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Preface 

Catalysis has sparked intense interest in both scientific research and industrial applica-

tions. A catalyst is a material that speeds up a chemical reaction towards equilibrium 

while consuming relatively little energy. One or more desirable reactions can proceed 

more quickly and selectively under generally benign conditions by utilizing the right 

catalyst. Since catalytic processes are used to produce more than 95% of all modern 

chemical products, the search for better catalytic materials is an exciting and rapidly 

developing area of study. 

 Metal-organic frameworks (MOFs) offer significant potential for the rational 

design of novel catalytic materials as indicated by the several numbers of publications 

published in the last ten years. The coordination bonds between metal ions/clusters and 

organic ligands form the foundation of these novel class of crystalline porous materials. 

MOFs excel as heterogeneous catalysts due to several characteristics, including their 

remarkable structural diversity, intrinsic hybrid organic–inorganic nature, unsaturated 

metal sites, potential voids for host guest interactions etc. However, the broadness of 

catalytic applications using MOFs are quite limited, as MOFs are considered not stable 

under harsh acidic or basic conditions. In the present thesis, we have discovered a MOF 

based heterogeneous system which is chemically and thermally stable under harsh basic 

conditions. 

 Electrochemical energy storage and conversion technologies have been 

acknowledged as the most viable solutions to address the world's mounting energy di-

lemma due to their high levels of energy efficiency and minimal environmental impact. 

Redox flow batteries, rechargeable Zn -air batteries, proton exchange membrane fuel 

cells, water electrolyzers are some of the EESC systems that have received the greatest 

attention and development. Regardless of their various working theories, these 
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electrochemical systems all aim for the physicochemical properties of materials to de-

termine their ultimate storage capacity and conversion efficiency. These properties in-

clude low cost, low overpotential, high electrochemical active surface area, better elec-

tronic conductivity or lower charge transfer resistance, well-defined redox couples, 

long-term stability at higher current density etc. 

 MOFs are a developing precursor for earth-abundant element-based electrocat-

alysts. Because of polymeric nature and presence of organic/metal moieties, by calci-

nation/carbonization a MOF can be converted into metal/carbon composite or individ-

ually each (refer as MOF-derived materials), depending upon the calcination gaseous 

environment. Pure MOF electrocatalysts suffer from low stability, nonconductivity, se-

vere environmental sensitivity under extreme acidic/basic electrolytic conditions. Alt-

hough MOF-derived materials partially address these issues, they nevertheless have 

certain inherent drawbacks, such as an inability to regulate the pore size during carbon-

ization and dissolution of active sites particularly in acidic media. Therefore, more 

work is required in this current research to enhance the functionality of MOF deriva-

tives for application in actual EESC devices in the future. 

Chapter 1: In this chapter, we give a brief introduction of MOF and MOF-derived 

materials. With an emphasis on structure-property relationships, we discuss key ele-

ments of creating MOF catalysts, their atomic-level structural information. We also 

summarize the MOF catalysts used so far for various organic transformation reactions. 

A detailed study on the working principles of the electrochemical energy storage and 

conversion devices, along with that we have discussed the methods for creating unique 

MOF-derived nanostructured materials with functionalities that are specifically suited 

for electrocatalysis. 
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Chapter 2: In this chapter, we have developed an earth-abundant Mn based heteroge-

neous catalyst using the trick of immobilization of homogeneous Mn-Phenanthroline 

complex into MOF pores. The as synthesized heterogeneous catalysts designated as 

Mnphen@ZIF demonstrated as first MOF based catalysts for the selective synthesis of 

functionalized branched ketones where alcohols being used as renewable coupling part-

ner. Superior stability of catalyst under harsh basic conditions well examined by SEM, 

TEM, BET, PXRD, TGA and EDX elemental mappings. The borrowing hydrogen 

strategy was validated through mechanistic studies and deuterium labelling experi-

ments. The released hydrogen gas was also measured by water displacement method 

or quantified by GC. Formation of extra Lewis acid sites, defects, and pore enhance-

ment during catalysis helped in achieving higher activity and selectivity.  

Chapter 3: In this chapter, a unique synthetic approach has been introduced where 

nanostructurally grown zinc layered double hydroxide on graphitic carbon felt (CF) is 

converted into a zeolitic imidazolate framework (ZIF-8), and then, subsequent carbon-

ization resulted in a N/O-functionalized porous carbon electrode (N,O/CF). Because of 

the presence of N/O-containing functional groups and deposition of ZIF-8-derived 

nano porous carbon on the CF, the N,O/CF is found to be highly hydrophilic in nature 

with a large surface area. Cyclic voltammetry measurements with N,O/CF suggest the 

fast electrochemical kinetics of V(IV) ↔ V(V) reactions. Polarization curves and elec-

trochemical impedance spectroscopy measurements of the vanadium redox flow bat-

tery (VRFB) assembly illustrate the significant decrease in charge transfer resistance 

at electrode surfaces. At 50 mL/min electrolyte flow rate, N,O/CF delivers energy ef-

ficiencies of 83.11 and 76.66% at current densities of 40 and 80 mA/cm2, respectively. 

The values are 82.59 and 76.39%, respectively, at 100 mL/min, showing the negligible 

effect of the flow rate. The power density of VRFBs at various electrolyte flow rates is 
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also presented, which increases with increasing flow rates and is higher for N,O/CF 

(∼821 mW/cm2) than for bare CF (606 mW/cm2). The stability test confirms the reten-

tion of energy, voltage, and coulombic efficiencies after recycling of the electrode. The 

above-mentioned findings of improved performance of VRFBs with employing the 

N,O/CF electrode are a cumulative effect of enhanced nano-porosity, an increased 

number of catalytic active sites, high wettability, and low charge transfer resistance. 

Chapter 4: In this chapter, we report atomically dispersed Co-Mn dual single atom 

catalysts anchored on nanostructured N-doped porous carbon polyhedral synthesizing 

via controlled carbonization of a Co/Mn-doped ZIF-8 MOF. The atomically isolated 

Co-Mn site in CoMn/NC is recognized by combining microscopic as well as spectro-

scopic techniques. CoMn/NC exhibited excellent ORR activities in alkaline (E1/2, 

0.89V) as well as in acidic (E1/2, 0.82 V) electrolytes with long-term durability and 

enhanced methanol tolerance. Density functional theory (DFT) suggests that Co-Mn 

site is efficiently activating the O−O bond via bridging adsorption, decisive for the 4e- 

oxygen reduction process. Though the Co-Mn sites favor O2 activation via the dissoci-

ative ORR mechanism, stronger adsorption of the intermediates in the dissociative path 

degrades its overall ORR activity. Our DFT studies conclude that ORR on Co-Mn site 

mainly occurs via bridging side-on O2 adsorption following thermodynamically and 

kinetically favorable associative mechanistic pathways with lower overpotential and 

activation barrier. CoMn/NC performed excellently as a cathode in proton exchange 

membrane (PEM) fuel cell and rechargeable Zn-air battery with high peak power den-

sities of 970 & 176 mW cm-2, respectively. This work provides the guidelines for the 

rational design and synthesis of non-precious DSACs for enhancing the ORR activity 

as well as robustness of DSACs and opens the door to design the multi-functional ro-

bust electrocatalysts for energy storage and conversion devices. 
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Chapter 5: In this chapter, we introduce a quasi-solid-state Zinc-Air Battery (ZAB) 

exhibiting prolonged cycle life and robust stability over a wide temperature range. Our 

method involves the fabrication of a unique nanostructure through a silica-mediated 

Metal-Organic Framework (MOF) templated approach. This structure comprises a 

mesoporous concave carbon cage with elongated edges, facilitating efficient mass 

transport, and exposing catalytically active sites for oxygen redox reactions. The incor-

poration of NiO nanoclusters onto isolated nickel atom sites (Ni-N-C) enhances cata-

lytic activity for both Oxygen Evolution Reaction (OER) and Oxygen Reduction Re-

action (ORR). Through Density Functional Theory (DFT) calculations, we investigated 

the role of NiN4 and cubic NiO in decorating NiN4 sites, elucidating the mechanism of 

OER at the atomic level. Our analysis revealed an augmentation of Ni d-orbitals near 

the Fermi level, promoting H2O molecule absorption and subsequent intermediates. 

The OER activity at Ni of the NiO site surpassed that of the Ni single site of NiN4. 

Furthermore, we improved interfacial stability and low-temperature tolerance of the 

battery electrolyte by modifying the H-bond network with DMSO and Zn (BF4)2. This 

approach enables high-rate cycling at 25 °C and broad temperature adaptability (-70 to 

70 °C), providing valuable insights for the advancement of quasi-solid-state ZAB tech-

nology. 

Chapter 6: In this chapter, based on the current studies we have drawn the conclusion. 

We also discuss the work's potential future directions and important suggestions. 

*** 
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Chapter 1:  Introduction And Literature Survey 

 

1.1 Background 

 The development of sustainable and green chemistry has become a greater focus for 

scientists during the last ten years of research. Green chemistry, by definition, is the de-

sign of safe, effective, and ecologically friendly processes and products with little usage 

of hazardous materials and production. Out of all the green chemistry principles, catalysis 

is the most relevant to current research era because it is still a long-term topic of interest 

in the field of chemical technology [1]. A material that accelerates a chemical reaction 

towards equilibrium without significantly consuming is called a catalyst. Greek words 

"κατα," which means "down," and "λυσισ," which means "loosening," are the origin of 

the word "catalysis" [2]. Using the appropriate catalyst, one or more desirable reactions 

can continue at a higher rate and selectivity under relatively mild circumstances. Because 

of its importance in many domains, such as industry, energy, environment, and life sci-

ences, catalysis remains a strategic field of chemistry. The production of industrial cata-

lysts accounts for almost $16 billion of the global market, and catalytic processes are 

used to produce over 95% (by volume) of all chemical products produced today [3]. 

These numbers make it easy to see why catalysis research is at the vanguard of chemical 

engineering, materials science, and chemistry. 

These catalysts can be classified as two types one is homogeneous, and the other is het-

erogeneous. Homogeneous catalysts means where the reactants and catalysts are in same 

phase. It subsequently exhibits increased activity, excellent selectivity, ease of mecha-

nistic pathway study, etc. Nonetheless, it has a significant disadvantage as catalyst, prod-

ucts, and reactants all stay in the same phase, at the end of the process it is very challeng-

ing task to separate all of them. However, heterogeneous catalysts overcome this problem 
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of separation as the catalyst and reactants are in different phases. Heterogeneous catalysis 

occurs mostly in liquid-solid and gas-solid systems. Reactants are substances that dis-

solve in gaseous or liquid media, while the catalyst is typically a solid substance. Never-

theless, it faces some problem due to poor accessibility of active sites. The fundamental 

of catalysis is, it is a molecular phenomenon like conversion of one molecule to other 

either it is homogeneous or heterogeneous. Homogeneous catalysis mainly connected 

with molecular organometallic chemistry and heterogeneous catalysis to surface science 

or solid-state chemistry. So, scientists are trying to bridge the gap between this two by 

introducing some nano catalysts with defined active sites i.e., combination of molecular 

reactivity to the surface science to establish the structure activity correlation more pre-

ciously.  

 

Scheme 1.1 Schematic diagram of reaction paths a) homogeneous catalysis, b) heteroge-

neous catalysis. 
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1.2 Functional porous materials as heterogeneous catalysts 

 The field of "pore or space" chemistry is extremely challenging and offers solutions for 

numerous problems utilizing host-guest interaction. Porous materials are categorized into 

three kinds based on the size of their pores: micro, meso, and macro porous materials, 

with pore sizes ranging from 2 nm, >2 -50 nm and greater than 50 nm, respectively. Due 

to its superior qualities in ion-exchange, adsorption, separation, and catalysis, porous ma-

terials have widespread applications [4,5]. The aluminosilicate mineral stilbite was the 

first to be found as naturally containing zeolites in 1756 (Figure 1.1) [6]. After that it’s 

artificial synthesis initiated from 1940s. Zeolites are mainly inorganic materials consist-

ing of Si, Al & O where silicon and aluminium are linked by some oxides. The term 

“molecular sieve” often used for these materials as it contains well-defined sub-nanomet-

ric void area (d < 2 nm) which allow guest molecules/ions to enter, disperse, and ex-

change. These properties also highlight its significance as modern adsorbents and deter-

gents. In addition to this, tunable chemical compositions and acidic sites make zeolites a 

potential candidate for petrochemical industries, biomass conversion etc. Despite of, ze-

olites have two main drawbacks: it's hard to change their pore surface at the atomic level 

and their diffusion of big substrates is constrained. The invention of mesoporous silica in 

1992 i.e., an ordered mesoporous material with larger pore size 2 nm <d >50 nm and 

more diverse chemical composition enlighten this research area with their promising ap-

plications in catalysis, sensing, electronic devices & drug delivery etc [7]. Still there is 

lack between these two microporous zeolites and mesoporous silica. Some crystalline 

porous materials such as metal organic frameworks (MOFs) and covalent organic frame-

works (COFs) have been investigated as a new class of heterogeneous catalysts [8,9,10]. 

In contrast to conventional porous materials, MOFs and COFs have garnered substantial 

attention to the scientific community with their unique physicochemical properties. 
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Considerable progress has been made in both basic and applied fields by taking advantage 

of the special qualities of reticular materials. MOFs generally considered as organic-in-

organic hybrid coordination polymers as it is an assembly of metal ions and organic link-

ers via directional chemical bonding. Whereas COFs considered as porous organic poly-

mers as it is fabricated by covalent bonding of organic building blocks and mainly con-

sists of light elements C, N, O etc. However, the limited thermal stability and absence of 

permanent porosity, restrict COFs from its wide applicability [11]. 

 

Figure 1.1 Important turning points in the discovery of useful porous materials. Re-

printed with permission from ref [5]. Copyright 2020 WILEY VCH. 

1.3 Metal organic frameworks (MOFs) 

Metal organic frameworks (MOFs) have been evolved as a new class of two- or three 

dimensional porous crystalline materials with infinite lattices, also known as porous co-

ordination polymers (PCPs). MOFs are mainly fabricated by periodic arrangement of 

metal cation salts or clusters and polydentate organic ligands with directional coordina-

tion bond (Figure 1.2) [12-15]. 
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Figure 1.2 Schematic representation of MOF through reticular chemistry i.e. linking 

metal ion and organic linker. 

MOFs become an ideal platform for heterogeneous catalysis because of their ultrahigh, 

well-defined porosity, larger pore volume, and unprecedented tunability in chemical and 

structural property, synthetic versatility, and remarkable host-guest chemistry. Addition-

ally, the presence of uncoordinated metal sites and easily accessible organic struts further 

contributes to their appeal [16]. In fact, every researcher working on catalytic engineering 

has these qualities at the top of their list of priorities. In 2002, Yaghi and his co-workers 

have shown how nicely one can control MOF’s porosity and functionality by designing 

linkers (Figure 1.3) or metals (Figure 1.4) and make MOFs flexible as well as versatile 

to achieve targeted properties without altering the fundamental topology [17]. Thus 

MOFs can be able to fill the gap between micro and meso porous materials. Till now, 

According to BET analysis MOFs attributed surface area up to 10,000 m2 g-1 which is 

greater than Zeolites and activated carbon [18].  
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Figure 1.3 a) Representative examples of series of linkers used for the synthesis of iso 

reticular MOFs IRMOF-n (n =1-8, 10,12, 14,16) where all possess same cubic topology 

but differ by organic linkers functionalization and its length b) their corresponding single 

X-ray structures. Reproduced with permission from ref [17]. Copyright 2002 Science. 

Only by altering the organic linker portion several zinc-based MOFs, such as MOF-5, 

MOF-74, and MOF-177, were created with variable surface area and pore volume 

[19,20]. The imidazolate-based molecules that are commonly referred to as zeolitic im-

idazole frameworks (ZIFs) were added to the MOF family in 2002. MOF synthesis also 

plays a crucial role to create an extensive range of exquisite captivating structures. Es-

tablishing synthetic condition that will give specific MOF skeleton without the break-

down of the organic linker is the primary objective of MOF synthesis. At the same time, 

crystallization kinetics must be suitable to permit the nucleation and development of the 

required phase. Over time, a variety of techniques have been used for MOF synthesis. 

Solvothermal, or liquid phase/solvent phase approach, is the most utilized technique. Us-

ing this procedure, the ligand and metal precursor are individually dissolved in a specific 

liquid solvent that they can dissolve in. In a reaction vial, both these separate solutions 
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are combined. They are then moved to a Teflon-lined autoclave and heated in an oven 

for the appropriate amount of time and temperature. The Solvothermal technique of MOF 

synthesis is highly dependent on several variables, including temperature, pH, solvents, 

and the molar ratio of reactants, which affect how distinct MOF structures are formed 

and how they bind. Apart from the approach mentioned above, there are several tech-

niques for synthesizing MOFs, which include the use of microwave assistance, soni-

cation, mechanochemical processes, and electrochemical synthesis [21].  

 

Figure 1.4 Different types of MOF prepared by using same organic linker terepthalic 

acid but with different metals. Adopted with permission from ref [20]. Copyright 2019 

MDPI. 

Beyond the specific surface area, MOFs' thermal and chemical stability is also a crucial 

characteristic. When a MOF compound is heated to a reasonably high temperature, its 

thermal stability is typically characterized as its capacity to prevent irreversible changes 

in its physicochemical properties. Thermal stabilities are primarily determined by the 

inorganic and organic components, as well as the packing patterns and morphologies of 
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their structures. MOFs are mainly stable within the range of 350-500 oC [22]. When con-

sidering MOFs' applicability in diverse industries, their chemical stability is also a crucial 

factor. Depending on the application, MOFs are exposed to a range of chemical condi-

tions when used for different purposes. The pH of mediums utilized are the primary fac-

tors influencing the chemical stability [23]. Sometimes MOF’s application hampered be-

cause of their moisture sensitivity, moderate thermal and chemical stability. There are 

several applications of MOFs like in gas storage, CO2 capture, separation & purification, 

food packaging, sensing, biomedicine, drug delivery, proton conduction, membrane, lu-

minescence, environmental, wastewater treatment, energy conversion and storage, catal-

ysis including thermal, electrochemical and photochemical etc. [24-26]. In figure 1.5, a 

brief outline of MOFs synthetic methods, its properties and application has been 

sketched.  

 

Figure 1.5 Schematic diagram of synthetic methods, properties, and applications of 

MOF. 
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While MOFs have several excellent characteristics that make them a great option for 

investigation in a variety of applications, some constraints limit pristine MOF’s effec-

tiveness. As a result, researchers' focus has recently switched from pristine MOF to the 

field of functionalized MOFs called as “MOF composites” or “MOF derivatives” due to 

the significant attention they have received.  

1.3.1 Design and strategies for functionalization of MOFs 

One extremely practical and successful way to further enhance MOF performance or 

provide additional advantages for real-world applications is to integrate MOFs with var-

ious functional species. As depicted in figure 1.6, there are two ways for functionalization 

of MOFs. 1) MOFs can be functionalized through the modification of metal clusters, pore 

cavities, or organic linkers mainly known as MOF composites. [27] 2) Due to presence 

of metal and organic moiety, high temperature treatment converts MOFs into metal/nano 

porous carbon composites which mainly knows as MOF derivatives. [28]  

 

Figure 1.6 a) Different types of active sites to fabricate functionalized MOF (MOF com-

posites). Reprinted with permission from ref [27]. Copyright 2017 The Royal society of 

chemistry, b) Schematic illustration to show the strategy for fabrication of metal/carbon 

composites (MOF derivatives) from MOFs. Adopted with permission from ref [28]. Cop-

yright 2018 Elsevier. 

 

 

 

a) b)
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1.3.1.1 MOF composites or functional MOFs 

MOF composites i.e. combination of MOF with other functional group have several ad-

vantages for heterogeneous catalysis over parent MOF as it can use both the properties 

of MOF and co-catalyst. This can be done either by direct assembly or post synthetic 

modifications. The synergistic effect between them positively endorses their catalytic 

potential with enhanced activity, selectivity, and stability. To make it simple, we have 

divided the actives sites of MOF into following category: 

(i) Coordinatively unsaturated open metal sites: - During initial synthesis of MOF, 

after successful establishment of coordination between metal and linker, solvent that was 

employed in the synthesis, fill the MOF pores and remaining metal coordination sites. 

Thus, the solvent mainly functions as a porogen to aid in the creation of the framework 

structure and as a ligand at the metal atoms to help them to attain their stable coordination 

number. Now, in order to create open metal sites in the MOF, solvent molecules need to 

be removed without altering the framework structure. Several methods and techniques 

have been proposed in the literature for this challenging task. The most popular method 

is solvent exchange and removal by thermal activation, where at first the high boiling or 

less volatile solvent (e.g., DMF) is exchanged by low boiling or more volatile liquid (e.g., 

ethanol, methanol etc.) and after that followed thermal activation i.e., heat treatment un-

der high vacuum. Other methods include chemical activation and photothermal activa-

tion. Following creation, the open metal sites will function as a Lewis acid and be open 

to absorbing electron density from any potential donor molecule. Those open metal sites 

can be exchanged or further post functionalized by other active metal ions or by grafting 

some rich ligands which will further build a new binding site for chelation of some metal 

ions. Here we mentioned some examples like Ren et al. have developed a chiral MOF 

CMIL-101 by grafting chiral N-formyl proline derivatives to the open metal Cr sites 
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(Figure 1.7a) [29]. The above mentioned homogeneous chiral ligand was proved to be a 

good catalyst for the conversion of imines to amines by using trichlorosilane as hydrogen 

source. The confined environment of MOF attracts these homogeneous chiral ligands and 

provide a support to them to make it reusable and boost its activity as compared to its 

homogeneous counterparts by synergistic interaction. Similarly, Liu and his coworkers 

create a Cu open metal sites by treating Cu-BDC at high temperature under vacuum and 

then by agitating the ligand pyridyl-salicylimine (Py-SI) and activated Cu-bdc in dry tol-

uene, they reported a composite Cu-BDC/Py-SI [30]. This composite was then mixed 

with a PdCl2, toluene, and DMF solution to get the final desired catalyst Pd@Cu-

BDC/Py-SI for Suzuki coupling (Figure 1.7b). 

 

Figure 1.7 Post synthetic modification of node by grafting ligand to the metal sites for 

MOF a) MIL-101 (Cr). Adopted with permission from ref [29]. Copyright 2018 Elsevier 

and b) Cu-BDC. Reprinted with permission from ref [30]. Copyright 2016 Elsevier. 

(ii) Hydroxide containing MOF nodes: - Hydroxide-containing Secondary building 

units (SBUs) are found in several MOF structures based on high-valent hard metal cen-

ters, such as Ti4+, Zr4+, Hf4+, and Al3+, and they could serve as suitable mimics for metal 

oxide surfaces. These metal-oxo/hydroxo clusters offer new prospects for growing MOF 

a)

toluene/reflux

Cu-BDC/Py-SIPd@Cu-BDC/Py-SI

Cu-BDCCu-BDC. n DMF

b)
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composites due to their structural variety, thermodynamic and chemical durability [31]. 

The main driving force for the formation of the metal oxo or hydroxo clusters are the 

higher Lewis acidity of high valent metal salts which makes them prone to hydrolyze 

during MOF synthesis. Based on the MOF synthetic conditions, the binding mode of oxo 

or hydroxo group also differ like some are present as terminal OH or OH2 whereas some 

OH groups are present via bridging mode as μ2, μ3, or μ4 coordination. Fisher and 

coworkers used MIL-53(Al) which possess Aln(μ2-OH)n 1D-chain SBUs. They treated 

MOF with organometallic complex 1,1′-ferrocenediyl-dimethylsilane. The strong Si-O 

bonds facilitated the ring opening reaction and graft ferrocene onto MOF SBUs (Figure 

1.8a) [32]. Lin et al. have shown another approach for installation of metal on Zr node 

via deprotonation strategy. First, they have treated UiO-68 MOF containing Zr6(μ3-

O)4(μ3-OH)4 SBUs with strong base n-BuLi which abstract the proton from μ3-OH to 

afford highly nucleophilic ligand MxO
-. This negatively charged ligand, after treatment 

with CoCl2 salt form the SBU supported metal complex (Figure 1.8b) [33]. Recently 

solvothermal deposition of transition metal complexes on MOF SBUs emerged as a 

promising technique. Farha and his coworkers investigated this strategy not only for 

Zr/Hf hydroxides but also with other lanthanide actinide MOF SBUs and deposited V 

complexes. To enable metal deposition on MOF SBUs, solvothermal activation of metal 

complexes and SBU hydroxides encourages the hydrolysis process and the release of 

extra dangling ligands [34]. By utilizing a variety of metal precursors in solvothermal 

settings current research has effectively installed a wide range of distinct, well-defined 

metal-sites either mono- metal or bi metal on the NU-1000 nodes (Figure 1.8c) [35]. In 

2016, Lin et al. have transformed MOF SBUs directly to metal hydrides by reacting Ce-

BTC with LiCH2Si(CH3)3 followed by HBpin to generate Ce(III)H-BTC (Figure 1.8d) 

[36].  
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Figure 1.8 Examples of post synthetic metalation of nodes: a) Reaction of bridging OH 

group between two Al center with 1,1′-ferrocenediyl-dimethylsilane. Reproduced with 

permission from ref [32]. Copyright 2009 American Chemical Society, b) post synthetic 

metalation of UiO-68 SBUs using CoCl2. Reprinted with permission from ref [33]. Cop-

yright 2016 Nature, c) Nonfunctionalized MOF, Zr-NU-1000, and its corresponding in-

organic Zr6 nodes with the reactive −OH/H2O terminal groups. Several representative 

metal binding motifs are also shown including MoOx, Rh(C2H4)2, Co–Al complex, and 

Rh–Ga complex synthesized by SIM strategy. Reprinted with permission from ref [35]. 

Copyright 2018 American Chemical Society. d) Activation of Ce-BTC to form CeH-

BTC. Adopted with permission from ref [36]. Copyright 2016 American Chemical Soci-

ety. 

 

(iii) Linker with functional group: - Besides metal nodes, MOF contains organic linker 

(or extensive modification by covalent bonding with organic functional groups) which 

offer chelating sites mainly composed of heteroatoms (e.g., N, P, O) to graft targeted 

metal atoms and form MOF composites. Now, this can be done by two way one is first 

designing the linker and then prepare the MOF or first make the MOF and then function-

alized its linker sustaining their characteristics. Kitagawa et al. have developed a novel 

synthetic approach to immobilize an unsaturated metal catalytic centers into the channel 

or pore of MOF using Schiff base linker [37]. First, they designed the desired ligand 

involving reaction between N,N’-phenylene bis (salicylideneimine) dicarboxylic acid 

(H4salphdc) and transition metal ion Cu2+, Ni2+, Co2+ and then constructed the framework 

using Zn (II) connector (Figure 1.9a). Instead of direct synthesis of MOF with pre-

H Si

a)

65oC, 10-3 mbar

MIL-53 (Al) MIL-53 (Al)

UiO-68 (Zr6 node) Zr3(μ3-OH) UiO-CoCl

a)

b)

c)
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designed ligand, Li et al. have done post synthetic functionalization or metalation of MIL-

101 (Cr) ligand to incorporate a π conjugated N,N, N chelating site like terpyridyl moiety 

employing click chemistry and metalated it with Ru salt (Figure 1.9b) [38]. Likewise, in 

lieu of the conventional solvothermal technique, cohen et al. also have done post syn-

thetic metalation of Zr (IV) based robust MOF manufactured by open bipyridine ligand 

with metal chelator property (Figure 1.9c) [39]. Furthermore, Fei and his co-workers es-

tablished two fundamentally distinct postsynthetic strategies—postsynthetic deprotec-

tion (PSD) and postsynthetic exchange (PSE) to generate an isolated metal-monocate-

cholato moiety in a very robust metal-organic framework (MOF) (Figure 1.9d) [40]. Thus 

several homogeneous metal complexes with defined active sites enduringly fastened on 

the ligands and prevent the molecular dissociation or agglomeration in reaction media as 

MOF backbone decorated isolated individual catalytic sites in a particular fashion. 

 

Figure 1.9 Examples of linker functionalization: a) Schematic description of immobiliz-

ing metallosalen linkers into a Zn-MOF and crystal structure viewed along the c-axis 

(Cu, green; Zn, yellow; C, gray; O, red; N, blue). Reprinted with permission from ref 

[37]. Copyright 2004 Wiley-VCH, b) Schematic representation of the post-synthesis 

modification of MIL-101(Cr) and the synthesis of a single-site heterogeneous Ru (III) 

catalyst. Adopted with permission from ref [38]. Copyright 2015 The Royal Society of 

Chemistry, c) Synthetic procedure for grafting Mn bypyridine complex 

Mn(bpydc)(CO)3Br to UiO-67 MOF. Adopted with permission from ref [39]. Copyright 

2015 American Chemical Society, d) Schematic illustration for grafting mono-

a)

b)

c)

d)
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catecholato metal complexes into UiO-66 MOF. Reproduced with permission from ref 

[40]. Copyright 2014 American Chemical Society. 

(iv) Pore of MOF: - Some well-known efficient homogenous catalysts include metal or 

metal oxide nanoparticles, polyoxometalates, and metal complexes suffer due to their 

greater solubility in protic and aprotic solvents. Researchers were compelled to look for 

a good support with a strong interaction between them to improve the stability of the 

catalyst during reaction conditions. Owing to the inherent structure of MOF and its po-

rosity, the problem associated with those homogeneous catalysts has been resolved to 

some extent. MOFs with linked three-dimensional zeotypic cavities that are accessible 

through tiny pore windows emerged as a promising host for nucleation and growth like 

metal precursors enter the cavities through the tiny windows, but after reduction they stop 

MNPs from escaping or clumping together from the cavities because of the windows' 

size restrictions. Several approaches have been established for the synthesis of 

guest@MOF composites such as “Ship in a bottle” which mainly involves CVD, solid 

grinding, solution impregnation, double solvent approach, one pot synthesis [41-45]. 

Other methods are “bottle around ship”, colloidal deposition, thermal decomposition, 

spray drying etc [46-48]. Here we have mentioned some examples of guest/MOF com-

posites. Aijaz et al. for the very first-time developed synthesis of size-controlled and well-

dispersed MNPs within a MOF's pores using double solvent approach. n-Hexane served 

as a hydrophobic solvent in the suspension of activated MIL-101(Cr) (Figure 1.10a). Fol-

lowing sonication, dropwise addition of the H2PtCl6 aqueous solution was made while 

stirring continuously. Well-distributed Pt nanoparticles with an average size of 1.8 nm 

were found inside the pores following the reduction with H2 [49]. Huo and his coworkers 

tailored nanoarchitecture of ZIF-8 involving controlled encapsulation strategy. They 

have incorporated pre synthesized surfactant capped nanoparticles into the MOF pore. 

This method provides a promising approach to control the spatial distribution of one or 
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more nanoparticles, particle size & shape within the cavity (Figure 1.10b).  By this way 

reduction of agglomeration of nanoparticles or complete confinement within MOF cavity 

can be achieved [50]. But in this “templated synthesis” method complete removal of sur-

factants like PVP or CTAB is very challenging which sometimes hinders or block the 

nanoparticles to access. So, Li etal. used sacrificial template synthesis by coating Cu2O 

nanoparticle with a removable template shell SiO2 (Figure 1.10c) [51]. Eddaoudi et al. 

and also Cheng et al. reported the insitu encapsulation strategy to fit a large cationic 

metalloporphyrin or dimer homogeneous complex into MOF cage [52,53]. Thus to im-

part functionality various MOF composites have been established. 

 

Figure 1.10 Examples for pore functionalization: a) Encapsulation of Pt nanoparticles 

into MIL-101 by DSM method. Adopted with permission from ref [49]. Copyright 2012 

American Chemical Society, b) Incorporation of size-controlled metal nanoparticles into 

ZIF-8 pore. Reprinted with permission from ref [50]. Copyright 2012 Nature, c) Silica 

template protection assisted method for encapsulation of Cu2O nanoparticles into ZIF-8 

cavity. Reproduced with permission from ref [51]. Copyright 2018 WILEY VCH. d) 

Schematic representation of formation of rho-ZMOF with encapsulation of porphyrin 

ring (H2TMPyP)4+ and Mn+ (Mn+ = Mn, Co, Cu, Zn). Reprinted with permission from 

Ref [52]. Copyright 2008 American Chemical society, e) Ligand in dimer strategy for 

encapsulation of Co(IPr)Br]2(μ-Br)2 (Co2) into MOF cage. Adopted with permission 

from ref [53]. Copyright 2022 WILEY VCH.  

 

a)

b)

c)

d)

e)



  

17 
 

1.3.1.2 MOF derivatives 

 MOFs have demonstrated as a extensively promising candidate, particularly in catalysis, 

thanks to their well-defined crystalline structures, tunable pore topology, ultrahigh sur-

face areas, and outstanding tailorability [54-56]. Nevertheless, in some cases, the insta-

bility particularly moisture sensitivity and poor electronic conductivity restricts the prac-

tical applicability of MOFs [57]. Additionally, one of most significant issues that heter-

ogeneous catalysis is facing tremendously is creating materials with consistent and pre-

cise active sites that provide excellent selectivity and avoid deactivation. Therefore, cat-

alyst research presently uses a combination of computational techniques to forecast the 

catalyst activity and innovative synthesis processes to create the appropriate structure. 

