zn 2p3/2 1022.24 0.1 0.9 



 
 

 

Figure 3.18– SEM and TEM images of MPC–950 (a, e), MPC–850 (b, f) 

MPC–750 (c, g) and MPC–650 (d, h). 

3.4. Electrochemical Evaluation of MPCs   

Cyclic voltammetry (CV) experiments were carried out in the potential 

window of –0.5 to +0.1 V with voltage scan rates from 2 to 100 mV s–1 to 

evaluate the electrochemical behavior of the MPC samples and the obtained 

results are shown in Figure 3.19a-f. The poor maintenance of the box like 

shape of voltammograms at all voltage scan rates for MPC–650 sample 

indicates a weak capacitive performance. The CV curves of MPC–950, MPC–

850 and MPC–750 adopt rectangular shape which is an indication of capacitive 

behavior.  The distortion of voltammograms for sample carbonized at 650 °C 

with increasing voltage sweep rate further suggests that this carbon sample is 

not suitable for quick charge-discharge operation conditions. The 

electrochemical performance of the MPC samples was compared at 25 mV s–

1 and the curves are shown in Figure 3.19e. The results indicate that the carbon 

sample obtained at 950 °C has an enhanced current density compared to the 

samples obtained at 850 °C, 750 °C and 650 °C. The MPC–850 and MPC–750 

have almost similar electrochemical performance at 25 mV s–1 while the MPC–

650 sample exhibits very poor electrochemical performance. The samples can 

be arranged in decreasing order of their voltammetric performance at 25 mV 

s–1 as follows: MPC–950 > MPC–850 ≈ MPC–750 > MPC–650. These results 



 
 

are in accordance with the recent reports that carbonization at high temperature 

leads to high surface area, high porosity and good capacitive performance 

[154, 155]. It has been reported by Gao and coworkers [159] that the activation 

of the resultant carbon material with KOH can further enhance the specific 

surface area and total capacitance. Different kinds of porous carbons were 

synthesized by using metal–organic framework as both template and carbon 

precursor. Phenolic resin or carbon tetrachloride and ethylenediamine were 

used as the additional carbon sources. The reported specific capacitance values 

in aqueous solution were in the range of 100–170 F g–1 before and 210–270 F 

g–1 after KOH treatment. 

Generally, the better capacitive behavior of a sample at a certain 

voltage sweep rate is attributed to the close accessibility of ions to the 

electrochemically active surface area. It is believed that the capacitive 

performance of the carbon sample depends on the pore size which favors the 

penetration of solvated ions. The capacitive performance of MPC–950, MPC–

850 and MPC–750 is better than MPC–650 sample due to their relatively large 

pore volumes of 2.031, 1.231 and 0.914 cm3 g–1 versus 0.901 cm3 g–1, 

respectively. Close accessibility of ions can also be guaranteed for a carbon 

with high BET surface area and that is why MPC–950 of the present work 

stands as the best candidate for EDLC applications. 

 



 
 

 

Figure 3.19– CV curves of MPC‒950 (a), MPC‒850 (b), MPC‒750 (c) MPC‒

650 (d) at different scan rates, relative voltammograms of MPCs at 25 mV s–1 

(e) and plots of capacitance decay with increasing voltage scan rates (f).  

 

The calculated specific capacitance values (in F g–1) from CV curves 

are listed in Table 3.5 for all the samples. It can be seen in the table that the 

sample obtained at 950 °C showed the highest specific capacitance of 471 F 

g–1 and 320 F g–1 at a scan rate of 2 mV s–1 and 100 mV s–1, respectively. At 

low voltage sweep rates, ions have sufficient time to diffuse into the 

microporous surface of the sample while at high voltage sweep rates the ions 

can only penetrate into mesopores which are comparatively fewer in number 

to other pore types as discussed in pore distribution plot of MPC–950. The 

samples MPC–850 and MPC–750 possess comparatively less capacitance of 

437 F g–1 and 401 F g–1, respectively, at 2 mV s–1 due to their low specific 

surface area and pore volume. The sample obtained at 650 °C holds specific 



 
 

capacitance value of 377 F g–1 at 2 mV s–1 and 215 F g–1 at 100 mV s–1. A 

comparative relationship of obtained specific capacitance values with the pore 

volume and total BET surface area for the carbon materials is given in Table 

3.3. This table shows that even with the low surface area value, the MPC–950 

has better specific capacitance value than similar reported materials. This is 

due to the perfect pore sizes of the carbon electrode materials for the 

electrolyte ions. 

 

Table 3.5– Calculated values of specific capacitance (in F g–1) from CV and 

galvanostatic charge/discharge measurements  

 

The relationship between the ratio of retained capacitance and voltage 

scan rate is presented in Figure 3.19f. The plot shows that the specific 

capacitance decreases with increasing voltage sweep rate for all the four MPC 

samples, which indicates that the utilization of the electrochemically active 

surface area is high at low voltage scan rate and low at high voltage scan rate. 

The MPC–950 and MPC–850/MPC–750 samples retain about 75% and 70%, 

respectively, of their initial capacitance even at high scan rate of 100 mV s–1. 

The sample MPC–650 retains about 60% of its initial capacitance at 100 mV 

Carbon 

Sweep rates (mV s–1) Current densities (A g–1) 

2 5 10 25 50 100 0.75 1.00 1.5 2.00 

MPC–950 471 453 423 397 366 320 375 210 160 140 

MPC–850 437 412 391 341 311 297 377 152 125 143 

MPC–750 401 385 363 335 293 274 376 155 120 110 

MPC–650 377 352 311 271 244 215 180 125 80 90 



 
 

s–1. This loss of approx. 40% of its capacitance indicates that MPC–650 is not 

suitable for rapid charge/discharge operating conditions.  

The electrochemical reversibility of the electrode material for 

supercapacitors was evaluated through CV measurements which were carried 

out by examining the current–potential (i–E) responses while varying the 

upper limit potential. A representative CV plot at 25 mV s–1 is presented in 

Figure 3.20a which shows that, on increasing the potential by 0.05 V, i–E 

responses of the electrode material follow the same trace on the positive sweep 

of each cycle. With the change in potential sweep direction, decay in current 

is clearly found. This mode of CV measurements clearly indicates that MPCs 

carbon have highly electrochemical reversible behavior when subjected to i–

E response. Figure 3.20b shows that current densities are approximately 

proportional to the scan rate of potential, although the slop of these i–υ lines is 

dependent upon the measured potential. The linear dependency of current on 

scan rates of potential illustrates the high–power characteristics of the MPCs 

carbon samples. 

 

Figure 3.20– Effect of varying the upper potential limits of CV on the 

voltammetric behavior of MPC‒850 electrode at 25 mV s–1 (a) and plot of 

current versus scan rates where the current (anodic) was obtained at: ‒0.1, –

0.2, –0.3, and –0.4 V (b). 

 



 
 

The capacitive performances of the carbon materials were further 

investigated through galvanostatic charge/discharge tests which were carried 

out in the potential window of –0.5 to +0.1 V at current densities of 0.75 A g–

1 to 2 A g–1 and the results are shown in Figure 3.21a-f. It is clear that the 

charging curve is almost symmetrical with its corresponding discharge 

counterpart suggesting that the electrode materials have ideal capacitive 

performance and better electrostatic reversibility compared to those reported 

in the literature [154, 155, 161]. Moreover, the linear voltage-time relationship 

with no obvious voltage drop indicates no Faradic process for the synthesized 

carbon samples. The charging/discharging versus time plots of MPC–950, 

MPC–850 and MPC–750 are almost identical at the lower current density of 

0.75 A g–1 due to the presence of micropores. However, the discharge time 

shifted to lower values at all current densities for MPC–650 sample probably 

due to limited porosity and electrical conductivity. The calculated specific 

capacitance (in F g–1) from charge/discharge measurements at different current 

densities is given in Table 3.5. MPCs samples obtained at carbonization 

temperature higher than 700 °C exhibit specific capacitance up to 375 F g–1 at 

0.75 A g–1, which means that carbonization temperature plays a vital role in 

the development of porosity in the carbon matrix which implies better 

electrochemically accessible surfaces and good capacitive performance.  

Figure 3.21e is the combined potential versus time profiles of the 

MPCs at 1.5 A g–1 which demonstrate that the discharging time shifts toward 

lower value as the carbonization temperature decreases. All these results are 

in good agreement with those of CV. To test the long-term cycling stability of 

the MPC samples, charge/discharge cycling at 1.5 A g–1 over 3000 cycles was 

carried out and the results are shown in Figure 3.21f. The carbon sample 

obtained at 950 °C maintains almost 96% of its initial capacitance after 3000 

cycles, offering an excellent long-term cycling stability. Total capacitance loss 

up to 10.5% for MPC–850, 15% for MPC–750 and 28% for MPC–650 were 

observed. An inverse relation was found between the capacitance loss and 



 
 

carbonization temperature. The enhanced efficiency of carbon sample 

obtained at 950 °C is due to high BET surface area and existence of three 

different porous regions as discussed above in the gas adsorption analysis. 

 

Figure 3.21‒ Galvanostatic charge/discharge curves at different current 

densities of the carbon samples; (a) MPC–950 (b) MPC–850 (c) MPC–750 (d) 

MPC–650 (e) comparison of the galvanostatic charge/discharge at current 



 
 

density of 1 A g–1 for all the samples and (f) cycling performance of the 

synthesized MPCs. 

Impedance spectroscopy was employed to further investigate the 

electrochemical behavior of the MPC samples in terms of frequency response. 

The improvement of the frequency response of electrode materials is a major 

research work in the field of solid state electrochemistry [345]. The equivalent 

series resistance (ESR) is the key factor that influences the frequency response 

and power of a supercapacitor. The ESR can be determined by the charge 

transfer resistance of the electroactive materials, the electronic resistance of 

the electrode materials, and the ionic conductivity of the electrolyte [346]. The 

frequency response of the electrode can be easily characterized by fitting the 

impedance data to an equivalent circuit model. Therefore, impedance 

measurements of the electrode materials were carried out in the frequency 

range of 1 Hz to 1000,000 Hz (at 10 mV as potential amplitude) in KOH 

solution and the results are shown in Figure 3.22a. All the curves present a 

small arc with the real axis of slop ⁓45° suggesting the porous nature of the 

electrode material when saturated with electrolyte ions. These arcs also 

suggest the development of complicated interfaces on the electrode/electrolyte 

contacts during the charge/discharge processes. A near-vertical increase of the 

imaginary component of the impedance for all the samples with decreasing 

frequency demonstrate that at low frequency the electrode material exhibits 

the typical capacitive characteristics, which may be governed by the charge 

storing capability of the carbon materials. 



 
 

 

Figure 3.22‒ Nyquist plots (a) and Bode angle plots (b) of MPCs from 

impedance measurements. 

The frequency response of the electrode materials has been depicted 

from the impedance measurement and the plots are presented in Figure 3.22b. 

The frequency response reflects the number of solvated ions that have reached 

the pores surfaces at a given AC frequency. Generally, the larger pores are 

easily penetrated by ions at high frequencies and small pores are penetrated by 

ions at low frequencies. There is a slight increase in the phase degree with 

increasing frequency up to 90 Hz for all the MPCs and then the slope declines 

as the frequency of alternating current increases further. This observation 

clearly shows that the carbon materials have high frequency-limit and good 

capacity to accommodate maximum number of electrolyte ions and function 

like an ideal capacitor. Above 90 Hz, the phase degree decreases with increase 

in frequency presenting a drop in capacitance which is quite significant at 

values higher than 170 Hz. The frequency response study for MPC–950 has 

shown its better capacitive performance due to an optimum combination of 

ultramicro-, micro- and meso-pores and functioning ideally at low as well as 

at high frequencies. 

The energy storage capability of the carbon material depends on 

specific surface area, porosity, heteroatom doping and degree of graphitization 

[347–355]. Nanoporous carbon with specific surface area of greater than 1000 

m2 g–1 has been prepared by thermo-chemical etching of titanium carbide 



 
 

(TiC) in chlorine atmosphere. The different characterization techniques have 

shown the existence of ordered graphite phase and micro- and meso-pores. A 

specific capacitance of 138.3 F g–1 was achieved and it is claimed that the 

specific capacitance increased with increasing surface area [347]. Artemia cyst 

shells were used for the synthesis of three-dimensional (3D) hierarchical 

porous carbon with abundant functional groups and diverse porosity of micro 

(1-2 nm) meso (2-50 nm) and macro (> 50 nm) size. This unique carbon 

material with diverse surface characteristics presented high specific 

capacitance, excellent cycling stability with capacitance retention of 100% 

over 10000 cycles, and promising rate performance [348]. Microporous 

carbons were synthesized hydrothermally at 180 °C, and subsequently 

activated by KOH at 700 to 900 °C using the tree biomass acacia gum as a 

natural precursor. A specific capacitance of 272 F g–1 at current density of 1 A 

g–1 was reported for the sample arising from the well-controlled pore size 

distribution [349]. Similarly, micro-mesoporous carbon spheres were prepared 

hydrothermally and subsequently activated by KOH at different temperatures 

using carrageenan as a natural precursor. Specific surface area up to 2502 m2 

g–1 and large pore volume up to 1.43 cm3 g–1 have been reported for the carbon 

spheres. Specific capacitance of 230 F g–1 at a current density of 1 A g–1 and 

good ion transport kinetics were reported for a representative sample. The 

capacitive performance was ascribed to the high specific surface area, well-

controlled micro- and mesoporosity and narrow pore size distribution [350]. 

Hierarchical porous carbons were obtained from animal bone and were 

evaluated as electrode materials for supercapacitors. The capacitive 

performance was attributed to porous structure (abundant micropores with 

sizes 0.5–0.8 and 1–2 nm, mesopores and macropores with sizes 2–10 and 10–

100 nm), high surface area (SBET = 2157 m2 g–1) and high total pore volume 

(Vt = 2.26 cm3 g–1) [351]. N-doped high microporous carbons have been 

successfully synthesized from N-rich microalgae by the hydrothermal 

carbonization and the obtained carbons were further activated using KOH 



 
 

activation processes. Nitrogen (0.7-2.7 wt.%) and oxygen functionalities were 

found via XPS analysis which have been proved for the excellent rate 

capability (only 20% of capacitance lose at 20 A g–1), high specific capacitance 

of 170 to 200 F g–1 at 0.1 A g–1 [352]. Nanotextured carbons with high oxygen 

content (10–15 wt.%) were obtained by pyrolysis of seaweeds at 600–750 °C 

and applied as electrodes for supercapacitors in acidic, basic and neutral 

aqueous media. It was reported that the potential stability window depends 

both on the nature of the oxygenated surface functionalities and on the 

electrolyte pH [353]. Porous carbon flakes doped with heteroatoms (O, N) 

were obtained by the carbonization of Chinese human hair. The sample 

obtained at 800 °C exhibited high charge storage capacity with a specific 

capacitance of 340 F g−1 at a current density of 1 A g−1 and good stability over 

20,000 cycles. The high supercapacitor performance was attributed to the 

presence of micro/mesoporosity combined with high effective surface area and 

heteroatom doping effects [354]. Bulk nitrogen-doped carbon materials were 

obtained from biomass-derived proteins and were tested for Li ion storage and 

capacitor applications. A reversible lithium storage capacity of 1780 mAh g−1 

and a capacitance of 390 F g−1 were reported for the sample due to the unique 

combination of a high specific surface area, partial graphitization and very 

high bulk nitrogen content. It was further reported that the Li storage capacity 

and the specific capacitance dropped to 716 mAh g−1 and 80 F g−1, 

respectively, when the best performing sample was heated in Ar which 

eliminated most of the nitrogen [355]. 

 

3.5. Characterization of Copper Oxide Decorated Graphitic Carbon (Cu-

Cu2O-CuO/C) 

To check the thermal stability and to measure the weight loss of 

MOF-199 occurring in inert carbonization process, TGA analysis was 

first carried out and the plot of % weight loss versus temperature is shown 

in Figure 3.23. The TGA curve indicates that all guest molecules such as 



 
 

triethylamine (TEA) base (8%) and dimethylformamide (DMF) solvent 

(20.5%) trapped in the cages of MOF-199 were vaporized by about 250 

°C. The TGA cumulative weight loss (66.5%) occurred at ~325–350 °C 

[218] including framework decomposition. Beyond 350 °C there is no 

weight change with increasing temperature indicating the formation of 

metal-metal oxide/C composite. Therefore, the pyrolysis of MOF-199 is 

carried out at 700 °C and 800 °C for the complete decomposition and 

limited reduction of Cu2to Cu and further reduction of Cuto Cu0 by 

carbon in inert atmosphere.  

 

 

Figure 3.23– TGA plot of MOF-199 at temperature rate of 10 °C min–1 in N2 

atmosphere.  

PXRD measurements were carried out to characterize the 

synthesized materials and their phase purity. The PXRD pattern of MOF-

199 was presented in Figure 2.2 and is in good agreement with the 

literature [356] and the simulated pattern published by Chui et al. [322]. 

Very sharp PXRD peaks indicate the highly crystalline nature of the 

synthesized MOF and are attributed to the face-centered cubic structure 

of MOF-199 nanoparticles [357]. The PXRD patterns of the obtained product 

before acid wash are shown in Figure 3.24a. The PXRD pattern of the product 



 
 

obtained at 700 °C and 800 °C displays peaks at 2θ = 35.71°, 38.81°, 50.68°, 

53.63°, 58.26°, 61.64°, 66.18° and 68.10° indexed to the (–111), (111), (–200), 

(020), (202), (–113), (022) and (220) crystallographic planes of CuO (JCPDS 

cards file No.00-001-1117), indicating the formation of monoclinic phase. 

Peaks at 2θ = 29.6°, 36.65°, 43.51° and 74.26° can be assigned to the cubic 

phase of Cu2O for (110), (111), (200) and (311) crystal planes (JCPDS cards 

file No.01-077-0199) in both the PXRD patterns. The peaks at 2θ = 42.46° and 

49.08° correspond to Cu in the PXRD patterns, Figure 3.24a. After acid wash 

the XRD patterns have broad peaks at 2θ = 25° for the (002) diffraction plane 

of carbon, Figure 3.24b. Peaks at 2θ = 41.98°, 48.95°, 72.48° and 88.13° 

corresponds to the (111), (200), (220) and (311) (JCPDS cards file No. 00-

001-1241) planes of elemental Cu, the cubic phase. The Scherer equation was 

used to calculate the crystallite size (Dcryst.) of Cu0 in both the samples from 

their respective XRD patterns. The calculated Dcryst. values fall in the range 

1.84 nm to 5.52 nm. The synthesis mechanism of the samples can be justified 

via XRD studies presented in Figure 3.24. Banerjee et al. [218] have reported 

that only CuO can be obtained from MOF-199 by pyrolysis at 550 °C in open 

atmosphere. In the present work, during pyrolysis at 550 °C the framework of 

MOF-199 was decomposed to CuO along with carbonaceous matter; however, 

when the temperature was increased to 700 °C or 800 °C, the reduction by 

carbon of CuO to Cu2O, and then of Cu2O to Cu, occurred as evidenced by the 

appearance of their characteristic peaks in the PXRD patterns, Figure 3.24a. 

Copper oxides were removed by washing the samples with HCl solution and 

the signature carbon peak appeared as seen in the XRD patterns, Figure 3.24b. 

However, it is difficult to distinguish the oxides of CuO and Cu2O based on 

only PXRD since they exhibit X-ray diffraction patterns with very closely 

spaced 2θ peaks. 



 
 

 

Figure 3.24– PXRD pattern of samples obtained at 700 °C and 800 °C before 

(a) and after (b) acid (HCl; 1 mol L–1) wash.  

XPS analysis was carried out to differentiate the copper oxides in the 

synthesized nanostructures and the results of Cu-Cu2O-CuO/C 800 are shown 

in Figure 3.25 and Table 3.6. Casa XPS software was used for the resolution 

of XPS C 1s, O 1s and Cu 2p peaks to investigate the surface composition 

accurately. The deconvolution of the C 1s spectra, Figure 3.25a, yielded four 

peaks at 284.8 eV, 286.4 eV, 288.4 eV and 290.0 eV corresponding to 

graphitic carbon, carbon attached to hydroxyl groups, carboxyl groups and 

carbonate groups, respectively [329, 330]. The peak fitting of the O 1s spectra 

(Figure 3.25b) yielded three peaks at 529.9 eV, 531.8 eV and 533.8 eV 

corresponding to oxygen bonded to Cu, oxygen atoms in hydroxyl groups and 

oxygen atoms in carboxyl groups. The peak fitting and position of Cu 2p XPS 

spectra (Figure 3.25c) indicates two kinds of Cu species. Cu 2p3/2 peaks at 

binding energy values of 932.9 eV and 934.2 eV corresponding to Cu+ and 

Cu2+ [358]. The nonexistence of emission peak at around 930 eV indicates the 

absence of elemental copper in the Cu-Cu2O-CuO/C nanostructure surface. 

However, the presence of Cu0 in the product before acid wash was confirmed 

by PXRD studies (Figure 3.24a) which means that Cu0 is not present in the 

surface layers but is present in the bulk sample. From the XPS analysis it is 

clear that the carbon surface is oxidized to some extent and that functional 

groups such as –OH and –COOH are attached. The oxidation of carbon matrix 

leads to the reduction of Cu2+ to Cu+ and then Cu+ to Cu0 during thermal 



 
 

treatment under inert atmosphere which further confirms the proposed 

synthesis mechanism. The in-situ catalytic oxidation of graphite to graphene 

oxide by CuO is proposed here which is usually carried out by toxic chemicals 

such as KMnO4 or HNO3 etc. Table 3.6 shows that Cu-Cu2O-CuO/C 800 

nanostructure consists of carbon (70.3%), oxygen (21.1%) and copper (8.6%). 

Out of 70.3% total quantity of carbon contents, 55.8% of carbon is graphitic 

carbon as confirmed by an intense peak at 284.9 eV in the C 1s spectrum of 

XPS characterization, Figure 3.25a. 

 

 

Figure 3.25– Deconvoluted XPS spectra of sample before acid wash showing 

the C 1s peaks (a), the O 1s peaks (b), the Cu 2p peaks (c) after removing 

typical satellite structure.  



 
 

The surface morphology of the synthesized materials was 

characterized by SEM analysis and the acquired images are presented in Figure 

3.26a, b. These SEM images present shapeless, folded structures along with 

porous spheres. The spheres have macropores along the surface which can 

facilitate the ionic mobility during electrochemical charge/discharge 

operations. This morphology of Cu-Cu2O-CuO/C nanostructure is similar to 

the coralloid Cu 3D geometry observed for Cu superstructure synthesis [359]. 

Detailed structural information about Cu-Cu2O-CuO/C nanostructure was 

investigated through TEM analysis and the micrographs are presented in 

Figure 3.26c, d. TEM images illustrate that the carbon has spherical and 

elongated fibrous structure with thickness and length of approximately 15-25 

nm and 35-55 nm, respectively. These carbon fibers are highly interconnected 

and have no clear symmetrical shape. Generally in TEM analysis metal/metal 

oxide can be seen as black spots due to their high refractive index but no such 

spot have been observed due to the coating of metal/metal oxide particles with 

carbon contents [200]. 

 

Table 3.6– The atomic percentages of C, O and Cu in Cu-Cu2O-CuO/C 

nanostructures surface analysis via XPS  

Core Level 
Binding 

Energy (eV) 
Atomic % Species Identified 

Total 

Elemental % 

C 1s 

284.9 55.8 Graphitic Carbon 

70.3 
286.4 10.4 C-OH 

288.5 3.27 COOH 

290.3 0.88 CO/CO2/CO3 

O 1s 

529.9 8.09 CuO/Cu2O 

21.1 531.6 10.2 OH 

533.7 2.78 COOH 

Cu 2p 
933.0 0.81 Cu2O 

8.6 
933.6 7.83 CuO 



 
 

 

 

Figure 3.26– SEM images (a, b) and TEM micrographs (c, d) of Cu-Cu2O-

CuO/C nanostructures.  

3.6. Electrochemical Evaluation of Cu-Cu2O-CuO/C   

Cyclic voltammetry experiments were carried out to check the 

capacitive performance of the synthesized materials. The voltammograms 

were run in the potential range of –0.5 to 0.1 V with voltage scan rates from 2 

to 75 mV s–1. The maintenance of a rectangular box-like shape for the 

voltammograms at all potential scan rates (Figure 3.27a, b) indicates excellent 

capacitive behavior of Cu-Cu2O-CuO/C 700 and Cu-Cu2O-CuO/C 800 

nanostructures. Comparing the voltammetric performance of the samples as 

electrode materials in a supercapacitor, the combined CV curves (Figure 

3.27c) at 50 mV s–1 show that the material obtained at 800 °C has enhanced 

current density with a difference of 1726 mA cm–2 at 0.2 V. This means that 



 
 

the capacitive performance of the sample obtained at 800 °C is better than that 

of the sample prepared at lower temperature. These results are in accordance 

with the recent reports that carbonization at high temperature leads to high 

surface area, high porosity and good capacitive performance [154, 155]. 

Generally, the good capacitive behavior of a sample at high voltage sweep rate 

is attributed to the close accessibility of ions to the electrochemically active 

surface area. It is believed that the capacitive performance of carbon-based 

materials depends on the pore size which favors the penetration of solvated 

ions. The relationship between the ratio of retained capacitance and voltage 

scan rate is plotted and presented in Figure 3.27d. The plot shows that the 

specific capacitance decreases with increasing voltage sweep rate for the 

samples, which indicates that the utilization of the electrochemically active 

surface area is smaller at high voltage scan rates. However, sample Cu-Cu2O-

CuO/C 800 retains about 43% while sample Cu-Cu2O-CuO/C 700 retains 

about 40% of their initial capacitance even at high scan rate of 75 mV s–1. The 

calculated values of gravimetric (F g–1) and areal (µF cm–2) capacitance are 

presented in Table 3.7 and it can be seen that the sample obtained at 800 °C 

shows the highest gravimetric capacitance of 773 F g–1 and areal capacitance 

of 346 mF cm–2 at 2 mV s–1 and lowest gravimetric capacitance of 335 F g–1 

and areal capacitance of 112 mF cm–2 at 75 mV s–1. The explanation for the 

large variation of capacitance of the Cu-Cu2O-CuO/C 800 sample with the 

change of voltage sweep rate is as follows: at low voltage sweep rate the ions 

have sufficient time to diffuse into the microporous surface of the sample while 

at high voltage sweep rate the ions can only penetrate into some external large 

pores which are comparatively fewer in the sample as will be discussed in the 

frequency response analysis. 

To evaluate the electrochemical reversibility of the electrode materials 

for supercapacitors the CV measurements were carried out by examining the 

current-potential (i-E) responses while varying the upper limit potential. The 

CV results of Cu-Cu2O-CuO/C 800 electrode material at 20 mV s–1 in the same 



 
 

electrolyte (6 mol L–1 KOH) are shown in Figure 3.28a. Raising the upper limit 

potential in increments of 0.05 V, yield i-E response curves for the electrode 

materials which follow the same trend on the positive sweeps of all 

voltammograms. When the potential sweep direction is changed a rapid rise 

and decay in currents is clearly found. These results indicate the high 

electrochemical reversibility of Cu-Cu2O-CuO/C 800 nanostructure. Figure 

3.28b shows that the voltammetric currents are approximately proportional to 

the scan rate of CV, although the slope of these i-υ lines is dependent upon the 

measured potential. The linear dependency of current on scan rates of CV 

illustrates the high power characteristics of the Cu-Cu2O-CuO/C 

nanostructures. 

 

Figure 3.27– Cyclic voltammetry curves of Cu-Cu2O-CuO/C 700 (a), Cu-

Cu2O-CuO/C 800 (b) nanostructures at different scan rates, CV results of 



 
 

samples at 50 mV s–1 (c) and plots of capacitance decay with increasing 

voltage scan rates (d).  

Table 3.7– Data of gravimetric and areal capacitance from CV measurements 

at different sweep rates and galvanostatic charge/discharge measurements at 

different current densities of the synthesized nanostructures 

 

 

Figure 3.28– Effect of varying the upper potential limits of CV on the 

voltammetric behavior of Cu-Cu2O-CuO/C 800 nanostructure electrode at 20 

mV s–1 (a), and plot of current versus scan rates where the current was obtained 

at: 0.0 V, –0.1 V, –0.2 V, –0.3 V, and –0.4 V (b).    

Nanostructures type Sweep rates (mV s–1) Current densities 

(mA cm–2) 

2 5 10 25 50 75 2 10 20 25 

Gravimetric  

(F g–1) 

Cu-Cu2O-CuO/C 

700 

782 713 

 

681 

 

607 

 

433 

 

320 

 

705 

 

585 

 

492 

 

455 

 

Cu-Cu2O-CuO/C 

800 

773 720 698 

 

610 460 

 

335 

 

702 

 

611 

 

502 

 

473 

 

Areal 

(µF cm–2) 

Cu-Cu2O-CuO/C 

700 

351 301 223 192 125 106 363 246 155 112 

Cu-Cu2O-CuO/C 

800 

346 317 251 211 147 112 332 265 183 125 



 
 

Galvanostatic charge/discharge tests were also carried out in the 

potential window of –0.5 to 0.1 V at different current density from 2 mA cm–

2 to 25 mA cm–2 to evaluate the capacitive performance of the Cu-Cu2O-

CuO/C nanostructures and the results are shown in Figure 3.29. It is clear that 

the charging curve is almost symmetrical with its corresponding discharge 

counterpart and the linear voltage-time relationship with no obvious voltage 

drop indicates good capacitive behavior of the Cu-Cu2O-CuO/C 

nanostructures (Figure 3.29a, b). The calculated gravimetric (F g–1) and areal 

(µF cm–2) capacitance from charge/discharge measurements at different 

current densities is given in Table 3.7. Cu-Cu2O-CuO/C 700 and Cu-Cu2O-

CuO/C 800 nanostuctures gave highest gravimetric capacitance of 705 and 702 

F g–1 and areal capacitance of 363 and 332 µF cm–2 at 2 mA cm–2. Figure 3.29c 

is the combined potential versus time profile of the nanostructures obtained at 

700 °C and 800 °C. Cycling charge/discharge measurements were conducted 

at 2 mA cm–2 to test the long-term cycling stability of the samples (Figure 

3.29d). Both the samples maintain almost 94.5% of their initial capacitance 

after 3000 cycles offering an excellent long-term cycling stability. 



 
 

 

Figure 3.29– Galvanostatic charge/discharge curves at different current 

densities of Cu-Cu2O-CuO/C nanostructures: (a) Cu-Cu2O-CuO/C 800 (b) Cu-

Cu2O-CuO/C 700 (c) harge/discharge curves at current density of 10 mA cm–

2 and (d) cycling performance of the synthesized nanostructures. 