However, the path from designing material to real catalyst is very strenuous. For example, 

in the case of nanoparticle-based catalysis, getting higher metal loadings, maximum 

metal atom utilization, specific particle size and shape while preventing nanoparticles' 

inclination to expand into larger crystallites with time via sintering is a difficult task. In 

this regard, controlled decomposition of MOFs breaks new ground. Merely applying 

post-treatments, usually pyrolysis or chemical treatment, MOF can be transformed into 

materials that are significantly more stable and possess distinct benefits over traditional 

nanoporous materials (Figure 1.6b). In 2008, Xu et al. first ever discovered MOF derived 

porous carbon with greater surface area [58]. Through the careful adjustment of MOF 

precursors' size, morphology, structure, and elements, as well as the intentional manipu-

lation of the conversion process, MOF derivatives have been found with a variety of 

compositions (e.g, porous carbons, metal nanoparticles or single atom/carbons, metal 

compounds like metal oxide, hydroxide, phosphide, chalcogenides, carbides/carbons hy-

brid or only metal compounds) [59-61] and structures (porous, yolk-shell, hollow, frame, 

hierarchical, etc.) [62-64] ranging from zero to three dimensions. In addition to this 
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majority of synthetic techniques for creating nanoarchitectures from MOF precursors en-

tail morphology-preserved transformations and a templating strategy. These MOF-tem-

plated techniques fall into two categories in this regard: self-templating and external-

templating techniques. MOF-only precursors are pyrolyzed in the self-templating ap-

proach, while MOF composites containing external templates such as graphene, silica, 

carbon, and metal oxides are used in the external-templating method [65]. Furthermore, 

a variety of surface/interface regulation techniques, consists of support interaction, de-

fect/doping, surface modification, heterostructure etc. have been flourished for satisfying 

the need for certain electrocatalytic applications [66-68]. Several numbers of publications 

are there showcasing different kind of MOF derivatives. Here we have summarized a few 

of them. Parameters during carbonization namely temperature, heating rate, time and 

gaseous environment significantly contribute for the nanoengineering of MOF deriva-

tives. Chen and his co-workers have shown the formation of Fe3C at carbon nanotube 

from melamine loaded Fe-MIL-88B.They have observed that temperature plays a crucial 

role in deciding the final product’s morphology, composition, or specific surface area. 

With rising the temperature from 700 oC to 900 oC, the as formed Nitrogen doped carbon 

layer (NCL) progressively coiled into N-doped carbon nanotubes (NCNTs). Basically, 

annealing at 800 oC, formed Fe3C metallic compounds which started catalyzing the nano 

bands to convert into NCNTs (Figure 1.11a) [69]. Pyrolysis can be performed under dif-

ferent gaseous environments like Ar, N2 air or O2, H2 etc. which also govern to regulate 

or tune the structure and composition of MOF derived materials. It can be done in two 

ways i.e., one step calcination with a single gas or multi step calcination with defined gas 

at each step. Yang etal investigated that even under different gaseous environment like 

CO, O2, H2 and Ar, Cu-BTC retained its octahedral geometry only the modulation oc-

curred in its surface state and composition. In presence of reaction gases CO or O2 mostly 
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the Cu2O and CuO formed while with reducing H2 gas they got Cu nanoparticles. Calci-

nation under inert gas Ar exactly maintained the structural geometry of parent MOF 

nicely (Figure 1.11b) [70]. Particle size of MOF derivates and degree of graphitization 

of carbon components sincerely induced by heating rate. Though MOF is a suitable pre-

cursor to get metal-based carbon catalysts by pyrolysis still it has been observed that 

generation of ultrasmall size nanoparticles with higher metal loading is very hard to 

achieve specially for non-Nobel metal. In most of the cases after pyrolysis acid etching 

step often followed to get rid of coarsening caused by nanoparticles, but it reduces the 

metal loading significantly. Tian and his co-workers proposed a unique method i.e., pulse 

joule heating which mainly involve rapid pyrolysis such as 1000 oC within 0.3s to balance 

both the property ultrasmall size metal particles with greater loading. This technique 

complies with LaMer model which suggests that rapid pyrolysis only allows the nuclea-

tion but prevents Ostwald ripening (Figure 1.11c) [71]. Along with the above-described 

parameters pyrolysis time also significantly participated for designing or tuning the phys-

ical properties of MOF derivatives. A range of CoxSy catalysts were produced by Sun et 

al. using in-situ sulfidation and phase control techniques. After heating at 700 °C for one 

hour in Ar, pure CoS1.097 was produced. However, if the calcination period was increased 

to two hours, the sublimation of sulfur at a high temperature resulted in the creation of 

the Co9S8/CoS1.097 composite. In addition, the high-temperature generation of H2S from 

the interaction between H2 and sulfur reduced the product's S concentration even more. 

Consequently, monotype Co9S8 was produced after two hours of calcination in H2/Ar 

environment (Figure 1.11d) [72].  
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Figure 1.11 a) Temperature induced morphology-controlled synthesis of Fe3C@NCNT 

from MOF. Adopted with permission from ref [69]. Copyright 2016 The Royal Society 

of Chemistry, b) Diagram illustrating the structural alterations of Cu-BTC calcined in 

various atmospheres, Reproduced with permission from ref [70]. Copyright 2018 Else-

vier, c) Effect of heating rate during pyrolysis for synthesizing ultrasmall NPs with high 

loading. Reprinted with permission from ref [71]. Copyright 2022 Elsevier, d) Procedures 

for fabrication of different composition of CoxSy nanostructures. Adopted with permis-

sion from ref [72]. Copyright 2018 WILEY VCH. 

Along with carbonization conditions chemical composition of starting MOF precursor or 

chemical treatment during pyrolysis played a major role in determining the final structure 

and composition of MOF derivatives. Tang et al. developed a core-shell carbon 

nanostructure, where core is N-doped carbon and shell consist of highly graphitic carbon, 

utilizing a predesigned core shell MOF made of two isostructural unit ZIF67 and ZIF-8. 

This work exhibits the simultaneous production of graphitic carbon catalyzed by transi-

tion metals and doping of N from N-containing imidazole linkers (Figure 1.12a) [73]. Xu 

and his co-workers describe a self-templated, catalyst-free method for thermally trans-

forming rod-shaped metal–organic frameworks into one-dimensional carbon nanorods 

a) b)

c)

d)

melamineFe-MIL-88B
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while preserving their morphology. After the formation of carbon nanorods, they can be 

chemically activated and sonochemically treated to create two to six-layered graphene 

nanoribbons (Figure 1.12b). Because of the remarkable electrical, mechanical, and ther-

mal properties, 1D or 2D nanostructured carbons are receiving a lot of interest. These 

qualities could lead to several significant potential applications [74]. 

 

Figure 1.12 a) Schematic illustration for the desgning of core shell ZIF-8@ZIF-67 crys-

tals and conversion into NC@GC upon further calcination. Reprinted with permission 

from ref [73]. Copyright 2015 American Chemical Society, b) Synthetic procedure to 

fabricate carbon nanorods and graphene nanoribbons from MOF-74. Reproduced with 

permission from ref [74]. Copyright 2016 Nature. 

However, it can occasionally be challenging to adjust the MOF precursors' composition, 

particularly the metal centers, to create intended functional materials. Introducing guests 

carrying metal into the pore channels of MOFs is more practical and adaptable approach. 

Lou et al. incorporate Mo containing polyoxometalate which upon calcination under inert 

gas and etching turned into molybdenum carbide (MoCx) with retention of octahedral 

geometry (Figure 1.13a) [75]. Zhuang et al. have devised a dispersing-etching-holing 

technique for creating a 3D open nano-netcage of RuIrOx from ZIF-8. The present meth-

odology involved the dispersion of Ru3+/Ir4+ metals in ZIF-8 to facilitate their exchange 

with Zn2+. The hydrolysis of these sources during the solvothermal reaction resulted in 

a)

b)
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the etching of the internal ZIF-8 core. RuIrZnOx hollow nano boxes were formed by 

subsequent annealing, and ultimately, by removal of ZnO followed by in-situ electro-

chemical etching named as hoiling yielded RuIrOx with open netcage structure. Such 

morphology can afford an effective-surface-area ratio much greater than the nanoparticle 

structure and contributing to greatly increase atomic usage of Ru/Ir noble metals (Figure 

1.13b) [76]. In industrial processes, metal nanostructures on a support, are the most com-

monly utilized as heterogeneous catalyst. The size of the metals plays a major role in 

determining the catalysts' performance because the specific activity per metal atom typi-

cally increases with decreasing particle size. However, when particle size decreases, met-

als' surface free energy rises substantially, encouraging the aggregation of tiny clusters. 

A strategy that has been employed by industry for a long time to fabricate stable, finely 

dispersed metal clusters with high catalytic activity is choosing a support system that will 

firmly interacts with the metal species to avoid this agglomeration. Single-atom catalysts 

(SACs), which have individual metal atoms scattered across supports, represent the very 

small limit of metal particle sizes. As metal ions are the main component and are atomi-

cally distributed across MOF structures, MOF is a perfect precursor for building SACs 

by the reduction of metal ions. One of the best precursors for creating SACs through one-

step pyrolysis of mixed metal MOF is the Zn-based zeolitic imidazolate framework-8 

(ZIF-8), a subclass of MOF with a high concentration of N dopants in the organic ligands. 

By direct pyrolysis of Zn/Co bimetallic MOF precursors, Li et al. established a unique 

method to create Co SACs. A Zn/Co bimetallic MOF with homogeneous distribution of 

Zn and Co ions was first constructed, in which a specific percentage of Zn2+ were substi-

tuted by Co2+ sites. This was done because of the comparable coordination of Co2+ and 

Zn2+ with 2-methylimidazole ligands. The Zn2+ ion acts as a barrier to increase the spac-

ing between neighboring Co atoms in space. The low boiling point of Zn (907 °C) allows 
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for the selective evaporation at temperatures above 800 °C, leaving the isolated Co atoms 

associated with nanocarbon support generated from MOF (Figure 1.13c) [77].  

 

Figure 1.13 a) Diagram illustrating the steps involved in creating porous MoCx nano-

octahedrons. Adopted with permission from ref [75]. Copyright 2014 Nature, b) 

Schmatic representation for synthesizing RuIrOx oprn nano net cage structures. Repro-

duced with permission from ref [76]. Copyright 2019 Nature, c) Synthetic scheme for the 

formation of Co NPs-N/C (top) and Co SAs/N-C (bottom). Reproduced with permission 

from ref [77]. Copyright 2016 WILEY VCH. 

Instead of direct carbonization of MOF, some external templating method such as silica 

or polymers also have been elucidated to get more hierarchical porous nanostructured. In 

2016, Zhang et al. explored a mesoporous silica protected calcination strategy for syn-

thesizing a hierarchically porous N-doped carbon with atomically dispersed Co atoms. 

They have uniformly coated Zn, Co bimetallic ZIF with silica shell and calcined it at high 

temperature under N2 atmodphere. After carbonization and etching of surface with hy-

drofluoric acid (HF) they got Co,N-CNF which exhibited greater mesoporous nature as 

compared to without silica coated N-doped carbon (Figure 1.14a). In order to prevent 

unwanted particle aggregation during the pyrolysis process and produce MOF-derived 

carbon materials with a hierarchical pore structure, the mSiO2 shell is therefore essential 

[78]. Another unique external templating method was explored by Li et al. to fabricate 

Fe single atom supported on N, S, P co-doped hollow carbon polyhedra. They have 

a)

b)

c)
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coated MOF with a polymer. The polymer-based coating makes it easier to manufacture 

hollow structures through the use of the Kirkendall effect and electronic manipulation of 

an active metal core through long-range interaction with phosphorus and sulfur (Figure 

1.14b) [79].  

 

Figure 1.14 a) Co,N-CNF synthetic process using the mSiO2-protected calcination ap-

proach. Reproduced with permission from ref [78]. Copyright 2016 WILEY VCH, b) 

Process diagram for preparing Fe SACs supported on a hollow carbon polyhedron co-

doped with phosphorus, sulfur, and nitrogen (Fe-SAs/NPS-HC). Reprinted with permis-

sion from ref [79]. Copyright 2018 Nature. 

 

 

 

 

 

a)

b)
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1.4 Catalytic applications of MOF composites and MOF derivatives  

MOF composites and MOF derivatives both evolved as promising candidates of interest 

for heterogeneous catalysis. Here we have divided the catalytic reactions into two: one 

organic transformation reactions and another is electrochemical reactions. 

1.4.1 Catalysis for organic transformation 

 As manufacturing prices rise and synthesis approaches become more labor-intensive, 

numerous researchers have been performing excellent trials using MOF composites as 

solid catalysts for sustainable environments and economic gains in the fine chemical and 

pharmaceutical industries [80,81]. Here we shed light on the vital roles that different 

MOF composites play in the simple organic synthesis. Manna et al. reported a prosperous 

and facile approach for the grafting of a salicylaldimine Co(II) catalyst onto the linker of 

UiO-68 NH2. The catalyst showed exceptional activity as well as selectivity for the con-

version of nitro group to amine using phenylsilane reducing agent under mild reaction 

conditions. They also have tested the tolerance of catalyst for wide range of organic com-

pounds containing different electrophilic and nucleophilic moiety including easily reduc-

ible functional groups. But the catalyst exhibited no discernible reduction in activity and 

selectivity even after recycling and reuse for a minimum of 14 times (Figure 1.15 a) [82]. 

Elumalai and his colleagues tethered N,N type bipyridine ligand or other N,O bidentate 

ligand to UiO-66-N3 following azide alkyne cycloaddition reaction. Further they inte-

grated the ligand incorporated MOF with nickel chloride and triphenylphosphine addi-

tives which manifested good catalytic activity and recyclability for the Suzuki−Miyaura 

cross-coupling reaction (Figure 1.15b) [83]. Hupp, Farha and his group investigate the 

deposition of molybdenum (VI) oxide solvothermally on a Zr6 node of MOF Nu-1000 

(Mo-SIM). Oxomolybdenum is well known homogeneous catalyst as it has shown ex-

cellent conversion and selectivity when it comes to the synthesis of epoxides. But 



  

26 
 

according to reported literature μ-oxo oligomerization generally caused deactivation of 

these catalysts. Using a support such as silica or alumina inhibits the surface deactivation 

to some extent. Stability is a difficult issue that has not yet been fully overcome because 

the active species frequently leaks out of the support. However, Mo-SIM have demon-

strated remarkable activity for cyclohexene oxide and the ring-opened 1,2-cyclohex-

anediol and suppress the leaching problem as molybdenum was not found in the reaction 

mixture before and after catalysis (Figure 1.15c) [84]. Jiang et al. demonstrated the cata-

lytic activity of monometallic Pd NPs as well as bi metallic PdAg NPs (~1.5 nm) immo-

bilized into MIL-101for synthesizing secondary arylamines involving hydrogenation of 

nitrobenzene and reductive amination of benzaldehyde simultaneously. The resulting cat-

alyst PdAg@MIL-101 become a potential candidate in terms of activity and selectivity 

for this one pot tandem reactions under mild environment due to the host-guest interac-

tion or synergistic interaction of bimetallic NPs. They have shown that each component 

plays their role like Ag significantly enhance selectivity to the desired product, Pd pro-

vides hydrogenation activity, and MIL-101 provides Lewis acidity (Figure 1.15d) [85]. 

Thus The development of MOF composites has brought the prospect of their implemen-

tation as solid catalysts in industrial settings one step closer to reality.  
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Figure 1.15 a) Schematic illustration of salicylaldimine-Cobalt(II) complex supported 

by a Zr-MOF for selective reduction of Nitro group by organosilanes. Adopted with per-

mission from ref [82]. Copyright 2023 WILEY VCH, b) Schematic representaiton of 

UiO-66(L3)-Ni-Catalyst for Suzuki-Miyaura cross-coupling reaction. Reprinted with 

permission from ref [83]. 2018 American Chemical Society, c) Molybdenum (VI) oxide 

catalyst supported by Zr6 node of Nu-1000 MOF used for Cyclohexene Epoxidation. 

Adopted with permission from ref [84]. Copyright 2016 American Chemical Society, d) 

Schematic graphic depicting the one pot cascade reactions over PdAg@MIL-101. Repro-

duced with permission from ref [85]. Copyright 2015 American Chemical Society. 

1.4.2 Electrocatalysis 

Clean energy conversion relies heavily on electrocatalysis, which greatly advances the 

development of upcoming sustainable technology [86]. Growing amounts of the overall 

energy consumed by human society are coming from renewable energy sources, such as 

wind and solar power. Because of the erratic and sporadic power output of these energy 

sources electrochemical energy conversion and storage technologies (EESC), such as 

fuel cells, electrochemical capacitors, electrolyzers, rechargeable batteries, redox flow 

batteries embellish promising approach for effective and sustainable energy use [87,88]. 

a) c)

b) d)
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For instance, produced electricity by wind and solar power can be effectively stored in 

electrochemical capacitors, rechargeable batteries, redox flow batteries and simultane-

ously released when needed or and transformed into fuels via electrolyzers and fuel cells 

[89]. These EESC devices have the same basic functional elements despite having dif-

ferent operating principles: an electrolyte that completes the electric circuit by allowing 

the transport of ions and blocking electronic conduction, and two electrodes (the cathode 

and anode), where major electrochemical reactions occur. The performance of devices is 

essentially determined by the physical (such as electrical and ionic conductivity) and 

electrochemical (such as redox capability or kinetics, electrode potential etc.) character-

istics of the functional materials utilized in these components. High specific capacity and 

long-lasting improved electrodes are particularly desired in energy storage systems where 

as high activity, stable, and selective functional electrocatalysts are desperately needed 

for the cutting edge energy conversion systems. So, for the advancement of these EESC 

technology researchers mostly focused on the search for superior materials which may 

show maximum efficiency with minimum overpotential. MOF derivatives have exten-

sively explored in this direction due to its outstanding properties [90,91]. Here we 

sketched an outline explaining the properties of MOF derivatives for electrocatalytic re-

actions (Figure 1.16). 
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Figure 1.16 Schematic representation of various MOF derived nanostructures and their 

electrochemical properties. 

1.4.2.1 Energy conversion technology 

1.4.2.1.1 Electrocatalytic water splitting 

In order to generate hydrogen from renewable energy sources and move toward a carbon-

neutral future, electrochemical water splitting has been proposed as an effective and en-

vironmentally friendly method. Two half reactions associated with it: oxygen evolution 

reaction (OER) at anode and hydrogen evolution reaction (HER) at cathode (Figure 1.17). 

Pt/C, Ir/RuO2 are the benchmark catalysts for HER and OER respectively [92]. Ideally, 

for occurring water splitting in an electrolyzer needs a thermodynamic Gibbs free energy 

value of ~237 kJmol-1 which corresponds to standard potential of 1.23 V (vs RHE) [93].  
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Figure 1.17 a) Diagram illustrating an electrochemical set up for overall water splitting 

reactions, b) details of HER and OER reaction in acidic and alkaline medium.   

However, scalable application of electro-chemical water splitting is limited because of 

high activation energy barriers, requiring additional energy to derive these non-sponta-

neous HER/OER redox reactions [94]. Electrocatalysts need to be applied to fabricate 

the electrodes to lower the required activation energies resulting in whole process more 

energy-efficient [95]. Precious-metal-based catalysts have been shown for very high ac-

tivity for electrochemical water splitting reactions, for example, Pt or Pt-alloys and Ir-

/Ru-oxides are well accepted catalysts presently for HER and OER, respectively [96]. 

However, drawbacks of scarcity, high price, and instability do not allow their long-term 

applications. After the first work published by Xu and coworkers on MOF-derived po-

rous carbon for capacitance, non-precious MOF-derived materials are continuously being 

used for both half reactions of water splitting because of their high surface area, better 

electronic conductivity and low over potential [97]. Recently Pan et al. reported a unique 

composite nanostructure derived from core-shell ZIF-8@ZIF-67 structure having CoP 

nanoparticles encapsulated into N-doped carbon nanotube hollow polyhedron (NCNHP) 

using carbonization, oxidation, and subsequent phosphidation strategy (Figure 1.18) [98]. 

When as-synthesized catalyst CoP/NCNHP was used as anode and cathode for total water 

splitting in 1.0 M KOH, a cell potential of 1.64 V was required to attain 10 mA cm-2 

a) b)

2H2O 2O2 + 2H2 

In acidic solution:

2H2O                         O2 + 4 H+ +4 e- Eo = -1.23 V

4H+ + 4e- 2H2 Eo = 0.000 V

In alkaline solution:

4OH- O2 + 2H2O +4 e- Eo = -0.40 V

4H2O + 4e- 2H2 + 4OH- Eo = -0.83 V

2H2O 2O2 + 2H2 
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current density. This electrolyzer performance was found stable with negligible cell po-

tential decay even after continuous work for 36 h.  

 

Figure 1.18 a) Synthetic approach for NCNHP/CoP, b) HER LSVs, c) OER LSVs in 0.1 

M KOH with a scan rate 5 mV S-1, d) Utilizing CoP/NCNHP as the positive and negative 

electrodes in a two-electrode system, a chromatopotentiometric stability test was con-

ducted on the electrolysis of water at different current densities in 1.0 M KOH. Adopted 

with permission from ref [98]. American Chemical Society. 

1.4.2.1.2 Fuel Cell 

Fuel cells, which are electrochemical cells that transform chemical energy stored in fuel 

into electricity through chemical reactions with oxygen or other oxidizing agents and 

various fuels containing proton sources, are another type of highly encouraging and fea-

sible energy conversion technology [99]. Fuel is directed towards the anode, where it 

undergoes oxidation, releasing hydrogen and electrons named as hydrogen oxidation re-

action (HOR). The freed electrons travel to the cathode via an external circuit, while the 

positive hydrogen ion (H+) moves through the electrolyte and toward the cathode. H+ 

ions at the cathode participate in reaction with oxygen (or air) named as oxygen reduction 

reaction (ORR) to produce heat, electricity, and water. Among various types of fuel cell 

proton exchange membrane fuel cell (PEMFC) arose because of its high-power density, 
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fast start-up times, and low operating temperatures [100]. However, it’s practical com-

mercialization is severely limited by the sluggish cathodic ORR reaction as well as the 

paucity of pricey Pt. Platinum is considered a "state-of-the-art" catalyst as it requires 

minimum additional energy to cross activation energy barriers for ORR and also proceed 

through four electron paths. But the main problem associated with, it dissolves very fast 

in acidic electrolyte. So, several efforts are giving to replace Pt with low cost non precious 

transition metal based electrocatalysts [101,102].     

 

Figure 1.19 Schematic diagram for overall water splitting reactions. 

ORR in aqueous solutions can proceed in one of two ways depending upon the catalyst 

and pH of the medium. One is the direct 4e- path and the other is 2e- path which mainly 

passes through the formation of hydrogen peroxide (H2O2) as an intermediate [103,104]. 

This H2O2 reacts with transition metals in most of the cases and cause dissolution of 

active sites. Along with it the high bond dissociation energy of O-O bond i.e., 498 kJ 

mol-1 also contributes to the slower kinetics of ORR. Now depends upon the adsorption 

of O2 on the catalytic sites two pathways are possible such as associative & dissociative 

pathways (Figure 1.20) [105].  
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Figure 1.20 a) Diagram of the ORR mechanism showing the direct and indirect path-

ways, and b) the ORR mechanism on the catalyst surface (* denotes catalyst surface). 

Reprinted with permission from ref [105]. Copyright 2023 MDPI. 

MOF derivatives composed of transition metals and heteroatom doped carbon demon-

strated exceptional ORR performance, prompting their investigation as potentially effec-

tive platinum-group metal-free (PGM-free) catalysts to increase ORR in PEMFCs 

[106,107]. Zhao et al. presents a novel trimodal-porous structure made up of highly or-

dered macropores connected by mesopores, encompassing atomically distributed Ni and 

Fe binded to a microsized nitrogen-doped graphitic carbon substrate. The structure is 

called hetero-single-atom (h-SA) ORR electrocatalyst. Spectra obtained from extended 

X-ray absorption reveal that Fe- and Ni-SACs are attached to the carbon support by co-

ordination bonds with NiN4 and FeN4. The resulting Fe/Ni h-SA electrocatalyst outper-

forms SACs electrocatalysts that solely include Fe- or Ni-SACs as well as the benchmark 

Pt/C in terms of ORR activity. The obtained experimental results show that the better 

mass-transfer capability supported by the trimodal-porous-structured carbon support and 

the synergistic enhancement caused by the coexisting Fe-N4 and Ni-N4 sites are respon-

sible for the attained remarkable ORR performance. Under H2-O2 conditions of PEMFC, 

Fe/Ni-Nx/OC achieved maximum power densities about 0.58 and 0.36 W cm−2 at differ-

ent pressure 1.0 and 0.3 bars, and open circuit voltage 0.96V, 0.95 V, respectively. The 

catalyst also tested under H2-air and again it maintained its activity in those conditions 

(Figure 1.21) [108].  

a) b)
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Figure 1.21 a) Schematic showing the Fe/Ni-Nx/OC synthesis process, b) SEM images 

of as synthesized catalyst, c) White dots in HAADF-STEM images confirming the pres-

ence of Fe/Ni-Nx/OC, d) ORR polarization curves of Fe/Ni-Nx/OC and its comparison 

with other supporting catalysts in O2 saturated 0.1 M KOH solution with a rotation of 

1600 rpm, e) Catalyst test in PEM-fuel cell conditions under both H2/O2 and H2/air. 

Adopted with permission from ref [108]. Copyright 2020 WILEY VCH. 

1.4.2.2 Energy storage technology 

The issue of energy crisis cannot be solved by just developing extremely efficient energy 

conversion devices. In addition to energy conversion technology, creating an appropriate 

energy device in a long-lasting, environmentally responsible manner is crucial. The bat-

tery is one of the essential devices made up of electrochemical cells, where chemical 

potential energy is stored and converted into electricity. The cathode, or positive termi-

nal, and anode, or negative terminal, coupled with the electrolyte, which is an ion-con-

ducting but electronic insulating separator, are the main parts of a battery. Batteries work 

primarily through two processes: charge and discharge. In the discharge process, oxida-

tion at the anode produces electrons that are consumed at the cathode during reduction; 

the entire process produces electricity; in the charging process, the opposite process takes 

place.109,110 Batteries can be classified as two types. First one is primary battery which 

a)

b) c)
d) e)
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mainly undergo an irreversible change in electrode material upon discharge, necessitating 

their disposal after a single use. One example of this kind of battery is the alkaline battery 

used in flashlights.  Second one is secondary batteries which are rechargeable and can be 

used repeatedly since the electrode materials' composition remains unchanged during the 

charging and discharging process. A typical illustration of this category is the lithium-

ion battery due to its utilization practically in every aspect of modern life, beginning with 

smart devices like laptops and smartphones. These secondary batteries are quickly taking 

the lead in energy storage technology because of their many cost-effective uses. Here we 

only discuss about Zn-air battery and vanadium redox flow battery only because it is 

pertinent to this thesis.  

1.4.2.2.1 Zn-air battery 

 

Figure 1.22 Schematic representation of Zn-air battery. 

As depicted in Figure 1.22 rechargeable Zn-air battery composed of Zn anode, air cath-

ode which allows the diffusion of oxygen to the catalytic sites and an electrolyte either 

aqueous or non-aqueous. Due to high theoretical energy densities, cost effectiveness, 

safe-operation alkaline aq. Zn-air battery have received widespread attention to the sci-

entific community but still it suffers from some challenges [111,112]. Among several 

other difficulties associated with it, the main problem is designing cathode catalyst which 
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will facilitate both OER and ORR reaction. Many MOF derivatives served as bifunctional 

oxygen electrocatalysts and have shown great applicability as air cathode. Sun et al. syn-

thesized Fe-Nx-C catalyst where Fe is atomically dispersed on nitrogen doped carbon & 

coordinated with four nitrogen via thermal treatment of Fe-Phen@ZIF-8 precursor (Fig-

ure 1.23) [113]. The as prepared catalyst demonstrated excellent bifunctional activity for 

both OER and ORR with small potential differences. The catalyst also checked for Zn 

air battery and it showed outstanding performance & durability with maximum peak 

power density 96.4 mW cm-2 or high discharge specific capacity 641 mA.h.g-1even 

greater than Pt/C.  

 

Figure 1.23 a) Diagram illustrating the Fe-Nx-C synthesis process, b) LSVs for both 

OER and ORR reversibility test of Fe-Nx-C with commercial Pt/C in 0.1 M KOH solu-

tion, c) polarization curves for charging and discharging and the accompanying power 

density plots, d) comparison of specific capacitance of Fe-Nx-C with commercial Pt/C. 

Reproduced with permission from ref [113]. Copyright 2019 WILEY VCH. 

 

a) b)

c) d)
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1.4.2.2.2 Vanadium redox flow battery 

 

Figure 1.24 Schematic diagram of vanadium redox flow battery (VRFB). 

 

Among various energy storage systems redox flow battery (RFB) is an important tech-

nique to explore the grid energy market as it involves the spatial separation of active 

species and electrodes. Independent power and energy rating also influenced this RFB 

system to become a critical component for future. The number of cell stack present in 

redox flow battery systems regulate the power rating though the energy rating governs  

by the electrolyte concentration and volume used [114-116]. Among other RFBs, vana-

dium redox flow battery emerged as a promising technology due to its unique flow cell 

structure, flexible design, quick response time, long cycling life, better thermal manage-

ment, and excellent safety [117,118]. It utilizes vanadium ions which can exist in four 

different oxidation state. At positive side V4+ oxidized to V5+ whereas at negative sides 

V3+ converts to V2+ and ions are separated by nafion membrane. Due to this it avoids 

cross contamination of electrolytes as at both sides it possesses same solution. The elec-

trolytic solutions filled in to two tanks reached the cell with the help of pump (Figure 
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1.24) [119]. So, higher flow rate forced greater amount of solution to reach the cell 

through MEA, thus it enhances the efficiency of the system also. But still it faces many 

challenges which hinder its wider exploration and in commercialization due to slow ki-

netics, low voltage & energy efficiency, low power density. In this regard, electrodes 

illustrate crucial role by providing active sites for enriching the electrochemical and ki-

netic activity of vanadium redox reactions. Graphitic or carbon felt was widely used as 

electrode for VRFB system but due to lesser functionality or greater hydrophobicity 

many modifications has been introduced to address the above-mentioned problems.120 

A very few MOF derivatives known for this VRFB system. Wang and his coworkers 

deposited UiO-66 MOF on graphitic felt and upon calcination they got ZrO2 functional-

ized graphitic felt. It improved the kinetics of both cathodic and anodic redox reactions 

confirmed by cyclic voltammetry analysis and enhanced the stability of electrode in flow 

cell station with long charging discharging retention time and better voltage or energy 

efficiency i.e 77.5% or 75.2% respectively (Figure 1.25) [121]. 

 

Figure 1.25 Schematic representation for the synthesis of ZrO2@C on graphitic felt elec-

trode and corresponding cyclic voltammetry study and its comparison with without 

treated graphite felt for vanadium redox reactions. Reproduced with permission from ref 

[121]. Copyright 2019 ELSEIVER. 
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1.5 Conclusions 

The broad applicability of Metal-Organic Frameworks (MOFs) in organic transfor-

mations, encompassing processes such as Knoevenagel condensation, acetylation, epox-

idation, C−H functionalization, and hydrogenation reactions, has been extensively docu-

mented. While various methodologies have been explored to advance MOF-based heter-

ogeneous catalysis, including cation exchange methods, metal deposition on nodes or 

linkers, and solution impregnation techniques, there remains a scarcity of reports on the 

in-situ encapsulation of metal complexes within MOF pores suitable for harsh acidic or 

basic conditions due to inherent limitations in MOF chemical stability. Presently, the 

foremost challenges lie in the heterogenization of homogeneous catalysts to facilitate re-

actions under harsh conditions analogous to those encountered in homogeneous catalysis. 

Conversely, within the realm of electrocatalysis, materials derived from MOFs have 

demonstrated considerable efficacy in applications related to electrochemical energy 

storage and conversion, such as fuel cells, water electrolyzers, and metal air batteries. 

MOFs offer a promising platform for the construction of advanced inorganic functional 

materials crucial for renewable energy technologies. Specifically, the MOF-derived ap-

proach is noteworthy for preserving porous and/or hollow nanostructures/microstructures 

with precisely defined, strongly coupled metal sites within porous carbon matrices. Alt-

hough the incorporation of heteroatoms into carbon matrices significantly enhances over-

all conductivity and alters the electronic structure and surface energy of the material, the 

self-templated methods, including various MOF-derived strategies, simplify synthetic 

procedures and enable industrial-scale production. However, the majority of reports in 

this domain rely on individual systems, and traditional synthetic approaches are often 

labor-intensive and inherently limited. Thus, from a practical standpoint, MOFs and 

MOF-derived materials that are low-cost and easily synthesized would hold greater 
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appeal. With sustained efforts directed towards addressing these challenges, it is antici-

pated that MOFs and MOF-derived materials will play a revolutionary role in chemical 

synthesis and the utilization of renewable energy in the future. 
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Chapter 2:  Immobilizing A Homogeneous Manganese Cata-

lyst Into MOF Pores For α-alkylation of Methylene Ketones 

With Alcohols 

 

2.1 Abstract 

Herein, for the first time, a metal-organic framework (MOF) is reported as catalyst for α-

alkylation of ketones with alcohols. Using an encapsulation strategy via nano-confine-

ment of homogeneous Mn-phenanthroline complex into MOF pores selectively produced 

functionalized branched ketones. Mechanistic investigations, deuterium labelling exper-

iments validate the utilization of borrowing hydrogen strategy. Formation of extra Lewis 

acid sites, defects, and pore enhancement during catalysis helped in achieving higher 

activity and selectivity.         

2.2 Introduction 

Metal–organic frameworks (MOFs) are porous coordination polymers made up of metal 

ions and organic linkers [122,123]. These materials are continuously of great interest due 

to the high possibilities of tuning their pore sizes and pore functionalities which lead to 

the selective functional applications such as catalysis [124-132]. However, the broadness 

of catalytic applications using MOFs is quite limited, as MOFs are considered not stable 

under harsh acidic or basic conditions [133,134]. Therefore, the development of new 

strategies for important organic transformations using MOFs as heterogeneous catalysts 

is in great demand. 