Impedance spectroscopy was used to investigate the electrochemical 

behavior of the designed electrode materials in terms of frequency response 

(FR). The improvement of the frequency response of the electrode materials is 

a major research task in the field of solid state electrochemistry [360]. The 

equivalent series resistance (ESR) is the key factor that influences the 

frequency response and power of a supercapacitor. The ESR can be determined 

by the charge transfer resistance of the electroactive materials, the electronic 

resistance of the electrode materials, and the ionic conductivity of the 

electrolyte [345]. The frequency response of the electrode can be easily 

characterized by fitting the impedance data to an equivalent circuit model. 

Therefore, impedance measurements of the electrode materials were carried 



 
 

out in the frequency range of 1 Hz to 500 kHz (at 10 mV as potential 

amplitude) in KOH solution and the results are shown in Figure 3.30a as curve 

a and b, respectively. Both the curves present a small arc at the real axis 

(clearer in the inset) suggesting the porous nature of the electrode when 

saturated with electrolyte ions. These arcs also suggest the development of 

complicated contacts at the electrode/electrolyte interfaces. An increase (slope 

of 45°) in the imaginary component of the impedance decreasing frequency 

further demonstrates that, at low frequencies, the electrode material exhibits 

the typical capacitive characteristics, which should be governed by the Faradic 

reactions of copper between the different oxidation states. The frequency ‘knee 

at about 100 Hz in both the impedance curves of the synthesized 

nanostructures indicate that the stored energy is largely accessible at lower 

frequencies. These results are similar to that reported for carbon nanotubes 

[346, 360].  

The Bode phase angle plots are presented in Figure 3.30b. The FR 

reflects the number of solvated ions reaching to the porous surface at a specific 

frequency of alternating current. It is generally considered that pores of larger 

size are more easily penetrated by ions at high frequencies while pores of 

smaller size can only be penetrated by ions at low frequencies. It is clear from 

Figure 3.30b that the slope of the curve increases slightly in the frequency 

range of 1 Hz to 35 Hz which means that in this frequency limit the electrode 

materials have the capacity to accommodate a maximum number of electrolyte 

ions and function like an ideal capacitor. Beyond this limit, the phase angle 

decreases with increase in frequency, presenting a drop in capacitance which 

is quite significant at values higher than 110 Hz. The FR studies show a better 

capacitive performance of the electrode materials due to an optimum 

combination of micro- and meso-pores in which the former will favor efficient 

ion access to the active surface at low frequencies while the latter will facilitate 

ionic diffusion at high frequencies. 



 
 

 

Figure 3.30– Electrochemical impedance spectra of Cu-Cu2O-CuO/C 700 

(spectrum a) and Cu-Cu2O-CuO/C 800 (spectrum b) (a). Bode angle plots of 

Cu-Cu2O-CuO/C 700 (red) and Cu-Cu2O-CuO/C 800 (blue) (b) from 

impedance measurement. 

3.7. Characterization of Chromium Oxide Decorated Carbon (Cr2O3/C 

900) 

To check the thermal stability and weight loss of MIL–101(Cr) 

thermogravimetric analysis (TGA) was carried out and the percentage 

weight loss with increasing temperature is shown in Figure 3.31a. The 

TGA curve indicates that all guest molecules (7%), trapped in the cages of 

MIL–101(Cr) are removed at ca. 400 °C. The predominant weight change in 

the TGA curve is ca. 42% between 400–550 °C due to the thermal 

decomposition of the framework [361]. Beyond 600 °C there is no weight 

change with increasing temperature, and only the green Cr2O3 powder 

remained. The product was characterized by powder XRD and the spectrum 

contained peaks at 2θ positions corresponding to a rhombohedral geometry of 

Cr2O3 (JCPDS cards file No. 00–002–1362). Decomposition of MIL–101(Cr) 

was carried out at 900 °C in open atmosphere and only Cr2O3 was obtained 

with high crystallinity, as confirmed by XRD analysis (Figure 3.31b). 



 
 

 

Figure 3.31– TGA curve of MIL–101(Cr) (a) and powder X–ray diffraction 

pattern of Cr2O3 from the decomposition of MIL–101(Cr) only at 900 °C (b). 

The characteristics FT-IR absorption bands of the liquid furfuryl 

alcohol Figure 3.32a are closely matched to that reported in the literature [362]. 

The bands at 597.91 cm–1 and 883.86 cm–1 are ascribed to the out-of-plane 

deformation of the –CH bonds, the bands 732.43 cm–1 and 812.63 cm–1 are due 

to the in-plane deformation of the ring. The band at 1558.31 cm–1 is assigned 

to the stretching of the –C=C– group in the furanic ring.  The bands at 732.43, 

1003.11, 1147.04 and 1503.5 cm–1 are due to the furan ring [363]. Beside the 

broad band at 3323.65 cm–1 due to υ(OH---FA), the sp2 and sp3 –CH stretching 

vibrational bands in the liquid furfuryl alcohol were also observed at 2929.70 

cm–1 and 2872.56 cm–1, respectively. The FT–IR spectrum of polyfurfuryl 

alcohol/ MIL–101(Cr) (Figure 3.32b) has absorption bands at 1686.96 cm–1 

due to the carboxylic group present in benzene-1,4-dicarboxylic acid of MIL–

101(Cr). The bands at 1542.72 cm–1 and 1396.43 cm–1 can be assigned to the 

stretching of  –C=C–  of the benzene ring in MIL–101(Cr) MOF, while that at 

1508.35 cm–1 is due to the furan ring. There is no absorption band for –OH 

stretching in the FT–IR spectrum of polyfurfuryl alcohol/MIL–101(Cr) which 

confirms the polymerization of furfuryl alcohol to polyfurfuryl alcohol inside 

the channels of MIL–101(Cr) at 150 °C, Scheme 3.1. The remaining bands in 

the spectrum of polyfurfuryl alcohol/MIL–101(Cr) can be ascribed to the out-

of-plane/in-plane deformation of benzene and furanic rings.   



 
 

The heating of the furfuryl alcohol/MIL–101(Cr) mixture at 900 °C 

resulted in the decomposition to a material composed predominately of carbon. 

During heating, the polymerization of furfuryl alcohol occurs within the 3D 

channels of MIL–101(Cr) at ca. 150 °C [362, 364, 344] while further increase 

in temperature beyond 400 °C resulted in the decomposition of MIL–101(Cr) 

and conversion of polyfurfuryl alcohol to carbon material [362]. 

 

Scheme 3.1– Polymerization of furfuryl alcohol to polyfurfuryl alcohol in the 

channels of MIL–101(Cr) at 150 °C under argon.   



 
 

 

Figure 3.32– FT-IR spectra of furfuryl alcohol (a) and polyfurfuryl 

alcohol/MIL–101(Cr) (b). 

Powder XRD measurements were carried out to characterize the 

synthesized materials and their phase purity. The PXRD pattern of MIL-

101(Cr) is presented in Figure 3.33 and is consistent with previous reports 

[365] and the simulated pattern published by Férey et al. [113, 324]. Very 

sharp PXRD peaks indicate the crystalline nature of the synthesized MIL–

101(Cr) and these peaks are attributed to the zeotype structure of MIL–101(Cr) 

[366]. The PXRD pattern of the composite product obtained at 900 °C displays 

peaks at 2θ = 24.5°, 33.6°, 36.2°, 41.5°, 50.3°, 55°, 63.5° and 65.2° for the 

formation of rhombohedral geometry (JCPDScardsfileNo.00–002–1362) as 

shown in Figure 3.33. The Figure clearly shows that Cr2O3 was not reduced 

into Cr metal by carbon at this temperature as is evident by the absence of 



 
 

standard Cr metal peaks in the PXRD pattern. The Scherer equation was used 

to calculate the crystallite size (Dcryst) of Cr2O3 in the composite material. The 

calculated Dcryst values are 20.08 nm, 40.42 nm and 20.55 nm for (104), (110) 

and (113) peaks, respectively. These values clearly suggest that the crystallites 

are irregular in size and the calculations agree with our TEM observations. 

 

Figure 3.33– Powder X–ray diffraction pattern of Cr2O3/C 900 obtained after 

heat treatment of polyfurfuryl alcohol/MIL–101(Cr) composite.  

XPS analysis was carried out to further investigate the oxidation state 

of chromium and the composition of the nanocomposite and indicated that the 

nanocomposite Cr2O3-carbon consists mainly of Cr (23.0 wt.%), O (16.0 

wt.%), graphitic carbon (55.9 wt.%) and traces of organic F, as can be seen in 

Table 3.8. This roughly corresponded to 30 wt.% Cr2O3, 60 wt.% carbon, 5 

wt.% CrO3, 4 wt.% glass impurities, and less than 1 wt.% organic residues.  

The core Cr 2p3/2 line confirmed the presence of Cr2O3 showing 

characteristic inflections that appear on high and low binding energy sides of 

the peak envelope related to the fine structure of Cr2O3 [367], Figure 3.34a. 

There are two peaks for Cr 2p3/2 at 576.6 eV (A) and at 577.9 eV (B). A peak-

fit with a single peak at 579.6 eV corresponds to Cr6+. In the presence of carbon 

and at elevated temperature of 900 °C Cr2O3 cannot be reduced to chromium 



 
 

metal (Cr0), that is why elemental analysis indicated that Cr0 was not present. 

The sample was dominated by Cr3+ oxides and to a much lesser extent by the 

oxidized form containing Cr6+. A PXRD was performed over 6 hours to 

monitor for the small quantities (<5 wt.%) of CrO3 present in the sample. The 

absence of CrO3 peaks (2θ = 21.14°, 26.19° and 31.25°) indicated that the 

small amount of CrO3 is amorphous.  

 

Figure 3.34– XPS spectra of Cr 2p (a), O 1s (b) and C 1s (c) core lines in the 

analyzed nanocomposite Cr2O3/C 900. 

 

The envelope of the O 1s core line is a convolution of two very broad 

peaks A and B, resulting from oxides of chromium at 531.4 eV (A) and from 

glass impurities at the higher binding energy side at 533.0 eV (B), Figure 

3.34b. The main C 1s envelope is representative of an asymmetric peak 

commonly obtained for pure graphitic materials, having a narrow width at 

half-maximum (less than 1.2 eV) and positioned at a binding energy 284.5 eV 

corresponding to sp2 graphitic material, Figure 3.34c.  



 
 

 Table 3.8– Atomic and total elemental percentages of C, O, Cr and F in the 

surface analysis of Cr2O3-carbon nanocomposite from XPS measurements 

*Small amount of oxygen as O–C  

§Small amount of oxygen as O=C  

To evaluate the surface area and the pore size distribution, N2 

adsorption/desorption analyses were performed and the plots are shown in 

Figure 3.35a, b. A Type–IV isotherm is found for the nanocomposite 

suggesting the existence of different pore sizes ranging from micro- to meso-

pores. At medium relative pressures between 0.6 and 0.9 hysteresis between 

adsorption and desorption branches can be observed for the sample, which 

demonstrates the presence of meso-pores in the surface texture. The vertical 

tail at the relative pressure near 1 suggests the presence of macro-pores along 

with micro- and meso-pores, Figure 3.35a. The BET surface area of 438 m2 g–

1 was obtained for Cr2O3/C 900 sample. 

Name Assignment Binding Energy 

(eV) 

Atomic 

(%) 

Weight 

(%) 

C 1s C=C/C–C 284.5 73.3 55.9 

*O 1s O in Cr Oxides 531.4 15.7 16.0 

§O 1s O–Si 533.0 1.8 1.9 

Si 2p Si in SiO2 103.1 1.1 1.9 

F 1s Metal–F 685.0 0.3 0.3 

F 1s –(CHF–CH2)– 686.9 0.6 0.7 

F 1s –(F2C=CF2)– 689.4 0.3 0.3 

Cr 2p3/2 Cr3+ in Cr2O3 576.7 1.5 5.0 

Cr 2p3/2 Cr3+ in Cr2O3 577.9 4.6 15.1 

Cr 2p3/2 Cr6+ in CrO3/CrF3 579.6 0.9 2.9 



 
 

 

Figure 3.35– N2 adsorption/desorption isotherms (a) at liquid nitrogen 

temperature and plot of pore size distribution (b). 

SEM analysis was carried out to examine the surface morphology of 

the nanocomposites and the obtained images are presented in Figure 3.36a-d. 

Cr2O3-carbon electrode material consists of platelet-like agglomeration which 

extends microns in size with a lack of fine-structure. The EDX analysis further 

confirms the chemical composition of the nanocomposite. The EDX spectrum 

(Figure 3.37) has three peaks assigned to Cr at ca. 0.55 keV, 5.40 keV, and 

5.95 keV. The peak at 0.33 keV is assigned to C, and the peak at 0.55 keV to 

O. From EDX analysis the ratio of Cr to O is 2:1 in very good agreement with 

the chemical formula Cr2O3.  



 
 

 

Figure 3.36– SEM images of Cr2O3/C 900 nanocomposite with increasing 

magnification. 

 

Figure 3.37– EDX spectrum of Cr2O3/C 900 nanocomposite. 

TEM and SAED analyses were carried out to further investigate the 

morphology and crystallinity of the nanocomposite and the acquired images 

are presented in Figure 3.38. The TEM images, Figure 3.38a, b, demonstrate 

turbostratic graphite carbon of high in-plane crystallinity mixed with 

nanoribbons of Cr2O3. These ribbons are randomly oriented with 10 nm width, 

and lengths up to 300 nm. The hollow-cone dark-field TEM (HCDF-TEM) 

red-green-blue (RGB) image, Figure 3.38d, shows regions of the sample that 



 
 

are ‘transparent’, or green, for graphitic carbon, and red for Cr2O3. The SAED 

pattern, Figure 3.38c, further confirms the development of graphitic-carbon 

with high crystallinity (Figure 3.39, 3.40). 

 

Figure 3.38– TEM micrographs (a, b), SAED pattern (c) and hollow cone dark 

field-TEM (HCDF-TEM) red-green-blue (RGB) image (d) of the 

nanocomposite.  

 

Figure 3.39– Plot of reciprocal d-spacing from the selected area electron 

diffraction (SAED) of the region in the inset. The region contains graphitic 



 
 

crystallites; the observed d-spacing corresponds to in-plane hk0 and inter-

plane reflections of graphite.  

 

Figure 3.40– SAED patterns from the magnified region demonstrating the 

overlap of graphitic crystallites with offsets in the crystal platelets. The offsets 

are irregular between regions indicating that the platelets have a discrete 

thickness and are randomly stacked. 

3.8. Electrochemical Evaluation of Cr2O3/C 900   

Cyclic voltammetry was used to evaluate the electrochemical 

capacitive performance of the Cr2O3-carbon nanocomposite. A representative 

CV curve as shown in Figure 3.41a in the potential window of –0.5 V to 0.5 V 

at 20 mV s–1 voltage scan rate shows the redox behavior of Cr2O3-carbon 

nanocomposite. An oxidation peak at 0.133 V vs Ag/Ag+ and the increase in 

current density with positive potential represents the stepwise oxidation of Cr3+ 

to Cr6+. The reduction of Cr6+ to Cr3+ occurred in the range of 0.028 to 0.330 

V vs Ag/Ag+ when the potential scan direction is reversed [368–370]. The 

Faradic process in the more positive potential window showed Cr3+/Cr6+ redox 

coupling, which is indicative of pseudocapacitive behavior. A blank CV was 

also run without active material (nanocomposite) in KOH solution and no peak 

was observed indicating that the assigned peaks are not arising from any 

impurity or electrolyte. A non–Faradic process in the negative potential 

window represents the capacitive behavior of the nanocomposite. Therefore, 

for the evaluation of only capacitive performance of the Cr2O3-carbon 



 
 

nanocomposite, the potential window of –0.5 to 0.1 V was selected to present 

very limited Faradic process. 

To evaluate the electrochemical reversibility of the electrode material 

for supercapacitors, the CV measurements were carried out by examining the 

current-potential (i– E) responses while varying the upper limit potential. On 

increasing this potential by 0.05 V at 20 mV s–1, the i–E responses of the 

electrode material follow the same trace on the positive sweeps of all 

voltammograms as presented in Figure 3.41b. With the change in potential 

sweep direction, a rapid rise/decay in currents is clearly found. This mode of 

CV measurement clearly indicates the high electrochemical reversibility of 

Cr2O3/C 900 electrode material. 

The voltammograms of Cr2O3/C 900, Figure 3.42a, maintain a 

rectangular shape at all voltage san rates which indicates the excellent 

capacitive behavior of the nanocomposite even in quick charge-discharge 

operations. Generally, improved capacitive performance of carbon-based 

capacitive materials is attributed to improved access of ions to the 

electrochemically active surface area. The excellent capacitive performance of 

Cr2O3/C 900 is assigned to its high BET surface area (438 m2 g–1) and wide 

distribution of pore size.    

Figure 3.41– CV curve in the potential window of –0.5 to +0.5 V at 20 mV s–

1 (a) and effect of varying the upper potential limit of CV on the voltammetric 

behavior of Cr2O3/C 900 nanocomposite electrode at 20 mV s–1 (b). 



 
 

 

Figure 3.42– CV curves of Cr2O3/C 900 in the potential window of –0.5 V to 

0.1 V (a), capacitance decay with increasing voltage scan rates (b), 

galvanostatic charge/discharge curves at different current densities (c) and 

cycling performance of the synthesized nanocomposite (d). 

The calculated specific capacitance (F g–1) values are presented in 

Table 3.9. Sample Cr2O3/C 900 shows the highest capacitance of 300 F g–1 at 

sweep rate of 2 mV s–1 and lowest capacitance of 115 F g–1 at 100 mV s–1. The 

relationship between the ratio of retained capacitance and voltage scan rates is 

plotted and presented in Figure 3.42b. The plot shows that the specific 

capacitance decreases with increasing voltage sweep rate for the sample, 

which indicates that the utilization of the electrochemically active surface area 

is reduced at high voltage scan rate. However, the Cr2O3/C 900 electrode 

material retains about 40% of its initial capacitance even at a high voltage scan 

rate of 100 mV s–1. To evaluate the specific role of carbon and Cr2O3 



 
 

nanoribbons, the Cr2O3/C 900 nanocomposite was treated with HF (1 mol L–

1) solution and the obtained pure carbon material (C-900) was characterized 

by PXRD. To compare the capacitive performance of Cr2O3/C 900 versus C-

900, CV experiments were carried out in the potential window of –0.5 to 0.1 

V at different potential scan rates from 2 to 100 mV s–1 and the results are 

shown in Figure 3.43. The CV curves become distorted dramatically with 

increasing voltage scan rate which shows that C-900 is not suitable for quick 

charge-discharge operations. The calculated specific capacitance values are 

given in Table 3.9. The data suggest that specific capacitance is significantly 

enhanced from 20 (sample C-900) to 115 F g–1 (sample Cr2O3/C 900) at 100 

mV s–1. It is clear from the CV results that, at the higher scan rate of 100 mV 

s–1, this approximately 6-fold increase in specific capacitance is due to the 

presence of Cr2O3 nanoribbons. Often times the maximum capacitance for 

pseudocapacitive systems can be 2 to 3 orders of magnitude higher than that 

of a standard double-layer capacitor especially at higher potential scan rates 

[371]. 

Table 3.9– Data of specific capacitance from CV measurements at different 

sweep rates and galvanostatic charge/discharge measurements at different 

current densities of the synthesized nanocomposite and carbon 

The C-900 stores electrical energy from double-layer capacitance 

generated by charge separation at the interface between the electrode and 

liquid electrolyte. There is an additional contribution of the Cr2O3 nanorods to 

the capacitance other than the double-layer effect. The Cr2O3 nanorods act as 

a redox pseudocapacitor which stores electrical energy from fast and 

electrochemically reversible Faradaic redox reaction. The high electronic 

Samples  
Scan rates (mV s–1) Current densities (A g–1) 

2 5 10 30 50 75 100 0.25 0.5 1.0 1.50 2.0 

Cr2O3/C 900 300 281 258 214 166 136 115 291 260 221 150 103 

C-900 282 147 115 75 32 23 20 - - - - - 



 
 

conductivity of the graphitic disordered mesoporous carbon in conjunction 

with Cr2O3 nanoribbons facilitates rapid electron and ion transport. 

 

Figure 3.43– CV curves of C-900 sample at different scan rates of potential. 

Galvanostatic charge/discharge tests were also carried out in the 

potential window of –0.5 to 0.1 V at different current densities ranging from 

0.25 to 2.0 A g–1 to evaluate the capacitive performance of the Cr2O3-carbon 

composite and the results are shown in Figure 3.42c. It is clear that the 

charging curve is almost symmetrical with its corresponding discharge 

counterpart and the linear voltage-time relationship with no obvious voltage 

drop indicates good capacitive behavior of the Cr2O3/C 900 nanocomposite. 

The calculated specific capacitance (F g–1) at different current densities is 

given in Table 3.9. Cr2O3/C 900 gives highest specific capacitance of 291 F g–

1 at 0.25 A g–1. Cycling charge/discharge measurements were conducted at 1 

A g–1 to test the long-term cycling stability of the sample (Figure 3.42d). The 

sample maintains 95.5% of its initial capacitance after 3000 cycles, offering 

an excellent long-term cycling stability. 

Impedance spectroscopy was employed to investigate the 

electrochemical behavior of the designed electrode material in terms of 

frequency response. Impedance measurements of the electrode materials were 



 
 

carried out in the frequency range of 1 Hz to 1,000,000 Hz (at 10 mV as 

potential amplitude) in KOH solution and the results are shown in Figure 3.44. 

The curve presents a small arc at the real axis (more clearly seen in the inset 

of Figure 3.44a) at 45° suggesting the porous nature of the electrode when 

saturated with electrolyte ions. This arc also suggests the development of 

complex contacts at the electrode/electrolyte interfaces during the 

charge/discharge processes. A near-vertical increase in the imaginary 

component of the impedance with decrease in frequency further demonstrates 

that at low frequency the electrode material exhibits typical capacitive 

characteristics, which is governed by the Faradic reactions of chromium 

between the different oxidation states. Electrochemical impedance 

spectroscopic measurement of C-900 carbon sample was carried out in the 

same frequency range (at 10 mV as potential amplitude) using KOH solution 

and the results are shown in Figure 3.45. The semicircle at the real axis 

presents charge transfer resistance and a straight line increase of the imaginary 

Z component presents the capacitive behavior of the carbon sample. 

The frequency response of the Cr2O3/C 900 material has been depicted 

from the impedance measurement and the plot is presented in Figure 3.44b, 

and is used to qualify how many solvated ions have reached the pore surfaces 

at a specific frequency of alternating current. There is a general concept that 

larger pores are more easily penetrated by ions at high frequencies and micro-

pores can only be penetrated by ions at low frequencies. It is clear from Figure 

3.44b that the slope of the curve increases in the low frequency region up to 

110 Hz. This means that the electrode material Cr2O3/C 900 has an exceptional 

high frequency limit and good capacity to accommodate a maximum number 

of electrolyte ions, functioning like an ideal capacitor. Furthermore, the phase 

angle decreases with increase in frequency, presented as a drop in capacitance 

which is quite significant at values higher than 190 Hz. The overall result of 

the frequency response study demonstrates a better capacitive performance of 

the electrode material which may be due to the combination of micro- and 



 
 

meso-pores in which the former favors a better efficiency of ionic access to 

the active surface at low frequencies while the later facilitates the ionic 

diffusion at high frequencies.  

 

Figure 3.44– Nyquist plot of Cr2O3/C 900 nanocomposite as electrode 

material, the inset is the amplification of high frequency region (a), Bode plot 

of the Cr2O3/C 900 nanocomposite depicted from impedance measurement (b). 

 

Figure 3.45– Nyquist plot of C-900 sample from impedance measurement.    

3.9. Characterization of Cobalt Oxide Decorated Carbon Nanotubes 

(CoO/N-CNTs) 

  The thermogravimetric weight loss curve of ZIF-12 in the temperature 

range of 25-680 °C in air showed a two-step weight loss with increasing 

temperature Figure 3.46a. The first weight loss of up to 13 wt.% in the 

temperature range of 160-270 °C is due to the removal of entrapped solvent 



 
 

molecules in the network and no further weight loss is observed until 500 °C, 

showing a very high thermal stability of the ZIF-12 network. Beyond 500 °C, 

the network decomposes, resulting in small weight loss steps. The overall 

weight loss of ca. 70 wt.% was observed up to 680 °C, after which a residue 

remained consisting of Co-oxide and carbon. SEM was performed to 

determine the size and morphology of the synthesized ZIF-12 and the acquired 

image is shown in Figure 3.46b. From the SEM image the morphology of ZIF-

12 particles can be seen as 1 µm to 3.5 µm prismatic crystals. 

 

Figure 3.46– (a) TGA plot and (b) SEM image of the synthesized ZIF–12. 

  TEM images show that the material CoO/N-CNTs consists entirely of 

tangled mats of carbon nanotubes extending over micron length scales, Figures 

3.47a. The nanotubes vary in tube diameter although observations of tube 

diameters up to 50 nm were made. Nanoparticles were also present throughout 

the material. The nanoparticles appeared as irregular in size and rounded; the 

nanoparticles were as large as 50 nm in size in one lateral dimension, Figures 

3.47b, c. High magnification of the nanotubes revealed the encapsulation of 

the nanoparticles within the nanotubes, Figure 3.47d. The red-green-blue 

contrast image resulting from overlap of the hollow-cone dark-field TEM 

image with the bright field image indicated the location of the nanoparticles in 

the bulk material, Figure 3.47f. 



 
 

 

Figure 3.47– (a-d) TEM images of the CoO/N-CNT nanocomposite, with 

nanoparticles visibly encapsulated at the ends of the nanotubes. (e) Shows 

SAED pattern and (f) RGB contrast TEM image showing nanoparticles in 

green. 

   The PXRD pattern of CoO/N-CNT is shown in Figure 3.48, with 

peaks corresponding to (002), (101), and (004) reflections of lattice planes in 

graphitic material; the pattern was typical of carbon nanotubes. Peaks 



 
 

corresponding to metal oxides were not detected in PXRD; however, TEM 

images clearly showed nanoparticles were evident (see Figure 3.47). SAED 

taken of a region with encapsulated nanoparticles indicated the presence of 

polycrystalline cobalt(II) oxide (CoO) and carbon, Figure 3.50. It must be 

noted that CoO and cobalt(III) nitride (CoN) cannot be distinguished using 

conventional PXRD and SAED as the respective cubic lattice constants are 

very close (a = 4.24 Å and a = 4.28 Å respectively); however, CoN 

decomposes completely to cobalt metal at 375 °C [372], which is well below 

the current 950 °C reaction condition, whereas the CoO is stable above 900 °C 

and hence more likely to be the remaining cobalt compound. 

 

Figure 3.48– PXRD patterns of SWCNT (a), MWCNT (b) and CoO/N-CNT 

(15 hour scan) (c). Indices correspond to planes in graphitic carbon. SWCNT 

and MWCNT have had a background subtracted, CoO/N-CNT has no data 

subtraction performed.  

 



 
 

 

Figure 3.49– PXRD of the CoO/N-CNT material between 2 = 20-30°. The 

peak corresponding to the (002) plane reflection between graphitic layers in 

the carbon material shows two discrete d-spacing of 0.34 nm and 0.33 nm. Red 

line is a best-fit of Voigt line-shape to the data. 

 

Figure 3.50– Line profiles taken from the center bright spot corresponding to 

the reciprocal d-spacing from the SAED pattern of a region containing CNT 

encapsulated CoO nanoparticles; inset shows the analyzed SAED pattern. 

XPS analysis indicated that the surface of CoO/N-CNT consists of 

carbon (90.0 wt.%), nitrogen (3.4 wt.%), cobalt (2.3 wt.%), oxygen (2.8 wt.%) 

and chlorine residues (1.5 wt.%), Table 3.10. The C 1s core line shows an 



 
 

asymmetric peak commonly obtained for conductive graphitic materials, 

Figure 3.51a [328, 373]. A convolution of two broad peaks was also found in 

the N 1s core line corresponding to graphite substituted nitrogen (2.0 wt.%), 

i.e. bound within the graphene lattice of the carbon material at 400.9 eV, and 

to organic residue in the form of pyridinic-nitrogen (1.4 wt.%) at 398.6 eV 

[374], Figure 3.51b. The Co 2p3/2 peaks within the main Co 2p envelope,  

Figure 3.51c, indicate cobalt in oxides 1.9 wt.% and metallic cobalt 0.4 wt.%. 

Chlorine residues were also found in the sample (1.5 wt.%) which comprised 

both organic (197.5 eV, 0.8 wt.%) and inorganic material on the surface (200.2 

eV, 0.7 wt.%) [375]. The bulk concentration of total cobalt was also verified 

by atomic absorption spectroscopy (2.2 wt.%) which was found to agree with 

that obtained by XPS analysis.  

Table 3.10– Atomic and weight percent composition of the CNT 

nanocomposite from XPS analysis  

 

Name Assignment 
Binding 

Energy (eV) 
Atomic % Weight % 

C 1s C=C/C–C 284.5 93.8 90.0 

*O 1s  O in Cobalt Oxides 531.3 1.3 1.6 

O 1s O=C 533.3 0.9 1.2 

Cl 2p3/2 Inorganic Chloride 197.5 0.3 0.8 

Cl 2p3/2 Organic Chloride 200.2 0.3 0.7 

N 1s  Pyridinic Nitrogen 398.6 1.2 1.4 

N 1s Graphitic Nitrogen 400.9 1.8 2.0 

Co 2p3/2  Co Metal 778.5 0.1 0.4 

Co 2p3/2  Cobalt Oxides 780.5 0.3 1.5 

Co 2p3/2 Cobalt Oxides Satellite Peak 784.4 0.1 0.4 



 
 

 

Figure 3.51– XPS spectra of (a) C 1s core line, (b) N 1s core line, and (c) Co 

2p core line in the analyzed CoO/N-CNT nanocomposite.  

A Type-IV isotherm was observed for CoO/N-CNTs during N2 

sorption experiments, Figure 3.52a. This can be explained on the basis of a 

possibility that N2 gas condenses in the microporous and mesoporous 

capillaries of the CoO/N-CNT at pressures below the saturation pressure of the 

N2 gas. The BET surface area of CoO/N-CNT was 365 m² g‒1 with pore size 

distribution ranging from 1.5 nm to 7.6 nm, Figure 3.52b. The high BET 

surface area and wide range of porosity provides a higher degree of active sites 

and pores for Li+ diffusion during charge and discharge. 

 

Figure 3.52– (a) N2 adsorption/desorption isotherm and (b) pore size 

distribution plot of CoO/N-CNT. 

3.10. CoO/N-CNT Growth Mechanism 

Curved growth lines are prominent within the nanotubes which form 

in semi-circular layers following from the surface of the nanoparticles and they 

are not concentric. This growth pattern is a common signature for nanoparticle-



 
 

catalyzed carbon growth and nucleation [376–378]. During the elongation of 

a nanotube, the continual incorporation of carbon atoms into the tube wall 

consists of three relatively independent steps [379–382]: (i) catalytic 

decomposition of precursor molecules on the catalyst surface; (ii) surface 

diffusion of the decomposed carbon to the CNT-catalyst interface and (iii) 

incorporation of the carbon (and other) atoms into the growing CNT. 