Manganese (Mn) is the 3rd most Earth-abundant metal and its utilization in catalysis 

could be a sustainable alternative [135]. Interestingly, in comparison with precious met-

als and nonprecious metals (Fe, Co, Ni or Cu), Mn has been less explored in MOF-based 

catalytic systems and it is often limited to conventional catalytic oxidation/reduction re-

actions [136-145]. For example, Mn-exchanged MOF-5 is demonstrated for olefin 
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epoxidation [136]; Mn3O4/MIL-101 for aerobic oxidation [137]; metalloporphyrinic 

frameworks for olefin epoxidation or oxidation of alkylbenzenes or cyclohexane oxida-

tion [138-140]; MnCo-MOF-74 for substituted toluene oxidation [141]; CPF-5 for allylic 

oxidation of olefins [142]; MnSO-MOF or (salen)Mn-MOF for epoxidation [143,144]; 

and MnMIL-88-Me4 for alcohol oxidation [145]. Cyanosilylation and Knoevenagel con-

densation reactions are also demonstrated using Mn-MOFs [146]. In these reports, the 

most common and important finding is the selectivity of products owing to the pore con-

finement effect. However, a very significant organic transformation, namely the C–C 

bond formation reaction with Mn-MOFs is rare [147]. This is evident as MOFs’ chemical 

stability is limited under harsh experimental conditions. Therefore, the search for robust 

MOF-based catalysts with suitable Mn-active sites for important coupling reactions is 

highly desirable. 

Functionalized branched ketones have high importance in pharmaceuticals and are con-

sistently used as intermediates in organic synthesis [148]. Alkylation of branched ketones 

with primary alcohols could be an alternative approach for the synthesis of β,β-di-substi-

tuted ketones [149-155]. Although, a series of precious (Ru, Os, Rh, Ir, Au, and Re) and 

non-precious (Fe, Co, and Mn) metal-based catalysts have been explored, they are often 

restricted to linear ketones. Direct access to branched disubstituted ketones using enolate 

alkylation has been relatively less studied. For example, Ir, Ru, and Mn (homogeneous) 

catalysts and Pd, Ni, and Ag/Mo (heterogeneous) catalysts are reported for the synthesis 

of the desired branched ketones (Scheme 2.1a) [156-160]. Since the past few years, we 

have explored a few interesting catalytic protocols based on non-precious metal catalysts 

for the synthesis of linear and branched ketones using alcohols as renewable coupling 

partners [161-164]. However, the catalytic system was not recyclable.  
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Herein, a homogeneous Mn–phenanthroline complex (MnPhen) was immobilized into 

MOF (ZIF-8) pores, which selectively produced functionalized branch ketones from the 

alkylation of ketones with alcohols (Scheme 2.1b). To the best of our knowledge, to date, 

no MOFs or even no heterogeneous Mn-based catalysts have been reported for the syn-

thesis of branched ketones using alcohols. 

                     

Scheme 2.1 a) Metal catalysed alkylation of branched ketones. b) Mnphen@ZIF cata-

lysed one-step sustainable synthesis of di-substituted ketones. 

ZIF-8 is a well-known and high surface area MOF, known for its structural stability under 

high pH conditions. As the pore window size of ZIF-8 is small (3.4 Å), the MnPhen 

complex was immobilized into ZIF-8 cavities (11.6 Å) using an in situ nano-confinement 

strategy (Scheme 2.2) [165]. The resulting catalyst is denoted as MnPhen@ZIF.  
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Scheme 2.2 Schematic representation of the synthesis of the MnPhen@ZIF catalyst. 

 

2.3 Experimental 

2.3.1 Chemicals 

All reagents and solvents were directly used without further purification. Zinc Acetate 

dihydrate Zn(CH3COO)2.2H2O (98%) was purchased from Molychem, 2-methylimidaz-

ole (98%) was purchased from Avra, 1,10-phenanthroline monohydrate (AR grade) was 

purchased from FINAR, Methanol (99%), Benzyl alcohol (99%) were purchased from 

RANKEM. Toluene HPLC grade (99.7%), K2CO3 (99.0%), Manganese Chloride tetra-

hydrate, Manganese acetate tetrahydrate, Hexane (>98%), Ethyl acetate (>98%) were 

purchased from SDFCL. Deoxybenzoin (97%), 4-chlorobenzyl alcohol (99%), α-Tetra-

lone were acquired from Alfa Aesar. 4-isopropyl benzylalcohol (98%), Cyclohex-

anemethanol (>98%) and 4-ethyl benzylalcohol (>98%), 2-thiophenemethanol (98%), 4-

methoxy benzylalcohol (98%), 4-fluorobenzyl alcohol (97%), Heptyl alcohol (>=97%), 

Octyl alcohol (98%), β-Citronellol (95%), Furfuryl alcohol (97%), Piperonyl alcohol 

(98%) were supplied by Sigma-Aldrich. Propiophenone (>98%) was purchased from 

TCI. Potassium-tert-butoxide t-BuOK (98%) was obtained from Spectrochem. KOH 

(85%) was acquired from Azytus. Chloroform-d (99.8% min.) was acquired from Merck. 

MeOH

R.T.

+

C
N
Mn
Cl
Zn

MnPhen@ZIF
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2.3.2 Synthesis 

2.3.2.1 Synthesis of MnPhen@ZIF: In a typical synthesis and at room tempera-

ture, 1.0 mmol of MnCl2 (197 mg) and 1.0 mmol of phenanthroline (198 mg) were dis-

solved in two separate 25 mL MeOH solvents. The manganese solution was added into 

phenanthroline solution with continuous stirring for 24 h at room temperature. A yellow-

colored solution was obtained and was filtered. The filtrate was marked as solution ‘A’. 

In continuation, 3.46 mmol of Zn(CH3COO)2.2H2O (760 mg) was dissolved in 75 mL 

MeOH solvent, marked as solution ‘B’. At the same time, 51.20 mmol of 2-methylimid-

azole (4.208 g) was also dissolved in 75 mL MeOH solvent and marked as solution ‘C’. 

Solution C was first added into solution A under vigorous stirring. The yellow-colored 

solution became colorless. To this solution, solution B was transferred quickly with con-

tinuous stirring. After 2 h continuous stirring, solution was kept as it for 24 h without any 

disturbance. A white color solid was precipitated. It was separated by centrifugation and 

washed with MeOH several times. Sample was dried in vacuum oven at 150 oC and 

named as MnPhen@ZIF. 

2.3.2.2 Synthesis of ZIF-8: 3.46 mmol of Zn(CH3COO)2 .2H2O (760 mg) and 51.20 

mmol of 2-methylimidazole (4.208 g) were dissolved in 75 mL MeOH solvents sepa-

rately. Then the zinc solution was added into 2-methylimidazole solution under vigorous 

stirring. After 2 h continuous stirring, solution was kept as it for 24 h without any dis-

turbance. A white color solid was precipitated. It was separated by centrifugation and 

washed with MeOH several times. Sample was dried in vacuum oven at 150 oC and stored 

for further use. 

2.3.2.3 Synthesis of Mn-ZIF-8: 3.46 mmol of Zn(CH3COO)2 .2H2O and 0.7 mmol 

MnCl2 was dissolved in 75 mL MeOH solvent. At the same time, 51.20 mmol of 2-



  

46 
 

methylimidazole was also dissolved in 75 mL MeOH solvent. Then the metal solution 

was added into 2-methylimidazole solution under vigorous stirring. After 2 h continuous 

stirring, solution was kept as it for 24 h without any disturbance. A white color solid was 

precipitated. It was separated by centrifugation and washed with MeOH several times. 

Sample was dried in vacuum oven at 150 oC and stored for further use. 

2.3.2.4 Synthesis of MnPhen complex: To synthesize MnPhen complex, 1.0 

mmol of MnCl2 (197 mg) and 2.0 mmol of phenanthroline (396 mg) were dissolved in 

two separate 25 mL MeOH solvents. The manganese solution was added into phenan-

throline solution with continuous stirring for 24 h at room temperature. A yellow-colored 

precipitate was formed. Then we filter the solution and dried it at room temperature & 

named as “MnPhen”. 

2.4 Characterization 

PANalytical diffractometer using Cu Kα source (λ = 1.5405 Å) was utilized to measure 

Powder X-ray diffraction (PXRD) with 2°/min scan rate and 0.05 steps. Cary 5000 UV-

Visible-NIR spectrophotometer used to record solid-state UV-VIS spectra with integrat-

ing spheres of 105 mm. For analyzing surface area and pore size distribution BELSORP 

Max sorption analyzer was used at liquid nitrogen temperature 77 K. Before sorption 

measurements, the samples were degassed 150 oC for 12 h. X-ray photoelectron spec-

troscopy (XPS) was performed on a Thermo Fisher Scientific (K-Alpha) X-ray photoe-

lectron spectrometer using an Al Kα source (10 kV, 10 mA) equipped with ion source 

(EX06). The Ar sputtering experiments were carried out under the conditions of back-

ground vacuum ~10-8 Pa, sputtering acceleration voltage of 2 kV and sputtering current 

of 10 mA. Micromeritics (AUTOCHEM) was used for temperature programmed desorp-

tion (TPD) measurements. Thermogravimetric analysis (TGA) was performed on TA 
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Instrument Q500 thermogravimetric analyzer at under N2 atmosphere with a heating rate 

of 10 oC /min from 25 to 700 oC. Scanning electron microscopy (SEM) images were 

acquired using JEOL (JXA-8230) at 20 KV. Transmission electron microscopy (TEM) 

images were acquired at 200 kV Talos F200S G2 transmission electron microscope com-

bined with column energy dispersive X-ray spectrometer (EDS) and a CMOS Camera 

4K x 4K detector. PERKIN ELMER OPTIMA 5300 DV ICP-OES was used for metals 

content determination. Nucon GC 5700 gas chromatography (model WINCHROM-1 

Spartan) with TCD detector was used for the hydrogen gas analysis. GC-MS were rec-

orded using Agilent Gas Chromatography Mass Spectrometry. 1H NMR spectral data 

were collected at 400 MHz, and 13C NMR were recorded at 100 MHz using JEOL-400 

YH NMR spectrometer at 25 °C probe temperature. 

2.5 Catalytic measurements 

Silica Gel 60 F254 plates with the layer thickness of 0.25 mm were used for thin-layer 

chromatography. To afford pure product, column chromatography was performed. A gra-

dient of ethyl acetate and hexane was used as a mobile phase and passed through the 

silica gel with mesh size of 100-200. All the reactions were carried out under Ar atmos-

phere.  

2.5.1 Synthetic method for the synthesis of α-substituted methylene ke-

tones with alcohol: 

0.25 mmol ketone, 0.3125 mmol alcohol, 0.25 mmol t-BuOK, 2 mL toluene, 50 mg cat-

alyst were taken in a 25 ml round bottom flask. The reaction was performed in an oil bath 

under Ar atmosphere. It was heated at 140 oC for 24 h. After the completion of the reac-

tion, the reaction mixture was left to cool down at room temperature. Then 3 mL ethyl 

acetate was added. The solid catalyst was easily recovered by filtration. The filtrated 

solution was then concentrated under reduced pressure to make a slurry for purification 
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process by column chromatography. Hexane and ethyl acetate used as eluent for these 

purposes. 

2.5.2 Synthesis of pure MnPhen Complex and its catalytic activity test:  

0.007 mmols of manganese (corresponding to 0.8 wt% Mn in MnPhen@ZIF) and phe-

nanthroline were taken into 25 mL round bottom flask using 2 mL toluene and Ar  at-

mosphere. After stirring for 2 h, ketone (0.25 mmol), alcohol (0.3125 mmol), t-BuOK 

(0.25 mmol) were placed in that flask and heated at 140 oC for 24 h. When it cooled down 

to room temperature 3 mL ethyl acetate was added. The concentrated residue was further 

purified by column chromatography with the eluent system hexane and ethyl acetate. 

2.6 Reusability test with MnPhen@ZIF 

After completion of the reaction as mentioned in section 2.5.1, the solid product was 

separated out by filtration and washed with ethyl acetate and dried in oven at room tem-

perature. In 2nd catalytic cycle, solid catalyst was further activated at 150 oC under vac-

uum and performed same as first cycle. Similarly, 3rd and 4th cycles were measured, and 

product conversion were determined by GC-MS. 

2.7 Calculations of lewis acidity using NH3-TPD measurements 

Area under the NH3-TPD profile of catalyst = A  

Number of mmol of NH3 = 0.294 × A 

Catalyst mass = B g  

Total acidity of catalyst = mmol of NH3/Catalyst mass  

 = (0.294×A/B) mmol NH3/g catalyst. 
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2.8 Analytical data 

2-Methyl-1,3-diphenylpropan-1-one (3a): According to the procedure described in section 2.5.1, the   

mentioned product obtained as colorless solid (46 mg, 82%); 1H NMR (400 

MHz, CDCl3 ) δ 7.93 (dd, J = 8.4, 1.3 Hz, 2H), 7.57 – 7.52 (m, 1H), 7.45 (t, J 

= 7.5 Hz, 2H), 7.28 – 7.24 (m, 3H), 7.21 – 7.13 (m,3H), 3.74 (dq, J = 13.5, 6.7 

Hz, 1H), 3.17 (dd, J = 13.9, 6.4 Hz, 1H), 2.69 (dd, J = 13.9, 8.0 Hz, 1H), 1.20 

(d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 203.77, 139.92, 136.39, 132.92, 129.07, 128.62, 128.35, 

128.27, 126.17, 42.74, 39.32, 17.38. 

3-(4-Methoxyphenyl)-2-methyl-1-phenylpropan-1-one (3b): According to the procedure described in 

section 2.5.1, the mentioned product obtained as colourless oil (41 mg, 

65% yield); 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 7.3 Hz, 2H), 7.52 

(m, 1H), 7.42 (t, J = 7.6 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 

8.6 Hz, 2H), 3.76 (s, 3H), 3.73-3.65 (m, 1H), 3.10 (dd, J = 13.8, 6.4 Hz, 

1H), 2.63 (dd, J = 13.8, 7.7 Hz, 1H), 1.18 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 207.4, 154.1, 

133.0, 132.1, 130.1, 128.7, 128.3, 113.7, 109.5, 55.3, 43.0, 38.6, 17.4. 

 

3-(4-Chlorophenyl)-2-methyl-1-phenylpropan-1-one (3c): According to the procedure described in sec-

tion 2.5.1, the mentioned product obtained as colorless liquid (34 mg, 53% 

yield); 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.7 Hz, 2H), 7.57 (t, J 

= 7.6 Hz, 1H), 7.44 (t, J = 8.3 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 7.16 (d, 

J = 8.9 Hz, 2H), 3.81 – 3.70 (m, 1H), 3.18 (dd, J = 14.4, 7.2 Hz, 1H), 2.72 

(dd, J = 14.4, 7.6 Hz, 1H), 1.24 (d, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 203.3, 138.4, 133.0, 

132.0, 130.4, 128.7, 128.6, 128.5, 128.2, 42.7, 38.6, 17.6. 

 

3-(4-Fluorophenyl)-2-methyl-1-phenylpropan-1-one (3d): According to the procedure described in sec-

tion 2.5.1, the mentioned product obtained as colorless liquid (29 mg, 48% 

yield); 1H NMR (400 MHz, CDCl3 ) δ 7.89 (d, J = 8.2 Hz, 2H), 7.54 (t, J 

= 7.6 Hz, 1H), 7.43 (t, J = 7.9 Hz, 2H), 7.13 (dd, J = 9.0, 5.6 Hz, 2H), 6.92 

(t, J = 8.9 Hz, 2H), 3.70 (dd, J = 14.2, 7.1 Hz, 1H), 3.12 (dd, J = 14.1, 7.0 

Hz, 1H), 2.67 (dd, J = 14.0, 7.5 Hz, 1H), 1.19 (d, J = 7.1 Hz, 3H).  

2-methyl-1-phenylnonan-1-one (3e):  According to the procedure described in section 2.5.1, the men-

tioned product obtained as colorless oil (29 mg, 50% yield); 1H NMR 

(400 MHz, CDCl3) δ 7.98 (d, J = 7.3 Hz, 2H), 7.57 (d, J = 6.9 Hz, 1H), 

7.49 (t, J = 6.8 Hz, 2H), 3.49 – 3.47 (m, 1H), 1.82 (dd, J = 12.8, 6.5 Hz, 

1H), 1.45 (d, J = 5.8 Hz, 1H), 1.27 (s, 10H), 1.22 (d, J = 6.6 Hz, 3H), 0.89 (s, 3H).  
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2-methyl-1-phenyldecan-1-one (3f): According to the procedure described in section 2.5.1, the mentioned 

product obtained as colorless oil (28 mg, 56% yield); 1H NMR (400 

MHz, CDCl3) δ 7.98 (d, J = 7.3 Hz, 2H), 7.58 (t, J = 7.1 Hz, 1H), 7.49 

(t, J = 7.5 Hz, 2H), 3.51 – 3.45 (m, 1H), 1.81 (dd, J = 24.3, 13.1 Hz, 

1H), 1.47 (d, J = 17.6 Hz, 1H), 1.28 (d, J = 12.9 Hz, 12H), 1.22 (d, J = 

6.7 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H).  

 

2,5,9-Trimethyl-1-phenyldec-8-en-1-one (3g): According to the procedure described in section 2.5.1, the 

mentioned product obtained as a pale yellow oil (40 mg, 59% yield); 1H NMR 

(400 MHz, CDCl3) δ 7.93 (d, J = 7.9 Hz, 2H), 7.55 (dd, J = 8.2, 6.5 Hz, 1H), 7.44 

(t, J = 7.6 Hz, 2H), 5.05 (ddd, J = 12.8, 5.8, 1.3 Hz, 1H), 3.41 (ddd, J = 13.5, 6.7, 

2.2 Hz, 1H), 1.98 – 1.74 (m, 3H), 1.65 (d, J = 4.2 Hz, 3H), 1.57 (d, J = 5.0 Hz, 

2H), 1.46 – 1.23 (m, 5H), 1.18 (d, J = 6.9 Hz, 3H), 1.15 – 1.08 (m, 2H), 0.84 (t, J = 6.5 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 204.7, 133.3, 132.8, 131.2, 129.0, 128.7, 128.3, 40.9, 37.0, 36.8, 34.6, 32.57, 31.2, 

25.5, 19.5, 17.2 

3-(4-ethylphenyl)-1,2-diphenylpropan-1-one (3h): According to the procedure described in section 

2.5.1, the mentioned product obtained as colorless solid (60 mg, 76%); 1H 

NMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.1 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 

7.34 (t, J = 7.6 Hz, 2H), 7.27 – 7.16 (m, 5H), 7.05 – 6.98 (m, 4H), 4.84 – 4.78 

(m, 1H), 3.55 (dd, J = 13.8, 7.7 Hz, 1H), 3.02 (dd, J = 13.8, 6.7 Hz, 1H), 2.56 (q, J = 7.6 Hz, 2H), 1.18 (t, 

J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 199.29, 141.94, 139.22, 136.92, 136.72, 132.79, 128.99, 

128.86, 128.66, 128.43, 128.26, 127.69, 127.07, 55.88, 39.68, 28.38, 15.55. 

 

3-(4-isopropylphenyl)-1,2-diphenylpropan-1-one (3i): According to the procedure described in section 

2.5.1, the mentioned product obtained as colorless solid (65 mg, 79%); 

1HNMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.1 Hz, 2H), 7.44 (t, J = 7.4 Hz, 

1H), 7.34 (t, J = 7.6 Hz 2H), 7.28 – 7.18 (m, 5H), 7.04 (q, J = 8.3 Hz, 4H), 

4.82 (t, J = 7.9, 1H), 3.57 (dd, J = 13.8, 7.9 Hz, 1H), 3.02 (dd, J = 13.8, 6.5 

Hz, 1H), 2.88 – 2.75 (m, 1H), 1.19 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 199.27, 146.57, 

139.29, 137.08, 136.73, 132.77, 128.95, 128.86, 128.66, 128.41, 128.25, 127.06, 126.25, 55.82, 39.66, 

33.60, 23.97. 

 

3-(4-methoxyphenyl)-1,2-diphenylpropan-1-one (3j): According to the procedure described in section 

2.5.1, the mentioned product obtained as colorless solid (48 mg, 61%); 1H 

NMR (400 MHz, CDCl3) δ 7.89 (d, J = 7.1 Hz), 7.44 (t, J = 8.0 Hz), 7.34 (t, 

J = 7.6 Hz), 7.24 – 7.22 (m), 6.99 (d, J = 8.7 Hz), 6.73 (d, J = 8.7 Hz), 4.77 

(t, J = 7.3 Hz), 3.73 (s), 3.50 (dd, J = 13.8, 7.5 Hz), 3.00 (dd, J = 13.8, 7.0 
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Hz). 13C NMR (101 MHz, ) δ 199.37, 157.86, 139.09, 136.70, 132.80, 131.79, 130.04, 128.84, 128.63, 

128.43, 128.26, 127.06, 113.57, 56.12, 55.12, 39.22. 

 

3-(4-chlorophenyl)-1,2-diphenylpropan-1-one (3k): According to the procedure described in section 

2.5.1, the mentioned product obtained as colorless solid (71 mg, 89%);  1H 

NMR (400 MHz, CDCl3) δ 7.89 (d, J = 7.1 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 

7.35 (t, J = 7.6 Hz, 2H), 7.26 (t, J = 7.5 Hz, 3H), 7.21 (d, J = 6.9 Hz, 2H), 7.16 

(d, J = 8.4 Hz, 2H), 7.01 – 6.98 (m, 2H), 4.75 (t, J = 7.3 Hz, 1H), 3.50 (dd, J = 

13.8, 7.4 Hz, 1H), 3.03 (dd, J = 13.8, 7.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 198.89, 138.66, 138.18, 

136.47, 132.98, 130.49, 128.98, 128.66, 128.51, 128.31, 128.22, 127.38, 127.28, 55.83, 39.39. 

 3-Cyclohexyl-1,2-diphenylpropan-1-one (3l): According to the procedure described in section 2.5.1, the 

mentioned product obtained as colorless solid (31 mg, 42%);  1H NMR (400 MHz, 

) δ 7.98 (d, J = 8.5 Hz, 2H), 7.47 – 7.44 (m, 1H), 7.40 – 7.36 (m, 2H), 7.32 – 7.24 

(m, 4H), 7.20 – 7.17 (m, 1H), 4.72 (t, J = 7.5 Hz, 1H), 2.15 – 2.04 (m, 1H), 1.74 – 

1.69 (m, 6H), 1.20 – 1.08 (m, 4H), 0.96 – 0.90 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 199.95, 139.93, 

136.83, 132.73, 128.78, 128.56, 128.45, 128.14, 126.79, 50.39, 41.63, 35.20, 33.49, 33.20, 26.43, 26.28, 

26.08. 

1,2-diphenyl-3-(thiophen-2-yl)propan-1-one (3m): According to the procedure described in section 

2.5.1, the   mentioned product obtained as colorless solid (34 mg, 47%); 1H 

NMR (400 MHz, ) δ 7.94 (d, J = 8.3 Hz, 2H), 7.47 – 7.45 (m, J = 7.4 Hz, 1H), 

7.39 (t, J = 7.8 Hz, 2H), 7.29 (dd, J = 3.8, 3.3 Hz ,4H), 7.25 – 7.19 (m, 1H), 7.06 

(d, J = 5.1 Hz, 1H), 6.83 (dd, J = 5.1, 3.4 Hz, 1H), 6.69 (d, J = 4.5 Hz, 1H), 4.85 (dd, J = 7.9 Hz, 6.6 Hz, 

1H), 3.79 (dd, J = 15.5, 7.9 Hz, 1H), 3.28 (dd, J = 14.8, 6.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 198.79, 

142.03, 138.58, 136.44, 132.99, 128.98, 128.72, 128.50, 128.20, 127.35, 126.64, 125.68, 123.62, 56.03, 

34.10, 22.34, 14.08. 

 

((S)-3-(furan-2-yl)-1,2-diphenylpropan-1-one (3n): According to the procedure described in section 

2.5.1, the mentioned product obtained as a pale yellow solid (20 mg, 28% 

yield); 1H NMR (400 MHz, CDCl3) δ 7.93 (dd, J = 8.3, 1.2 Hz, 2H), 7.5 (m, 

1H), 7.4 (m, 2H), 7.3 (m, 5H), 7.2 (m, 1H), 6.2 (dd, J = 3.1, 1.9 Hz, 1H), 5.9 

(dd, J = 3.1, 0.5 Hz, 1H), 4.98 (dd, J = 7.7, 6.9 Hz, 1H), 3.60 – 3.53 (m, 1H), 

3.09 (dd, J = 15.1, 6.8 Hz, 1H).13C NMR (101 MHz, CDCl3) δ 198.8, 153.3, 141.1, 138.7, 136.4, 132.9, 

128.9, 128.7, 128.5, 128.0, 110.2, 106.5, 52.5, 32.4. 
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(S)-3-(benzo[d][1,3]dioxol-5-yl)-1,2-diphenylpropan-1-one (3o): Following the general procedure 2.5.1, 

the title product was obtained as a colorless solid (48 mg, 58% yield); 1H 

NMR (400 MHz, CDCl3) δ 7.73 – 7.71 (m, 2H), 7.46 (t, J = 8.2 Hz, 1H), 

7.34 (t, J = 7.9 Hz, 2H), 7.22 – 7.12 (m, 5H), 6.60 (ddd, J = 20.1, 12.1, 

8.0 Hz, 3H), 5.86 (dd, J = 3.3, 1.5 Hz, 2H), 3.98 – 3.91 (m, 1H), 3.06 

(ddd, J = 24.3, 13.9, 8.0 Hz, 2H), 2.74 (ddd, J = 27.1, 13.9, 6.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

203.3, 147.5, 145.9, 139.5, 137.5, 137.4, 133.3, 132.8, 129.0, 128.5, 128.4, 128.1, 126.3, 122.0, 109.4, 

108.2, 100.8, 50.7, 38.2, 37.9. 

 

2-Benzyl-3,4-dihydronaphthalen-1(2H)-one (3p): According to the procedure described in section 2.5.1, 

the mentioned product obtained as colorless liquid (50.2 mg, 85%); 1H NMR 

(400 MHz, CDCl3) δ 8.07 (dd, J = 7.9, 1.0 Hz, 1H), 7.46 (td, J = 7.5, 1.4 Hz, 

1H), 7.33 – 7.29 (m, 3H), 7.25 – 7.21 (m, 4H), 3.50 (dd, J = 13.7, 3.9 Hz, 1H), 

2.96-2.91 (m, 2H), 2.79 – 2.72 (m, 1H), 2.65 (dd, J = 13.7, 9.6 Hz, 1H), 2.13 – 2.08 (m, 1H), 1.84 – 1.74 

(m, 1H). 13C NMR (101 MHz, CDCl3) δ 199.38, 144.02, 139.99, 133.26, 132.42, 129.25, 128.70, 128.38, 

127.52, 126.60, 126.10, 49.43, 35.63, 28.60, 27.62. 

 

2-(4-chlorobenzyl)-3,4-dihydronaphthalen-1(2H)-one (3q): According to the procedure described in 

section 2.5.1,  the mentioned product obtained as colorless liquid ( 61.6 mg, 

91%); 1H NMR (400 MHz, CDCl3 ) δ 8.05-8.03 (m, 1H), 7.47- 7.43 (m, 1H), 

7.32- 7.26 (m, 3H), 7.24- 7.14 (m, 3H), 3.43- 3.39 (m, 1H), 2.97- 2.90 (m, 

2H), 2.73- 2.61(m, 2H) , 2.11-2.02 (m, 1H), 1.81 - 1.71 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 199.09, 

143.93, 138.63, 133.25, 132.40, 130.59, 128.69, 127.40, 126.59, 49.23, 35.20, 28.83, 27.72. 

 

 

2.9 Results and discussion 

The scanning electron microscopy (SEM) image revealed the homogeneously dispersed 

polyhedral crystals of MnPhen@ZIF with a particle size of ∼600 nm (Figure 2.1a-2.1c). 

Transmission electron microscopy (TEM) further confirmed the polyhedral morphology 

(Figure 2.11d-2.1f). 
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Figure 2.1 a)-c) SEM images at different scale bars; d)-f) TEM images of the as synthe-

sized MnPhen@ZIF catalyst. 

The powder X-ray diffraction (PXRD) pattern of MnPhen@ZIF matched well with that 

of pristine ZIF-8, which established the phase purity (Figure 2.2). Additionally, the ab-

sence of MnPhen’s distinctive diffraction peaks in MnPhen@ZIF suggests that MnPhen 

is not present on MOF surfaces and probably encapsulated in ZIF-8 pores. 

 

Figure 2.2 PXRD patterns of ZIF-8, MnPhen@ZIF, MnPhen, and a mixture of ZIF-8 

with MnPhen. 

Brunauer–Emmett–Teller (BET) measurements suggested a decrease in the surface area 

of MnPhen@ZIF in comparison with that of ZIF-8, which is expected because of the 

encapsulation of the MnPhen complex into ZIF-8 pores (Figure 2.3). The solid-state UV-
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vis spectrum of MnPhen@ZIF showed a broad peak in between 250 and 300 nm, which 

can be assigned to the encapsulated MnPhen complexes (Figure 2.4) [165]. 

 

Figure 2.3 N2 sorption isotherms of ZIF-8 (black) and Mnphen@ZIF (blue), recorded at 

77 K. Filled and open circles represent adsorption and desorption, respectively. 

 

 

Figure 2.4 Solid state UV-Vis spectra of ZIF-8 and MnPhen@ZIF. 

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and energy dispersive spectroscopy (EDS) elemental mapping established the 

presence of homogeneously dispersed Mn ions in MnPhen@ZIF (Figure 2.5). 
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Figure 2.5 Dark-field HAADF-STEM image of MnPhen@ZIF with the corresponding 

elemental mappings. 

X-ray photoelectron spectroscopy (XPS) revealed weak Mn 2p peaks, which intensified 

after Ar-sputtering. This suggests that Mn is mostly available inside the crystals and not 

on the surface (Figure 2.6). 

 

Figure 2.6 Mn 2p XPS spectra of MnPhen@ZIF a) before Ar-etching (left), and b) after 

Ar etching (right). This Ar-sputtering suggests the presence of more Mn in the bulk of 

MnPhen@ZIF crystals. 

Additionally, the color of MnPhen@ZIF is white similar to that of pure ZIF-8. This fur-

ther strengthens the fact that the MnPhen complex is encapsulated into ZIF-8 (Figure 

2.7). 

 

Figure 2.7 Physical appearance of pure ZIF-8, manganese phenanthroline complex 

(MnPhen) and as-synthesized catalyst MnPhen@ZIF. 
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We also performed a Mn–NaOH test with MnPhen@ZIF, which did not give a positive 

result which might be because of Mn–Phen encapsulation; however, the addition of an 

acid, which destroyed the MOF structure, provided a positive result suggesting that the 

MnPhen complex is immobilized into ZIF-8 pores (Figure 2.8) [166]. Inductively cou-

pled plasma optical emission spectroscopy (ICP-OES) suggested the presence of 0.8 wt% 

Mn in MnPhen@ZIF. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Physical appearances of Mn-NaOH test for MnPhen@ZIF a) without, and b) 

with acid. 

We initiated our investigation by reacting propiophenone 1a with benzyl alcohol 2a in 

the presence of Mnphen@ZIF and t-BuOK, which produced branched ketone 3a in 82% 

isolated yield (Table 2.1, entry 1). The application of Mnphen@ZIF, having a MnCl2 and 

phen ligand ratio of 1 : 2, reduced the product yield (Table 2.1, entry 2). Different bases, 

KOH or K2CO3, did not further improve the catalytic performance (Table 2.1, entries 3 

and 4). MnCl2 was found to be the most suitable salt for the synthesis of Mnphen@ZIF 

(Table 2.1, entries 5 and 6). In the absence of a Mn-complex or base, product conversion 

was significantly reduced. ZIF-8 alone was found to be active but with lower selectivity 

(Table 2.1, entries 7 and 8). In order to confirm the significance of the MnPhen complex 

in Mnphen@ZIF, a bimetallic covalently substituted catalyst, Mn-ZIF-8, was also syn-

thesized and tested for ketone alkylation. However, only a 52% yield of 3a was obtained 
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(Table 2.1, entry 9). A homogeneous system using MnPhen alone, with respect to 0.8 

wt% Mn, yielded only 35% of 3a (Table 2.1, entry 10).  

                                  Table 2.1 Optimization of reaction conditionsa. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

aReaction conditions: propiophenone 1a (0.25 mmol), benzyl alcohol 2a (0.3125 mmol) 

catalyst (50 mg corresponding to 2.72 mol% Mn), base (0.25 mmol), and toluene (2.0 

mL) in a 25 mL round bottom flask under an Ar atmosphere at 140 °C in an oil bath for 

24 h reaction time. b Isolated yield. c 0.007 mmol of MnCl2 was used corresponding to 

0.8 wt% Mn present in 50 mg of MnPhen@ZIF. 

Considering the optimized conditions presented in Table 2.1, various methylene ketones 

were reacted with a series of functionalized alcohols to synthesize branched ketones in 

excellent yields. For instance, propiophenone efficiently reacted with benzyl alcohols 

bearing electron-donating and electron-withdrawing groups and yielded 48–82% of 

branched ketones 3a–3g (Table 2.2). Replacing propiophenone with more hindered 1,2-

diphenylethanone resulted in up to 89% yield of the desired gem-di-substituted ketones 

3h–3o (Table 2.2). It can be seen that heterocyclic alcohols are also viable coupling part-

ners delivering di-substituted ketones with good to moderate yields (Table 2.2, 3m–3o). 
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Interestingly, α-tetralone provided the desired alkylated products 3p–3q with 85% and 

91% yields, respectively (Table 2.2). 

Table 2.2 MnPhen@ZIF catalysed alkylation of ketones with alcoholsa,b. 