The elongation of the nanotube sidewall dominates the growth kinetics 

once a CNT cap is formed on the catalyst surface. In this regard a crucial aspect 

of the growth mechanism is the formation and healing of defects during carbon 

incorporation, which control the structural quality of the CNT. In most cases 

of CNT growth, a large number of chemical and structural defects are present 

due to the emergence of multiple nucleation sites and the incorporation of 

dopant atoms during the elongation of the CNT (e.g. nitrogen and oxygen). 

We observe CNTs encapsulating the nanoparticles in the CoO/N-CNT 

composite with diameters equal to or slightly greater than that of the catalyst 

particle. This indicates that the CNT-catalyst interaction is substantially 

stronger than the energy associated with CNT cap closure [380], and hence 

carbon-catalyst binding is energetically preferred and maximized during the 

CNT growth. Furthermore, CNT nucleation and carbon-catalyst adhesion are 

strongly correlated to more structurally and chemically modify CNTs [383]. 

From this we propose that the CoO nanoparticles form prior to the 

CNTs. However, in the absence of CoO nanoparticles (i.e. prior to CoO 

formation) the condensation of carbon may not necessarily result in CNT 

formation. Examining the PXRD of the CoO/N-CNT in the region of (002) 

graphitic reflections (see Figure 3.49), we can resolve two discrete inter-planar 

d-spacings (0.34 nm and 0.33 nm). The presence of these discrete graphitic d-

spacing implies that (at least) two structurally different crystalline regions 

(along the inter-planar c-axis) of the carbon material may be present. From our 

microscopy studies (Figure 3.47) we only observe the extensive formation of 

irregular CNT morphologies with highly disordered side-walls, hence the 



 
 

variation in d-spacing may be (i) intrinsic, or (ii) due to a very small amount 

of another carbon morphology. A combination of both is likely, and both are 

linked to an indiscriminate condensation of carbon during pyrolysis. 

We attribute the formation of the carbon nanotubes to a mechanism 

involving the high-temperature decomposition of the 1-dimensional 

benzimidazole-containing channels of ZIF-12 and carbon nucleation and 

growth catalysed by cobalt oxide nanoparticles (Scheme 3.2). 

 

Scheme 3.2– ZIF-12 conversion to CoO/N-CNT at 950 °C under argon 

atmosphere. 

3.11. Electrochemical Evaluation (Lithium Ion Battery) of CoO/N-CNT   

The typical charge-discharge curves of the CoO/N-CNT at a current 

density of 0.1 A g−1 for the first, second and fifth cycles are shown in Figure 

3.53a. The CoO/N-CNT delivers a high first cycle capacity up to 1250 mAh 

g−1. This value is three times greater than that reported for graphite (372 mAh 

g−1) as electrode materials in Li ion batteries. The excellent capacity of the 

CoO/N-CNT is due to the combination of high porosity, high surface area, the 

presence of cobalt oxide nano-particles and dopant nitrogen atoms in the 

graphitic network of the CNTs. The extensive solid electrolyte interphase 

(SEI) film formation and electrolyte decomposition contribute to the non-

reversible capacity of the first cycle. The non-reversible reduction of cobalt 

oxide and formation of lithium oxide (Li2O) also contribute in this higher 

capacity.  

  



 
 

 

Figure 3.53– (a) Charge/discharge curves, and (b) rate capability performance 

at different current densities. 

Generally, cobalt-oxide-only electrodes show a plateau at about 1 V 

during discharge; however, in our study a weak plateau is observed in the first 

cycle (Figure 3.54) due to the small amount of the cobalt oxide present. The 

charge-discharge profile of the 5th cycle is provided in Figure 3.53a while the 

Columbic efficiency data up to the 50th cycle are given in Table 3.11.  

 

Figure 3.54– Magnified voltage profile of the CoO/N-CNTs showing small 

plateau (red) at 1 V.  

The lower Columbic efficiency of the first cycle (Table 3.11) can be 

attributed to the reduction of CoOx, formation of Li2O and formation of the 

SEI film due to the high surface area of the electrode material. The 2nd cycle 

Columbic efficiency slightly increases (Table 3.11) as the discharged capacity 



 
 

is lowered due to irreversible losses of first cycle capacity. Furthermore, the 

Columbic efficiency increases due to decrease in SEI formation and 

irreversible losses. The Columbic efficiency at the 50th cycle (Table 3.11) is 

high although the discharge capacity is decreased with increase in stability. 

Table 3.11– Data of the columbic efficiency with increasing cycle numbers 

 

The higher capacity achieved by the CoO/N-CNT nanocomposite 

material is attributed to the conversion reaction between lithium and cobalt 

oxide nanoparticles. This results in the formation of Li2O and cobalt 

nanoparticles in the first cycle, which consequently results in the loss of first 

cycle capacity. From the 2nd cycle onward the capacity values are stabilized 

and lithium presents reversible conversion reaction with cobalt, which 

contributes to a higher charge-discharge capacity. The reversible specific 

capacity for CoO/N-CNT is much higher than that reported for bulk Co3O4, 

porous carbon, N-doped porous carbon, N-doped CNTs, Co3O4/CNT, 

Co3O4/graphene nanocomposite, other MOFs derived electrode materials 

[205, 384–401] as shown in Table 3.12. 

The rate capability of CoO/N-CNT is shown in Figure 3.53b. The cell 

was cycled at a rate of 0.1 A g−1 for 5 cycles, and then the current densities 

were increased stepwise to 5 A g−1. With increasing the discharge-charge rates 

to 0.2, 0.5, 1, 2, 3 and 5 A g−1, the delivered capacities were 1070, 1000, 950, 

890, 700 and 470 mAh g−1, respectively. When the rate is tuned back to 0.1 A 

g−1 after cycling at different rates, the specific capacity is recovered back to 

~1100 mA h g−1, indicating the excellent stable cycling performance of the 

CoO/N-CNT.  It is evident from Figure 3.53b that the material is capable of 

very high discharge current, up to 5 A g−1. 

Cycle numbers 1 2 5 10 50 

Columbic efficiency (%) 83 85 90 95 97 



 
 

Table 3.12– Performance comparison of different LIB anode materials  

*High concentration of nitrogen doped CNTs (HN-CNTs: 16.4 wt.% nitrogen content) 

Electrode materials 

1st cycle 

discharge (mAh 

g–1) 

Columbic 

efficiency (%) 

Reversible 

capacity (cycle) 

(mAh g–1) 

Current density 

(mA g–1) 
Ref. 

Porous carbon spheres 1213 – 506 (50) 100 384 

HN-CNTs* 730 68 494 (100) 100 385 

N-doped graphene/Fe-Fe3C nanocomposite 904 24.6 1098 (48) 100 205 

Co-doped ZnO coated with carbon 1663 – 725 (50) 100 386 

Co3ZnC/N-doped carbon hybrid 

nanospheres 
1570 58.1 – (60) 100 387 

Co3O4/CNT 1478 81.0 873 (50) 100 388 

Co3O4/graphene nanocomposite 1433 49.1 631 (50) 55 389 

Co3O4/C composite 1170 76.0 900 (30) 100 390 

Co3O4 arrays 1200 80.0 600 (100) 400 391 

Co3O4 nanoneedles 1542 71.3 813 (20) 0.5 C 392 

Co3O4/TiO2 632.5 - 602.8 (480) 200 393 

Doped hollow porous graphene (DHPG) 2300 - 900 (100) 100 394 

β-Co(OH)2/graphene hybrid 944 97 640 (150) 100 395 

GC–Co(OH)2 1146 - 706 (50) 58 396 

NiO/GNS 1398 - 982 (50) 100 397 

Co(OH)2/Co3O4 hybrid 1452 73.42 1160 (40) 58 398 

Quadrate tubular Co3O4 nanoboxes 1447 - 1240 (50) 200 399 

ZnO@C/CNT 1551 - 758 (100) 100 400 

CNT@Co3O4 850 - - - 401 

CoO/N-CNTs 1250 83 1100 (50) 100 This work 



  

 
 

The material retains its stability and delivers high specific capacity after 

discharging at high current density. The cycling performance of the CoO/N-CNT at a 

current density of 0.1 A g−1 is shown in Figure 3.55. The CoO/N-CNT shows excellent 

cycling stability up to 50 cycles, retaining ~95% capacity of the second cycle.  

 

Figure 3.55– Cycling stability of the CoO/N-CNT electrode material. 

3.12. Characterization of PC 950 & Ptx-Niy (𝟏𝟓% ≥x≥ 𝟓%, 𝟑𝟎% ≥y≥ 𝟓%) 

Catalysts 

The PXRD pattern of the MOF-5-derived carbon, PC 950, Figure 3.56, presents 

two broad peaks at 2θ = 24.6 and 44.3° corresponding to the crystallographic (002) and 

(101) planes of carbon materials, respectively. During the carbonization process, MOF-

5 was first decomposed to ZnO/C composite at a temperature higher than 600 °C. With 

further increase in temperature up to 950 °C, ZnO was reduced to Zn [155] and 

subsequently metallic Zn (boiling point = 908 °C) vaporized away along with the Ar 

flow, leaving the pure carbon material which is consistent with the PXRD results. 

 

Figure 3.56– PXRD patterns of MOF-5 and the synthesized carbon support PC 950. 



 
 

In addition, the PXRD results (Figure 3.57 patterns a-c) of the catalysts with 

varied Pt/Ni wt.% loading indicate peaks at 2θ = 41.32°, 48°, 71.12°, and 86° that can 

be indexed to (111), (200), (220), and (311) reflection planes of metals, respectively. 

These peaks lie in between the PXRD patterns of pure Pt and Ni. The shift toward 

higher 2θ values from fcc-Pt is due to the decrease in lattice constant of Pt while a shift 

toward lower 2θ values from fcc-Ni is well known for the lattice expansion of Ni in the 

presence of Pt [402–408]. The PXRD pattern of catalysts with 15-10% Pt loading have 

peaks corresponding to Pt only, showing the bimetallic nature of the catalyst with 

prominent Pt electron interaction which increases the Ni tolerance toward oxidation 

[51]. Peaks at 2θ = 44.26° and 51.16° for the (111) and (200) reflection planes of 

metallic Ni, respectively, appear in the PXRD spectrum of Pt-Ni/PC 950 (5:25%), 

Figure 3.57 pattern c, suggesting that the Pt to Ni ratio of 1:2 is the optimum value for 

the composition of these bimetallic catalysts. There are peaks in the PXRD pattern of 

Ni/PC 950 (30%) at 2θ = 34.26, 39.68 and 60.36°, which can be indexed to (111), (200) 

and (220) planes of the face-centered cubic crystalline structure of NiO, respectively. 

Using the Scherer equation the calculated crystallite size (Dcryst), from 2θ = 41.32° of 

the (111) plane, is 3.5 nm for Pt-Ni/PC 950 (15:15%) and 3.7 nm for Pt-Ni/PC 950 

(10:20%) which is very close to the TEM analysis (vide infra). 

 

Figure 3.57– PXRD patterns of the synthesized catalysts: (a) Pt-Ni/PC 950 (15:15%), 

(b) Pt-Ni/PC 950 (10:20%), (c) Pt-Ni/PC 950 (5:25%), and (d) Ni/PC 950. 

XPS analyses were performed to probe the oxidation state and surface 

composition of carbon support and electrocatalyst (Figure 3.58). The Pt 4f spectrum 

(Figure 3.58a) was deconvoluted into two doublets corresponding to a lower binding 



 
 

energy band Pt 4f7/2 and a high binding energy band Pt 4f5/2 with relative intensity ratio 

of 4:3. The lowest binding energy peak of Pt 4f at 71.5 and 74.8 eV can be assigned to 

metallic Pt. The higher binding energy components at 72.7 and 75.8 eV can be assigned 

to PtO while peaks at 77.6 eV can be assigned to PtO2 [409]. A negative shift of 0.3 eV 

has been found in the binding energy of metallic Pt as compared to the standard binding 

energy of Pt 4f7/2 (71.8 eV), which can be ascribed to the electron donation by Ni with 

low electronegativity (Pt: 2.28, Ni: 1.91) [410]. Similarly, the Ni 2p3/2 and Ni 2p1/2 XPS 

core levels and their satellite peaks are shown in Figure 3.58b. The Ni 2p3/2 peak at 

856.6 eV and Ni 2p1/2 peak at 874.7 eV can be assigned to metallic Ni, while the satellite 

peaks at 862.0 and 881.0 eV are due to the presence of NiO [411]. The relatively small 

intensity of the NiO peak suggests the presence of surface nickel oxides in small amount 

[411]. The binding energy of Ni 2p shifts 0.25 eV positively in comparison to the value 

of the standard binding energy at 852.2 eV. The negative shift in Pt 4f core line and the 

positive shift in Ni 2p core line suggest the electronic densities of Pt and Ni are greatly 

influenced by each other, and further support the electron donation from Ni to Pt. The 

C 1s core line spectrum (Figure 3.58c) was fitted to identify oxygenated functionalities 

such as C-O and C=O groups. The main component of the C 1s core line peak at 284.5 

eV was assigned to sp3 carbon of the PC 950. Other components of the peaks at 285.2 

and 286.1 eV can be assigned to C-O and C=O-type carbons, respectively. A 

comparatively intense peak of sp3 carbon in the C 1s core line spectrum is in accordance 

with the prolonged carbonization (9 h) of MOF-5 in comparison to the reported work 

[154, 155, 157a, 173] resulting in enhanced graphitization and better electrical 

conductivity of the obtained carbon. The fitted envelope of the XPS spectra for the O 

1s core line (Figure 3.58d) is a convolution of two broad peaks at 532.0 eV for oxygen 

bonded to metal surfaces [409] and 533.6 eV for oxygen bonded to carbon. 

Conclusively, the XPS results have indicated that the surface of the analyzed 

electrocatalysts consists of carbon (75.17 wt. %), oxygen (7.51 wt. %), platinum (11.01 

wt. %) and nickel (4.21 wt. %) (Table 3.13). The relatively small intensity of NiO peak 

suggests the presence of surface nickel oxides in small amount. The low content of Ni 

also confirms that Ni is present as a substrate part of the bimetallic Pt-Ni nanoparticles 

and was not completely detected by XPS which can only probe the sample surface; 

similar findings have also been reported for the Pt-Ni core-shell structure [410]. In the 

current studies, the X-ray analysis clearly shows an electron interaction of Pt and Ni 

much like core-shell configuration in the literature but the particles are completely 



 
 

embedded in the carbon matrix-support (as confirmed by TEM analysis), so 

morphological investigation for the exact core-shell structure is not possible. The 

elemental analysis of the carbon support PC 950 and representative catalyst Pt-Ni/PC 

950 (15:15%) was carried out via ICP and CHNS analyzer. The carbon support was 

about 95% carbon and the rest was oxygen, while catalyst composition in percent was 

15.08% for Pt, 11.06% for Ni, and 69.31% for C which is in close agreement with the 

theoretical calculation. 

Table 3.13– Weight percent of the Pt-Ni/PC 950 (15:15%) catalyst from XPS 

measurements 

 

 

 

 

 

 

Elements Weight (%) 

C 1s 75.17 

O 1s 7.51 

Pt 4f7/2 

Pt 4f5/2 
11.01 

Ni 2p3/2 

Ni 2p1/2 
4.21 



 
 

Figure 3.58– XPS spectra of (a) Pt 4f core line, (b) Ni 2p core line, (c) C 1s core line, 

and (d) O 1s core line of the representative Pt-Ni/PC 950 (15:15%) catalyst. 