 
 

Reaction conditions: a Propiophenone 1a (0.25 mmol), benzyl alcohol 2a (0.3125 mmol), 

MnPhen@ZIF (50 mg), t-BuOK (0.25 mmol), toluene (2.0 mL) in a 25 mL round bottom 

flask under Ar atmosphere at 140 oC in an oil bath for 24 h reaction time. b Isolated yield. 

Next, we conducted preliminary mechanistic studies for the Mn-catalysed process fol-

lowing the hydrogen borrowing strategy (Scheme 2.3) [157-158]. Reaction intermedi-

ates, aldehydes and enone 3a″ as shown in Scheme 2.3 were detected using gas chroma-

tography-mass spectrometry (GC-MS).  



  

59 
 

 

Scheme 2.3 Proposed mechanism for the Mn-catalyzed alkylation of ketones. 

A water displacement experiment revealed 0.68 mmol of H2 generation during the reac-

tion (Figure 2.9). In a 15 mL oven dried Schlenk tube, propiophenone (0.25 mmol), ben-

zylalcohol (0.3125 mmol), MnPhen@ZIF (50 mg), t-BuOK (0.25 mmol), toluene (2.0 

mL) were mixed and flushed three times whole set up with Ar. Then gas burette was 

connected as mentioned in Figure 2.9. Then it was heated at 140 oC in an oil bath until 
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the production of H2 gas ceased. The procedure was repeated three times to get more 

accurate results. 

 

Figure 2.9 The set-up made for the measurement of generated H2 gas in the reaction. 

Calculation: 

 Total volume of water displaced V = 17.1 ml/ 0.0171 L 

 Vapor pressure of water at 298K PH2O = 23.7695 Torr  

 Atmospheric pressure at 298K Patm = 758.3124 Torr 

 Pressure of H2 gas,  

 PH2 = Patm - PH2O = (758.3124 - 23.7695) Torr = 734.5429 Torr  

 Since PH2 * V = nH2*R*T  

       or nH2 = PH2 * V / R*T  

                  = 734.5429 Torr * 0.0171 L / 62.3635 L Torr K-1 mol-1 * 298K 

                  = 0.0006758 mol 

                  = 0.68 mmol 

GC further confirmed that the collected gas is H2 having a retention time of 0.54 min 

(Figure 2.10).   
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Figure 2.10 The set-up made for the collection of generated H2 gas in the reaction (con-

ditioned were same as mentioned in section 5) (above). Gas chromatographs of the col-

lected gas in reaction mentioned as blue line, which has same retention time as pure H2 

shown in pink line (below). 

In addition, a deuterium labelling experiment of propiophenone 1a with 2a-d under stand-

ard catalytic conditions resulted in a branched ketone in 52% yield with 54–50% deuter-

ium incorporation at the α- and β-positions, respectively, as confirmed by 1H NMR and 

GC-MS analyses (Scheme 2.4a and Scheme 2.5). Similarly, the reaction of 1a with 2a-

d2 produced a 51–65% deuterium incorporated product (Scheme 2.4b and Scheme 2.6). 

Furthermore, the reaction with a 1:1 mixture of 2a-d2 and 2a-d1 yielded the desired ke-

tones in 66–92% yields with 24–31% deuterium incorporation (Scheme 2.4c and Scheme 

2.7). However, the reaction of 1a-d2 with 2a produced a 59–70% deuterium labelled 

 Tedlar bag 
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product (Scheme 2.4d and Scheme 2.8). All these H/D scrambled products in deuterium 

labelling experiments together with the detection of intermediates and H2 strongly sup-

port that the mechanism involves the borrowing hydrogen process [167]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.4 Reaction conditions: propiophenone 1a (0.1 mmol), benzyl alcohol 2a (0.15 

mmol), MnPhen@ZIF (20 mg), t-BuOK 1.0 equiv. for (a) and 2.0 equiv. for (b)–(d), 

toluene (2 mL) under an Ar atmosphere, a Schlenk tube used under an Ar atmosphere, 

140 °C, 36 h time. 
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Scheme 2.5 Deuterium labelling experiments between 1a with 2a-d. 
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Scheme 2.6 Deuterium labelling experiments between 1a with 2a-d2. 
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Scheme 2.7 Deuterium labelling experiments between 1a with mixture of 2a & 2a-d2. 
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Scheme 2.8 Deuterium labelling experiments between 1a-d2 with 2a. 
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MnPhen@ZIF was found to be a good performing heterogeneous catalyst with significant 

retention of its original catalytic activity (Figure 2.11). 

 

Figure 2.11 Recyclability test of MnPhen@ZIF for the synthesis of 2-Methyl-1,3-diphe-

nylpropan-1-one (3a). 

Moreover, the used catalyst was examined. TEM images revealed the retention of the 

size and shape of most of the MnPhen@ZIF nanocrystals (Figure 2.12a-2.12c). Although, 

a few broken or surface-etched crystals were observed in the sample. 

 

Figure 2.12 a)-c) TEM images of MnPhen@ZIF after catalysis. 

BET and PXRD analyses of the used MnPhen@ZIF catalyst suggested a decrease in the 

surface area and retention of crystallinity, respectively (Figure 2.13a, 2.13b). However, 

the pore size distribution (PSD) derived from Figure 2.13a suggested an increase in pore 

size (Figure 2.13c). The broadening of the peak in the range of 1.2–1.6 nm indicates the 

generation of larger pore sizes after catalysis. The formation of such defects is known for 

MOF systems, which might be favourable for the transportation of reactants and 
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products. EDS elemental mapping further confirmed the homogeneous distribution of 

atomic manganese within the crystals and eliminated the probability of formation of 

metal aggregates during the catalysis process (Figure 2.14).  

 

Figure 2.13 a) N2 adsorption–desorption curves b) PXRD patterns of MnPhen@ZIF be-

fore and after catalysis, c) Pore size distribution of ZIF-8, MnPhen@ZIF (before cataly-

sis), and  MnPhen@ZIF (after catalysis). 

   

Table 2.3 Pore size and pore volume of MnPhen@ZIF and supporting catalysts. 
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filtration method was tested using a hot frit to separate out the solid catalysts at ∼2 h 

time, and a reaction using the filtrate was continuously run for 24 h. Figure 2.15 shows 

that the reaction did not proceed in the absence of MnPhen@ZIF, and the product yield 

remains unaltered. This concluded that MnPhen@ZIF catalyzes the reaction and is solely 

responsible for the catalytic activity. 

 

Figure 2.14 HAADF-STEM image of used MnPhen@ZIF with the corresponding ele-

mental mapping of C, N, Zn and Mn. 

 

Figure 2.15 Hot filtration test indicating no further formation of branched ketone product 

3a after removal of solid MnPhen@ZIF catalyst. Black line curve is product formation 

vs time plot till completion of the reaction (24 h), while blue curve is for second batch of 

reaction where catalyst was removed by hot filtration at the time of ~2 h. 

Also, thermogravimetric analysis (TGA) suggested that MnPhen@ZIF is stable at the 

experimental reaction temperature, i.e., 140 °C (Figure 2.16). 
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Figure 2.16 A comparison of TGA curves of as-synthesized catalyst MnPhen@ZIF, a 

mixture of MnPhen+ZIF-8 complex, pristine ZIF-8, MnPhen complex, and Phen ligand 

itself. This data suggests that MnPhen@ZIF and its encapsulated Mn-complex is stable 

under experimental catalytic reaction temperature ie; at 140 oC. 

ZIF-8 is a microporous MOF and its catalytic activity is largely explained on the basis of 

Lewis acidic or basic sites present on its external surfaces [168-170]. This might be the 

reason that pristine ZIF-8 alone produced 41% of branched ketone (Table 2.1, entry 7). 

Therefore, the encapsulated MnPhen complex plays an important role in obtaining higher 

yield and selectivity. Comparison of the ammonia-temperature programmed desorption 

(NH3-TPD) profiles of fresh and used catalysts revealed a greater integrated peak for the 

latter (Figure 2.17). This confirmed that more low coordinated metal sites (Lewis acidic 

sites) are generated during the catalytic reactions. 
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Figure 2.17 NH3-TPD profiles for MnPhen@ZIF before and after catalysis. 

Table 2.4 Lewis acidity calculation from NH3 TPD. 

MnPhen@ZIF Acidity (mmol/g) 

Before catalysis a) 9.51 

b) 8.17 

 

After catalysis a) 16.69 

b) 21.92 

 

 

Moreover, the XPS spectra of the used catalyst also showed a higher intensity of O 1s 

peaks, corresponding to Zn coordinated OH/OH2 (Figure 2.18). The generation of Zn–

OH/ OH2 sites is because of the breaking of the Zn-imidazolate bonds of ZIF-8 during 

the reactions and the formation of larger size cavities, as observed above in BET and PSD 

measurements. Such a pore enlargement is expected to facilitate the transportation of 

reactants and products during reactions. 
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Figure 2.18 O 1s XPS spectrum of MnPhen@ZIF after catalysis. 

Next, kinetics studies were performed to determine the rate and order of the reaction 

(Figure 2.19a). First order kinetics was observed with respect to 1a considering a steady 

state approximation for 2a. In addition, although ZIF-8 itself shows good catalytic activ-

ity, the presence of MnPhen affects the catalytic activity of MnPhen@ZIF a lot in terms 

of either product selectivity or the rate of product formation. MnPhen@ZIF provided 

∼50% of product 3a in the initial 1.5 h, while ZIF-8 provided <10% only (Figure 2.19b). 

 

Figure 2.19 a) Formation of product 3a and decrease in concentration of 1a with reaction 

time in presence of catalyst MnPhen@ZIF, b) Comparison of product 3a formation with 

respect to initial period of time in presence of catalyst MnPhen@ZIF and ZIF-8. 
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2.10 Conclusion 

In conclusion, we have developed an Earth-abundant Mn-based heterogeneous catalyst, 

using the method of immobilization of a homogeneous MnPhen complex into MOF 

pores, for the selective synthesis of branched ketones. Mechanistic studies, controlled 

deuterium labelling experiments, and kinetics studies demonstrated the hydrogen bor-

rowing strategy, releasing water and hydrogen as byproducts, for di-substituted ketones.     
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Chapter 3:  Carbon Nanofibers Coated With MOF-Derived 

Carbon Nanostructures For Vanadium Redox Flow Batteries 

With Enhanced Electrochemical Activity And Power Density 

 

3.1 Abstract  

A unique synthetic approach has been introduced where nanostructurally grown zinc lay-

ered double hydroxide on graphitic carbon felt (CF) is converted into a zeolitic imidazo-

late framework (ZIF-8), and then, subsequent carbonization resulted in a N/O-function-

alized porous carbon electrode (N,O/CF). Because of the presence of N/O-containing 

functional groups and deposition of ZIF-8-derived nanoporous carbon on the CF, the 

N,O/CF is found to be highly hydrophilic in nature with a large surface area. Cyclic volt-

ammetry measurements with N,O/CF suggest the fast electrochemical kinetics of V(IV) 

↔ V(V) reactions. Polarization curves and electrochemical impedance spectroscopy 

measurements of the vanadium redox flow battery (VRFB) assembly illustrate the sig-

nificant decrease in charge transfer resistance at electrode surfaces. At 50 mL/min elec-

trolyte flow rate, N,O/CF delivers energy efficiencies of 83.11 and 76.66% at current 

densities of 40 and 80 mA/cm2, respectively. The values are 82.59 and 76.39%, respec-

tively, at 100 mL/min, showing the negligible effect of the flow rate. The power density 

of VRFBs at various electrolyte flow rates is also presented, which increases with in-

creasing flow rates and is higher for N,O/CF (∼821 mW/cm2) than for bare CF (606 

mW/cm2). The stability test confirms the retention of energy, voltage, and coulombic 

efficiencies after recycling of the electrode. The above-mentioned findings of improved 

performance of VRFBs with employing the N,O/CF electrode are a cumulative effect of 

enhanced nanoporosity, an increased number of catalytic active sites, high wettability, 

and low charge transfer resistance. 
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3.2 Introduction 

Depletion of fossil fuels, environmental pollution, and energy crisis has engendered the 

higher utilization of renewable and sustainable energy such as solar or wind energy, etc 

[171−174]. To meet the growing demand, large-scale energy devices, which must be safe 

and cost-effective, are required to store the energy harvested from different energy 

sources, to use it for various applications and to connect with the grid [175−178]. Among 

available storage technologies, the application of redox flow batteries (RFBs) has been 

rising with great assurance [179−185]. In RFBs, energy storage and power generation are 

decoupled. The choice of flexibility in design, high safety, and long-life cycle make va-

nadium redox flow batteries (VRFB) a promising device [186−190]. They utilize vana-

dium ions, which exist in four different oxidation states. During the charging process, at 

the positive side, V(IV) oxidizes to V(V), whereas at the negative side, V(III) converts 

into V(II); reverse reactions occur during discharging. The electrolytes in the battery are 

separated by an acidic, cation exchange membrane. The reaction involving V(V)/V(IV) 

interconversion is sluggish which limits the efficiency of the VRFB system [190]. Thus, 

the electrodes supporting electrochemical conversion play a crucial role in determining 

the power density and energy efficiency of the VRFB system by providing active sites 

for vanadium redox reactions [191−193].  

Graphite felt and carbon paper, which are commonly used as electrodes in VRFBs, show 

poor electrochemical activity, leading to limited power and current outputs. To address 

this issue, structural engineering and surface modifications are suggested to design new 

carbon electrodes [194−196]. Although absorption of active species such as metals, metal 

oxides, and metal nitrides on the felt support is used in the electrode development, their 

high-cost, instability, and poor electronic conductivity inhibit application in the battery 

system [197-204]. Structural engineering involves designing nanoporous structures to 
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decorate complex interfaces [205−209]. A sacrificial template is used to introduce na-

nopores on graphite felt, resulting in an improved energy efficiency.37 Similarly, a wood-

derived carbon electrode is used, which improves the battery performance due to the 

presence of aligned channels and large pores [208]. A graphene hybrid electrode or na-

noporous platelet carbon grown on carbon felt is also used as electrode materials for im-

proving the VRFB system [209]. Very recently, LaBO3 (B = V, Cr, Mn) perovskites have 

been demonstrated for superior electrochemical kinetics toward vanadium redox reac-

tions in VRFBs [210].  

The surface modification approach involves the covalent adhering of functional groups, 

such as −OH, −COOH, and C=O, on the electrode surfaces [211,212]. Similarly, elec-

trode surfaces can be decorated with nonmetal heteroatoms such as nitrogen, phosphorus, 

and sulfur atoms [213-215]. With this functionalization, the hydrophilicity of the carbon 

electrode is greatly enhanced, and most importantly, favorable edge sites and defects are 

incorporated in the felt carbon structures, which significantly enhance the vanadium re-

dox reaction kinetics [216]. In addition, surface functionalization enhances the electrode 

stability and the electrical conductivity, which are essential for electrochemical reactions. 

For example, graphene nanowall-incorporated carbon felt is found to be excellent in va-

nadium redox reaction activity owing to the presence of exposed graphene edge sites 

[217]. N-doped carbon spheres decorated on graphite felt or polypyrrole-derived N-

doped graphite felt exhibit high electrochemical activity in the battery [217,218]. Simi-

larly, N/P or N/S dual-doped carbon electrodes have also been proven to be excellent 

electrodes for VRFBs [218-221]. Despite the great efforts in electrode development for 

VRFBs, more work is needed to establish a correlation between surface functionalization 

and properties of the developed electrodes. 
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Metal−organic frameworks (MOFs) are porous coordination polymers and are known for 

their high surface area, tunable porosity, and multifunctional applications [222−229]. 

MOF derived carbons have emerged as high-performance electrode materials for energy 

storage devices [230-234]. These carbon materials often show large surface area and high 

porosity like their parent MOFs. Additionally, by controlling the carbonization tempera-

tures, the structure and surface chemistry of the carbon materials can be tuned to optimize 

the conductivity, active sites, and charge transfer processes beneficial for catalytic elec-

trochemical redox reactions [235,236]. Recently, MOFderived materials such as zirco-

nium oxide porous carbon nanocomposites [237], nanoporous platelet carbons grown on 

carbon felt [238], and N-doped carbon nanotubes [239] have been demonstrated as high-

performance positive/negative electrodes in VRFBs. 

Herein, we present a unique approach to fabricate a nanoporous N and O-decorated car-

bon electrode using high temperature carbonization of the ZIF-8 film, made up of highly 

porous zinc-imidazolate MOF, directly grown on the surfaces of commercial graphitic 

carbon felt (CF) with the help of layered zinc hydroxide sheets (Zn-LDH). Dual heteroa-

tom functionalization increases the hydrophilicity and thus the wettability of the as-syn-

thesized N,O/CF electrode surfaces. N,O/CF shows lower charge transfer resistance and 

better electrochemical activity for vanadium redox reactions in comparison to bare CF 

that is used generally. Also, it delivers a high energy efficiency and power density of 

VRFBs at varying current densities and electrolyte flow rates. 

3.3 Experimental 

3.3.1 Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), AR grade, 2-methylimidazole, hexameth-

ylene tetramine (HMTA), sulfuric acid 98%, methanol (MeOH), and hydrogen peroxide 

6% (w/v) (H2O2) were purchased from SD Fine-Chem Limited. Vanadyl (IV) sulfate 

97% (VOSO4·xH2O) and vanadium oxide (V2O3) were purchased from Sisco Research 
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Laboratories Pvt. Ltd. and Alfa-Aesar, respectively. Graphite felt was purchased from 

Fuel Cell Store; the Nafion 117 membrane was supplied by Alfa Aesar. 

3.3.2 Synthesis 

3.3.2.1 Synthesis of Zn-LDH/CF: First, commercial graphitic carbon felt (Bare 

CF) of 5 cm2 area was pretreated at 450 °C for 5 h in argon to remove any amorphous 

carbon deposited on the surfaces. The treated carbon felt was then soaked in a 20 mL 

methanol solution of 1.90 g of zinc nitrate hexahydrate and 0.5 g of HMTA. The mixture 

was transferred into a 25 mL autoclave and solvothermally heated at 90 °C for 24 h with 

a heating rate of 1 °C/min. After cooling to room temperature, the carbon felt was washed 

with methanol several times and dried under vacuum at 60 °C for 4 h. The dried sample 

was named as Zn-LDH/CF. 

3.3.2.2 Synthesis of ZIF-8/CF: The above-mentioned as-synthesized Zn-LDH/CF 

was soaked in a 15 mL methanol solution of 2- methylimidazole (2 g) for 24 h, which 

allowed the growth of ZIF-8 nanocrystals on the surfaces of the carbon felt. The whitish 

material was separated from the solution and washed with methanol thoroughly. It was 

dried under vacuum at 60 °C for 4 h and designated as ZIF-8/CF. 

3.3.2.3 Synthesis of N,O/CF: The as-synthesized ZIF-8/CF was carbonized at 1000 

°C for 4 h under an argon flow (50 mL/min) with a heating rate of 5 °C min−1. The 

resultant dark-black material was then treated with 10% H2SO4 at 80 °C for 6 h to remove 

any excess zinc. Subsequent washing with water and vacuum drying resulted in N,O/CF. 

3.4 Materials Characterization 

Scanning electron microscopy (SEM) measurements were performed employing a JEOL 

JXA 8230 operated at 20 kV. Transmission electron microscopy (TEM) images were 

acquired using a Talos F200S G2 TEM operated at 200 kV, equipped with an in-colum 
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energy dispersive X-ray spectrometer (EDS) and a CMOS camera detector. X-ray pho-

toelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific (K-Alpha) 

equipped with an Al Kα source (10 kV, 10 mA) having attached with an ion source 

(EX06). X-ray diffraction (XRD) studies were performed on a PANalytical diffractome-

ter using a Cu Kα source (λ = 1.5405 Å) with 2°/min scan rate and a step size of 0.05°. 

The Brunauer−Emmett−Teller (BET) surface area of electrodes after activation at 150 

°C under vacuum for 6 h was measured using N2 as an adsorbate at liquid nitrogen tem-

perature (77 K). The BET equation used here for calculation of surface area is P/Va (P0 − 

P) = 1/VmC + (C − 1)P/(VmC)P0. BET surface area calculations for samples were calcu-

lated using software provided within the BELSORP MAX II, the equipment used for 

measuring N2 adsorption and desorption isotherms. Isotherm points chosen to calculate 

the BET surface area were subject to the three consistency criteria detailed by Walton 

and Snurr [240]. First, the pressure range selected should have values of P/Va(P0 − P), 

increasing with P/P0. Second, the points used to calculate the BET surface area must be 

linear with an upward slope. Third, the line they form must have a positive y-intercept. 

Water adsorption capacity of both N,O/CF and bare CF electrodes, using degassed DI 

water, was also measured at 25 °C employing a BELSORP Max. For this, the electrode 

samples were pretreated at 150 °C for 4 h. Degassing of DI water was accomplished by 

sequentially freezing in liquid nitrogen and heating using hot water. Raman spectra were 

recorded with a Princeton instruments (Acton Spectra Pro-2500i) using a 532 nm DPSS 

laser (laser quantum gem with a power of 50 mW). A slow motion camera, Phantom 

AMETEK (VEO 640L), was used to examine the wettability of electrodes. 
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3.5 Electrochemical measurements 

Cyclic voltammetry (CV) studies were performed on an electrochemical workstation 

(CHI604E, CH Instruments). A typical three-electrode system was used for measuring 

CVs in 0.5 M VOSO4 + 1 M H2SO4 electrolyte, where Pt mesh was employed as a counter 

electrode (5 cm2), with Ag/AgCl as a reference electrode and bare CF or N,O/CF as a 

working electrode. The working electrode was dipped up to a surface area of 0.12 cm2. 

The scan rate was fixed at 5 mV/s, and five cycles were performed. Data of the third 

cycle were reported. A single cell of the VRFB was assembled as per the protocol pro-

vided in the literature [241]. The cell was constructed with two interdigitated flow fields, 

two 5 mm-thick gaskets with a cavity of 5 cm2 to place electrodes, two copper current 

collectors, and two end plates as shown in Figure 3.13. A bare CF or N,O/CF with a size 

of 5 cm2 was used as both an anode and cathode, separated with a Nafion 117 membrane. 

A 857 redox flow cell test system (Scribner Associates, Inc.) was employed to evaluate 

the performance of the VRFB, employed with bare CF and N,O/CF electrodes alterna-

tively. Before starting the measurements, the battery assembly was tested for leakage by 

varying flow rates of distilled water and, subsequently, with 4 M H2SO4. This step helps 

in removing impurities from the assembly and in hydration of the membrane. The re-

quired V(II) and V(V) oxidation states of vanadium in the corresponding negative and 

positive tanks were obtained by two-step electrochemical charging of starting solution of 

1 M VOSO4 + 4 M H2SO4. All electrochemical measurements were performed by con-

tinuously purging the electrolyte tanks with nitrogen gas. Polarization curves of the bat-

tery were obtained by pumping positive and negative electrolytes in the corresponding 

sides of the cell at four flow rates: 30, 50, 80, and 120 mL/min. Potential was measured 

during discharging the solution for 30 s at a fixed current density. The applied current 

density was increased by a step of 5 mA/cm2 until the potential reaches zero, i.e., limiting 
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current density. Electrochemical impedance spectroscopy (EIS) measurements of the 

fully charged solution at the above-mentioned four flow rates were performed by varying 

the frequency from 10 kHz to 0.001 Hz. The obtained highfrequency response was used 

to get iR-free polarization curves. Voltage efficiency (VE), energy efficiency (EE), and 

coulombic efficiency (CE) of the battery were calculated from charge−discharge curves 

using the following equations 

 

3.6 Results and discussion 

 The schematic diagram for the synthesis of the N,O/CF electrode is presented in Scheme 

3.1. 

 
 

Scheme 3.1 Schematic representation of the synthesis of N,O/CF from bare CF. 

The SEM image of bare CF revealed a smooth and clean surface and have a nanofibrous 

structure (Figure 3.1), whereas Zn-LDH/CF has uniformly coated layered zinc hydroxide 

nanoflakes on CF (Figures 3.2).  

Bare CF Zn-LDH/CF N,O/CFZIF-8/CF

MeOH

MeOH, 90 oC

1000 oC/Ar

ii) Zn(NO3)2/ HMTA

i) 450 oC/Ar
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Figure 3.1 SEM images of bare CF. 

 

 

Figure 3.2 SEM images of a-b) Zn-LDH/CF. c) SEM image of Zn-LDH/CF with corre-

sponding elemental mappings (C, Zn, O). d) EDX spectrum of Zn-LDH/CF (The peak at 

~2.2 eV is from Au coating). 

After the treatment of Zn-LDH/CF with 2-methylimidazole, a homogeneous growth of 

ZIF-8 nanocrystals on CF can be seen in ZIF-8/CF (Figure 3.3). SEM images further 

revealed that these deposited ZIF-8 nanocrystals are tightly bounded to the CF surfaces. 

Subsequent carbonization of ZIF-8/CF at 1000 °C under an argon atmosphere resulted in 

N and O-functionalized carbon electrode, N,O/CF. The SEM image of N,O/CF showed 

porous and rough surfaces, where the deposited ZIF-8 is converted into nanoporous 
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carbon structures (Figure 3.4a,b). Interestingly, a tightly bound ZIF-8-derived porous 

carbon film can be seen on the CF surfaces (Figure 3.4c). The carbon film has a typical 

interconnected polyhedral structure and grown homogeneously all over the CF [242]. As 

the zinc metal boiling point is ∼910°C, after pyrolyzing at 1000 °C, carbon-reduced zinc 

was evaporated, generating the nanopores within carbon structures. As a precaution, we 

also treated N,O/CF with acid to remove zinc (if any) before characterization and elec-

trochemical measurements. N,O/CF was physically more flexible and dark black, 

whereas bare CF was hard and grayish (Figure 3.5).  

 

Figure 3.3 a-c) SEM images of ZIF-8/CF at different resolutions. d) Corresponding EDX 

elemental mappings (C, Zn, N, O). e) EDX spectrum of ZIF-8/CF (The extra peak at ~2.2 

eV is from Au coating). 
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Figure 3.4 a)-b) SEM images of as-synthesized N,O/CF. c) High-resolution SEM image 

of the area highlighted in yellow in b. 

 

 

Figure 3.5 Digital photographs of bare CF (left) and as-synthesized N,O/CF (right). 

No zinc or zinc oxide nanoparticles were observed in TEM images of N,O/CF (Figures 

3.6). Figure 3.6a-c further verifies the SEM observation that the ZIF-8-derived carbon is 

present in the form of a film with interconnected polyhedral carbons and is porous in 

nature. EDX elemental mapping of N,O/CF reveals only the presence of C, N, and O 

elements (Figure 3.6e). EDX analysis suggests that N,O/CF contains 6.6 wt % of N and 

12.6 wt % of O, which are sufficiently high values to be a good hydrophilic carbon elec-

trode. 
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Figure 3.6 a)-d) TEM images of N,O/CF. (e) SEM image of N,O/CF with the corre-

sponding elemental mappings C, N, and O. 

XRD pattern of Zn-LDH/CF reveal the major presence of layered zinc double hydroxide, 

although some amount of zinc oxide was also detected (Figure 3.7a). After growing the 

ZIF-8, that of the resulting ZIF-8/CF well matched with the XRD pattern of the simulated 

ZIF-8. This suggests that most of the Zn-LDH was converted into ZIF-8, although some 

amount of Zn-LDH was still left in the sample. After carbonization of ZIF-8/CF in an Ar 

atmosphere at 1000 °C, the obtained sample N,O/CF shows only two XRD peaks at 

around 25.2 and 44°, which correspond to the (002) and (110) planes of graphitic carbon. 

This suggests that N,O/CF is made up of carbon materials and free of any metal nano-

particles, further validating the TEM observations. Raman spectra reveal two notable 

peaks at 1345 and 1590 cm−1, assigned to D- and G-bands of graphitic carbon, respec-

tively (Figure 3.7b). The ratio of relative peak intensities of D- and G-bands in N,O/CF 

is 0.87, which is lower in comparison to that of bare CF (1.02). This suggests that N,O/CF 

has a more ordered graphitic structure than that of bare CF. The higher degree of graph-

itization of N,O/CF also suggests it to be a better electronically-conductive and corro-

sion-resistant electrode for electrocatalysis [217].  

1 μm 100 nm 20 nm1 μm

e) C N O

1 μm

a) b) c) d)
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Figure 3.7 a) PXRD patterns, (b) Raman spectra of N,O/CF and bare CF. 

The estimated BET surface area from N2 adsorption−desorption curve analysis reveals 

enhancement from 1.80 to 190 m2/g (Figure 3.8a). The pore size distribution of N,O/CF 

demonstrates both microporosity and mesoporosity in N,O/CF with a pore volume of 

0.125 cm3/g, which is missing in bare CF (Figure 3.8b). Higher pore volume and larger 

surface area are expected to provide higher catalytic active sites and their access to the 

electrolyte. 

 

Figure 3.8 a) N2 adsorption−desorption isotherms of bare CF and N,O/CF, (b) Pore size 

distribution of bare CF and N,O/CF calculated from their corresponding N2 sorption iso-

therms. 

The XPS analysis conducted on the N,O/CF electrode to find the chemical composition 

and to determine the types of functional groups suggests the presence of carbon, nitrogen, 

and oxygen elements only. C 1s peaks indicate the presence of C−N bonds and C−OH 
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species together with delocalized C=C bonds (Figure 3.9a). The deconvoluted N 1s peaks 

at 398.7, 399.9, 401.1, and 402.3 eV correspond to pyridinic N, pyrrolic N, graphitic N, 

and oxidic N, respectively (Figure 3.9b). O 1s mainly consists of −OH,−COOH, and 

−C=O functional groups (Figure 3.9c). Conclusively, the XPS results clearly illustrate 

the successful decoration of CF with nitrogen and oxygen functional groups, with domi-

nation of pyridinic/pyrrolic nitrogen and −OH groups. 

 

Figure 3.9 XPS of a) C 1s, b) N 1s, and c) O 1s of N,O/CF. 

Surface functionalization with nitrogen and oxygen also helped in improving the hydro-

philic nature of N,O/CF, resulting in faster uptake of the electrolyte and its distribution 

in the nanoporous spaces of the electrode. The hydrophilic nature of N,O/CF was diag-

nosed using a surface wettability test, which suggests that the residence time of the water 

droplet on the N,O/CF surface is very small and the droplet gets absorbed within the 

pores immediately, while the water droplet on bare CF remains there for an appreciable 

amount of time (Figure 3.10). 
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Figure 3.10 Wettability test of bare CF (up) and N,O/CF (down) using a slow motion 

camera; pictures captured within a gap of milliseconds. 

Furthermore, the water adsorption capacity of N,O/CF was measured and found approx-

imately five times higher than that of bare CF (Figure 3.11). These findings clearly sug-

gest that nano structuring CF with N- and O-decorated carbons helps in introducing hy-

drophilic characteristics in the electrode, which is desirable for its high-performance elec-

tro-chemical activity. 

 

Figure 3.11 H2O adsorption−desorption isotherms of bare CF and N,O/CF. 

3.6.1 Electrochemical and Flow Battery Test 

CV measurements of bare CF and N,O/CF electrodes in 0.5 M VOSO4 + 1 M H2SO4 

illustrate two current peaks; for the former, they are at potentials of 0.36 and 1.25 V and 

for the latter, they are at 0.58 and 1.10 V, respectively (Figure 3.12a). These potentials 

are associated with oxidation and reduction reactions for interconversion, V(IV) ↔ V(V). 

The difference between peak potentials, ΔEp, for bare CF and N,O/CF is 0.89 and 0.52 

V, respectively, comparable to the reported values [242]. The onset potentials for bare 

CF and N,O/CF are 0.93 and 0.87 V, respectively. A comparison of the highest anodic 

peak current densities illustrates that the value is ∼3 times higher for N,O/CF (574 

mA/cm2) than that for bare CF (190 mA/cm2). The evaluated ratio of anodic and cathodic 

peak currents for N,O/CF is closer to 1, while it is higher than 1 for bare CF. Similarly, 
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CV spectra with bare CF and N,O/CF were measured in 0.01 M V2O3 in 1 M H2SO4 to 

determine the oxidation and reduction potentials for the V(II) ↔ V(III) redox couple 

(Figure 3.12b). Again, a larger anodic and cathodic current was observed for N,O/CF in 

comparison with bare CF. The measured ΔEp value for N,O/CF was found to be 260 mV, 

which is much lower than that for bare CF (440 mV). These ΔEp values, onset potential, 

current density, and the ratio of peak current densities clearly conclude that the electro-

chemical reactions are more facile at the N,O/CF electrode, resulting from its highly elec-

trochemically active surfaces [243]. The enhanced electrochemical activity of N,O/CF is 

directly related to N doping and O functionalization, stemming from its improved elec-

trical conductivity, increased number of catalytic active sites for oxidation and reduction 

of vanadium species, and enhanced wettability. 

 

Figure 3.12 a) Cyclic voltammetry in 0.5 M VOSO4 + 1.0 M H2SO4 at a scan rate 5 

mV/s, b) Cyclic voltammograms of bare CF and N,O/CF using 0.01 M V2O3 in 1M 

H2SO4 with scan rate of 5 mV/s. 

The performance of battery assembly, employed with N,O/CF as both the anode and 

cathode with an interdigitated flow path (Figures 3.13 and 3.14), was examined using our 

flow battery workstation (Figure 3.15). For comparison, similar experiments were also 

performed using the bare CF electrode. 
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Figure 3.13 Schematic representation of vanadium redox flow battery (VRFB). 

 

 

Figure 3.14 The digital image of interdigited flow field plate used in our VRFB experi-

ments. 
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Figure 3.15 The vanadium redox flow battery workstation used for measurements. 

After accomplishing the two-step charging procedure, polarization curves of the battery 

were obtained by varying the electrolyte flow rates and are presented in Figure 3.16. 