N2 sorption analysis of PC 950 and Pt-Ni/PC 950 (15:15%) were carried out to 

evaluate the surface area and pore size distribution. The as-synthesized PC 950 exhibits 

a Type-IV isotherm (Figure 3.59a, isotherm-a), suggesting the existence of different 

pore sizes ranging from micro- to macro-pores. The steep increase in the adsorption 

volume at low relative pressure reveals the presence of micro-pores (pore diameter less 

than 2 nm); the following small slope observed at medium relative pressure and the 

hysteresis between adsorption and desorption branches demonstrate the existence of 

meso-pores (pore diameter between 2 and 50 nm); while the final near-vertical tail at 

saturated relative pressure confirms the presence of macro-pores (pore diameter larger 

than 50 nm) [154, 155]. The ratio of micro-/meso-/macro-pores in PC 950 is 

approximately 10:2:5 as calculated from the N2 adsorption isotherm. The relatively 

small portion of meso-pores in PC 950 is due to the prolonged carbonization time of 

MOF-5 which may result in enhanced microporosity and macroporosity while some of 

the meso-pores are converted to either micro-pores by thermal shrinkage of pores or to 

macro-pores by thermal rupture of pores [155]. Apart from the porosity caused by the 

vaporization of gaseous species at high temperatures, thermally induced removal of Zn 

metal can also create extra pores in the resultant carbon matrix [412]. The presence of 

all the three pore regions makes PC 950 an ideal candidate to support metal 

nanoparticles [36] and also presents good adjustability of pore size for the diffusion of 

molecular oxygen during ORR process. The BET surface area and pore volume of PC 

950 are 1453 m2 g–1 and 2.01 cm3 g–1, respectively. A dramatic decrease in the total N2 

adsorption volume was observed in Pt-Ni/PC 950 (15:15%) (Figure 3.59a, isotherm-b). 

The isotherm type and adsorption/desorption behavior of this sample is very close to 

that of the carbon support PC 950. The decrease in gas adsorption can be attributed to 

the incorporation of heavy metal nanoparticles as well as the blockage of some micro-

pores by the loaded metal nanoparticles (Figure 3.59a, isotherm-b) resulting in reduced 

BET surface area (234 m2 g–1) and pore volume (0.89 cm3 g–1) [36]. Other pore regions 

such as meso-pores and macro-pores remain available that can still enhance the mass 

transport and diffusion of oxygen molecules during ORR process. 

The pore size distribution plot of PC 950 is consistent with the adsorption 

isotherm, presenting an intense peak at about 0.4 nm, a small peak at about 1.3 nm and 

a shoulder in the range 1.5 nm to 3.3 nm, Figure 3.59b. Comparing the pore size 



 
 

distribution of PC 950 prepared in this work to the reported pore size distribution of 

MOF-5 (BET area of 2169 m2 g–1 and pore volume of 1.0 cm3 g–1) [413] it can be stated 

that the pore peak at 1.3 nm is perfectly preserved in the PC 950. The intensity of the 

peak centered at 0.4 nm in the pore size distribution plot of PC 950 has been drastically 

decreased but not completely removed by the incorporation of metal nanoparticles as is 

clearly shown in the pore size distribution plot of Pt-Ni/PC 950 (15:15%), Figure 3.59b. 

This pronounced decrease in the peak intensity further suggests that the metal 

nanoparticles are very small in size and are present at the neck of the pores but have not 

blocked the micropores completely. Due to the special arrangement of metal 

nanoparticles and diverse porous structure of support improved ORR kinetics was 

observed. 

 

Figure 3.59– (a) The 77 K N2 sorption isotherms of PC 950 (isotherm-a) and Pt-Ni/PC 

950 (15:15%) (isotherm-b). (b) The corresponding pore size distribution plots. 

SEM and TEM analyses were conducted to elucidate the surface morphology, 

pore arrangement, nanoparticle size and distribution, Figures 3.60, 3.61, 3.62. As can 

be seen from the SEM image (Figure 3.60a), MOF-5-derived PC 950 carbon has cotton 

wool-like morphology with spheres and sponges randomly distributed implying a good 

porous material. The TEM image reveals a diverse porous structure with abundant 

micropores, mesopores, and macropores (Figure 3.60b). The porous texture of PC 950 

justifies its candidature as a support for metal nanoparticles to be used as 

electrocatalysts. SEM images of Pt-Ni/PC 950 (15:15%) present quite similar 

morphological appearance to that of PC 950 having spongy-porous texture with spheres 

and folded/irregular structure (Figure 3.61a, b). TEM images indicate the presence of 

nanoparticles uniformly distributed and completely embedded within the carbon matrix 

(Figure 3.61c-f and Figure 3.62a-f) [414]. Each nanoparticle is encapsulated by a thin 



 
 

carbon layer (Figure 3.61g), which may provide extra stability and durability during 

electrochemical tests [414]. The nanoparticles have uniform size below 1 nm and a 

lattice plane distance of 0.225 nm corresponding to the (111) crystallographic plane of 

Pt (inset of Figure 3.61j). The decrease in d-spacing of Pt from the standard value of 

0.227 nm to the observed value of 0.225 nm confirms the electron interactions between 

Pt and Ni leading to a geometry different than the usual fcc structure [406–408, 415]. 

The presented SEM and TEM results agree well with the results of PXRD, XPS, and 

N2 sorption results confirming the formation of bimetallic Pt-Ni nanoparticles 

supported on porous carbon obtained by carbonizing MOF-5. 

 

 

 

 

 

 

 

Figure 3.60– SEM image (a), TEM image (b), and EDX spectrum (c) of PC 950. 



 
 

 

Figure 3.61– Representative SEM images (a, b) and TEM and HRTEM micrographs 

(c-j) of Pt-Ni/PC 950 (15:15%). The inset of panel (f) is the SAED pattern while the 

inset of panel (j) shows lattice plane distance corresponding to the (111) plane of Pt. 

 

Figure 3.62– TEM images (a-f) of Pt-Ni/PC 950 (10:20%). 

3.13. Electrochemical Evaluation of the Pt-Ni Series Catalysts (Fuel Cell, ORR 

Testing)  

To elucidate the electrochemical performance of the synthesized catalysts for 

ORR, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were recorded 



 
 

and the results were compared to that of commercial Pt/C (20%) under the same 

experimental conditions. The CV curves of the synthesized catalysts and Pt/C (20%) 

exhibit similar peaks for the hydrogen adsorption/desorption below 0.35 V and the 

formation/reduction of Pt oxides in the mid-potential region, Figure 3.63a, b. The 

electrochemical active surface areas (EASA) were estimated from the area of the 

hydrogen desorption peak using the equation EASA = QH/ (210 × W), where QH is the 

total charge (µC) for hydrogen desorption, W represents the catalyst loading (µg cm–2) 

on the electrode surface, and 210 is the charge (µC cm–2) required to oxidize one 

monolayer of hydrogen on a bright Pt surface [416]. Based on Figure 3.63a, the 

calculated EASA of Pt/C (20%) is slightly larger than that of Pt-Ni/PC 950 (15:15%) 

(81.5 m2 g–1 vs. 78.4 m2 g–1, Table 3.14). The slight decrease in EASA of the 

synthesized catalyst can be attributed to the comparatively small amount of Pt loading 

(15% vs. 20%) and the effect of encapsulation of metal nanoparticles by carbon exterior 

layer which partially covers the active site of Pt. Among all the synthesized catalysts, 

EASA of Pt-Ni/PC 950 (15:15%) is larger than that of Pt-Ni/PC 950 (10:20%) (33.2 m2 

g–1) and Pt-Ni/PC 950 (5:25%) (21.4 m2 g–1), as demonstrated by Figure 3.63b. 

Furthermore, the background current of the CV profiles, which  presents the 

capacitance and proton conductivity, increases in the order of Pt/C (20%) < Pt-Ni/PC 

950 (5:25%) < Pt-Ni/PC 950 (10:20%) < Pt-Ni/PC 950 (15:15%), suggesting that the 

electrochemically accessible areas for the electrolyte ions increase in the same order for 

the catalysts in this study [417-419]. The maximum capacitance and electrochemically 

accessible area of Pt-Ni/PC 950 (15:15%) imply its potency in electrocatalysis. 

 

Figure 3.63– CV curves in HClO4 (0.1 mol L–1) solution of the synthesized and 

commercial catalysts at 50 mV s–1.  

The ORR catalytic activity of the synthesized and commercial catalysts was 

evaluated by LSV measurements while using a RDE operated at 1600 rpm in O2-



 
 

saturated HClO4 (0.1 mol L–1) solution (Figure 3.64a). It can be seen that the onset 

potential (Eonset) of Pt-Ni/PC 950 (15:15%) is at around 1.03 V vs. RHE, which shifts 

positively compared to the commercial Pt/C (20%) catalyst (0.91 V vs. RHE). On the 

other hand, the Eonset of Pt-Ni/PC 950 (10:20%) and Pt-Ni/PC 950 (5:25%) are more 

negative than that of Pt/C (20%) (Table 3.14). Polarization curves of Ni/PC 950 and PC 

950 were recorded to verify the role of Ni and PC 950 in catalyzing ORR (Figure 3.64a 

curves e, f), confirming that both are nearly inert. Therefore, the enhanced ORR activity 

of Pt-Ni/PC 950 (15:15%) can be attributed to the electron interaction between Pt and 

Ni bimetallic catalyst nanoparticles and their proper encapsulation by a thin layer of 

carbon support, promoting the ORR activity. Guo et al. [414] have presented Pt 

nanocrystals supported on N-doped porous carbon/carbon nanotubes (Pt@CNx/CNT) 

as ORR catalysts. They have found that the Pt nanocrystals were completely embedded 

in carbon support and the encapsulating carbon layers were considered as the key factor 

in preventing the Pt nanocrystals from detachment, dissolution, migration, and 

aggregation during ORR testing. Further, the interaction between the embedded Pt 

nanocrystals and the encapsulating CNx layers found in Pt@CNx/CNT remarkably 

affected the electronic structure of Pt nanocrystals and contributed to the improvement 

in the catalytic activity and stability. 

 

Figure 3.64– (a) LSV polarization plots in O2-saturated HClO4 (0.1 mol L–1) solution 

at 1600 rpm and at 10 mV s–1 of Pt-Ni/PC 950 (15:15%) curve-a, Pt-Ni/PC 950 



 
 

(10:20%) curve-c, Pt-Ni/PC 950 (5:25%) curve-d, Ni/PC 950 (30%) curve-f, PC 950 

curve-e and Pt/C (20%) curve-b. (b) Mass activities at 0.9 V, (c) LSV polarization plots 

of Pt-Ni/PC 950 (15:15%) in O2-saturated HClO4 solution (0.1 mol L–1) at different 

rotation speed of electrode, and (d) Koutecky-Levich plots at different potentials of Pt-

Ni/PC 950 (15:15%) representative catalyst.  

The electrocatalytic performance of the catalysts toward ORR was also 

estimated based on half-wave potential (E1/2) and mass activity. As illustrated in the 

polarization curves (Figure 3.64a), the E1/2 of Pt-Ni/PC 950 (15:15%) is 0.85 V vs. RHE 

which is about 70, 100, and 200 mV more positive than that of Pt/C (20%), Pt-Ni/PC 

950 (10:20%), and Pt-Ni/PC 950 (5:25%), respectively (Table 3.14). Lower values of 

Eonset and E1/2 for the catalysts with 10 and 5 wt.% Pt loading are due to the fact that 

these catalysts have comparatively less amount of Pt and proportionally increased 

amount of Ni which can drastically reduce the catalytic activity. The enhanced ORR 

activity of Pt-Ni/PC 950 (15:15%) can also be attributed to the optimum metal loading 

ratio and excellent electron interaction. The kinetic current of Pt-Ni/PC 950 (10:20%) 

is close to that of Pt/C (20%) in spite of 20 wt.% Ni loading (Figure 3.64a curve-c 

versus curve-b), confirming the electron donating effect of Ni toward Pt which 

promotes the interacting sites for molecular oxygen with enhanced reaction rates [420-

422]. The mass activity of the catalysts was calculated at 0.9 V vs. RHE (Figure 3.64b), 

wherein the catalyst with 15 wt.% of Pt retains 21% of its total mass activity while Pt/C 

(20%) only exhibits 0.65% of its total mass activity. The enhanced ORR activity can 

be attributed to (1) high EASA which is close to that of Pt/C (20%) and (2) synergetic 

electron interactions among catalyst components Pt, Ni, and carbon encapsulation. As 

indicated by negative shifts in XPS binding energy of Pt 4f, the electron structure of Pt 

is significantly modified by Ni, promoting the π-interaction of oxygen with synergetic 

effect [415]. 

 

Table 3.14– Electrochemical parameters and mass activity of the synthesized and 

commercial electrocatalyst before and after ADTs 

Catalysts EASA (m2 g–1) Eonset (V) E1/2 (V) Mass activity (%) 

Before 

ADT 

After 

ADTa 

Before 

ADT 

After 

ADT 

Before 

ADT 

After 

ADT 

Before 

ADT 

After 

ADTb 

Ni/PC 950 - - - - 0.43 - 1.3 - 



 
 

Pt-Ni/PC 

950 (5:15%) 

21.4 - 0.82 - 0.65 - 1.5 - 

Pt-Ni/PC 

950 

(10:15%) 

33.2 - 0.82 - 0.72 - 3.1 - 

Pt-Ni/PC 

950 

(15:15%) 

78.4 61.2 1.03 0.87 0.85 0.76 21 - 

Pt/C (20%) 81.5 53.1 0.91 0.76 0.78 0.65 0.67 - 

a The EASA of the electrocatalysts after ADT was calculated from the 500th cycle of CV. 
b The mass activity after ADT was not calculated as the LSV profiles shifted more negatively beyond 0.9 

V. 

  

 Polarization curves of Pt-Ni/PC 950 (15:15%) at different rotation speeds (625 

rpm to 2500 rpm) were recorded in O2-saturated HClO4 (0.1 mol L–1) solution in order 

to evaluate the ORR kinetics and to calculate the number of transferred electrons. From 

the set of polarization curves (Figure 3.64c), Koutecky-Levich plots at different 

potentials were plotted (Figure 3.64d) showing good linearity of the fitting lines for the 

first-order reaction kinetics toward the concentration of dissolved oxygen, and a similar 

electron transfer number was calculated to be ~3.9 which is in good agreement with the 

theoretical value of 4. The stability and durability of ORR electrocatalysts are critical 

for their practical implementation in fuel cells. The CV accelerating durability tests 

(ADTs) of Pt-Ni/PC 950 (15:15%) and Pt/C (20%) were carried out in O2-saturated 

HClO4 (0.1 mol L–1) solution by applying continuous potential sweeping between -0.25 

V to 1.0 V vs. Ag/AgCl (3 mol L–1 KCl) for 500 cycles at a scan rate of 50 mV s–1. 

Oxygen flow was kept continuous during CV runs for 500 cycles and then LSV was 

recorded immediately at 1600 rpm (Figure 3.65) and the obtained data after ADTs are 

shown in Table 3.14. It can be seen that the onset potential of the synthesized as well 

as commercial catalysts is shifted negatively. The synthesized catalyst Pt-Ni/PC 950 

(15:15%) still demonstrates good Eonset (0.87 V) and E1/2 (0.76 V) versus Pt/C (20%) 

Eonset (0.76 V) and E1/2 (0.65 V) after ADTs, Table 3.14. The enhanced stability of the 

synthesized catalyst in comparison to the commercial one can be attributed to the 

electron interaction effect of metal nanoparticles and the encapsulating effect of high 

surface area carbon support that can effectively prevent metal nanoparticles from 

detachment and dissolution. 