These figures also show the power density variation, which was evaluated from potential 

and current density. The average open-circuit potential (OCP) values are ∼1.525 V using 

bare CF, which is similar to that reported in the literature [241], and 1.60 V for the 

N,O/CF electrode. The higher potential value clearly indicates that higher energy can be 

stored in the electrolyte using the modified electrode. 
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Figure 3.16 a) N,O/CF and b) bare CF at electrolyte flow rates of 30, 50, 80, and 120 

mL/min in the VRFB. 

The trend of potential drop with increasing current density is almost similar for both the 

electrodes (Figure 3.17). Due to the higher potential of the battery at any withdrawn cur-

rent density, N,O/CF helps achieve higher power density. Polarization curves are a char-

acteristic of an energy device. Loss of potential from the OCP value is due to kinetic, 

ohmic, and mass transfer resistances, stemming from slow kinetics at the catalyst surface, 

ionic resistance of membrane and electronic resistance of battery components, and the 

concentration gradient of electroactive species. EIS measurements, performed by varying 

electrolyte flow rates, were used to decouple and estimate these resistances. Results for 

N,O/CF and bare CF electrodes are presented as Nyquist plots in Figure 3.18 a,b. A de-

pressed semicircle for bare CF indicates that charge transfer resistance at one electrode 

is high enough to overwhelm the resistance at the other electrode, while two partially 

overlapping depressed semicircles for N,O/CF are a result of comparable charge transfer 

resistance at both the anode and cathode. The value at the leftmost intercept of a circle 

on the Z axis approximates the ohmic resistance of the membrane. To extract values for 

these resistances, an equivalent electrical circuit was modeled by fitting the obtained 

Nyquist plot using inbuilt Zview software. The circuit parameters RS, RCT, and CPE are 

ohmic resistance, charge transfer resistance, and constant phase element, respectively, 
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and their values are presented in Tables 3.1 and 3.2 for N,O/CF and bare CF, respectively. 

Results show that the values of Rs are in the range of 0.36−0.38 Ω for both N,O/CF and 

bare CF, almost invariant with the type of the electrode and flow rate. The lower area of 

the membrane (5 cm2) leads to higher Rs values than those previously reported [241]. 

The cumulative value of two charge transfer resistances, RCT1 and RCT2, for N,O/CF is 

lower than that for bare CF; for example, at 30 mL/min, the resultant RCT for the former 

is 0.34 + 0.22 = 0.56Ω, which is much lower than 24.36 Ω, the value for the latter. This 

concludes that N,O/CF has better charge transfer kinetics than that of bare CF. The CPE 

values <1 for these electrodes at all electrolyte flow rates indicate the pseudocapacitive 

nature at the electrode−electrolyte interface, stemming from double layer formation. In 

conclusion, a mixed resistive and capacitive behavior is present in both N,O/CF and bare 

CF. 
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Figure 3.17 Comparative study of polarization and power density curves for the VRFB 

system with bare CF and as-synthesized N,O/CF at electrolyte flow rates (a) 30, (b) 50, 

(c) 80, and (d) 120 mL/min. 

 

 

Figure 3.18 Electrochemical impedance spectroscopy and equivalent circuits for a) 

N,O/CF and b) bare CF. 

 

Table 3.1 Equivalent circuit parameters for N,O/CF after fitting EIS. 

 

Equivalent circuit pa-

rameters 
 

Flow rate (mL/min) 
 
30 mL/min 50 mL/min 80 mL/min 120 mL/min 

R
s
 0.36 0.37 0.36 0.35 

RCT1 0.34 0.33 0.32 0.31 

RCT2 0.22 0.12 0.05 0.02 

CPE1-T 0.03 0.03 0.04 0.04 

CPE1-P 0.63 0.63 0.61 0.61 

CPE2-T 40.63 40.53 61.36 98.92 
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Table 3.2 Equivalent circuit parameters for bare CF after fitting EIS. 

Equivalent cir-

cuit parame-

ters 

Flow rate (mL/min) 

30 

ml/min 

50 

ml/min 

80 

ml/min 

120 

ml/min 

R
s
 0.38 0.40 0.39 0.37 

R
CT

 24.36 27.24 28.19 29.87 

CPE-T 0.00 0.00 0.00 0.00 

CPE-P 0.87 0.87 0.87 0.88 

 

The obtained Rs values from EIS results are used to obtain iR-free polarization curves, 

eliminating the effect of membrane resistance and showing the effect of kinetic and mass 

transfer resistances, the former dominating at low current density, while the latter at 

higher values. The resulting polarization curves (Figure 3.19 a, b) at all flow rates of 

electrolytes are closely following each other, suggesting a very little effect of increasing 

flow rates. The polarization curves of N,O/CF further illustrate that the increasing flow 

rate has a little effect on the potential drop. At 120 mL/min, the highest current density 

values of 640 and 560 mA/cm2 were achieved for N,O/CF and bare CF, respectively 

(Figure 3.19 a, b). The iR-free power density of the VRFB at various electrolyte flow 

rates is also presented in the figures. The power density increases with increasing flow 

rates and is more prominent for N,O/CF (up to ∼821 mW/cm2 at 120 mL/min) than for 

bare CF (up to ∼606 mW/cm2 at 120 mL/min). 
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Figure 3.19 iR-corrected polarization and power density curves of a) N,O/CF and b) bare 

CF. 

A comparative study of polarization plots at the same flow rates suggests that the cell 

potential decreases less sharply for N,O/CF with increasing current density (Figure 3.20). 

 

Figure 3.20 Comparative study of polarization and power density curves with iR correc-

tion for VRFB system with bare CF and as-synthesized N,O/CF at electrolyte flow rates 

a) 30, b) 50, c) 80, and d) 120 mL/min. 

The loss in potential at an applied current (or current density) is calculated by OCP-cell 

potential and is presented in Figure 3.21, where OCP is measured at zero current. Results 

show a lower potential loss or potential penalty using the modified electrodes. This im-

plies that favorable active sites are present in excess on the surface of N,O/CF, which 
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help in withdrawing current at lower overpotential, and the increased hydrophilicity of 

the electrode allows electrolytes to access the active sites, reducing the mass transfer 

resistance [188]. 

 

Figure 3.21 Comparative study of potential loss from OCP for VRFB system with bare 

CF and N,O/CF at electrolyte flow rates (a) 30, (b) 50, (c) 80, and (d) 120 mL/min. 

The performance of the electrodes was further analyzed by obtaining charging−discharg-

ing curves at two flow rates, 50 and 100 mL/min, and at current densities 40 and 80 

mA/cm2. Results are presented in Figure 3.22 a, b. Longer discharging time was observed 

for N,O/CF in comparison to that of bare CF (Figure 3.23). Also, the effect of increasing 

electrolyte flow rates was minimal for N,O/CF, while for bare CF, the performance was 

much improved at a higher flow rate. Summarized values of VE, EE, and CE for both 

N,O/CF and bare CF at different electrolyte flow rates and current densities are provided 

in Tables 3.3 and 3.4. Results show that at 40 mA/ cm2, by increasing the flow rate from 

50 to 100 mL/min, the values of VE and EE do not appreciably change: VE = ∼86% and 
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EE = ∼83%. These efficiencies are higher than those upon using bare CF as an electrode; 

the effect of the flow rate is also evident. At 50 mL/min, VE and EE are 67.01 and 

64.92%, and at 100 mL/min, values increase to 76.33 and 73.56%, respectively. 

 

Figure 3.22 Charging−discharging measurement of the battery employed with a) N,O/CF 

and b) bare CF at 40 mA/cm2 current density with flow rates of 50 and 100mL/min. 
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Figure 3.23 Comparative study of charge-discharge curve of VRFB with N,O/CF and 

bare CF at a) 50 mL/min & b) 100 mL/min at 40 mA/cm2; c) 50 mL/min & d) 100 mL/min 

at 80 mA/cm2. 

 

Table 3.3 VE, CE, EE at 40 mA/cm2 at different flow rates for bare CF and N,O/CF. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4 VE, CE, EE at 80 mA/cm2 at different flow rates for bare CF and N,O/CF. 

 
Materials 50mL/min 100mL/min 

  Voltage 

efficiency 

    (%) 

  Energy   

effi-

ciency 

(%) 

Coloum-

biceffi-

ciency 

     (%) 

  Volt-

age effi-

ciency 

    (%) 

Energy 

efficiency 

    (%) 

Columbic 

efficiency 

     (%) 

   N,O/CF    77.98 76.66 97.53     78.70     76.39     97.50 

Bare CF    60.79 59.94 98.60      64.06      63.0     98.34 

 

With increasing current density from 40 to 80 mA/cm2 at a fixed electrolyte flow rate 

(100 mL/min), both VE and EE values, extracted from Figure 3.24 a,b decrease to 78.70 

and 76.39%, respectively (Table 3.4). Results are similar for the bare CF electrode. This 

is expected at higher current density owing to the larger polarization and increased elec-

trolyte diffusion resistances [244]. Considering CE values in both cases, irrespective of 

the flow rate or current density, the slightly lower efficiency value for N,O/CF in com-

parison to bare CF may be due to the longer charge−discharge time and some side reac-

tions, such as water splitting, at nitrogen-doped sites [244]. Notably, the above-

Materials 50mL/min 100mL/min 

Voltage 

efficiency 

(%) 

Energy 

effi-

ciency 

(%) 

Colum-

bic effi-

ciency 

     (%) 

  Volt-

age effi-

ciency 

(%) 

Energy 

efficiency 

(%) 

Columbic 

efficiency 

     (%) 

N,O /CF 86.36 83.11 96.24 86.31 82.59 95.68 

Bare CF 67.01 64.92 96.87 76.33 73.56 96.37 
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mentioned 97% CE was retained for N,O/CF. The above-mentioned findings imply that 

N,O/CF can be utilized at lower electrolyte flow rates, which will lower the operating 

cost of a VRFB. 

 
 

Figure 3.24 Charging−discharging test of the VRFB system with N,O/CF using it as both 

the anode and cathode at current densities of 40 and 80 mA/cm2 with a) flow rates of 100 

mL/min and b) 50 mL/min. 

To examine the electrochemical stability of N,O/CF, a charging−discharging experiment 

was performed for longer cycles at 40 mA/cm2 with 100 mL/min flow rate (Figure 3.25 

a). The N,O/CF electrode retains its efficiencies and maintains discharge capacity (Figure 

3.25 b, c). This also confirms the improved reversibility of vanadium redox reactions at 

the active sites of N,O/CF. As reported in the literature, active sites for vanadium redox 

couples have covalently bonded oxygen and nitrogen functional groups on the surfaces 

of carbon electrodes. In comparison to the bare CF, such functional groups are present in 

a large number on N,O/CF. Thus, its outer and inner surfaces both are highly active for 

electrochemical kinetics in the VRFB. A schematic illustration of the redox reaction 

mechanism for the V(V)/V(IV) redox couple on oxygen and nitrogen functional groups 

is shown in Figure 3.26. 
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Figure 3.25 a) Charging−discharging test performed at 40 mA/cm2 for four cycles with 

a flow rate of 100 mL/min to show the electrochemical stability. b) Voltage, energy, and 

coulombic efficiencies calculated for four cycles mentioned in (3.24a). c) Discharge ca-

pacity plotted as a function of the cycle number for N,O/CF. 

 

 

Figure 3.26 The proposed surface structure of N, O/CF; Reaction mechanism for, b) 

V2+/V3+ and c) VO2
+/VO2+ redox couples at oxygen functional group active sites, d) Re-

action mechanism for VO2
+/VO2+ redox couple at nitrogen functional group active sites. 
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The morphology of the N,O/CF electrode was also inspected after the charge−discharge 

recycling test to examine any changes in its porous fibrous structures. The SEM-EDX 

elemental mapping suggests the retention of the structure with a homogeneous distribu-

tion of nitrogen and oxygen functional groups (Figure 3.27a). XPS results reveal more 

developed oxygen functional groups on the surfaces of the positive electrode after 

charge−discharge cycle tests (Figures 3.27 b-d). The presence of more such functional 

groups on the electrode surfaces is also favorable for the higher electro-chemical kinetics 

and retention of energy efficiency in VRFBs. 

 

Figure 3.27 a) SEM image and corresponding elemental mappings of N,O/CF after 

VRFB charge- discharge stability test, b) XPS spectra of C, N, O of N,O/CF after VRFB 

charge-discharge stability test. 
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Table 3.5 Comparison of performance of N,O/CF in VRFB with literature. 

 

Electrode Peak Power 

density 

(mW/cm2) 

Current 

density 

(mA/cm2) 

Voltage effi-

ciency 

(%) 

Energy effi-

ciency 

(%) 

Ref. 

N,O/CF 821 40 

80 

86.31 

78.70 

82.59 

76.39 

This 

work 

CPC13(Ac-

tivated car-

bon paper-

WO3) 

540 - - - 245 

NSGF 404 - - - 246 

Biomass de-

rived acti-

vated carbon 

438 - - - 247 

1NP-CP 349 - - - 248 

CNF/CNT-

700 

- 100 67.5 65.6 249 

N-doping - 40 

(70) 

84.88 

(75.63) 

82.6 

(74.50) 

250 

Turbostratic 

carbon 

- 10 - 84 251 

         

MWCNT 

- 70 76.1 75 252 

          

SWCNT 

- 20 96.8 89.3 253 

 Graphene 

Oxide 

- 20 - 81.8 254 

Mesoporous 

carbon 

- 10 92.6 85 255 

N-doped 

CNT 

- 10 94.7 77 256 

CNF - 30 87.8 83.3 257 

Wood de-

rived carbon 

- 40 - 75.44 258 

    Ir - 60 87.2 58.5 259 
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Mn3O4 - 40 90.2 77 260 

Ta2O5 nano-

particles 

- 80 78.10 73.13 261 

H-

W18O49NWs

-GF 

- 40 90.40 81.74 262 

Nb-WO3 - 80 - 78.10 263 

 

Table 3.6 Comparison of performance of N,O/CF in VRFB with literature considering 

peak potential values. 

Material ΔEp=Epa-Epc 

(mV) 

V(IV)            V(V) 

   ΔEp=Epa-Ep 

(mV) 

V(II)            V(III) 

            References 

N,O/CF 520 260 This Work 

CPC13 180 510 245 

NSGF 293 222 246. 

C200 147 242 247 

1NP-CP 142  248 

CNF/CNT-700 136.12 615.07 249 

NGF-900 400 250 250 

Turbostratic 

Carbon 

360 - 251 

MWCNTs 204.2 - 252 

SWCNTs 190 90 253 

Graphene oxide 108 55 254 

Mesoporous carbon 280 550 255 

CNF 414 - 257 

Wood derived car-

bon 

540 350 258 

Ir modified 260 - 259 

Mn3O4 560 600 260 
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3.7 Conclusion 

Aiming to enhance the electrochemical kinetics in vanadium redox flow batteries 

(VRFBs), a highly nanoporous nitrogen and oxygen-functionalized graphitic carbon felt 

electrode, N,O/CF, has been developed through directly growing a nanostructured ZIF-8 

film with the help of formation of layered zinc double hydroxide nanoflakes on the car-

bon felt and subsequent calcination at higher temperature. Analytical techniques, such as 

SEM, TEM, BET, XRD, XPS, and Raman spectroscopy, have been used to examine the 

surface characteristics of the nanoporous structure and functionalization of the electrode. 

Results show that ZIF-8 film-derived carbons are homogeneously distributed over the 

surface and are wrapped around the fibers of the CF. The BET surface area increases 

from 1.8 to 190 m2/g, having micro- to mesopores, thus providing a larger area for the 

catalytic sites for the reactions. The presence of C, N, and O elements was confirmed 

from XPS analysis by unearthing the existence of functional groups (−OH, −COOH, and 

C=O) and bonds (C−N, C−OH, and C=C), illustrating successful decoration with these 

functional groups. The doping helps in achieving hydrophilic characteristics of the elec-

trode. The performance of the VRFB, employed with the as-synthesized nanostructured 

electrode and bare carbon felt, was examined by CV, polarization curves, and 

charge−discharge cycles. CV results show the improved electrochemical activities of the 

N,O/CF. Findings are supported by the lower charge transfer resistance determined by 

EIS. EIS measurements were employed to estimate kinetic, ohmic, and mass transfer 

Ta2O5 450 - 261 

H−CeO2NWs−GF 510 - 262 

Nb-WO3 620 - 263 

m-NCNT 109 - 264 

PCP-800 ~320 - 265 

ZrO2@C 254 ~220 266 
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resistances of the VRFB. If the contribution of ohmic loss is subtracted, employing the 

synthesized electrode, the maximum attained power density of the battery is found to be 

∼821 mW/cm2, which is 1.35 times higher than using bare CF. The energy efficiency of 

the battery operating at an electrolyte flow rate of 50 mL/min is 83.11 and 76.66% at 

current densities of 40 and 80 mA/cm2, respectively. The values change slightly to 82.59 

and 76.39%, respectively, at 100 mL/min, indicating the negligible effect of the flow rate 

on the efficiency, stemming from the improved wettability of the electrode. A coulombic 

efficiency of >96% is attained. A comparison chart of the performance of N,O/CF with 

the literature reports is presented in Table 3.5. Although this study was accomplished on 

5 cm2 electrode surface area, the presented strategy for N and O decoration is easily scal-

able. Future work will be targeted on the development of larger VRFB assembly, aimed 

at an application employing the electrode synthesized by the presented scheme. 
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Chapter 4:  Dual Single-Atomic Co−Mn Sites In Metal−Or-

ganic-Framework-Derived N‑Doped Nanoporous Carbon 

For Electrochemical Oxygen Reduction 

 

4.1 Abstract  

Synthesizing dual single-atom catalysts (DSACs) with atomically isolated metal pairs is 

a challenging task but can be an effective way to enhance the performance for 

electrochemical oxygen reduction reaction (ORR). Herein, well-defined DSACs of 

Co−Mn, stabilized in N-doped porous carbon polyhedra (named CoMn/NC), are 

synthesized using high-temperature pyrolysis of a Co/Mn-doped zeolitic imidazolate 

framework. The atomically isolated Co−Mn site in CoMn/NC is recognized by 

combining microscopic as well as spectroscopic techniques. CoMn/NC exhibited 

excellent ORR activities in alkaline (E1/2 = 0.89 V) as well as in acidic (E1/2 = 0.82 V) 

electrolytes with long-term durability and enhanced methanol tolerance. Density 

functional theory (DFT) suggests that the Co−Mn site is efficiently activating the O−O 

bond via bridging adsorption, decisive for the 4e− oxygen reduction process. Though the 

Co−Mn sites favor O2 activation via the dissociative ORR mechanism, stronger 

adsorption of the intermediates in the dissociative path degrades the overall ORR activity. 

Our DFT studies conclude that the ORR on Co−Mn site mainly occurs via bridging side-

on O2 adsorption following thermodynamically and kinetically favorable associative 

mechanistic pathways with a lower overpotential and activation barrier. CoMn/NC 

performed excellently as a cathode in a proton exchange membrane (PEM) fuel cell and 

rechargeable Zn−air battery with high peak power densities of 970 and 176 mW cm−2, 

respectively. This work provides the guidelines for the rational design and synthesis of 

nonprecious DSACs for enhancing the ORR activity as well as the robustness of DSACs 
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and suggests a design of multifunctional robust electrocatalysts for energy storage and 

conversion devices. 

4.2 Introduction 

A proton exchange membrane (PEM) fuel cell is an innovative sustainable energy 

conversion technology that can provide a continuous electrical supply utilizing H2 as feed 

to meet the world’s growing demand for energy [267]. The fuel cell consists of two 

electrodes: anode and cathode. H2 is oxidized at the anode while an oxygen reduction 

reaction (ORR) proceeds at the cathode. The core of this technology is the membrane 

electrode assembly (MEA), which can be fabricated by pressing a commercial Nafion 

membrane between anode and cathode catalysts [268]. Together with fuel cell 

technologies, zinc−air batteries (ZABs) have also emerged as the most desirable future 

storage devices due to their advantages in terms of safe operation, environmental 

friendliness, and economic viability, as well as their high theoretical energy densities 

[269]. The practical performances of rechargeable ZABs, which are controlled by the 

effective bifunctional activities of the electrocatalysts at the air cathode, are used to assess 

their efficiency [270]. At the air cathode, an oxygen evolution reaction (OER) and ORR 

occur during the charging and discharging processes, respectively. The implementation 

of both these energy technologies has been stymied by the sluggish ORR, for which the 

expensive Pt and its alloys have been examined as the best leading-edge catalysts. 

However, degradation of these catalysts over a period of time has hindered its long-term 

applications [271,272]. Therefore, for successful implementation of these energy storage 

and conversion technologies into the market, continuous efforts are needed to substitute 

Pt-based ORR catalysts with nonprecious-metal-based ORR catalysts [273,274].  

 In recent times, single-atom catalysts (SACs) have emerged as attractive 

heterogeneous catalysts owing to their maximum active metal-utilization efficiency [275-
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282]. These materials have been excellently utilized for various kinds of catalytic 

reactions, especially electrocatalysis [283-287]. Transition metals (Fe, Co, Ni), usually 

atomically stabilized by N-doped carbons, are the most widely studied SACs [288-292]. 

They have been well established due to their high ORR activities [293,294]. However, 

geometric configurations of SACs and electron density at the active metal centers are the 

most important factors deciding the catalytic performance [295-306]. In other words, the 

O2 adsorption type, the O−O bond length, and the mechanistic pathway are highly 

involved in determining the ORR activity. Compared to SACs, dual single-atom catalysts 

(DSACs) can not only tune the electronic structure of active metal sites but also provide 

a different path for the adsorption and activation of O2 [307-312]. Reports suggest that 

O2 preferentially interacts with SACs through either end-on or side-on models, while 

DSACs allow the formation of an − O−O− bridging model. The bridging model on 

DSACs favors the cleavage of the O−O bond and thus results in a favorable 4e− transfer 

process. In a recent example, Fe−Zn DSACs with a specific separation of ∼3 Å 

demonstrated high ORR activity in acidic electrolyte via a direct O−O cleavage pathway, 

favoring an unconventional dissociative ORR mechanism [307]. Similarly, Pt−Fe 

DSACs demonstrated excellent ORR activity in alkaline electrolyte owing to the bridging 

mode adsorption of O2 between Pt and Fe (Pt−O−O−Fe) [308]. Fe−Mn DSACs are also 

found to be effective in promoting *O−OH dissociation and hence accelerate the ORR 

process significantly [309]. Furthermore, Fe−Co DSACs have been reported to have a 

high ORR activity in acidic electrolyte, resulting from facile activation of the O−O bond, 

attributed to strong binding of O2 on dual metal sites [310]. At present, different DSACs 

are proposed, and diversity in the geometry and metal coordination environment 

significantly challenge us to establish the correct structure−activity relationship 

experimentally and theoretically. 
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 Metal−organic frameworks (MOFs) are porous materials made up of periodic 

arrangement of metal ions and organic linkers within their framework structures [313]. 

Because of the presence of tunable organic and metal moieties, MOFs are considered 

attractive precursors for the fabrication of various SACs or dual metal atom catalysts 

[314-316]. Herein, we report atomically dispersed Co−Mn DSACs anchored on 

nanostructured N-doped porous carbon polyhedra synthesized via controlled 

carbonization of a Co/Mn-doped ZIF-8 MOF. The as-synthesized catalyst, denoted 

CoMn/NC, exhibited excellent ORR activity with positive half-wave potentials (E1/2) of 

0.89 and 0.82 V (vs RHE) in alkaline and acidic electrolytes, respectively. CoMn/NC 

showed superior methanol tolerance and high ORR durability, outperforming the 

commercial Pt/C catalyst. Density functional theory (DFT) reveals that the bridging 

mode of the O2 adsorption on the Co−Mn dual site is more favorable than end-on 

adsorption. A strong binding of O2 via a bridging mode at Co−Mn favors a 

thermodynamically dissociative ORR pathway. The calculated onset potentials for 

Co−Mn sites exhibited values of 0.40 and 0.72 V (vs RHE) for dissociative and 

associative ORR pathways, respectively, suggesting a favorable associative ORR 

mechanism. Furthermore, CoMn/NC performed well as a cathode in a proton exchange 

membrane (PEM) fuel cell with a peak power density of 970 mW cm−2. The catalyst also 

showed significant OER activity under alkaline conditions. Utilizing its bifunctional 

oxygen electrode activity, a high power density of 176 mW cm−2 with long-term cycling 

stability is achieved with CoMn/NC in an aqueous rechargeable ZAB. 

4.3 Experimental  

4.3.1 Materials: 

All the reagents were purchased commercially and used without further purifications. 

Zinc acetate dihydrate (98%) and cobalt acetate tetrahydrate (98.5%) were purchased 

from Molychem. 2-methylimidazole (98%) was purchased from Avra. Manganese 
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acetate tetrahydrate (98%), sulphuric acid (97%), Methanol (99%) were purchased from 

SDFCL. KOH (85%) was acquired from Azytus. Ethanol, 20 wt% platinum on graphi-

tized carbon, 5% NafionTM 117 solution, cobalt phthalocyanine and manganese phthal-

ocyanine, Zn foil of 0.25mm thickness (99.99%) were purchased from Sigma-Aldrich. 

Iridium (IV) oxide powder 99% was purchased from Alfa aesar. Nafion 212 membrane, 

ELAT LT 1400 were purchased from Fuel Cell store. High purity Ar (99.999%) and O2 

(99.999%) gases were acquired from Sigma-Gases New Delhi and used for high temper-

ature carbonization and electrolyte purging processes. 

4.3.2 Physicochemical characterizations: 

PANalytical diffractometer using Cu Kα source (λ = 1.5405 Å) was used to analyse pow-

der X-ray diffraction (PXRD) with 2°/min scan rate and 0.05 steps. The instrument was 

operated at 30 kV and a current of 10 mA. N2 sorption isotherms were recorded by using 

BELSORP MAX II sorption analyser at liquid N2 temperature (77K). Prior to measure-

ments, samples were degassed under vacuum at 120 oC for 12 h. The specific surface 

area and pore size distribution were evaluated by Brunauer-Emmett-Teller (BET) method 

and Barrett-Joyner Halenda (BJH) model, respectively. The pore volume was calculated 

by adsorption amount of N2 at a relative pressure of 0.99 bar. Xray photoelectron spec-

troscopy (XPS) were acquired on a Thermo Fisher Scientific (K-Alpha) Xray photoelec-

tron spectrometer using an Al Kα source (10 kV, 10 mA) equipped with ion source 

(EX06). Scanning electron microscopic (SEM) images were acquired using JEOL (JXA-

8230) at 20 kV. 200 kV Talos F200S G2 transmission electron microscope combined 

with column energy dispersive X-ray spectrometer (EDS) and a CMOS Camera 4K x 4K 

detector were used for Transmission Electron Microscopy (TEM) measurements. High 

Resolution high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) measurement was taken on a JEM-ARM200F instrument at 200 kV. 
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PERKIN ELMER OPTIMA 5300 DV ICP-OES was used for the determination of metal 

contents in samples. Raman spectroscopy measurements were carried out on the Prince-

ton instruments (Acton spectra pro-2500i) with the help of 532 nm DPSS Laser (laser 

quantum gem with a power of 50 mW). X-ray Absorption Spectroscopy (XAS) measure-

ments, which comprises of both X-ray Near Edge Structure (XANES) and Extended X-

ray Absorption Fine Structure (EXAFS) techniques, have been carried out to probe the 

local structure of CoMn/NC at Mn and Co K-edges. Co and Mn foil, Co-phthalocyanine 

(CoPc) and Mn-phthalocyanine (MnPc) were used as reference samples. The XAS meas-

urements have been carried out at the Energy-Scanning EXAFS beamline (BL-9) at the 

Indus-2 Synchrotron Source (2.5 GeV, 100 mA) at Raja Ramanna Centre for Advanced 

Technology (RRCAT)-Indore, India [317,318]. This beamline operates in the energy 

range of 4 KeV to 25 KeV. The beamline optics consists of a Rh/Pt coated collimating 

meridional cylindrical mirror and the collimated beam reflected by the mirror is mono-

chromatized by a Si(111) (2d =6.2709 Å) based double crystal monochromator (DCM). 

The second crystal of DCM is a sagittal cylinder used for horizontal focusing while a 

Rh/Pt coated bendable post mirror facing down is used for vertical focusing of the beam 

at the sample position. Rejection of the higher harmonics content in the X-ray beam is 

performed by detuning the second crystal of DCM. In the present case, XAS measure-

ments have been performed in the fluorescent mode for the samples and in the transmis-

sion mode for the standards. For the transmission measurement, three ionization cham-

bers (300 mm length each) have been used for data collection, one ionization chamber 

for measuring incident flux (I0), second one for measuring transmitted flux (It) and the 

third ionization chamber for measuring XAS spectrum of a reference metal foil for en-

ergy calibration. Appropriate gas pressure and gas mixtures have been chosen to achieve 

10-20% absorption in first ionization chamber and 70-90% absorption in second 
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ionization chamber to improve the signal to noise ratio. For measurements in the fluores-

cence mode, the sample is placed at 45o to the incident X-ray beam, and a fluorescence 

detector is placed at right angle to the incident X-ray beam to collect the signal. One 

ionization chamber detector is placed prior to the sample to measure the incident flux and 

florescence detector measures the fluorescence intensity. The spectrum was obtained as 

a function of energy by scanning the monochromator over the specified range. Pellets 

were made using catalyst or reference powder samples for recording absorption spectra. 

Sample powder was mixed homogeneously with cellulose powder in appropriate propor-

tion and pressed into a 15 mm diameter disc. The amount of the sample was estimated 

such that to get a reasonable edge jump at a particular absorption edge of the element to 

be probed. Spectra were collected at the Mn and Co K-edge in transmission mode and 

were calibrated against the reference spectrum of metallic Mn and Co. Data were pro-

cessed using Demeter software. Metallic Mn and Co foil standards were used as reference 

for energy calibration and was measured simultaneously with experimental samples. The 

set of EXAFS data analysis programme available within Demeter software package have 

been used for EXAFS data analysis. This includes background reduction and Fourier 

transform to derive the (R) versus R spectra from the absorption spectra (using 

ATHENA software), generation of the theoretical EXAFS spectra starting from an as-

sumed crystallographic structure and finally fitting of experimental data with the theo-

retical spectra using ARTEMIS software [319]. For EXAFS fitting using DFT optimized 

structure, spectrum was calibrated against the reference spectra and aligned to the first 

peak in the smoothed first derivative of the absorption spectrum, the background noise 

was removed, and the spectra were processed to obtain a normalized unit edge step. 
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4.3.3 Synthesis: 

4.3.3.1 Synthesis of CoMn-ZIF: Typically, zinc acetate dihydrate (10 mmol), co-

balt acetate tetrahydrate (1 mmol), and manganese acetate tetrahydrate (2 mmol) were 

dissolved in methanol (290 mL) by using a single conical flask. At the same time in 

another beaker, 2- methylimidazole (148 mmol) was also dissolved in 290 mL of meth-

anol. A metal solution was added to the linker solution with continuous stirring for 2 h. 

Subsequently, it was kept for 24 h without stirring to grow the Co-/Mn-doped ZIF-8 

nanocrystals. The solid precipitate was collected by centrifugation and washed several 

times with methanol to give CoMn-ZIF. It was then dried under a vacuum at 80 °C over-

night for further use. 

4.3.3.2 Synthesis of Mn-ZIF: Mn-substituted ZIF-8 (Mn-ZIF) was synthesized 

similar to the procedure following the synthesis of CoMn-ZIF without using manganese 

acetate tetrahydrate. 

4.3.3.3 Synthesis of Co-ZIF: Mn-substituted ZIF-8 (Co-ZIF) was synthesized sim-

ilar to procedure following the synthesis of CoMn-ZIF without using cobalt acetate tet-

rahydrate. 

4.3.3.4 Synthesis of CoMn/NC:  The as-obtained light purple nanocrystals of 

CoMn-ZIF were carbonized using a tubular furnace at 950 °C for 4 h under a continuous 

flow of Ar gas having an outlet bubbling flow rate of 1 bubble s−1. The ramping rate to 

reach the maximum temperature was 2 °C min−1. After cooling to room temperature, the 

black solid was treated with a 10% H2SO4 solution at 70 °C for 16 h. Subsequent centrif-

ugation and washing with plenty of deionized water led to a black solid. It was further 

treated at 70 °C under vacuum for further use and designated as our main catalyst, 

CoMn/NC. 
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4.3.3.5 Synthesis of CoMn/NC800: CoMn/NC800 was synthesized similar to pro-

cedure following the synthesis of CoMn/NC using carbonization temperature as 800 oC. 

4.3.3.6 Synthesis of CoMn/NC700: CoMn/NC700 was synthesized similar to pro-

cedure following the synthesis of CoMn/NC using carbonization temperature as 700 oC. 

4.3.3.7 Synthesis of Co/NC: Co/NC was synthesized similar to procedure following 

the synthesis of CoMn/NC using Co-ZIF as the carbonization precursor. 

4.3.3.8 Synthesis of Mn/NC: Mn/NC was synthesized similar to procedure follow-

ing the synthesis of CoMn/NC using Mn-ZIF as the carbonization precursor. 

4.3.4 Electrochemical measurements: 

All the electrochemical measurements were performed on a Biologic VSP-128 electro-

chemical workstation using a conventional three-electrode setup, consisting of a rotating 

disk electrode (RDE) having a glassy-carbon geometric diameter of 3 mm as the working 

electrode, Pt mesh as the counter electrode, and Ag/AgCl (3 M KCl) as the reference 

electrode using either 0.1 M KOH or 0.5 M H2SO4 electrolyte. The catalyst ink was made 

by dispersing 5 mg of the catalyst in 490 μL of ethanol, 490 μL of deionized water along 

with 20 μL of 5% Nafion 117 solution, followed by ultrasonication for 15 min to get a 

homogeneous suspension. The ink was deposited on a precleaned GC electrode to main-

tain a catalyst mass loading of 0.320 mg cm−2 and dried at room temperature (for 3−4 h) 

to yield a thin film. All the ORR activities of catalysts were measured on a RDE or rotat-

ing ring disk electrode (RRDE) at room temperature using 0.1 M KOH or 0.5 M H2SO4 

electrolyte saturated with O2 for 30 min. All the catalyst-deposited electrodes were pre-

conditioned by cyclically sweeping the potential in the potential range of 1.2−0.0 V vs 

the reversible hydrogen electrode (RHE) at a scan rate of 100 mV s−1 until reproducible 

cyclic voltammograms (CV) were obtained. Linear sweep voltammograms (LSVs) were 

recorded at a scan rate of 5 mV s−1. Before each RDE measurement, the catalyst was 
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scanned in Ar-saturated electrolyte, and the obtained background voltammogram was 

subtracted from the measured voltammogram in the O2-saturated electrolyte. The Tafel 

plots were extracted from the recorded LSVs. All reported potentials were corrected for 

the resistance of the electrolyte (iR drop). Electrochemical impedance spectroscopy (EIS) 

was performed at 1.05 V vs RHE. The frequency ranged from 100000 to 0.1 Hz, and the 

applied voltage was 5 mV. The EIS was fitted to an equivalent circuit using BioLogic 

software, where Rs is the series resistance and Rct is the charge transfer resistance. Fitted 

results provide the Rs and Rct values. All the experimental data were taken with respect 

to Ag/AgCl and converted into a standard reversible hydrogen electrode (RHE) potential 

by using the formula 

       ERHE (V) = EAg/AgCl (3MKCl) (V) + (0.0591 × pH) + 0.210 V………………..(1) 

 

The number of electrons and JK value was evaluated on the basis of the Kou-

tecky−Levich (K-L) equation: 
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                                                          B = 0.62 nFCoDo
2/3 ʋ-1/6                                                    (4) 

                                                                JK  =  nFkCo                                                                        (5) 

where J is the measured current density, Jk and JL are kinetic and diffusion-limiting cur-

rent densities, respectively, ω is the angular velocity in units of rad s−1 (ω = 2πN, where 

N the is rotation speed), n is the overall number of electrons transferred during the oxygen 

reduction reaction, F is the Faraday constant (F = 96485 C mol−1), Co is the saturated 

concentration of O2 (1.2 × 10−6 mol cm−3), Do is the diffusion coefficient constant of O2 

in electrolyte (1.9 × 10−5 cm2 s−1), ν is the kinetic viscosity of the electrolyte (0.01 cm2 

s−1), and k is the electron transfer rate constant. From the slope and intercept of the 
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following K-L plots, we analyzed n and JK, respectively. RRDE measurements were con-

ducted to investigate hydrogen peroxide formation (H2O2%) during the ORR. GC disk 

and Pt ring (RRDE) electrodes were employed in the RRDE measurements. The disk area 

of the RRDE (glassy carbon) was 0.1256 cm2, while the area of the ring (Pt) was 0.1884 

cm2. The catalyst loading on the disk was 0.304 mg cm−2. Disk and ring currents were 

recorded with a scan rate of 5 mV s−1 in both 0.1 M KOH and 0.5 M H2SO4 solutions. 

The H2O2 yield and the electron transfer number (n) of the samples were calculated using 

the formulas: 

                                                   𝐻2𝑂2(%) = 200 ×

𝐼𝑟

𝑁

𝐼𝑑 +
𝐼𝑟

𝑁

                               (6) 

                                                            𝑛 = 4 ×
𝐼𝑑

𝐼𝑑+
𝐼𝑟
𝑁

                                         (7)  

where Id, Ir, and N correspond to the disk current, ring current, and collection efficiency 

of the Pt ring (N = 40%), respectively. The electrochemical active surface area (ECSA) 

was estimated from the double-layer capacitance (Cdl), which was determined from the 

non-Faradaic potential region: i.e., 1.03−1.13 V (vs RHE) in 0.1 M KOH solution. For 

Cdl calculations, a cyclic voltammetry study was carried out at different scan rates (5, 10, 

20, 30, 40, 50 mV s−1) and then (ja − jc)/2 was plotted against the scan rate at 1.08 V vs 

RHE, where ja is the anodic current density and jc is the cathodic current density. The 

slope of the above profiles corresponds to Cdl. Then using the following equation, we 

calculated ECSA: 

                                             𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑠
                                           (8) 

Here Cs is the specific capacitance, which was evaluated from the smooth surface of the 

materials under a specific electrochemical condition. We determined a temperature of 
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0.04 mF cm−2. The durability of CoMn/NC for the ORR, deposited on an RDE, was ex-

amined by chronoamperometry at a potential of 0.82 V (vs RHE) and 0.89 V (vs RHE) 

in 0.5 M H2SO4 and 0.1 M KOH, respectively, using continuous electrode rotation at 900 

rpm throughout the measurement. An O2 flow was maintained over the surface of the 

electrolyte during the experiment. A methanol tolerance test was conducted via injecting 

3 mL of methanol in the electrolytic solution at 700 s.  

4.3.5 Proton exchange membrane fuel cell (PEMFC) testing 

CoMn/NC and Pt/C were tested as oxygen electrodes (cathodes) in a Membrane Elec-

trode Assembly (MEA) under a fuel cell environment. The catalyst ink (prepared as de-

scribed above with ∼25 wt % of Nafion) was brush-painted on the microporous layer 

(MPL) side of commercially available ELAT LT 1400 (Teflon-treated carbon cloth with 

MPL applied to one side of the cloth). Following this, two catalyst-coated gas diffusion 

layers (GDL) were prepared, one with CoMn/NC for cathodic side (loading ∼1.0 mg 

cm−2) and another one with 20 wt % Pt/C (loading 0.5 mg cm−2) for the anodic side. A 

Nafion 212 membrane with a defined active geometric area of ∼5.0 cm2 was inserted 

between these catalyst-loaded GDLs, by hot pressing at 100 °C for 5 min, resulting in 

our 5-layered MEA. A single cell with single-serpentine flow channels was assembled as 

shown in Figures S23 and S24 and evaluated in our electrochemical workstation. The 

cell was standardly conditioned at 0.4 V, 100% relative humidity, and 70 °C until a 

steady-state current was achieved. H2 and O2 (flowing rate 200 mL min−1) were used as 

anode and cathode feeds, respectively. The back pressure during the cell tests was 1.0 

bar. PEMFC voltammograms were recorded in a current control mode, and then the cor-

responding power density (W cm−2) was calculated. 
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Catalyst loadings: with CoMn/NC 1.0 mg cm−2 CoMn/NC at the cathode and 0.5 mg 

cm−2 Pt/C at the anode; with Pt/C 0.5 mg cm−2 Pt/C at the cathode and 0.5 mg cm−2 Pt/C 

at the anode. 

4.3.6 Fabrication and testing of Zn−Air battery 

We fabricated a homemade rechargeable Zn−air battery (ZAB) and tested its overall per-

formance. First, the catalyst ink was made by dispersing 10 mg of catalyst in 100 μL of 

ethanol and 100 μL of deionized water along with 40 μL of 5% Nafion 117 solution, 

followed by ultrasonication for 15 min to get a homogeneous suspension. The ink was 

drop-casted on the microporous layer (MPL) side of commercially available ELAT LT 

1400 to maintain a catalyst mass loading of 1 mg cm−2 and dried at room temperature. 

The support worked as a current collector at the air cathode. Following this, another set 

with a 20 wt % Pt/C+ IrO2 mixture (1:1) was fabricated. For the anode, cleaned and 

polished zinc foil of 0.25 mm thickness was utilized. The effective surface area of the 

electrodes exposed to the electrolyte was 1 cm2. The electrolyte was chosen as a mixed 

solution of 6 M KOH and 0.2 M zinc acetate to promote a reversible zinc-based electro-

chemical reaction at the anode. Battery testing was accomplished at room temperature 

with a Biologic VSP-128 electrochemical workstation. 

4.3.7 Density functional theory (DFT) calculations 

The spin-polarized calculations were performed at density functional theory (DFT) by 

using the plane-wave method as implemented in Vienna Ab Initio Simulation Package 

(VASP) [320]. The exchange-correlation energy was considered by the generalized gra-

dient approximation method (GGA) parameterized by the Perdew-Burke Ernzerhof 

(PBE) [321]. The projector augmented wave potential (PAW) was used to treat the ion-

electron interactions. The Grimme’s DFT-D2 empirical correction method was applied 

for describing the effect of van der Waals interactions [322]. To account for the on-site 
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coulomb repulsion and improve the description of the localized d-electrons of the transi-

tion metals namely Mn, Co, Hubbard correction parameter U-term (DFT+U) was used 

with U values 5.0 and 4.0 eV respectively for Mn and Co as suggested by earlier studies 

[323-325]. In all computations, the kinetic energy cut off is set to be 500 eV in the plane-

wave expansion. All the structures were fully relaxed (lattice constant and atomic posi-

tion) using the conjugated gradient method and the convergence threshold was set to be 

10-4 eV in energy and 0.01 eV/Å in force. For geometry optimization, the Brillouin zone 

was sampled using a 5×5×1 Monkhorst-Pack k-point mesh. The climbing image nudge 

elastic band method (CI-NEB) was used to calculate activation barriers and six interme-

diate images were considered along the minimum energy path (MEP) to search for tran-

sition states for the intermediate states toward O2 hydrogenation [326]. For all the path-

ways, the activation barriers (ΔE‡) were calculated using the following equations: ΔE‡ 

= ETS – EIS and ΔE = EFS – EIS; where IS, TS and FS correspond to the initial state, 

transition state, and final state, respectively. To avoid the spurious interactions between 

the neighboring slabs, a vacuum layer of 20 Å is used in the direction perpendicular to 

the surfaces (along the Z-direction) and the nearest distance between the two adsorbed 

molecules in the adjacent supercell is ~14 Å. 

4.4 Results and discussion  

Scheme 4.1 represents the synthetic procedure for CoMn/NC. First, Co-/Mn-doped ZIF-

8 was synthesized by simultaneous addition of all three metal precursors 

Zn(OAc)2·2H2O, Co(OAc)2·4H2O, and Mn(OAc)2·4H2O into a methanolic solution of 

2-methylimidazole (2-MeIm) linker at room temperature. When the Zn/Co/Mn mass ra-

tios were 1/0/0, 1/0.1/0, 1/0/0.2, and 1/0.1/0.2, the resulting samples were named ZIF-8, 

Co-ZIF, Mn-ZIF, and CoMn-ZIF, respectively. 
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Scheme 4.1 Schematic representation for the synthesis of the CoMn/NC catalyst. 

PXRD patterns verified the phase purity of all synthesized MOF materials, matching with 

ZIF-8 simulated crystal structures (Figure 4.1). The BET surface area of CoMn-ZIF was 

found to be 2210 m2 g−1, compared to Co-ZIF (1920 m2 g−1) and Mn-ZIF (1950 m2 g−1) 

(Figure 4.2 and Table 4.1).  

 

Figure 4.1 PXRD patterns of simulated ZIF-8, as-synthesized ZIF-8, CoMn-ZIF, Co-

ZIF and MnZIF. 
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Figure 4.2 N2 sorption isotherms (left) and their corresponding BJH pore size distribu-

tion (right) of CoMn-ZIF, Co-ZIF and Mn-ZIF. 

 

Table 4.1 Comparison of surface area, average pore size and total pore volume for 

CoMn-ZIF, Co-ZIF and Mn-ZIF. 

Sample 

Name 

BET surface area  

    (m2/g) 

Average pore size  

 (nm) 

 Pore volume 

(cm3/g) 

CoMn-ZIF 2210 1.21 0.79 

Co-ZIF 1920 1.22 0.71 

Mn-ZIF 1950 1.22 0.75 

 

SEM of CoMn-ZIF showed its typical zeolitic polyhedral morphology of ∼300 nm size 

(Figure 4.3 a-c) with a narrow size distribution. The corresponding EDS elemental map-

ping further verified the continuous distribution of Co and Mn atoms within the ZIF-8 

crystals (Figure 4.3 d). The result was confirmed by X-ray photo electron spectroscopy 

(XPS) (Figure 4.3 e). 
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Figure 4.3 SEM images of a-c) CoMn-ZIF at different scale bars. d) SEM image with 

corresponding EDS elemental mappings of CoMn-ZIF. e) High-resolution XPS spectra 

of C 1s, N 1s, Zn 2p, Co 2p, and Mn 2p acquired from CoMn-ZIF. 

After the successful formation of CoMn-ZIF, it was subjected to carbonization at 950 °C 

for 4 h under an Ar atmosphere. Subsequent acid treatment led to Co−Mn DSAC sites 

anchored on N-doped porous carbon, denoted CoMn/NC. The Zn species present in 

CoMn-ZIF would be evaporated, as carbon-reduced Zn metal has a relatively low boiling 

point (∼907 °C) [327]. This strategy prevented the agglomeration of Co and Mn metals 

and facilitated the separation of SACs or Co−Mn DSACs, embedded into a porous carbon 

structure [328]. Similarly, the supporting carbon materials NC, Co/NC, and Mn/NC were 

obtained under similar reaction conditions by calcination of the corresponding MOFs 

ZIF-8, Co-ZIF, and Mn-ZIF. Materials obtained by carbonization of CoMn-ZIF at 700 

and 800 °C are named CoMn/NC700 and CoMn/NC800, respectively. Scanning electron 

microscopy (SEM) images revealed a polyhedral morphology of CoMn/NC particles 

with the size of ∼300 nm, similar to that observed for CoMn-ZIF (Figure 4.4a). The 

particles were not agglomerated and were highly dispersed. Transmission electron mi-

croscopy (TEM) further confirmed this size and shape (Figure 4.4 b,c). High-resolution 
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TEM (HR-TEM) images suggested that CoMn/NC has a porous and graphitic carbon 

structure having the absence of any metal aggregates (Figure 4.4 d). No metal clusters or 

nanoparticles were detected, which was further verified by a diffuse selected area elec-

tron diffraction (SAED) pattern (inset in Figure 4.5 f). An aberration-corrected high-an-

gle annular dark-field scanning TEM (HAADF-STEM) image of CoMn/NC revealed the 

presence of many SAC sites, uniformly dispersed in the carbon structure (Figure 4.4 e). 

Many encircled dual white dots, which can be seen in Figure 4.4 e, confirmed the for-

mation of dual metal sites. The distance between two white dots was statistically meas-

ured to be close to 2.5 Å, suggesting a bonding interaction between two metal atoms 

(Figure 4.4 f). The corresponding EDS elemental mappings suggested the homogeneous 

distribution of Co and Mn atoms over all N-doped carbon polyhedra of CoMn/NC (Fig-

ure 4.4 g). Electron energy-loss spectroscopy (EELS) of a selected area of two white dots 

in the HAADF-STEM image of CoMn/NC confirmed the existence of Co−Mn DSAC 

sites (Figure 4.6). Additional SEM and HR-TEM images of CoMn/NC from different 

regions are shown in Figure 4.5. All of these data validate the successful embedding of 

DSAC sites into N-doped carbons. 
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Figure 4.4 a) Schematic representation for the synthesis of the CoMn/NC catalyst. b) 

SEM. c, d) TEM, e) HR-TEM, and f) high-resolution HAADF-STEM image of 

CoMn/NC. g) Intensity profiles obtained from two sites, site 1 and site 2, in (f). h) 

HAADF-STEM image of CoMn/NC with the corresponding C, N, Co and Mn EDX ele-

mental mappings. The white encircled two white dots in (f) correspond to the dual single-

metal sites. 
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Figure 4.5 a-b) SEM images of CoMn/NC. c-e) TEM images of CoMn/NC at different 

scale bars. f) SAED pattern of CoMn/NC, revealing absence of any metallic nanoparticle. 

 

 

Figure 4.6 a) HAADF-STEM image of CoMn/NC showing encircled a single Co-Mn 

pair as two white dots and b) corresponding EELS spectrum. 

The supporting samples NC, Co/NC, Mn/NC, CoMn/ NC700, and CoMn/NC800 were 

also synthesized and characterized using SEM, TEM, HR-TEM, SAED, and EDS ele-

mental mappings (Figures 4.7−4.10). As expected, no metal was found in the NC sample. 

In the case of Co/NC, Mn/NC, CoMn/NC700, and CoMn/NC800, no metal clusters were 

seen, suggesting that Co/Mn metals are mostly present in the form of atomic (SAC) struc-

tures. 
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Figure 4.7 a-c) SEM images of Co/NC at different scale bars. d) TEM image of single 

polyhedron of Co/NC. e) High-resolution TEM image of Co/NC and corresponding 

SAED pattern. f) HAADF-STEM image and corresponding EDX elemental mappings of 

carbon (blue), nitrogen (yellow), and cobalt (green) of Co/NC. 

 

Figure 4.8 a-c) SEM images of Mn/NC at different scale bars. d) TEM image of single 

polyhedron of Mn/NC. e) High-resolution TEM image of Mn/NC and corresponding 

SAED pattern. f) HAADF STEM image of Mn/NC and corresponding EDX elemental 

mappings of carbon (blue), nitrogen (yellow), and manganese (green). 
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Figure 4.9 a-c) SEM images of CoMn/NC700 at different scale bars. d) TEM image of 

single polyhedron of CoMn/NC700. e) High-resolution TEM image of CoMn/NC700 

and corresponding SAED pattern. f) STEM image of CoMn/NC700. g) SEM image with 

corresponding EDX elemental mappings of carbon (blue), nitrogen (yellow), manganese 

(green), cobalt (greenish blue), and zinc (grey). 
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Figure 4.10 a-c) SEM images of CoMn/NC800 at different scale bars. d) TEM image of 

single polyhedron of CoMn/NC800. e) High-resolution TEM image of CoMn/NC800 

and corresponding SAED pattern. f) STEM image of CoMn/NC800. g) SEM image with 

corresponding EDX elemental mappings of carbon (blue), nitrogen (yellow), manganese 

(green), cobalt (greenish blue), and zinc (grey). 

PXRD patterns of CoMn/NC exhibited two broad peaks at 26.3 and 43.4°, which repre-

sent the carbon (002) and (101) planes, respectively (Figure 4.11 a). No extra PXRD 

peaks were observed, suggesting the absence of any metal nanoparticles in the CoMn/NC 

sample and strengthening the microscopic findings. It seems that an acid-washing step 

during CoMn/NC synthesis is necessary to achieve the desired DSACs, as this step re-

moves the metallic clusters from the sample (Figure 4.11 b). Similar PXRD patterns were 

also observed for NC, Co/NC, Mn/NC, CoMn/NC700, and CoMn/NC800 with no metal 

aggregation. 
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Figure 4.11 a) PXRD patterns, b) Powder X-ray diffraction (PXRD) patterns of 

CoMn/NC before and after acid (10% H2SO4) wash. Two sharp peaks shown in sample 

(before acid wash) correspond to metallic nanoparticles. These two peaks disappeared in 

sample (after acid wash), confirming the absence of any metallic or metal oxide nano-

particles within CoMn/NC. 

CoMn/NC was further evaluated by Raman spectroscopy, which revealed two Raman 

bands at 1588 and 1340 cm−1, assigned to the G (ordered graphitic carbon) and D (disor-

dered carbon) bands, respectively (Figure 4.12 a). The relative intensity ratio of D and G 

bands (ID/IG) is lower for CoMn/NC than for NC, indicating a higher degree of graphiti-

zation in the former. Furthermore, the Raman spectrum of CoMn/NC over a broader Ra-

man shift (500−3000 cm−1) showed no additional peaks, confirming the absence of any 

metal oxide in the sample (Figure 4.12 b). Moreover, samples synthesized at lower car-

bonization temperatures, CoMn/NC700 and CoMn/NC800, showed higher ID/IG ratios, 

as expected. 
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Figure 4.12 a) Raman spectrum of CoMn/NC and other supporting catalysts, b) Raman 

spectra of CoMn/NC in wider Raman shift range from 500 to 3000 cm-1. 

The porous nature and specific surface area of CoMn/NC were studied by an N2 adsorp-

tion isotherm (Figure 4.13 a). It showed significantly increased N2 uptake at low pressure 

with a small hysteresis at higher pressure. This indicates that CoMn/NC has both micro- 

as well as mesopores in its framework structure. CoMn/NC possesses a high BET surface 

area of 1160 m2 g−1 with a pore volume of 1.04 cm3g−1. Notably, NC, Co/NC, and Mn/NC 

also have comparable specific surface areas, although CoMn/NC700 and CoMn/NC800 

showed lower values of 684 and 854 m2 g−1, respectively. This porous structure was fur-

ther confirmed by pore size distribution curves showing micropores mainly centered at 

∼1.2−1.3 nm (Figure 4.13 b). Several mesopores, with a larger size of 2 nm, were also 

observed in a significant ratio. The large surface area and porosity of CoMn/NC are ex-

pected to facilitate the access of reactants to active metal sites and thus will enhance the 

kinetics of electrocatalytic reactions [329]. 
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Figure 4.13 a) N2-sorption isotherms of CoMn/NC and supporting catalysts, b) Pore size 

distribution of CoMn/NC and supporting samples derived from figure a. 

XPS was then explored to determine the surface chemical composition of CoMn/NC. It 

confirmed the existence of C, N, Co, and Mn elements. The N 1s spectrum of CoMn/NC 

revealed the presence of pyridinic, pyrrolic, and graphitic N at binding energies of 398.1, 

400.2, and ∼400.9 eV, respectively (Figure 4.14 a) [293]. Pyridinic N is mostly known 

as anchoring sites for SACs stabilization [301]. Therefore, N atoms coordinated with 

single Co and Mn atoms were also observed at 399.4 eV [330]. The Co 2p spectrum of 

CoMn/NC showed two major peaks at 779.8 and 796.1 eV, attributed to N-coordinated 

Co 2p3/2 and Co 2p1/2, respectively (Figure 4.14 b). Similarly, the Mn 2p spectrum showed 

two peaks at 641.4 and 654.5 eV, attributed to N-coordinated Mn 2p3/2 and Mn 2p1/2, 

respectively (Figure 4.14 c). These XPS results reveal that Co and Mn atoms are mostly 

coordinated with the surrounding N atoms. The absence of any peak intensity correspond-

ing to the Zn 2p spectrum suggests that CoMn/NC is free from Zn impurity (Figure 4.15 

a). Similarly, N-coordinated Mn and N-coordinated Co are present in XPS spectra of 

Mn/NC and Co/NC, respectively (Figure 4.16). Using the XPS survey of CoMn/NC, the 

surface atomic percentage of all the elements present in the catalyst is summarized in 

Table 4.2 (Figure 4.15 b). Moreover, inductively coupled plasma-optical emission spec-

trometry (ICP-OES) suggested 1.1 and 0.6 wt % of Co and Mn in the CoMn/NC catalyst, 
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respectively. No traceable amount of Zn was found during ICP-OES analysis of 

CoMn/NC. 

 

Figure 4.14 High-resolution XPS spectra of a) N 1s, b) Co 2p, and c) Mn 2p of 

CoMn/NC. 

 

Figure 4.15 a) Zn 2p XPS spectrum of CoMn/NC, b) XPS survey of CoMn/NC. 

Table 4.2 Element content distribution for CoMn/NC from XPS analysis. 

CoMn/NC Elements in atomic% 

C 1s 78.26% 

N 1s 10.29 % 

O 1s 8.17 % 

Co 2p 1.36 % 

Mn 2p 1.06 % 
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Figure 4.16  N 1s XPS spectra of a) NC, b) Co/NC, c) Mn/NC. 

Furthermore, to recognize the chemical and coordination structures of Co and Mn atoms 

in CoMn/NC, synchrotron X-ray absorption spectroscopy (XAS) measurements were 

used. The near-edge absorption energy of the Co K-edge X-ray absorption near-edge 

structure (XANES) has a lower value than that for cobalt phthalocyanine (Co-pc) and a 

higher value than that for Co foil, indicating that the valence state of Co in CoMn/NC 

exists between Co0 and Co2+ (Figure 4.17 a). Co-pc was chosen as a reference sample for 

XAS measurement, as it has a square-planar CoN4 geometry with Co2+ valence state. 

Furthermore, the Co K-edge extended X-ray absorption fine structure (EXAFS) spectrum 

of CoMn/NC gave two peaks at ∼1.4 and 2.1 Å, which were attributed to the nearest 

Co−N and nearest Co−Mn coordination, respectively (Figure 4.17 b). The first major 

peak at 1.4 Å, seen in both CoMn/NC and Co-pc, suggests that a confined Co−N coordi-

nation exists in CoMn/NC. The second peak at 2.1 Å confirms the existence of Co−metal 

(Co−Mn) bonds in CoMn/NC, which are absent in Co-pc. This validates the existence of 

Co−Mn dual sites in CoMn/NC, in accord with the recently reported dual metal sites 

[296]. Simultaneously, the Mn K-edge XANES spectrum showed an edge position lo-

cated between those of Mn foil and manganese phthalocyanine (Mn-pc), which indicates 

that the chemical state of Mn in CoMn/NC is located between Mn0 and Mn2+ (Figure 

4.17 d). Similar results were obtained from Mn K-edge XANES and EXAFS spectra of 

CoMn/NC. A major peak at 1.4 Å, which is present in both CoMn/NC and Mn-pc, can 
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be assigned to an Mn−N scattering path, while a peak for Mn−metal (Mn−Co) coordina-

tion can also be seen (Figure 4.17 e). Density functional theory (DFT) studies were per-

formed to conclude the possible dual Co−Mn−N model based on the collected Fourier 

transform k2-weighted χ(k)-function curves (Figure 4.17 c, f). The calculated Co−Mn 

length matched well with the experimental value of 2.5 Å, which further verified the 

existence of dual Co−Mn sites. In addition, the fitting results of CoMn/NC revealed 

Co−N and Mn−N coordination numbers close to 3 (3.1 and 3.2, respectively), suggesting 

the presence of a possible CoN3−MnN3 coordination geometry (Tables 4.3 & 4.4). Fur-

thermore, the second scattering path, Co−Mn or Mn−Co, was best fitted close to 1, sug-

gesting a possible Co−Mn bond in the form of a CoN3−MnN3 environment. These results 

corroborate the successful synthesis of atomically dispersed Co−Mn dual sites in 

CoMn/NC, as shown in Figure 4.18, which can have different electronic structures and 

favor the electrocatalytic reactions. It is important to note here that in general three meth-

ods are used to produce DSACs with a direct metal−metal bond: (i) a two-solvent route, 

where one metal is present at the node and second metal is confined within MOF cavities 

and then subsequent carbonization to the required temperature is carried out, (ii) a wet-

chemistry route, where dual metal precipitation by organic ligands results in DSACs after 

carbonization, and (iii) direct calcination of metal-dimer precursors. Herein, although 

both the metals Co and Mn are present at the ZIF-8 nodes, there is the possibility that the 

Mn complex may also be confined within the cavities of the MOF. This is possible, as 

Co2+ reacts with 2-methylimidazole very quickly, likely to be present at the nodes (ZIF-

67 is an example), while reaction of Mn2+ with the linker is slow and may not have suf-

ficient time to come into the picture of the ZIF framework [293]. This competitive reac-

tion nature of two metals with linkers produces case (i) as described above, and thus, dual 

single-metal atoms are obtained instead of randomly distributed single-atom catalysts. 
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Figure 4.17 XAS analysis: at Co K-edge, a) normalized XANES spectra of CoMn/NC 

along with Co-pc (cobalt phthalocyanine) and Co foil, b) k3-weighted EXAFS spectra of 

Co K-edge, and c) EXAFS fitting curve of CoMn/NC at R-space. XAS analysis: at Mn 

K-edge, d) normalized XANES spectra of CoMn/NC along with Mn-pc (manganese 

phthalocyanine) and Co foil, e) k3-weighted EXAFS spectra of Mn K-edge, f) EXAFS 

fitting curve of CoMn/NC at R-space. 

Table 4.3 Bond length, coordination number and disorder factors obtained by EXAFS 

fitting at Co K- edge. 

Scattering 

Path 

Parameter Co-pc CoMn/NC 

 

Co-N 

R (Å)  1.89 ± 0.01 1.90 ± 0.01 

N 4.0 ± 0.1 3.1 ± 0.12 

2 (Å2) 0.0011 0.001 

Co-Mn R (Å)   2.57 ± 0.01 

 N  1.0 ± 0.01 

 2 (Å2)  0.001 

 

Table 4.4 Bond length, coordination number and disorder factors obtained by EXAFS 

fitting at Mn K- edge. 

Scattering 

Path 

Parameter Mn-pc CoMn/NC 

 

Mn-N 

R (Å)  1.94 ± 

0.01 

1.92 ± 0.01 

N 4.0 ± 0.1 3.2 ± 0.12 

2 (Å2) 0.003 0.001 

Mn-Co R (Å)   2.56 ± 0.01 

 N  1.0 ± 0.02 

 2 (Å2)  0.001 
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Figure 4.18 Proposed atomic model of the Co−Mn dual active site present in CoMn/NC 

with bond length values (Å) using DFT methods. 

The ORR performance of CoMn/NC was evaluated in an O2-saturated 0.1 M KOH solu-

tion using a rotating disk electrode (RDE). Cyclic voltammetry (CV) showed a great re-

duction peak at 0.82 V, confirming that CoMn/NC has impressive ORR electrocatalytic 

activity (Figure 4.19). 

 

Figure 4.19 CV curves of CoMn/NC in Ar- and O2-saturated 0.1 M KOH acquired at 

scan rate of 50 mV/s. 

The linear sweep voltammetry (LSV) measurements suggested that CoMn/NC has good 

ORR performance, having onset (Eonset) and half-wave potentials (E1/2) of 0.98 and 0.89 
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V, respectively, close to those of Pt/C (1.01 and 0.88 V) (Figure 4.20 a). The E1/2 value 

of CoMn/NC is higher than those of Co/NC (0.83 V) and Mn/NC (0.82 V) (Figure 4.20 

b). 

 

Figure 4.20 Electrochemical ORR performance in 0.1 M KOH. a) LSV curves of 

CoMn/NC, Co/NC, Mn/NC, and Pt/C catalysts with a sweep rate of 5 mV/s and a rotation 

rate of 900 rpm, b) Eonset and E1/2 of CoMn/NC, Pt/C, and supporting catalysts. 

The e− transfer number (n) of CoMn/NC was estimated from the LSVs (Figure 4.21 a) 

using the Koutecky−Levich (K-L) equation, giving a value of 3.97 at 0.8 V (vs RHE), 

confirming the direct 4e− transfer ORR process. The n value and H2O2 yield were further 

calculated with a rotating ring-disk electrode (RRDE), which gave ∼4 and <2%, respec-

tively, over the potential range of 0.8−0.2 V, revealing near-complete removal of unre-

quired H2O2 formation (Figure 4.21 b).  
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Figure 4.21 a) Polarization curves of CoMn/NC at different rotation speeds. The inset 

shows the corresponding K-L plots with e− transfer number (n) at different potentials, b) 

H2O2 yield and n values for CoMn/NC and Pt/C, calculated from RRDE measurements. 

Moreover, a Tafel plot showed a smaller slope value of 86 mV dec−1 for CoMn/NC, close 

to that of Pt/C (∼90 mV dec−1) and better than those of Co/NC (113 mV dec−1) and 

Mn/NC (118 mV dec−1) (Figure 4.22). 

 

Figure 4.22 Tafel slopes of CoMn/NC and other supporting catalysts in 0.1 M KOH. 

The catalysts synthesized at 700 and 800 °C, CoMn/NC700 and CoMn/NC800, respec-

tively, also showed noticeable ORR activity (Figure 4.23). 
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Figure 4.23 ORR linear sweep voltammograms (LSVs) of CoMn/NC, CoMn/NC700, 

and CoMn/NC800 in 0.1 M KOH acquired at scan rate of 5 mV/s. 

Interestingly, supporting catalysts also favored the 4e− transfer ORR process (Figure 

4.24 and Tables 4.5−4.8). 

 

Figure 4.24 RDE polarization curves for a) Co/NC, b) Mn/NC, and c) Pt/C in 0.1 M 

KOH acquired at scan rate of 5 mV/s. Inset figures are corresponding K-L plots with e- 

transfer numbers at different potentials. 

Table 4.5 A summary of kinetic parameters derived from the K-L plots of CoMn/NC in 

0.1 M KOH. 
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Table 4.6 A summary of kinetic parameters derived from the K-L plots of Pt/C in 0.1 M 

KOH. 

E/ V vs 

RHE 
Slope of K-L 

plot 
n Intercept Jk (mA/cm

2
) 

0.8 2.161 4 0.0927 10.78 

0.75 2.166 3.99 0.0898 11.13 

0.7 2.179 3.96 0.0764 13.08 

0.65 2.206 3.92 0.0757 13.21 

 

Table 4.7 A summary of kinetic parameters derived from the K-L plots of Co/NC in 0.1 

M KOH.     

E/ V vs 

RHE 
Slope of K-L 

plot 
n Intercept Jk (mA/cm

2
) 

0.75 2.220 3.89 0.1465 6.82 

0.7 2.245 3.85 0.0943 10.66 

0.65 2.305 3.75 0.0705 14.18 

0.6 2.233 3.70 0.0684 14.61 

 

Table 4.8 A summary of kinetic parameters derived from the K-L plots of Mn/NC in 0.1 

M KOH. 

E/ V vs 

RHE 
Slope of K-L 

plot 
n Intercept Jk 

(mA/cm
2
) 

0.75 2.256 3.83 0.088 11.34 

0.7 2.325 3.72 0.064 15.53 

0.65 2.355 3.67 0.053 18.82 

0.6 2.355 3.67 0.054 18.42 

 

The Nyquist plots of electrochemical impedance spectroscopy (EIS) revealed that 

CoMn/NC has a smaller semicircle diameter than Co/NC or Mn/NC, suggesting a lower 

charge transfer resistance (Rct) for the former (Figure 4.25 a). These observations suggest 

that CoMn/NC has better ORR kinetics and a more favorable charge-transfer process. 