 
 

 

Figure 3.65– ADT’s CV curves (a, c) and LSV polarization curves before and after 

ADT (b, d). 

3.14. Characterization of Pt (20%) & Ptx-Cuy (𝟏𝟓% ≥x≥ 𝟓%, 𝟑𝟎% ≥y≥ 𝟓%) 

Catalysts 

Figure 3.66 and 3.67 depict the powder XRD analysis of synthesized catalysts. 

For Pt/PC 950 (20%) catalyst (prepared without Cu, for comparison), all the observed 

peaks (2θ = 40.2°, 47°, 67°, and 82°) are associated with the relevant crystal planes of 

fcc Pt, Figure 3.66 pattern-b. The peaks observed in the PXRD pattern of Pt-Cu/PC-950 

(15%:15%) are shifted towards higher 2θ values compared to those in the PXRD pattern 

of pure Pt, and towards lower angles compared to those in the PXRD pattern of pure 

Cu, Figure 3.66 pattern-c. These X-ray reflections of the synthesized catalyst are 

located in between the standard patterns of Pt and Cu and this behavior indicates alloy 

formation [423]. The PXRD patterns of all the synthesized catalysts with different 

metallic ratios are presented in Figure 3.67. The catalysts with 5% and 10% of Pt 

loading have peaks which are relevant to Pt only, indicating the strong interaction 

between Pt and Cu and perfect alloy formation. The peaks of Cu/PC 950 (30%) are 

assigned to the CuO and Cu2O reflections, Figure 3.67. A broad peak at ca. 2θ = 26° is 

a signature of the carbon support. The high intensity peak (111) was used to calculate 

the lattice parameter (LP) (equation 1), the crystallite size (Dcryst) (equation 2) and the 



 
 

extent of Cu alloying by Vegard’s law (equation 3) and the data is presented in Table 

3.15.   

 

Figure 3.66–PXRD patterns of (a) Pt/C (20%), (b) Pt/PC-950 (20%) and (c) Pt-Cu/PC-

950 (15%:15%) catalysts. 

𝑎 =  
√3

2 sin 𝜃111
 𝜆 ……… (1)  

𝐷𝑐𝑟𝑦𝑠𝑡 =  
0.9 𝜆

𝛽 𝑐𝑜𝑠𝜃111
 ………… (2)  

𝑎 = 𝑋 𝑎𝑃𝑡 + (1 − 𝑋) 𝑎𝐶𝑢 ……………… (3) 

Here, a represents the lattice parameter in nm, λ is the wavelength (0.15406 nm 

Cu Kα), θ111 is half the 2θ angle at the maximum, Dcryst is the crystallite size (nm), β 

represents the full width at half maximum, X is the proportion of Pt atoms. aPt = 0.39242 

(nm) and aCu = 0.36148 (nm), are the standard values for Pt and Cu lattice contact 

parameters, respectively [424].  

 

Figure 3.67– PXRD patterns of the synthesized catalysts with different Pt-Cu ratios 

and the PXRD pattern of 30 wt.% Cu load catalyst (Cu/PC 950).  



 
 

Table 3.15– A comparison of XRD, TEM and ICP-OES data of catalysts  

Catalysts θ111 d111 

(nm) 

LP 

(nm) 

FWHM 

(radian) 

Dcrys 

(nm) 

TEM 

(nm) 

at. %a at. %b Wt.% from ICP-OES 

Pt Cu Total 

Pt/PC-950 

(20%) 

20.092 0.224 

 

0.388 

 

1.063 

 

7.985 

 

4.7 Pt18 - 17.96 - 17.96 

Pt-Cu/PC-

950 

(15%:15%) 

21.086 

 

0.214 

 

0.371 

 

1.887 

 

4.524 

 

3.2 Pt13Cu12 Pt13Cu11 13.12 12.01 25.13 

a Calculated from ICP-OES 
b Calculated from Vegard’s rule 

 

The lattice parameter of Pt-Cu/PC-950 (15%:15%) (0.371 nm) is smaller than 

that of Pt/PC-950 (20%) (0.388 nm) and Pt/C (20%) (0.392), Table 3.15. During alloy 

formation, replacement of Pt by Cu atoms (of smaller atomic radius) leads to the 

reduced lattice [423]. The calculated crystallite size of PtCu nanoparticles is also 

smaller than that of pure Pt loaded either on PC 950 carbon or commercial carbon, 

Table 3.15. It can be concluded from XRD analysis that, using the same synthetic 

protocol of ethylene glycol reduction, the particle size can be decreased by 

incorporating a secondary metal with smaller atomic radius, such as Cu or Ni. A good 

agreement is noticed in the calculated and experimental lattice constant (d111 in nm) of 

PtCu nanoparticles which assumes the formation of fully miscible solid solution. 

Calculated from Vegard’s law, the fraction of Cu (11.31%) in the Pt-Cu/PC 950 

(15:15%) catalyst is in close agreement with the bulk Cu composition (12%) as 

determined by ICP-OES analysis, Table 3.15. 

The elemental composition of the synthesized samples was determined by XPS 

analysis. The spectra (Figure 3.68), show that the Pt-Cu/PC 950 (15:15%) catalyst 

consists of Pt, Cu, C and O while the Pt/PC 950 (20%) catalyst is dominated by the 

presence of Pt, C and O species. The O is originates from the surface organic 

functionalities of the carbon support. The C 1s XPS spectrum of Pt-Cu/PC 950 

(15:15%) (Figure 3.69a) consists of C- sp3 peak (284.5 eV). The Cu 2p spectrum 

(Figure 3.69b) displays two peaks, one for Cu 2p3/2 (932.2 eV) and another for Cu 2p1/2 

(952.2 eV). These peaks could be attributed to typical Cu0 and/or Cu1+. The CuO is also 

verified by the appearance of small peak at 934.2 eV for Cu 2p3/2, a reshuffled peak at 



 
 

944.2 eV, and a 954.8 eV peak for Cu 2p1/2. Copper LMM Auger spectra can be used 

to discriminate between the Cu0 and Cu1+ species, (Figure 3.68-vertical dotted green 

line) [425, 426]. The presence of Cu LMM Auger kinetic energy for Pt-Cu/PC-950 

(15%:15%) shows the presence of metallic copper [427]. From XPS analysis, the 

presence of copper oxides may derive from the surface oxidation of metallic copper 

upon exposing the sample in air. For the Pt-containing catalysts, the HR-XPS spectra 

of Pt reveal strong peaks attributed to Pt 4f7/2 and Pt 4f5/2. These peaks can be further 

divided into two doublets/triplets indicating the existence of elemental Pt and surface 

oxides of Pt (Figure 3.69c & 3.69d) [427]. For the bimetallic catalyst, the strong peaks 

at 71.1 eV and 74.5 eV are assigned to Pt, while the small peaks at 72.0 eV, 75.6 eV, 

73.0 eV and 77.3 eV are assigned to the surface oxides of Pt [427]. Similarly, in the 

case of Pt/PC-950, the peaks at 71.3 eV and 74.6 eV are attributed to Pt while peaks at 

74.0 eV, 75.8eV and 73.0 eV can be allocated to the oxides of platinum, Figure 3.69d. 

It has been observed that the Pt 4f binding energies are shifted negatively up to ca. 0.2 

eV in the PtCu catalyst compared to Pt/PC 950 (20%) catalyst, Figure 3.69d, and the 

commercial catalyst, Figure 3.70. Such behavior is expected from the electron 

interaction of Pt with the Cu atoms, owing to their different electronegativity values 

[428, 429]. The electron interaction will result in d-band structure modification of Pt 

which is favorable to ORR and catalyst stability [403, 430]. It has also been observed 

by different research groups that a carbon support with surface organic functional 

groups can also interact with Pt nanoparticles and improves catalytic activity [428, 

429]. Here, the negative shift in binding energy of Pt also implies that PC 950 high 

surface area carbon electronically interact with metal nanoparticles resulting in 

enhanced stability of Pt-Cu/PC 950 (15:15%) catalyst. The percent composition of the 

Pt-Cu/PC 950 (15:15%) catalyst was found to be 84.83 wt.% of carbon, 6.33 wt.% of 

oxygen, 4.31 wt.% of platinum, and 3.74 wt.% of copper. In comparison to the ICP-

OES results, the percent Pt:Cu loading from XPS analysis appeared slightly low due to 

the fact of the XPS gives surface data. Markovic and coworkers [431] worked on Pt 

alloying with different metals in order to enhance the ORR activity. They have reported 

that tuning the Pt d-band by alloying with transition metals changes the Pt-O binding 

energy, a factor which plays a role in ORR. The report further revealed that a Pt3Ni 

combination was found exceptionally 10 times more active than Pt catalyst due to 

optimization of its electronic and morphological structure [432]. 



 
 

 

Figure 3.68– XPS spectra of the synthesized catalysts. 

 

Figure 3.69– HR-XPS spectra of (a) carbon, (b) Cu 2p and (c) Pt 4f in Pt-Cu/PC 950 

(15:15%) and (d) Pt 4f in Pt/PC 950 (20%). 



 
 

 

Figure 3.70– XPS de-convoluted core line of Pt 4f in Pt/C (20%) commercial catalyst. 

Figure 3.71 presents the gas adsorption analysis data of carbon and the 

synthesized catalysts. A range of different pore regions in the pure carbon sample, PC 

950, is evident from a Type-IV adsorption isotherm, Figure 3.71a. At very low P/Po, 

gas adsorption occurs abruptly due to presence of micropores, followed by a slow 

increase in adsorption as evidenced by the small slope of the adsorption isotherm. This 

behavior along with the hysteresis loop, suggests the existence of mesopores. Finally, 

an abrupt increase in gas adsorption again near ca. 1 P/Po confirms the existence of 

macropores [154, 155]. This diversity of pore region makes PC-950 an archetype for 

capturing metal nanoparticles [36] and also presents a good platform for the internal 

diffusion of molecular oxygen. A high surface area of 1453 m2 g–1 with a pore volume 

of 2.01 cm3 g–1 was calculated from the data, respectively.  The gas adsorption volume 

is significantly decreased in the case of Pt/PC-950 (20%) (curve-b) and Pt-Cu/PC-950 

(15%:15%) (curve-c) catalysts, Figure 3.71a. This behavior can be explained by the fact 

that the metal nanoparticles are incorporated inside the carbon matrix, blocking the 

pores [36]. The Pt/PC-950 (20%) has BET area of 419 m2 g–1 with 0.384 cm3 g–1 of pore 

volume; for Pt-Cu/PC-950 (15%:15%), the calculated values are 231 m2 g–1 and 0.333 

cm3 g–1, respectively. Figure 3.71b presents the pore size distribution (PSD) plots, 

which further justify the gas adsorption/desorption behavior of the carbon and catalyst. 

The peak maxima positioned at 4 (Å) is shifted to slightly higher pore width values in 

the plot for the catalysts, Figure 3.71b. It is apparent that the metal particles have 

blocked the micropores as a results of which a reduction in BET area and pore volume 

are observed. 



 
 

 

Figure 3.71– (a) Gas adsorption isotherms; (b) pore size distribution plots of pure 

carbon and the synthesized catalysts. 

TEM analyses were performed to elucidate the morphology and particle size 

distribution and the images are presented in Figure 3.72, 3.73. TEM measurements of 

Pt-Cu/PC-950 (15%:15%) reveal the widespread uniformity of metallic particle size 

and even distribution on the carbon support which are very significant for catalysis, 

Figure 3.72. In case of Pt/PC 950 (20%) catalyst, the Pt nanoparticles are aggregated 

and irregularly distributed as is obvious in Figure 3.73. There is close agreement 

between particle sizes calculated from XRD with the observed microscopic analyses: 

3.2 nm for Pt-Cu/PC-950 (15%:15%) and 4.7 nm for Pt/PC-950 (20%), Figure 3.74 and 

Table 3.15. Comparatively, the particle sizes and degree of agglomeration of 

nanoparticles is high for catalyst without copper content. This means that the particle 

sizes of the catalyst is highly dependent on the second alloying metal. In this case, Cu 

has smaller atomic size compared to Pt, which upon alloying leads to a decrease in the 

size of the resultant particles. 

 

Figure 3.72– TEM images of Pt-Cu/PC-950 (15%:15%) (a-h).  



 
 

 

 

Figure 3.73– TEM micrographs of Pt/PC 950 (20%) (a-h). 

 

Figure 3.74– Histograms showing particle size distribution of, (a) Pt-Cu/PC 950 

(15:15%) and (b) Pt/PC 950 (20%), catalysts. 

3.15. Electrochemical Evaluation of the Pt-Cu Series Catalysts (Fuel Cell, ORR 

Testing)  

Electrochemical testing was initiated with cyclic voltammetry (CV) 

experiments after deposition of the catalysts on carbon disk. During CV cycling of the 

alloyed PtCu catalyst redox peaks at specific potential values corresponding to the de-

alloying and re-alloying of Cu have been observed, Figure 3.75. The first few CV cycles 

confirm the presence of Pt with the appearance of small hydrogen adsorption/desorption 

peaks (0.05-0.3 V). The anodic peak A1 can be assigned to Cu dissolution from alloyed 



 
 

catalyst [433] while the peak A2 and corresponding cathodic peak C2 are assigned to 

Pt oxide formation/reduction reactions. Similarly, the cathodic peak C1 corresponds to 

re-alloying of the Cu metal. The reversible redox behavior of Cu metal evidences 

rearrangement of the alloying metal and the subsequent stability of the catalyst surface. 

Strasser et al. [434] reported different Pt-Cu alloys and revealed that ORR activity can 

be enhanced by decreasing the bonding strength between oxygenated species and 

catalyst surface. This goal could be achieved by tuning the band structure through 

alloying. Furthermore, they have observed in CV cycling, a gradual increase in the 

intensity of the Had peak with a gradual decrease of Cu redox peaks, and finally a 

catalyst was established with Pt bright surface. 

Electrochemical active surface area (EASA) was calculated from a stable and 

well defined Pt-CV, Figure 3.76. After 250 cycles, the CV displayed two distinctive 

potential regions; one for Had/des and the another for the oxides formation/reduction of 

Pt. The EASA was obtained by using the H-desorption charges; a value of 210 µC cm–

2 was employed for the adsorption of a H2 monolayer on a Pt fresh surface. The EASA 

of Pt-Cu/PC-950 (15%:15%) (63.22 m2 g–1) is 16.5% larger than that of the Pt/PC 950 

(20%) catalyst, a result which is attributed to the smaller particle size and rearrangement 

of the alloyed metal after electrochemical activation. The synthesized catalysts have 

presented high background current for electric double-layer due to the porous nature of 

the carbon support which is significant for charge accumulation and mass transport.  

 

Figure 3.75– 250 cycles CV profile of Pt-Cu/PC 950 (15:15%) showing redox peaks 

of metals at their specific potential. 

 



 
 

 

Figure 3.76– CV curves of the catalysts used for the determination of EASA. 

The electrocatalytic activities of the synthesized and the commercial catalysts 

during ORR were recorded in oxygen saturated acidic solution (0.1 mol L–1) at ca. 25 

°C, Figure 3.77. The ORR polarization curves were recorded at 1600 rpm, Figure 3.77a. 