Moreover, to get the intrinsic activity of total active sites, the double-layer capacitance 

(Cdl) was determined, as Cdl is mostly correlated to the electrochemical surface area 
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(ECSA). As shown in Figure 4.25 b and Figure 4.26, CoMn/NC has much larger Cdl value 

(13.47 mF cm−2) than Co/NC (9.29 mF cm−2) or Mn/NC (7.43 mF cm−2), suggesting that 

the Co−Mn pair is significantly involved as a catalytically active site for ORR activity. 

This was further confirmed by the much higher kinetic current density (Jk) measured for 

CoMn/NC (22.73 mAcm−2) in comparison to Pt/C (11.12 mA cm−2), Co/NC (6.82mA 

cm−2), and Mn/NC (11.34 mA cm−2) (Figure 4.27). 

 

Figure 4.25 a) Nyquist plots, and b) electrochemical double-layer capacitance (Cdl) of 

CoMn/NC and supporting catalysts. 

 

 

Figure 4.26 Cyclic voltammograms for a) CoMn/NC, b) Mn/NC, c) Co/NC in 0.1 M 

KOH at different electrochemical scan rates 5, 10, 20, 30, 40, 50 mV/s within potential 

window 1.03-1.13 V (vs RHE) (non-faradaic region). 
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Figure 4.27 Comparative plots for K-L analysis (left) and derived rate limiting currents 

(jk) & number of e- transfer (n) (right) for ORR in 0.1 M KOH using CoMn/NC, Co/NC, 

Mn/NC, and Pt/C at 0.75 V vs RHE. 

Unlike the Pt/C catalyst, CoMn/NC showed tolerance to methanol (Figure 4.28 a). Nota-

bly, CoMn/NC demonstrated a better long-term stability than Pt/C, as can be seen in 

chronoamperometry measurements (Figure 4.28 b), showing a small decay in E1/2 (14 

mV) (Figure 4.28 c &d). Considering the longer period of the stability test, CoMn/NC 

showed a maintained relative current percentage of 86.8% after 72 h of continuous oper-

ation (Figure 4.28 e). In addition, a cyclic voltammetry (CV) study suggested minimal 

potential loss even after 10000 cycles (Figure 4.28 f). These findings well illustrate the 

superior ORR performance of CoMn/NC. 

0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 

 

j-1
 (

m
A

-1
 c

m
2
)

 (rad
-1/2

 s
1/2)

 CoMn/NC

 Co/NC

 Mn/NC

 Pt/C

11.34

6.82

22.73

11.125

3.83
3.89

3.92

P
t/C

C
oM

n/N
C

C
o/N

C

j k

n

M
n/N

C3.99



  

146 
 

 

Figure 4.28 a) Comparison of methanol tolerances of CoMn/NC and Pt/C at 0.86 V (vs 

RHE). Methanol was injected into the electrolyte at 3000 s, b) Chronoamperometric du-

rability test for CoMn/NC and Pt/C at 0.89 V (vs RHE), c) ORR LSVs of CoMn/NC 

before and after stability test with continuous run for 24 h at a constant potential of 0.89 

V (vs RHE) with electrode rotation of 900 rpm in 0.1 M KOH solution, d) comparison 

of Eonset and E½ of CoMn/NC before and after stability test, e) Chronoamperometric 

ORR stability test of CoMn/NC with continuous run for 72  h at a constant potential of 

0.89 V (vs RHE) with electrode rotation of 900 rpm in 0.1 M KOH solution, and f) ORR 

cyclic voltammetry curves of CoMn/NC before and after 10,000 cycles. 

The ORR activity of CoMn/NC was further assessed in an O2-saturated 0.5 M H2SO4 

solution (Figure 4.29 a). CoMn/NC exhibited good catalytic activity in an acidic electro-

lyte as well, having Eonset and E1/2 values of 0.90 and 0.82 V, respectively, comparable to 

those of commercial Pt/C (Figure 4.29 b). The CoMn/NC ORR performance was found 

to be superior among all supporting catalysts (Figure 4.29 a and Figure 4.29 c). 

 

Figure 4.29 Electrochemical ORR performance in 0.5 M H2SO4. a) LSV curves for 

CoMn/NC, Co/NC, Mn/NC, and Pt/C catalysts with a sweep rate of 5 mV/s and a rotation 
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rate of 900 rpm, b) Onset potentials and half-wave potentials (E1/2) of CoMn/NC, Pt/C, 

and supporting catalysts, c) ORR LSVs of CoMn/NC, CoMn/NC700 and CoMn/NC800 

in 0.5 M H2SO4 acquired at scan rate of 5 mV/s. 

The K-L plot derived from the RDE curves at different electrode rotations revealed an n 

value of 3.97 at 0.7 V (vs RHE) (Figure 4.30 a and Figure 4.31). The RRDE measure-

ments further demonstrate that n and the H2O2 yield is ∼4 and <1%, respectively, agree-

ing with the n value achieved from the K-L plot (Figure 4.30 b). These results suggest 

that CoMn/NC catalyzes the oxygen reduction solely via 4e− transfer in acidic electrolyte, 

like in alkaline electrolyte. 

 

Figure 4.30 Comparative plots for K-L analysis (left) and derived rate limiting currents 

(jk) & number of e- transfer (n) (right) for ORR in 0.1 M KOH using CoMn/NC, Co/NC, 

Mn/NC, and Pt/C at 0.75 V vs RHE. 

 

Figure 4.31 RDE polarization curves of a) Co/NC, b) Mn/NC and c) Pt/C in 0.5 M H2SO4 

solution acquired at scan rate of 5 mV/s. Inset figures are corresponding K-L plots with 

e- transfer numbers at different potentials. 

A comparison of Tafel slope values of CoMn/NC (95.7 mV dec−1) with respect to Pt/C 

(96.8 mV dec−1) confirms the faster ORR kinetics of the former (Figure 4.32 a). 
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Considering the metal contents, the mass activity for CoMn/NC was found to be much 

higher than that of Pt/C (Figure 4.32 b). Faster kinetics was further confirmed by a much 

higher Jk value measured for CoMn/NC (19.20 mA cm−2) in comparison to Pt/C (9.99 

mA cm−2), Co/NC (5.48 mA cm−2), and Mn/NC (3.19 mA cm−2) (Figure 4.32 c and Ta-

bles 4.9−4.12). 

 

Figure 4.32 a) Tafel slopes, b) mass activities, and c) Jk values of CoMn/NC and sup-

porting catalysts. 

Table 4.9 Summary of kinetic parameters derived from the K-L plots of CoMn/NC in 

0.5 M H2SO4. 

E/ V vs RHE Slope of K-L plot n Intercept Jk (mA/cm2) 

0.7 2.178 3.97 0.08302 12.04 

0.65 2.231 3.88 0.05206 19.21 

0.6 2.285 3.79 0.03515 28.45 

0.55 2.312 3.74 0.02707 36.94 

 

Table 4.10 Summary of kinetic parameters derived from the K-L plots of Pt/C in 0.5 M 

H2SO4. 

E/ V vs RHE Slope of K-L plot n Intercept 
J

k
 (mA/cm

2

) 

0.7 2.158 4.0 0.12107 8.26 

0.65 2.224 3.88 0.1001 9.99 

0.6 2.23 3.88 0.09211 10.85 

0.55 2.265 3.82 0.08949 11.17 
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Table 4.11 Summary of kinetic parameters derived from the K-L plots of Co/NC in 0.5 

M H2SO4. 

E/ V vs RHE Slope of K-L plot n Intercept 
J

k
 (mA/cm

2

) 

0.65 2.498 3.46 0.1822 5.49 

0.6 2.688 3.22 0.0955 10.48 

0.55 2.7017 3.20 0.0741 13.50 

0.5 2.724 3.17 0.0591 16.92 

 

Table 4.12 Summary of kinetic parameters derived from the K-L plots of Mn/NC in 0.5 

M H2SO4. 

E/ V vs RHE Slope of K-L plot n Intercept 
J

k
 (mA/cm

2

) 

0.65 2.376 3.63 0.3127 3.19 

0.6 2.658 3.25 0.1920 5.20 

0.55 2.735 3.16 0.089 11.17 

0.5 2.775 3.11 0.0805 12.42 

 

In addition, CoMn/NC demonstrated high ORR durability, as confirmed by a chronoam-

perometry test (Figure 4.33 a and Figure 4.33 b) with minimal E1/2 potential loss (Figure 

4.33 c). All these results imply that CoMn/NC is an excellent electrocatalyst for the ORR 

in an acidic electrolyte as well, where Co−Mn dual sites favor the rate-limiting O2 acti-

vation processes. Comparison lists of the ORR performance of CoMn/NC with those of 

known different non-precious-metal electrocatalysts in acid and base are given in Tables 

4.13 and 4.14. 
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Figure 4.33 a) Chronoamperometric durability test for CoMn/NC and Pt/C at 0.82 V (vs 

RHE), b) Chronoamperometric ORR stability test of CoMn/NC with continuous run for 

72 h at a constant potential of 0.82 V (vs RHE) with electrode rotation of 900 rpm in 0.5 

M H2SO4 solution, c) LSV curves of CoMn/NC before and after the durability test. 

Considering the good ORR activity of CoMn/NC in an acidic electrolyte, first-principles 

DFT calculations using the Vienna ab initio Simulation Package (VASP) were per-

formed. We calculated the potential energy surface of the ORR by optimizing a structure 

with Co−Mn DSACs sites encapsulated in N-doped graphene. The relative stability of 

the CoN3−MnN3 pair was found to be −0.27 eV: i.e., CoN3−MnN3 is comparatively 0.27 

eV more stable than the corresponding homonuclear structures (CoN3−CoN3 and 

MnN3−MnN3) (Figure 4.34).  

 

Figure 4.34 Optimized geometries of CoN3−MnN3, MnN3−MnN3, and CoN3−CoN3 

DSAC models. 

Besides, to further confirm the aptness of the CoN3−MnN3 structural model, we consid-

ered other possible CoNxCy-MnNx′Cy′ models (where x, y, x′, and y′ = 0−3) and calculated 

their relative stability energies compared to that of the CoN3−MnN3 model (Figures 4.35 

and 4.36). The relative stability study vividly exhibits that all the other possible CoNxCy-

MnNx′Cy′ models are considerably unstable with positive relative stability energy 
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compared to CoN3−MnN3 and establishes that CoN3−MnN3 is the most stable structural 

model of the synthesized catalyst. The higher relative stability of the CoN3−MnN3 model 

compared to its other possible analogues further strengthens our consideration of the 

CoN3−MnN3 coordination environment of the synthesized catalyst to decisively establish 

its structure−property relationship. Optimization of the geometry further assisted us in 

understanding the role of Co−Mn dual sites and the reaction mechanism in the ORR pro-

cess at the atomic level. 

 
 

Model-1 Model-2 Model-3

Model-4 Model-5 Model-6

Model-7 Model-8 Model-9
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Figure 4.35 Optimized structures of various possible CoNxCy-MnNxʹCyʹ atomic models 

(where x, y, xʹ and yʹ = 0-3) (blue = Co, pink = Mn, grey = N, and brown = C). 

 

Figure 4.36 Relative stability of various possible CoNxCy-MnNxʹCyʹ structures (where x, 

y, xʹ and yʹ = 0-3) with respect to the CoN3-MnN3 model. 

Considering the 4e− transfer process, after the initial adsorption of O2 on an Co−Mn site, 

the ORR can occur via a (i) dissociative or (ii) associative reaction mechanism. In the 

former, direct splitting of an O−O bond occurs first and then hydrogenation of O atom 

and the next elementary steps proceed. In the latter, the mechanism first involves hydro-

genation of O2 followed by O−OH bond dissociation and other reaction steps. An asso-

ciative mechanism is most common with SACs, as a dissociative mechanism is greatly 

hindered by the high activation barrier for O2 dissociation [331]. We expect that Co−Mn 

DSAC sites can greatly facilitate an uncommon dissociative ORR mechanism. In our 

initial finding, it was observed that O2 binds preferentially to the Co−Mn site via a bridg-

ing mode rather than an end-on mode (Figure 4.37). Further extending the O2 bridging 

mode on the Co−Mn site suggested a stronger O2 interaction via a dissociative pathway. 

The O2 binding energy is found to be −2.93 eV with significant lengthening of the O−O 

bond from 1.22 to 3.34 Å. This facilitates the cleavage of the O−O bond. In contrast, the 

associative reaction path involves an O2 binding energy of −2.30 eV with an O−O bond 

lengthening upon adsorption on the Co−Mn site from 1.22 to 1.38 Å. This suggests that 
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Co−Mn dual sites thermodynamically favor the cleavage of the O−O bond via an O2 

bridging and dissociative mechanistic pathway. 

 

Figure 4.37 O2 activation (bridge mode) on the Co−Mn active site in a) dissociative 

pathways and b) associative pathways, c) O2 activation (end on) on one of the metal 

atoms of Co-Mn active site considering associative path at c) Co atom and d) Mn atom. 

DFT calculation further added that side on adsorption is more favourable over end on. 

 

At zero cell potential (U = 0 V vs RHE), the free energy diagram consists of a downhill 

process for both the dissociative and associative paths, suggesting all ORR elementary 

reaction steps are exothermic in nature (Figure 4.38 a, b). At the equilibrium thermody-

namic potential (U0 = 1.23 V vs RHE), some of the elementary reactions in both reaction 

mechanisms are endothermic and thus thermodynamically unfavorable on Co−Mn sites. 

However, the limiting potentials (UL) for dissociative and associative pathways were cal-

culated as 0.40 and 0.72 V (vs RHE), respectively, showing that at these potentials all 

the elementary steps proceed spontaneously. The ORR efficacy of an electrocatalyst can 

be determined from its overpotential (ηtheo = U0 − UL): the lower the overpotential, the 

higher the catalytic activity. Hence, it can be concluded that even though O2 activation is 

facilitated in the dissociative pathway, the overall ORR process on the Mn−Co site is 

thermodynamically more favorable via an associative reaction mechanism with lower 

O2 binding energy = -2.93 eV

O….O distance = 3.34 Å
O2 binding energy = -2.30 eV
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overpotential compared to the dissociative mechanism. This is due to the stronger ad-

sorption of ORR intermediates on the Mn−Co sites for the dissociative pathway, eventu-

ally deteriorating ORR activity. 

 

Figure 4.38 Free energy diagrams for the ORR at Co−Mn DSAC sites for a) dissociative 

mechanisms and b) associative mechanisms. Elementary reaction steps are shown inside 

the free energy diagrams. 

A kinetic study reveals that the activation energy for the rate-limiting reaction step for 

the dissociative pathway (*O2 → O* + O*) was found to be quite large, 1.24 eV (Figure 

4.39 a), while for the associative reaction pathway (*O2 + H* → O−OH*) this value was 

0.79 eV (Figure 4.39 b), indicating the kinetic feasibility of the associative over the dis-

sociative pathway. The initial, transition state, and final geometries for all elementary 

reaction steps are shown in Figure 4.39 a, b. These calculations suggest that because of 

the high energy barrier for the rate-limiting step, the Co−Mn site may kinetically follow 

the associative reaction mechanism over the dissociative one. Hence, we conclude that 

Co−Mn DSAC sites favor the associative ORR mechanism both thermodynamically and 

kinetically. Therefore, the DFT study unveils that the presence of Mn−Co DSAC sites 

favors the activation of the O−O bond from 1.22 Å in the gas phase to 1.38 Å in the 

adsorbed state, resulting inthe facile cleavage of O2 to enhance ORR activity. Moreover, 

Mn−Co sites accelerate the ORR reaction kinetics by reducing the activation barrier for 

the rate-limiting O2 activation step by providing two anchoring active sites favoring 
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metal−oxygen bond formation. This is due to both the accessibility of Mn−Co DSAC 

sites and a strong synergistic interaction among them. These findings are in good agree-

ment with previously. reported Ni−Co, Ni−Fe, and Fe−Co DSACs [297,310,330]. Hence, 

the theoretical study based on DFT highlights the requirement of a synergistic interaction 

among the dual single-metal atom sites to substantially improve the ORR activity favor-

ing the metal−metal path in DSACs with multinary active sites. 

 

Figure 4.39 Kinetic aspects of the ORR pathway on Co−Mn DSAC sites in the a) disso-

ciative approach and b) associative approach. 

Furthermore, the CoMn/NC performance was tested as the cathode catalyst in a PEM 

fuel cell. The anode was chosen to be Pt/C. Schematic diagrams of the PEM fuel cell 

(Figure 4.40 a) and 5-layered membrane electrode assembly with our PEM fuel cell stack 

are shown in Figures 4.41 and 4.42. 
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Figure 4.40 Schematic diagram of a PEM fuel cell. 

 

Figure 4.41 A schematic diagram for single PEM fuel cell assembly showing 5-layered 

MEA. 

 

Figure 4.42 Physical appearance of MEA and single cell PEM fuel cell assembly pro-

gress. 

With O2 as oxidant, the cell had an open circuit voltage (OCP) value of 0.98 V, validating 

the high intrinsic ORR activity under fuel cell conditions (Figure 4.43 a). The cell deliv-

ered maximum current and power densities of 2.24 A cm−2 and 970 mW cm−2, respec-

tively, at a back pressure of 0.1 MPa. The cell performance was comparable with that of 

Pt/C with negligible current loss after ∼24 h of continuous operation (Figure 4.43 b). 

Under more practical H2/air fuel cell conditions, CoMn/NC as a cathode reached a kinetic 

current of ∼920 mA cm−2 with a peak power density of 390 mW cm−2 (Figure 4.43 c). 
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Figure 4.43 a) Polarization curves and corresponding power densities of CoMn/NC and 

Pt/C under H2/O2 fuel cell conditions, b) Stability test of CoMn/NC as a cathode in a fuel 

cell at 0.65 V, c) Polarization curve and corresponding power density of CoMn/NC in 

H2/air fuel cell. 

Interestingly, CoMn/NC was found to be quite active for the OER, delivering 10 mA 

cm−2 anodic current density in 0.1 M KOH at an overpotential of only 0.30 V (Figure 

4.44). The overvoltage between ORR and OER (ΔE), calculated from E1/2 for the ORR 

and potential at 10 mA cm−2 for the OER, established good reversibility for CoMn/NC 

(0.64 V) as compared to Pt/C + IrO2 (0.79 V). 

 

Figure 4.44 Bifunctional ORR/OER characteristics of CoMn/NC and the Pt/C + IrO2 

couple showing LSVs for both the ORR and the OER, acquired in 0.1 M KOH at a scan 

rate of 5 mV s−1. 

Considering this amazing ORR/OER bifunctionality, a homemade Zn−air battery (ZAB) 

was constructed by employing CoMn/NC as an air cathode. Figure 4.45 a depicts the 

construction of a rechargeable two-electrode liquid cell employing CoMn/NC or Pt/C + 

IrO2 modified on a gas diffusion layer as the cathode and a metallic Zn plate as the anode 
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counterpart. The cell was filled with an aqueous electrolyte consisting of 6.0 M KOH and 

0.2 M Zn(CH3COO)2. CoMn/NC exhibited a very stable open circuit voltage (OCP) of 

1.487 V (Figure 4.45 b). The device delivered an impressive peak power density of 176 

mW cm−2 with CoMn/NC (Figure 4.45 c), outperforming the Pt/C + IrO2 couple (144 

mW cm−2). The ZAB driven by CoMn/NC was found to have a much greater discharge 

current density and a reduced charge−discharge voltage gap compared to Pt/C + IrO2 

(Figure 4.45 d). CoMn/NC possesses voltage gaps of 0.27 V at 25 mA cm−2, 0.53 V at 

50 mA cm−2, and 0.82 V at 100 mA cm−2, much lower than those of the Pt/C + IrO2 

couple, 0.75 V at 25 mA cm−2, 0.88 V at 50 mA cm−2, and 1.12 V at 100 mA cm−2 current 

density. We then tested the stability of the catalyst at different discharge current densities 

(10, 20, 30, and 40 mA cm−2), and it holds its potential nicely even after 10 h of operation 

(Figure 4.45 e). To check the long-term durability, CoMn/NC showed a stable perfor-

mance with minimal voltage loss after 30 h of use at a current density of 40 mA cm−2 

(Figure 4.45 f). To further assess the rechargeability of CoMn/NC-based ZAB, the cycle 

stability was determined using a galvanostatic discharge−charge measurement with a du-

ration of 20 min per cycle (10 min for charging and 10 min for discharging) at a current 

density of 5 mA cm−2 (Figure 4.45 g). Interestingly, CoMn/NC showed a favorable low 

voltage gap of 0.59 V (discharge voltage 1.47 V, charge voltage 2.06 V) with a voltage 

efficiency of 70.69%, while Pt/C + IrO2 showed a voltage gap of 0.7 V. After ∼24 h of 

cycling performance, CoMn/NC showed a modest increase in the voltage gap (0.61 V) 

with negligible change in voltage efficiency, while for Pt/C, the voltage gap increases 

after 14 h up to 0.85 V. The battery displayed a strong cycle performance over 30 h even 

at a high current density of 20 mA cm−2 with a cycle duration of 2 h (Figure 4.45 h). All 

of these results conclude that the CoMn/NC catalyst has a high potential to be a good 

candidate to serve as a cathode in both PEM fuel cells and ZABs. 
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Figure 4.45 a) Schematic diagram of a homemade liquid cell-based rechargeable ZAB. 

Performance of ZAB using CoMn/NC as the ORR/OER oxygen electrode: b) open circuit 

voltage, c) discharge polarization curves and corresponding power density curves show-

ing a comparison with the Pt/C + IrO2 couple, d) charge−discharge polarization curves 

showing a comparison with the Pt/C + IrO2 system, e) repeating discharge curves at var-

ious current densities, f) long-time discharge at a fixed current density 40 mA cm−2 , g) 

cycling performance at 5 mA cm−2 current density and 20 min duration per cycle, and h) 

cycling performance with a cycle duration of 2 h at higher current density of 20 mA cm−2. 

 

Table 4.13 Comparison of ORR activities of CoMn/NC with various reported nonpre-

cious electrocatalysts under alkaline conditions. 

Catalysts Electrolyte E (V) 

Onset Potential 

(vs RHE) 

E1/2 (V) 

Half-Wave Poten-

tial (vs RHE) 

Refer-

ences 

CoMn/NC 0.1 M KOH  0.98  0.89 This work 

(Fe,Co)/CNT 0.1 M KOH 1.15 0.954 332 

CoNi-SAs/NC 0.1 M KOH 0.88 0.76 333 

Zn/CoN-C 0.1 M KOH 1.004 0.861 334 

Fe, Mn, N-FGC 0.1 M KOH 1.03 0.89 335 

NCAG/Fe-Co 0.1 M KOH 1.04 0.89 336 

Fe-NiNC-50 0.1 M KOH 1.0 0.84 337 

FeZnNC 0.1 M KOH 0.965 0.873 338 

Co2/Fe-N@CHC 0.1 M KOH 1.03 0.95 339 

Ni0.7Cu0.3-N-C 0.1 M KOH 0.872 0.783 340 

(Fe,Co SAs-

PNCF) 

0.1 M KOH 1.04 0.93 341 

Fe1Co3-NC1100 0.1 M KOH 1.05 0.877 342 
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CNSFeZnN 0.1 M KOH 0.95 0.84 343 

Fe, Mn-N/C-900  0.1 M KOH - 0.904 344 

NiN4/GHSs/FeN4  0.1 M KOH 0.93 0.83 345 

PtFeNC 0.1 M KOH 1.05 0.895 346 

Fe,Co-SA/Cs  0.1 M KOH 0.96 0.86 347 

Fe/Mn-Nx-C  0.1 M KOH 1.02 0.88 348 

Fe-Co DSAC  0.1 M KOH - 0.86 349 

FeMn-DSAC  0.1 M KOH 1.04 0.92 350 

CoFe-N-C  0.1 M KOH 1.04 0.897 351 

CoFe@C 0.1 M KOH - 0.886 352 

MnCo-N-C 0.1 M KOH - 0.89 353 

 

Table 4.14 Comparison of ORR activities of CoMn/NC with various reported nonpre-

cious electrocatalysts under acidic conditions. 

Catalysts Electrolyte E (V) 

Onset Potential 

(vs RHE) 

E1/2 (V) 

Half-Wave Potential 

(vs RHE) 

Refer-

ences 

CoMn/NC 0.5 M H2SO4 0.90 0.82 This work 

(Fe,Co)/NC 0.1 M HClO4 1.06 0.863 354 

Zn/CoN-C 0.5 M H2SO4 0.940 0.851 334 

FeCoN5P1 0.5 M H2SO4 0.853 0.771 355 

Au-Co 0.1 M HClO4 - 0.82 356 

FeNi-N6 0.1 M HClO4 - 0.8 357 

FeMn-DSAC 0.5 M H2SO4 - 0.79 350 

FeTMPPCl 

derived 

Fe-N-C 

0.5 M H2SO4 0.790 0.668 358 

Fe-N-C 0.5 M H2SO4 0.83 0.68 359 

Cr/N/C 0.1 M HClO4 - 0.773 360 

CoFe@C 0.5 M H2SO4 - 0.698 352 

MnCo-N-C 0.5 M H2SO4 - 0.80 353 

Ru-N/G-750 0.1 M HClO4 0.89 0.75 361 

Mn-NC-sec-

ond 

0.5 M H2SO4 - 0.80 362 

Fe-N/P-C-

700 

SACs 0.89 0.72 363 
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Table 4.15 Comparison of potential difference of CoMn/NC catalyst with previously 

reported dual single-atom based bifunctional electrocatalysts. 

 

4.5 Conclusion 

 In summary, we have successfully demonstrated the dual single-atom Co−Mn sites dis-

persed in MOF-derived N-doped nanoporous carbon, named CoMn/NC, for a highly ef-

ficient electrochemical ORR in both alkaline and acidic electrolytes. The presence of the 

Co−Mn site is confirmed by the combination of microscopic images, spectroscopic meas-

urements, and theoretical calculations. DFT suggests that adsorbed bridging O2 gets ac-

tivated more on the Mn−Co site in the dissociative pathway. But the overall ORR pref-

erably proceeds via both a thermodynamically and kinetically favorable associative 

mechanistic pathway. This is due to the moderate adsorption of ORR intermediates in the 

associative path compared to the dissociative path, where relatively stronger adsorption 

of the intermediates results in the degradation of ORR activity. Furthermore, CoMn/NC 

as a cathode catalyst exhibited promising performance in a PEM fuel cell under both 

H2/O2 and H2/air feeding conditions. As a bifunctional ORR/OER catalyst, CoMn/NC 

Catalysts Potential @ 10 

mA cm-2  

(vs RHE) 

OER 

 

E1/2 (V) 

Half-Wave 

Potential  

(vs RHE) 

ORR 

ΔE  

(V vs RHE) 

 

References 

 

CoMn/NC 1.53 0.89       0.64 This Work 

CoNi-SAs/NC             1.57 0.76       0.81 333 

NCAG/Fe-Co 1.52 0.89       0.64 336 

Fe–NiNC-50 1.57 0.84       0.73 337 

Fe1Co3-NC1100 1.58  0.877       0.70 342 

Ni-N4/GHSs/Fe-N4 1.62 0.83       0.79 345 

(Fe,Co)-SA/CS 1.59 0.86       0.73 347 

FeMn-DSAC 1.63 0.92       0.72 350 

CoFe−N−C 1.59 0.89       0.69 351 

Fe,Co,N-C 1.64      0.90       0.74 364 

Fe,Mn/N-C 1.62 0.928       0.692 365 

FeCo-DACs/NC 1.60 0.877       0.723 366 

Ru-Co DAC 1.498 0.895       0.603 367 
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delivered a high power density for a rechargeable Zn−air battery. These performances 

demonstrate the applicability for the practical use of CoMn/NC. This work highlights an 

attractive dual single-atom site for fundamental research and provides insights for de-

signing advanced DSAC-based electrocatalysts. 
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Chapter 5:   NiO Nanoclusters Supported On Atomically Dis-

persed Ni single Atom at Mesoporous Carbon Cages For Ox-

ygen Evolution Reaction and Quasi-Solid-State Zn-air Batter-

ies With An Organohydrogel Electrolyte. 

 

5.1 Abstract 

we introduce a quasi-solid-state Zinc-Air Battery (ZAB) exhibiting prolonged cycle life 

and robust stability over a wide temperature range. Our method involves the fabrication 

of a unique nanostructure through a silica-mediated Metal-Organic Framework (MOF) 

templated approach. This structure comprises a mesoporous concave carbon cage with 

elongated edges, facilitating efficient mass transport, and exposing catalytically active 

sites for oxygen redox reactions. The incorporation of NiO nanoclusters onto isolated 

nickel atom sites (Ni-N-C) enhances catalytic activity for both Oxygen Evolution Reac-

tion (OER) and Oxygen Reduction Reaction (ORR). Through Density Functional Theory 

(DFT) calculations, we investigated the role of NiN4 and cubic NiO in decorating NiN4 

sites, elucidating the mechanism of OER at the atomic level. Our analysis revealed an 

augmentation of Ni d-orbitals near the Fermi level, promoting H2O molecule absorption 

and subsequent intermediates. The OER activity at Ni of the NiO site surpassed that of 

the Ni single site of NiN4. Furthermore, we improved interfacial stability and low-tem-

perature tolerance of the battery electrolyte by modifying the H-bond network with 

DMSO and Zn (BF4)2. This approach enables high-rate cycling at 25 °C and broad tem-

perature adaptability (-70 to 70 °C), providing valuable insights for the advancement of 

quasi-solid-state ZAB technology. 
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5.2 Introduction 

Zinc-air batteries (ZABs) have garnered significant attention due to their high theoretical 

energy density, environmental friendliness, and the abundance of zinc anode [368-370]. 

However, achieving high-rate operation and robust performance it faces two critical chal-

lenges: (1) finding suitable bifunctional O2 electrocatalysts for the air cathode and, (2) 

ensuring electrochemical interface stability [371,372]. The kinetics of the O2 reduc-

tion/evolution reactions (ORR/OER) at the air cathode significantly influence the dis-

charging/charging process but suffer from sluggish kinetics, resulting in substantial over-

potentials. Although precious metals such as Pt for ORR and Ru/Ir oxides for OER have 

been employed to enhance O = O bond cleavage and formation processes, still there re-

mains a pressing need for durable and highly efficient electrocatalysts [373-377]. Hence, 

significant attentions have been paid for investigating active, durable, and cost-effective 

first-row transition-metal oxides (MOs) with comparable oxygen evolution reaction 

(OER) performance [378-385]. In this regard, Nickel-based materials particularly nickel 

oxides have emerged as promising candidates, prompting extensive research to enhance 

their performance further [386-391]. Besides this, it has been observed that integrating 

active materials with functional supports has proven effective in enhancing the activity 

of oxygen evolution reaction (OER) catalysts [392-398]. For instance, Dai et al. demon-

strated that anchoring cobalt oxide nanoparticles (NPs) onto nitrogen-doped graphene led 

to improved OER activity [399]. Single atom catalysts (SACs), particularly those com-

prising isolated transition metals integrated into carbon-based matrices, have emerged as 

a focal point in electrocatalyst research due to their exceptional atom utilization effi-

ciency, versatile control over metal atoms and coordination, as well as their high conduc-

tivity and cost-effectiveness [400-401]. Among SACs, M-N-C materials, featuring either 

iron (Fe), cobalt (Co), Nickel (Ni) have been derived as highly promising catalysts for 
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oxygen reduction reaction (ORR). The active sites within these materials are attributed 

to central metal ions stabilized by nitrogen functional groups on carbonaceous surfaces 

and they exhibit unique interactions with oxygen molecules and intermediates. These 

distinctive characteristics of M-N-C materials indicate their potential as catalyst supports 

in theory but they are suffering due to low metal loading [402]. Furthermore, the catalytic 

efficacy of M-N-C materials for reversible O2 redox kinetics fundamentally hinges on 

the distribution of d-band electrons of the chosen metal atoms, as the hybridization inter-

action between the metal's d orbitals and the adsorbate's p orbitals dictates adsorption and 

reaction dynamics [403]. Additionally, for achieving high-rate zinc-air batteries (ZABs) 

requires both readily accessible atomic metal active sites and rapid charge transfer. This 

can be accomplished through the design of an electrocatalyst featuring a hierarchical po-

rous nanoarchitecture. However, its crucial to note that single-atom metal sites, particu-

larly those that are not exposed or embedded within dense carbon matrix remain inactive 

and limiting their utilization and mass transport through catalyst layers [404]. In 2006, 

Dodelet et al. proposed that mesopores in the catalyst could improve the utilization of 

Fe–Nx moieties by creating channels to previously inaccessible sites [405]. Thus engi-

neering the catalyst morphology to maximize metal sites exposure at the three-phase 

boundary (catalyst-electrolyte-oxygen) is seen as a promising approach for improving 

mass transport and catalytic activity [406-408]. Despite research endeavors have been 

devoted to increase metal site density, maximizing their utilization as true catalytically 

active sites remains a formidable challenge, representing the primary bottleneck in sin-

gle-atom catalysis [409]. Metal-organic frameworks (MOFs) offer potential as templates 

for constructing porous functional materials, including carbon-decorated single-atom cat-

alysts [410]. However, direct pyrolysis of MOFs often results in aggregated or collapsed 

or micropore dominated structures, limiting the creation of catalytically active sites [411-
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413]. So, there is a need for innovative synthesis approaches to generate structures with 

increased three-phase boundaries/interfaces and highly exposed desired catalytically ac-

tive sites to enable rapid catalysis. Moreover, efforts to design flexible aqueous ZABs 

have focused on achieving both robust electrochemical performance and mechanical re-

silience. Despite advancements, traditional sandwich-stacked configurations are prone to 

performance degradation under external deformation, unlike the cohesive all-in-one 

structure which ensures continuous loading and ions-transfer capacity, thereby enhancing 

stability. Solid and quasi-solid-state electrolytes play pivotal roles in these advanced 

ZAB designs [414-417]. Hydrogel electrolytes show promise as semi-solid electrolyte 

options [418-421]. However, their high-water content leads to freezing at subzero tem-

peratures, hindering ion mobility, electrolyte-electrode interface wettability, and flexibil-

ity [422,423]. Also, conventional alkaline hydrogel electrolytes often induce Zn anode 

passivation, limiting Zn plating/stripping reversibility and cycling capability. Addressing 

this, modifications to the Zn2+ solvation sheath and reduction of water activity may en-

hance Zn plating/stripping reversibility [424-426]. Developing anti-freezing hydrogel 

electrolytes that maintain compatibility under extreme conditions remains an underex-

plored area for both high-rate and temperature-adaptive ZABs. Wang et al. investigated 

that dimethyl sulfoxide (DMSO) organic solvent possessing significant polarity, serves 

as an additive to adjust the hydrogen bonding network in aqueous electrolytes [427]. But 

it has been observed that addition of organic solvent reduces ionic conductivity of hydro-

gel electrolyte. In addition to this organic solvent, anions possessing high electronegativ-

ity were also incorporated into the hydrogel electrolytes to lower the freezing point [428-

429]. However, at extremely subzero temperature both are not able to meet the practical 

demand.  Herein, to solve the above-mentioned problems, we present a quasi-solid-state 

ZAB which showed long cycle span and robust stability across a wide temperature range. 
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Firstly, using a silica-mediated MOF templated approach, we create a mesoporous con-

cave carbon cage with more stretched edges where NiO small nanocluster is homogene-

ously distributed over isolated nickel atom sites (Ni-N-C). The resulting nanostructures 

increase elongated edges to facilitate mass transport and expose catalytically active Ni 

sites for efficient O2 redox reactions. Along with that, the synergistic interaction between 

NiO nanocluster and Ni-N-C boosts the catalytic activity for both OER/ORR. DFT cal-

culations were utilized to examine into the role of NiN4 and cubic NiO in decorating NiN4 

sites, as well as the mechanism of the Oxygen Evolution Reaction (OER) at the atomic 

level. Density of states analysis indicated enhancement of availability of Ni d-orbitals 

near the Fermi level in NiO decorated on NiN4 sites which further facilitating H2O mol-

ecule absorption and subsequent intermediates. The OER activity at Ni of the NiO site 

surpassed that of the Ni single site of NiN4. Additionally, by modifying the H-bond net-

work of the organohydrogel electrolyte with DMSO and Zn (BF4)2, we enhance interfa-

cial stability and low-temperature tolerance of the battery by breaking the H bonding 

network between water molecules. Our approach achieves high-rate cycling at 25 °C and 

broad temperature adaptability (-70 to 70 °C), offering insights for further quasi-solid-

state ZAB advancements. 