Each curve displays a diffusion limiting current region (below 0.55 V) and the mixed 

kinetic-diffusion control region (from 0.55 V to 0.95 V), Figure 3.78. The observed 

onset potential (Eonset) values are 0.941V, 0.900 V and 0.911 V for the synthesized Pt-

Cu, Pt only and the commercial catalysts, respectively, Table 3.16. The Eonset of Pt-Cu 

alloy is shifted positively by 30 mV in comparison to 20 wt.% Pt loaded on either PC 

950 or commercial carbon. Interestingly, the Eonset values for different ratio Pt-Cu 

catalysts (10%:20%) and (5%:25%) are shifted negatively when compared with Pt/C 

(20%). Polarization curves of materials without Pt show almost inert behavior toward 

ORR, Figure 3.79. The following order of electrocatalytic activities is derived from 

E1/2: Pt-Cu/PC-950 (15%:15%) > Pt/PC-950 (20%) ≈ Pt/C (20%). Based on E1/2, the 

Pt-Cu alloyed catalyst manifests inflated ORR activity which is attributed to effective 

tuning of the Pt d-band electronic structure by alloying with Cu, support by porous 

carbon in providing extra surface area and good dispersion of nanoparticles. Small 

particle size and uniform distribution have resulted in proper utilization of the catalyst 

while change in energy of the Pt d-band center has affected the strength of bond 

between catalyst active surface site and the adsorbed intermediates produced during 

ORR. After estimation of activities using the E1/2 values, the mass activities were 

calculated to determine a more accurate ordering of ORR active catalysts. For this 

purpose, the kinetic current density (jk) was recorded at 0.9 V vs. RHE. In our 

experiments, the diffusion limiting current density values are also lower than the 

theoretical value (5.8 mA cm–2 at 1600 rpm) with the 1.26×10–3 mol L–1 dissolved O2 

in the electrolyte. The highest mass activity (0.043 mA/µg_Pt) is obtained for Pt-



 
 

Cu/PC-950 (15%:15%) as compared to Pt/PC-950 (0.010 mA/µg_Pt) and commercial 

Pt/C (0.017 mA/µg_Pt), Figure 3.77b. The porous carbon supported Pt-Cu alloyed 

material is considered to be the best catalyst, with specific mass activity is 2.6 and 3.2 

times larger than that of 20 wt.% Pt supported on commercial carbon and PC-950, 

respectively. The Tafel plots for all the tested catalysts are shown in Figure 3.77c. From 

these plots the order of kinetic activities is found to be Pt-Cu/PC-950 (15%:15%) > 

Pt/PC-950 (20%) > Pt/C (20%). This order clearly demonstrates the superior activity of 

alloyed Pt-Cu catalyst over non-alloyed materials towards ORR. For kinetic studies, 

polarization curves were recorded in the range 625-2500 rpm in oxygen-rich HClO4 

(0.1 mol L–1). The Koutecky-Levich sketches are shown in Figure 3.77d; a linear fitting 

corresponding to 1st order kinetics is observed for the dissolved oxygen. The calculated 

electron transfer number ca. 3.89 is matched with the expected value of 4. 

The durability of catalysts was checked via ADTs between –0.25 V to 1.0 V 

(vs. Ag/AgCl) with a scan rate of 50 mV s–1 for 500 cycles. A constant flow of oxygen 

was maintained and the LSV curve was instantaneously recorded at 1600 rpm, Figure 

3.80.  The observed values are shown in Table 3.16. As indicated by the ORR 

polarization curves in Figure 3.80a, the bimetallic catalyst Pt-Cu/PC-950 (15%:15%) 

was almost unchanged after ADTs; the Eonset and E1/2 values are given in Table 3.16. 

However, Pt/PC 950 (20%) and Pt/C (20%) underwent 28% and 35% loss in EASA, 

respectively, after ADTs, which can also be observed by a negative shift of ~120 mV 

(E1/2) value, Figure 3.80b, c, d. This extraordinary stability of the Pt-Cu alloyed particles 

compared to the 20 wt.% Pt loaded on PC 950 or commercial carbon black can be 

attributed to the interaction between the carbon support and catalyst particles in which 

the former retains the latter as active and monodispersed for longer time. 



 
 

 

Figure 3.77– LSV polarization curves in O2-saturated HClO4 (0.1 mol L–1) solution at 

1600 rpm and at 10 mV s–1 (a), mass activities (b), Tafel plots (c), and Koutecky-Levich 

plots at 0.68 V (d) of the synthesized and commercial catalysts. 

 

Figure 3.78– Representative ORR polarization curve showing different current 

regions. 

 



 
 

Figure 3.79– LSV polarization curves of the synthesized catalysts with different Pt-Cu 

wt.% loading and LSV polarization curves of 30 wt.% Cu catalyst and metal free carbon 

support.   

Table 3.16– The Electrochemical properties and mass activity values of the catalysts 

before and after ADTs 

aThe EASA of the catalysts after ADT was calculated from the 500th cycle of CV. 
bAs the LSV profiles shifted more negatively beyond that of 0.9 V so, after ADTs mass activities of 20 

wt.% Pt loaded catalysts were not calculated.   

 

 
Figure 3.80– Separate LSV polarization curves before and after ADTs (a-c) and 

combined LSV polarization curves after ADTs (d).  

For practical implementation of the catalysts in direct methanol fuel cells 

(DMFCs), we have also tested the synthesized materials for methanol oxidation 

Catalysts EASA (m2 g–1) Eonset (V) E1/2 (V) Mass activity 

(mA/µgPt) at 0.9 V 

Before 

ADT 

After 

ADTa 

Before 

ADT 

After 

ADT 

Before 

ADT 

After 

ADT 

Before 

ADT 

After 

ADTb 

Pt/C (20%) 81.5 53.1 0.910 0.76 0.773 0.65 0.017 - 

Pt/PC-950 

(20%) 

51.1 49.2 0.900 0.82 0.780 0.69 0.010 - 

Pt-Cu/PC-950 

(15%:15%) 

63.2 65.3 0.941 0.941 0.797 0.79 0.043 0.043 



 
 

reaction (MOR). For this purpose, CV experiments were carried in 1 mol L–1 methanol 

solution acidified with 0.1 mol L–1 HClO4, at a scan rate of 25 mV s–1, Figure 3.81a. 

During the forward CV scan, an increase in current was observed between 0.75–1.5 V 

(vs. RHE) and, in the reverse scan, between 0.5–0.7 V. This behavior indicates that the 

catalysts are active for MOR [435]. The forward scan oxidation peak is attributed to 

methanol oxidation (dehydrogenation: CH3OH → COad + 4H++ 4e–) forming catalyst 

surface-adsorbed carbonaceous intermediates [436]. The COad can make the catalyst 

inactive or less active, however, oxidation of COad into CO2 regenerates the catalyst 

surface which is confirmed by the oxidation peak observed in the reverse scan. The 

enhanced current density (Ja), at If in the forward scan of potential, in the case of Pt-Cu 

alloyed nanocatalyst confirms it as the best candidate for MOR among the options. The 

observed Ja values and the catalyst activity, decreasing order, towards MOR are Pt-

Cu/PC 950 (15:15%) (28.3 mA cm–2) > Pt/PC 950 (20%) (23.7 mA cm–2) > Pt/C (20%) 

(21.0 mA cm–2). Chronoamperometric measurements were performed for 3000 s at 1.0 

V (vs. RHE) to determine the stability of the catalysts towards MOR, Figure 3.82. In 

the graph, all curves present initial sharp decay in current followed by no further 

decrease in current. This initial current decay is due to the carbonaceous intermediates, 

which reduces catalyst activity. The current vs time curves show that the Pt-Cu alloyed 

catalyst has a high current during the whole time period of testing, showing its 

superiority over the other catalysts under investigation. 

 

Figure 3.81– CV curves of methanol oxidation (a) and Nyquist plots of the catalysts; 

a-Pt-Cu/PC 950 (15:15%), b- Pt/PC 950 (20%), c- Pt/C (20%), the inset is the 

magnified EIS at high frequency region (b). 



 
 

 

Figure 3.82– Current-time response of the catalysts at 1.00 V vs. RHE in the presence 

of methanol.  

The methanol tolerance level of the Pt-Cu/PC 950 (15:15%) and Pt/PC 950 

(20%) catalysts were evaluated by chronoamperometric tests at 0.45 V (vs. Ag/AgCl) 

and 1600 rpm in 0.1 mol L–1 HClO4/ 1 mol L–1 CH3OH solution for a period of 42,000 

s, Figure 3.83a. Both the catalysts show a rapid decay in current in the initial period of 

the current-time response experiment. The Pt/C (20%) benchmark catalyst retains only 

6% of its initial current which is evidence of its lower methanol tolerance and low ORR 

selectivity. Alloying Pt with Cu in 1:1 ratio (15%:15 wt.%) comparatively improves the 

catalyst tolerance level toward methanol and better selectivity toward ORR, as the 

catalyst evidently retains about 35% of its initial current in acidic methanol solution. 

The relative methanol tolerance of the catalysts was also evaluated by running LSV in 

O2-saturated acidic CH3OH solution. The polarization curve at 1600 rpm, Figure 3.83b, 

shows current density reversal with minimum current density at 0.6 V and 0.76 V (vs. 

RHE) for Pt-Cu and Pt/C, respectively. The current reversal indicates a competition 

phenomenon between MOR and ORR at the catalyst surface. The Pt-Cu catalyst is 

clearly found to be less affected when compared with Pt/C (20%). The better methanol 

tolerance of the Pt-Cu/PC-950 (15%:15%) catalyst can be attributed to its alloyed 

nature that can enhance the catalyst long-term stability towards poisoning by CO 

generated during methanol oxidation and good selectivity towards ORR in the presence 

of methanol solution. 



 
 

 

Figure 3.83– Current-time response at 0.45 V vs. Ag/AgCl (a) and LSV curves at 10 

mV s–1 (b) of the catalysts in O2-saturated methanol solution at 1600 rpm.  

The frequency response analyses of the catalysts were studied via 

electrochemical impedance spectroscopy. Figure 3.81b shows Nyquist plots of the 

catalysts deposited on the electrode surface at 1.00 V (vs. RHE) using a three electrode-

assembly with a similar electrolyte composition to that used for MOR studies. All the 

curves consist of a semicircle (arc) at real axis, Figure 3.84a, b.  The diameter of the arc 

is important and usually if the arc is small a lower charge transfer resistance is indicated 

and vice versa. The impedance measurements show that Rct (charge transfer resistance) 

is low for Pt-Cu/PC-950 (15%:15%) catalyst combination suggesting fast reaction rate 

with low resistivity. The Relec (electrolyte resistance) values are 0.09, 0.06 and 0.02 

Ohm cm2 for Pt-Cu/PC 950 (15:15%), Pt/PC 950 (20%), and Pt/C (20%), respectively, 

indicating different electrolyte concentration gradients toward the electrode surface at 

high AC frequency [437]. Similarly, Rct values are 3.4 Ohm cm2, 15.9 Ohm cm2, and 

47.0 Ohm cm2, again suggesting reduce resistance to charge transfer for Pt-Cu/PC-950 

(15:15%) catalyst which makes it more active than other catalysts under investigation 

[438].  

 



 
 

Figure 3.84– EIS response of the catalysts Pt-Cu/PC 950 (15:15%) spectrum-a, Pt/PC 

950 (20%) spectrum-b and Pt/C (20%) spectrum-c (a) showing Relec (b) showing Rct.  

The different degradation behavior of the synthesized and commercial catalysts 

was further investigated by checking of the morphologies after ADTs with TEM 

techniques. Figure 3.85a, b shows that Pt-Cu alloyed nanoparticles are well dispersed 

on support surface before and after ADTs. No severe gathering and enlargement of the 

catalyst particles were observed in TEM observation, indicating the effect of Cu 

alloying and electron structure modification of Pt that impart good stability to Pt on PC 

950 support during electrochemical evaluation. The alloying effect and porous, high-

surface area carbon support have prevented the Pt nanoparticles from dissolving, 

migrating and augmenting. These factors accounted for the excellent stability of Pt-

Cu/PC 950 (15:15%) in catalyzing ORR and MOR. However, in the case of the Pt/PC 

950 (20%) and Pt/C (20%) catalysts, Figure 3.85c-f, the nanoparticles are converted 

into irregular larger particles. This was consistent with the drastic decrease in EASA 

(28% and 35% loss) after ADTs. Finally, it can be concluded that for long-term usage 

of Pt-based catalysts in fuel cell technology, high-surface area carbon support and 

perfect alloying to change the d-band center of the catalyst are simultaneously 

necessary as has been evidently investigated in the current studies. 

 



 
 

 

Figure 3.85– TEM images of Pt-Cu/PC 950 (15:15%) before (a) and after (b) ADTs, 

TEM images of Pt/PC 950 (20%) before (c) and after (d) ADTs and TEM images of 

Pt/C (20%) (e, f) after ADTs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

4. Conclusions  

In summary, MOF precursors were successfully converted to carbon electrode 

materials and their potential applications were evaluated in the fields of energy storage 

and conversion. Carbon nanospheres from MOF-5/AC composite have presented 

surface area up to 677 m2 g–1 and pore volume up to 0.412 cm3 g–1 and demonstrated 

excellent electrochemical performance with specific capacitance up to 193 F g–1 at 2 

mV s–1 and 75 F g–1 at 5 A g–1. The excellent electrochemical performance of the carbon 

nanospheres can be attributed to the spherical morphology and porous surface that 

simultaneously promote ionic diffusion even at harsh conditions of potential.  

Microporous carbon (MPC) from careful carbonization of PFA–Zn–BTC MOF 

composite have shown porous nature with wide range of pore regions. As electrode 

materials in supercapacitor applications, MPC-950 carbon have demonstrated specific 

capacitance as high as 375 F g–1 at 0.75 A g–1 current density and showed only 4% 

capacitance loss over 3000 cycles. The synthesis of cobalt oxide embedded nitrogen-

doped CNTs was achieved by a simple one-step pyrolysis of ZIF-12 at 950 °C under 

inert atmosphere. As anode material for LIBs testing, a first-cycle discharge capacity 

of up to 1250 mAh g−1 was obtained at 0.1 A g−1 which is amongst the highest reported 

for any anode material of comparable chemical composition. Upon rate cycling the 

specific capacity was recovered back to ~1100 mAh g−1, and retained 95% of its initial 

capacity even after 50 cycles at a current density of 0.1 A g−1. Pt-Ni bimetallic 

electrocatalysts supported on high surface area carbon obtained by prolonged 

carbonization of MOF-5 at 950 °C were successfully prepared for ORR. The 

synthesized electrocatalysts were characterized by various techniques; it was observed 

that Ni modified the electronic structure of Pt, and the bimetallic nanoparticles were 

embedded in carbon matrix. The small size particles blocked the microporous regions 

of the carbon support, resulting in lower BET surface area. The Pt-Ni/PC 950 (15:15%) 

had demonstrated superior ORR activity over Pt/C (20%) commercial catalyst in terms 

of both Eonset and E1/2. The synthesized catalyst produced 21% mass activity at 0.9 V 

vs. RHE positive potential. The synergic effect between Pt-Ni nanoparticles and the 

carbon encapsulating effect played an important role toward improved catalytic 

activity. Further, for Pt-Cu series a high mass activity of 0.043 mA/μg_Pt (based on Pt 

mass) is recorded for ORR. An outstanding longevity of the electrocatalyst is noticed 

when compared to 20 wt.% Pt loaded either on PC-950 or commercial carbon. The high 



 
 

surface area carbon support offers enhanced activity and prevents the nanoparticles 

from agglomeration, migration, and dissolution as evident by TEM analysis. It can be 

stated that MOF precursors to functional carbon structures with diverse pore 

architectures and improved electrochemical performance is a new research field for 

electrochemical energy storage and conversion.    

 