5.3 Experimental  

5.3.1 Materials 

All the reagents were purchased commercially and used without further purifications. 

Zinc acetate dihydrate (98%), Nickel acetate tetrahydrate (98%), High purity Acrylamide 

(99%), Potassium persulphate K2S2O8 (98%) and DI water were purchased from 

Molychem. 2-methylimidazole (98%) was purchased from Avra. Cetyltrimethylammo-

nium bromide, Sodium hydroxide pellets, Hydrogen fluoride, Dimethyl sulphoxide 

(98%), Sulphuric acid (97%), Methanol (99%) were purchased from SDFCL. Potassium 
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hydroxide (85%) was acquired from Azytus. tert-butyl alcohol (99%) were purchased 

from TCI. Nickel (II) acetylacetonate (95%), ethanol, 20 wt% Platinum on graphitized 

carbon, 5% NafionTM 117 solution, Nickel phthalocyanine and Nickel oxide, Zn foil of 

0.25mm thickness (99.99%), Nickel foam, Zinc tetrafluoroborate hydrate were purchased 

from Sigma-Aldrich. Iridium (IV) oxide powder 99% was purchased from Alfa aesar. 

N,N-methylenebisacrylamide (MBAA, Crosslinker) was purchased from SRL (99.5%). 

ELAT LT 1400 (GDL, Toray TGP-H-06) was purchased by a fuel cell store.  High purity 

Ar (99.999%), 10% Ar/H2 and O2 (99.999%) gases were acquired from Sigma-Gases 

New Delhi and used for high temperature carbonization and electrolyte purging pro-

cesses.  

5.3.2 Physicochemical characterization 

PANalytical diffractometer using Cu Kα source (λ = 1.5405 Å) was used to analyse pow-

der X-ray diffraction (PXRD) with 2°/min scan rate and 0.05 steps. The instrument was 

operated at 30 kV and a current of 10 mA. The FT-IR data were analyzed in ATR modeby 

the Perkin Elmer Spectrum Two instrument. N2 sorption isotherms were recorded by us-

ing BELSORP MAX II sorption analyser at liquid N2 temperature (77K). Prior to meas-

urements, samples were degassed under vacuum at 120 oC for 12 h. The specific surface 

area and pore size distribution were evaluated by Brunauer-Emmett-Teller (BET) method 

and Barrett-Joyner Halenda (BJH) model, respectively. The pore volume was calculated 

by adsorption amount of N2 at a relative pressure of 0.99 bar. X-ray photoelectron spec-

troscopy (XPS) were acquired on a Thermo Fisher Scientific (K-Alpha). X-ray photoe-

lectron spectrometer using an Al Kα source (10 kV, 10 mA) equipped with ion source 

(EX06). UPS was performed on a SPECS Leybold EA11 MCD electron spectrometer 

and the base pressure in the measurement chamber is in the range of 5*10-10 mbar. The 

spectrometer is equipped with a He discharge lamp for UPS (He II at hν = 40.82 eV). 
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EPR spectra were conducted on a benchtop spectrometer Bruker EMXnano with x band. 

Scanning electron microscopic (SEM) images were acquired using JEOL (JXA-8230) at 

20 kV. 200 kV Talos F200S G2 transmission electron microscope combined with column 

energy dispersive X-ray spectrometer (EDS) and a CMOS Camera 4K x 4K detector were 

used for Transmission Electron Microscopy (TEM) measurements. High Resolution 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) measurement was taken on a JEM-ARM200F instrument at 200 kV. PERKIN 

ELMER OPTIMA 5300 DV ICP-OES was used for the determination of metal contents 

in samples. Raman spectroscopy measurements were carried out on the Princeton instru-

ments (Acton spectra pro-2500i) with the help of 532 nm DPSS Laser (laser quantum 

gem with a power of 50 mW). The stretchable properties of gel electrolyte were investi-

gated Utilizing the Tinius Olsen H5KL UTM machine in the Generic Compression-Stress 

vs. Strain method. The freezing point of the gel electrolyte was characterized by a DSC 

(Hitachi, DSC7020 instrument)) under the N2 atmosphere with a cooling rate of 5 °C 

min−1. 

5.3.3 Synthetic methods 

5.3.3.1. Synthesis of ZIF-8: The synthesis of ZIF-8 nanocrystals was based on a 

previous procedure with few modifications. Typically, Zn(OAc)2 .2H2O (3.80 g) was dis-

solved in 500 ml of methanol. A mixture of 2-methylimidazole (21.04 g) with 500 ml 

methanol was added to the above solution with vigorous stirring for 2 h and kept at rest 

for 24 h. The product was separated by centrifugation and washed 2 to 3 times with meth-

anol and dried at 80°C under vacuum for final collection. The resulting powder was fur-

ther activated at 120°C under vacuum for 12 h prior to use. 

5.3.3.2. Synthesis of ZIF-8@SiOx: For the synthesis of ZIF-8@SiOx, the above 

synthesized ZIF-8 was dispersed in 120 ml of methanol followed by addition of 120 ml 
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D.I. water, and then 6 ml of an aqueous cetyltrimethylammonium bromide (CTAB) so-

lution (25mg/ml) and 10 ml of an aqueous NaOH solution (6 mg/ml) were added. Tetra-

ethyl orthosilicate (TEOS) (1.2 ml in 6 ml of methanol) was injected into the above so-

lution. The mixture was kept at stirring for 2 h and collected by centrifugation followed 

by washing several times with ethanol. The final powder was dried at 100°C in vacuum 

for 12 h for further use and marked as ZIF-8@SiOx.  

5.3.3.3. Synthesis of Ni/ZIF-8: The synthesis of Ni/ZIF-8 was done by dissolving 

200 mg of Ni(CH3COO)2.4H2O into 50 ml of methanol followed by addition of activated 

ZIF-8 powder(600 mg). The mixture was slow stirred for 12 h for obtaining desired prod-

uct which was further washed with methanol several times and dried at 60°C to obtained 

final powder.  

5.3.3.4 Synthesis of Ni/ZIF-8@SiOx: For the synthesis of Ni/ZIF-8@SiOx, the as 

synthesized Ni/ZIF-8 was dispersed in 120 ml of methanol followed by addition of 120 

ml D.I. water, and then 6 ml of an aqueous cetyltrimethylammonium bromide (CTAB) 

solution (25mg/ml) and 10 ml of an aqueous NaOH solution (6 mg/ml) were added. Tet-

raethyl orthosilicate (TEOS) (1.2 ml in 6 ml of methanol) was injected into the above 

solution. The mixture was kept at stirring for 2 h and collected by centrifugation followed 

by washing several times with ethanol. The final powder was dried at 100°C in vacuum 

for 12 h for further use and marked as Ni/ZIF-8@SiOx. 

 

5.3.3.5 Synthesis of MOF derived catalysts: 

5.3.3.5.1 Synthesis of NiO/Ni-SACs/mNC1000: The as-obtained nanocrystals 

of Ni/ZIF-8@SiOx were then carbonized using a tubular furnace at 1000oC for 4 h under 

continuous flow of 10% Ar/H2 gas having outlet bubbling flow rate of 1 bubble sec-1. 
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The ramping rate to reach the maximum temperature was 5 oC min-1. After cooling down 

to room temperature the resultant black carbon powder was washed with 12% HF and 

dilute HCl solution, H2O and Methanol and dried at 60°C under Vacuum for further use 

and designated as our main catalyst NiO/Ni-SACs/mNC1000. 

5.3.3.5.2 Synthesis of NiO/Ni-SACs/mNC900: NiO/Ni-SACs/mNC-900 was 

synthesized similar to procedure following the synthesis of NiO/Ni-SACs/mNC-1000 

using carbonization temperature as 900 oC. 

5.3.3.5.3 Synthesis of mNC1000: mNC1000 was synthesized similar to the proce-

dure following the synthesis of NiO/Ni-SACs/mNC-1000 using ZIF-8@SiOx as the car-

bonization precursor. 

5.3.3.5.4 Synthesis of Ni-SACs/NC1000: To obtain only Ni-SACs on nitrogen 

doped carbon we followed our previous reported synthetic procedure. The as-obtained 

nanocrystals of Ni/ZIF-8 were carbonized using a tubular furnace at 1000 oC for 4 h under 

continuous flow of dilute H2 gas having outlet bubbling flow rate of 1 bubble sec-1. The 

ramping rate to reach the maximum temperature was 5 oC min-1. After cooling to room 

temperature, the black solid was treated with 10% H2SO4 solution at 70 oC for 16 h. 

Subsequent centrifugation and washing with plenty of de-ionized water led to the black 

solid. It was further treated at 70 oC under vacuum for further use and designated as Ni-

SACs/NC1000. 

5.3.3.5.5 Synthesis of NC1000: NC1000 was synthesized similar to the procedure 

following the synthesis of Ni-SACs/NC1000 using only ZIF-8 as the carbonization pre-

cursor. 
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5.3.3.6 Synthesis of NiO NPs: In a typical procedure, 0.13 g (0.50 mmol) of nickel 

(II) acetylacetonate (Ni(acac)2) was added to 14 mL of tert- butanol (0.147 mol) and 

formed a turbid light green suspension. Then the reaction mixture was stirred for 10 min 

and transferred into a Teflon autoclave. The autoclaves were kept at 210 °C in a labora-

tory oven for 24 h. The as-prepared powders then collected by centrifugation & were 

dried in air at 60 °C in a laboratory oven. 

5.3.3.7 Synthesis of the hydrogel electrolytes:  

5.3.3.7.1 Synthesis of the PAM hydrogel electrolyte (PAM-h): Free radical 

polymerization approach has been adopted for the synthesis of the stretchable gel elec-

trolyte.  Here, initiators help to encourage the creation of free radicals and start the pro-

cess of polymerization. For the synthesis of PAM hydrogel electrolyte 4 g of acrylamide 

(AM), 4 mg of N,N′-methylenebisacrylamide (MBAA, Crosslinking agent), and 10 mg 

of potassium persulfate (K2S2O8, Initiator) were dissolved in 10 mL of Milli-Q water and 

keep in vigorous stirring for 1h. The resultant solution was then poured into a transparent 

box. Then the box was sealed with tape and placed in an oven at 70 °C for 12 h. The as-

prepared PAM hydrogel named as PAM-h was immersed in the 6 M KOH + 0.2 M Zn 

(OAc)2·6H2O electrolyte for 72 h before use. 

5.3.3.7.2 Synthesis of the PAM organohydrogel electrolyte (PAM-dh): 

PAM organohydrogel was synthesized similar to procedure following the synthesis of 

PAM-h using 5 mL of Milli-Q water and 5 ml dimethyl sulphoxide (DMSO). 

5.3.3.7.3 Synthesis of the metal salt treated PAM hydrogel electrolyte 

(PAM-zh): Metal salt treated PAM hydrogel was synthesized similar to procedure fol-

lowing the synthesis of PAM-h using 5 mL of Milli-Q water and 20 mg of zinc tetra-

fluoroborate hydrate (Zn(BF4)2 .xH2O). 
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5.3.3.7.4 Synthesis of the metal salt treated PAM organohydrogel elec-

trolyte (PAM-zdh): Metal salt treated PAM organohydrogel was synthesized similar 

to procedure following the synthesis of PAM-h using 5 mL of Milli-Q water and 5 ml 

DMSO and 20 mg of zinc tetrafluoroborate hydrate (Zn(BF4)2 .xH2O). 

5.3.4 d band center calculations  

The center of d-band was calculated according to Eq. S1. Surface valence band photoe-

mission spectra were corrected by subtracting the Shirley background. For the accurate 

comparison of all valence-band spectra, the upper level of integration of background sub-

traction was set at the 10.0 eV bonding energy position throughout all valence-band spec-

tra [430-432].  

                                                     








=

d)(N

d)(N

                                ………. (S1) 

where )(N  is the DOS.   is the center of d-band.  is the bonding energy. 

5.3.5 Electrochemical measurements  

The electrochemical measurements for HER, OER, and ORR were performed by using a 

traditional 3-electrode setup connected with VSP 128 bi-potentiostat (BioLogic). The 

reference, working, and counter electrodes were Hg/HgO, glassy carbon, and graphitic 

rod electrodes (graphitic rod for ORR, Pt mesh for OER), respectively. All potentials 

were normalized to values in relation to the reversible hydrogen electrode. To make cat-

alyst ink, 5 mg of catalyst was mixed with DI water (490 μl), ethanol (490 μl), and Nafion 

5% (20 μl) then sonicated for 20 minutes at room temperature. Afterwards, a specific 

volume of catalyst ink was dropped onto the pre-cleaned surface of the working elec-

trode, equivalent to 0.210 mg cm-2. The electrodes were held to dry in the air prior to 

testing of electrochemical activity. Before performing linear sweep voltammograms 
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(LSVs) (5 mV s-1) at room temperature, electrodes were preconditioned by taking repeat-

ing cyclic voltammograms (CVs) in desired potential range. All OER were tested in Ar-

saturated solution of 1 M KOH. The ORR measurements were tested in 0.1M KOH at 5 

mV sec-1 in O2-saturated solution. For ORR, LSVs were recorded at different electrode 

rotation speeds (100-2500 rpm). The Tafel slope values for OER, and ORR were ex-

tracted from the kinetic region of performed LSVs. The electrochemical active surface 

area (ECSA) was calculated by taking CV scans at different scan rates in a non-Faradaic 

region. The obtained current density is assumed to be due to charging in the non-Faradaic 

region. Then, the difference in current density variation (Ja-Jc) vs RHE were plotted 

against the scan rate. Cdl was collected from its slope. Finally, ECSA was obtained by 

dividing the slope value by specific capacitance (Cs), generally Cs value is 0.035 mF cm-

2 was used for catalyst surface. Electrochemical impedance spectroscopy (EIS) was per-

formed in the frequency range from 1,00,000 to 0.01 Hz at 5 mV s-1 scan rate. EIS fitting 

circuit model provides the Rs (series resistance) and Rct (charge transfer resistance) val-

ues, which are analyzed by in-built Biologic software.  

For RDE measurements, the kinetic current density and number of electron trans-

fer were analyzed by using the Koutecky-Levich equation: 

           

        ……………(S2)                                       

 

             B = 0.62nFC0D0
2/3V-1/6 and Jk = nFkC0  ……………(S3) 

                          

Where, J is the measured current density, JK and JL are the kinetic and limiting current 

densities, ω is the angular velocity of the disk in the unit of rad s-1, n is the total transfer 

number of electrons in oxygen reduction reaction, F is the Faraday constant (96485 

C/mol), C0 is the bulk concentration of oxygen  (1.2 x 10-6 mol cm-3), D0 is the diffusion 
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coefficient of O2 (1.9 x 10-5 cm2 s-1), and V is the kinematic viscosity of the electrolytic 

solution (0.01cm2 s-1), and k is the rate constant for electron transfer. 

The area of glassy carbon (disc electrode) and Pt (ring) of rotating ring disc electrode 

(RRDE) was 0.1256 cm2 and 0.18853 cm2. The electron transfer number (n) and H2O2 

production yield percent were calculated by the following equations:   

  

    ……………(S4)  

        

                              

     

                                                                                                        

              

      …………….. (S5)                                         

                     

 

Where, ID is disc current, IR is ring current and N is the ring collection efficiency of Pt 

ring (0.41). 

 

5.3.5.1 TOF calculations for OER  

TOF for OER was calculated using the catalyst-modified disc electrode (RRDE), subject 

to a potential ramp over a specified potential range in which OER occurs considerably, 

while the ring electrode was held at a constant cathodic potential adequate to reduce the 

O2 developed from the disc electrode. The used equation for TOF calculation is: 

                                      TOF = iR / A x F x n x NCL x Γ        ………….. (S6)                          

Where, iR, A, F, n, NCL, and Γ, represent the ring current, area of the electrode, Faraday 

constant, the number of electrons transferred to produced one molecule of the product, 

collection efficiency of RRDE electrode, and surface concentration or accurate number 

of active sites catalyzing the reaction (m-2), respectively. 

 

 

𝑛 = 4 ×
𝐼𝐷

𝐼𝐷+
𝐼𝑅
𝑁
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5.3.5.2 Faradaic efficiency calculations for OER  

FE for OER was calculated via RRDE electrode using formula, 

                                              F. E. = Ir/N x Id         ………… (S7)                                               

 Where, Ir and Id stand for ring current and disc current, respectively. N is the current 

collection efficiency for Pt ring (0.41). 

5.3.6 Fabrication of quasi-solid-state Zn-air battery (ZABs) 

Quasi-solid-state Zn-air battery was assembled using PAM modified hydrogel solid elec-

trolyte. The as-prepared hydrogels were immersed in the 6 M KOH + 0.2 M Zn 

(OAc)2·6H2O electrolyte for 72 h before use. A clean Zn foil (0.2 mm thickness) was 

used as an anode. The air electrode (cathode) was made by dropping catalyst ink onto a 

flexible GDL with loading of 1.5 mg cm-2. The battery was tested at different tempera-

tures ranging from ice cold conditions to room temperature. All battery data tested with 

with VSP 128 bi-potentiostat (BioLogic). 

5.3.7 Electrolytic cell measurements 

Two electrode water electrolysis device was assembled using NiO/Ni-SACs/mNC1000 

as OER catalyst and Pt/C as HER catalyst. A homogeneous ink of NiO/Ni-

SACs/mNC1000 was uniformly coated on nickel foam to generate an electrode with 1.2 

mg cm-2 catalyst loading. The electrochemical activity was tested by taking voltammo-

grams in Ar-saturated solution at 5 mV s-1. The theoretical amount of generated H2 and 

O2 gas was calculated by using Faraday’s Law: 

                                                       n = (I x t)/(z x F)                                                               (S8) 

where n is no. of moles, I is current (A), t is time (s) and Z is no. of electrons transferred 

in the reaction (for HER, Z = 2 e- and for OER, Z = 4e-), and F is the Faraday constant 

(F = 96487 C). Whereas, the experimentally generated gas was measured from the water 

displacement method using Dalton’s law, Ptotal = Pgas + Pwater , the water vapor pressure 
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(PH2O) is 23.6955 torr and atmospheric pressure (Patm) under same condition is 758.3124 

torr. Number of moles of generated gas was measured by water displacement method 

using PV = nRT relation, where V is volume of produced gas (H2/O2), R is the gas con-

stant (8.3144 L.kPa.K-1.mol-1), T is the temperature (298 K). The Faradaic efficiency was 

evaluated using following equation: 

 

                               𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑚𝑚𝑜𝑙 𝑜𝑓 𝑔𝑎𝑠 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑚𝑜𝑙 𝑜𝑓 𝑔𝑎𝑠
 𝑥 100      (S9)                          

*** Generally, all electrochemical data were measured at least three times. All experi-

mental electrochemical values reported in this manuscript were taken from single exper-

iments. 

5.4 Binding energy calculations 

We have performed Density functional theory for binding energy calculations of the gel 

electrolytes using Gaussian 16 software. We have used B3LYP function with basis set 6-

311+g (d,p). First, we have optimized the geometries and then calculated counterpoise 

corrected energy. The binding energy Eb can be calculated according to the following 

equation: 

                                       Eb = Etotal- ∑Ecomponent                                                                           (S10) 

where Etotal is the total energy, Ecomponent is the energy of each component. The higher 

absolute value of Eb indicates stronger interactions. 

 5.5 Density functional theory (DFT) calculations 

Spin-polarized density functional theory (DFT) calculations were conducted using the 

Vienna Ab initio Simulation Package (VASP) code [433]. The projector augmented wave 

(PAW) scheme [434,435] was employed to describe all atoms, and the exchange-corre-

lation effects were corrected using generalized gradient approximations (GGA) with PBE 

functions [436]. A consistent energy cutoff of 500 eV was applied for all calculations. 
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The electronic convergence criterion was set at 10-6 eV, and the final residual forces on 

each atom in optimized structures were maintained below 0.01 eV/Å. To prevent inter-

actions between periodic images of the NiN4-graphene monolayer, a minimum vacuum 

length of 20 Å was maintained in the z-direction. For the geometry optimization of the 

NiN4-graphene monolayer, a Monkhorst-Pack 2×2×1 k-point grid was utilized. The 

Gibbs free energy changes for each electron transfer reaction were calculated using the 

computational standard hydrogen electrode (CHE) model, developed by Nørskov et al. 

[436], defined as: 

ΔG = ΔH + ΔZPE - TΔS + GpH 

Here, ΔH, T, ΔS, and ΔZPE denote the change in enthalpy from the DFT calculation, 

temperature, change in entropy, and change in zero-point energy of the reaction, respec-

tively. GpH is the correction of the free energy due to variations in the concentration of 

H+ and is defined as [437]:  

GpH = kBT × ln[H+] 

In this study, we considered pH = 0, and the temperature parameter for each calculation 

step was set to 298.15 K. The entropy for free gas molecules were obtained from the 

NIST database, while those for the adsorbed species were computed from the vibrational 

frequencies of the adsorbed intermediates. Therefore, only vibrational entropy was con-

sidered for the calculation of change in entropy (ΔS) for the adsorbed species. The mech-

anisms underlying the oxygen evolution reaction (OER) in both acidic and basic medium 

can be described as follows: 

OER in acidic medium: 

H2O + e- → OH* + H+ + e- 

OH* → O* + H2O + (H+ + e-) 

O* + H2O → OOH* + H+ + e- 

OOH* → * + O2 + H+ + e- 
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5.6 Results and discussion 

As presented in Scheme 5.1, three step procedure was employed to synthesize NiO/Ni-

SACs/mNC1000 with concave shaped morphology and largely enhanced mesoporosity. 

First, Nickel acetate was encapsulated within the nanocavities of zeolitic imidazolate 

framework-8 (ZIF-8) which named as Ni/ZIF-8. Next, a thin silicon oxide (SiOx) layer 

was deposited onto the surface of Ni/ZIF-8. Finally, the resulting Ni/ZIF-8@SiOx was 

subjected to calcination at 1000 oC under 10% Ar/H2 atmosphere followed by treatment 

with 12% HF and diluted HCl to remove SiOx shell and any loosely bounded metal na-

noparticles. 

 
 

Scheme 5.1 Schematic representation for the synthesis of NiO/Ni-SACs/mNC1000. 

The uniform coating of silica over Ni/ZIF-8 was analyzed by different analytical tech-

niques. Powder X-ray diffraction pattern (PXRD) suggests that phase purity or crystal-

linity of Ni/ZIF-8@SiOx or ZIF-8@SiOx were retained even after coating of respective 

MOFs with silica (Figure 5.1).  

Ni/ZIF-8@SiOx

Pyrolysis Silica etching

with 12% HF

Enlarged micropores NiO/Ni-SACs/mNC1000



  

180 
 

 

Figure 5.1 PXRD pattern of ZIF-8, Ni/ZIF-8, Ni/ZIF-8@SiOx, ZIF-8@SiOx. 

The presence of the SiOx coating was further verified through Fourier transform infrared 

spectroscopy (FTIR) analysis (Figure 5.2). As mentioned in Figure 5.2, Ni/ZIF-8@SiOx 

showed a prominent broad peak at 1061.12 cm-1 which indicate the presence of Si-O-Si 

bonds. 

 

Figure 5.2 FT-IR analysis of Ni(OAc)2.4H2O, ZIF-8, Ni/ZIF-8, Ni/ZIF-8@SiOx. 

Furthermore, reductions in specific surface area for Ni/ZIF-8@SiOx (542 m2 g-1) as com-

pared to ZIF-8 (1840 m2 g-1), Ni/ZIF-8 (1800 m2 g-1), calculated from the N2 
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adsorption/desorption isotherm experiments, suggested that the MOFs were partially 

filled with the guest species (Figure 5.3). 

 

Figure 5.3 N2 adsorption desorption isotherm of pure ZIF-8, Ni/ZIF-8, Ni/ZIF-8@SiOx. 

Additionally, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and its corresponding elemental mapping analysis again provided con-

clusive evidence affirming the effective synthesis of Ni/ZIF-8@SiOx where SiOx is uni-

formly coated over Ni-ZIF-8 surface which comprised of polyhedral morphology & par-

ticle size ~250 nm (Figure 5.4-5.6). 
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Figure 5.4 a)-c) SEM images of ZIF-8 at different scale bars. d) SEM image with corre-

sponding EDS elemental mappings of ZIF-8.e) e)XPS spectra of C1s, N1s, Zn 2p, ac-

quired from ZIF-8. 
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Figure 5.5 a)-c) SEM images of Ni/ZIF-8 at different scale bars. d) SEM image with 

corresponding EDS elemental mappings of Ni/ZIF-8. e) XPS spectra of C1s, N1s, Zn 2p, 

Ni 2p acquired from Ni/ZIF-8. 

 
 

Figure 5.6 a)-c) SEM images of Ni/ZIF-8@SiOx at different scale bars. d)-f) HR-TEM 

images of Ni/ZIF-8@SiOx. g) HAADF-STEM image and its corresponding EDX ele-

mental mapping of Silicon (cyan), Oxygen (purple), Carbon (red), Nitrogen (yellow), 

Nickel (green), Zinc (blue). 

We then performed X-ray photo electron spectroscopy (XPS) to confirm the presence of 

all the elements in Ni/ZIF-8@SiOx such as carbon (C), nitrogen (N), silicon (Si), oxygen 

(O), zinc (Zn) & nickel (Ni) (Figure 5.7). Due to the coating of silica we did not get any 

peak corresponding to the Ni 2p.  
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Figure 5.7 High resolution XPS spectra of C1s, O1s, Si 2p, N1s, Zn 2p, Ni 2p acquired 

from Ni/ZIF-8@SiOx. 

Now, after treatment of this silica coated Ni/ZIF-8 at higher temperature and removal of 

SiOx shell, we further then characterized it. The SEM image (Figure 5.8 a) of the Ni/ZIF-

8@SiOx-derived material (NiO/Ni-SACs/mNC1000), carbonized at 1000°C, illustrates 

the complete transformation of each individual polyhedral nanocrystal into concave-

shaped stretched-edge mesoporous carbon cages, with a particle size of approximately 

200 nm. TEM measurements provided additional endorsement of the formation of this 

unique carbon structure (Figure 5.8 b). Furthermore, HR-TEM images depicted that very 

small NiO nanoclusters encapsulated within the carbon matrix (Figure 5.8 c), a finding 

corroborated by a diffuse selected area electron diffraction (SAED) pattern (inset in Fig-

ure 5.8 c). The approximate size of the NiO nanoclusters to be <2 nm. In addition, an 

aberration-corrected HAADF-STEM image of NiO/Ni-SACs/mNC1000 also showcased 

the presence of tiny metallic nanoclusters (Figure 5.8 d), along with numerous white dots 

corresponding to single atomic sites (Figure 5.8 e), uniformly dispersed throughout the 
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carbon structure. We then calculated the crystal lattice spacing of nanoclusters obtained 

from HR-TEM images (Figure 5.8 f). The spacing value of 0.241 nm well matched with 

(111) plane of NiO which again validates the above-mentioned fact (Figure 5.8 g). The 

HAADF-STEM image & its corresponding EDS elemental mappings revealed the uni-

form dispersion of Ni and O atoms across all N-doped carbon nano structures of NiO/Ni-

SACs/mNC1000 (Figure 5.8 h). 

 

Figure 5.8 a) SEM images of NiO/Ni-SACs/mNC1000. b) TEM images of NiO/Ni-

SACs/mNC900. c) HR-TEM images where small NiO nanoclusters distributed over car-

bon (inset is the SAED pattern of NiO/Ni-SACs/mNC900). d)-e) High resolution 

HAADF-STEM images. f) d spacing calculations from corresponding fringes of NiO 

nanoclusters. g) Intensity profiles of the nanoclusters. h) HAADF-STEM image and its 

corresponding EDX elemental mapping of Carbon (blue), Nitrogen (green), Nickel (red), 

Oxygen (yellow). 

Conclusively, all these findings strongly suggest the coupling of Ni-N-C with very small 

NiO nanoclusters which exist on concave shaped stretched edge mesoporous carbon 

cages. For comparison, we have prepared other supporting materials (Figure 5.9-S11) 

also. We carbonized Ni/ZIF-8@SiOX at 900 oC which denoted as NiO/Ni-

SACs/mNC900. Further characterization by SEM, HR-TEM, HAADF-STEM & 
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elemental mapping showed that NiO/Ni-SACs/mNC900 also possesses concave shaped 

mesoporous carbon nanostructures (Figure 5.9 a-d) and small NiO nanoclusters again 

distributed homogeneously all over the carbon which confirmed by crystal lattice spacing 

and SAED pattern (Figure 5.9 f-g). 

 
 

Figure 5.9 a)-b) SEM images of NiO/Ni-SACs/mNC900 at different scale bars. c)-d) 

TEM images of NiO/Ni-SACs/mNC900. e) HR-TEM images where small NiO nanoclus-

ters distributed over carbon. f) d spacing calculations from corresponding fringes of NiO 

nanoclusters. g) SAED pattern of NiO/Ni-SACs/mNC900. h) HAADF-STEM image and 

its corresponding EDX elemental mapping of Carbon (blue), Nitrogen (green), Nickel 

(red), Oxygen (yellow). 

Similar nanostructured carbon has been examined when we calcined only ZIF-8@SiOx 

as depicted in Figure 5.10 a-d (i.e., in absence of Ni). Several mesopores were created 

there & absence of any metallic nanoclusters here again verified by HR-TEM analysis 

and SAED pattern Figure 5.10 e-f. 
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Figure 5.10 a)-b) SEM images of mNC1000 at different scale bars. c)-d) TEM images 

of mNC1000. e) SAED pattern of mNC1000.  f) HR-TEM images where no metallic 

particles or clusters are present. g) HAADF-STEM image and its corresponding EDX 

elemental mapping of Carbon (blue), Nitrogen (green). 

Now to check whether this distinctive morphology of carbon is occurring for silica coat-

ing or not, we then synthesized Ni-SACs/NC1000 by carbonizing only Ni/ZIF-8 (without 

silica coated sample) at 1000 oC followed by acid washing with 10% H2SO4 at 80 oC. Ni-

SACs/NC1000 maintained the original dodecahedral morphology of ZIF-8 precursors, as 

illustrated in Figure 5.11 a-d. In addition to this, HR-TEM and its corresponding SAED 

pattern suggests the nonexistence of any metallic nanoparticles throughout the carbon 

matrix (Figure 5.11 e-f). Although EDS elemental mapping implies the presence of Ni 

that means Ni is present as single atomic form (Figure 5.11 g).  
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Figure 5.11 a)-b) SEM images of Ni-SACs/NC1000 at different scale bars. c)-d) TEM 

images of Ni-SACs/NC1000. e) SAED pattern of Ni-SACs/NC1000.  f) HR-TEM images 

where no metallic particles or clusters are present. g) HAADF-STEM image and its cor-

responding EDX elemental mapping of Carbon (blue), Nitrogen (green), Nickel (Ni). 

So Based on these controlled experiments, we can say here the SiOx-coating step plays a 

crucial role in shaping the distinctive stretched edge concave morphology after calcina-

tion which help to improve the mass transfer kinetics. During controlled thermal trans-

formation, solitary MOFs i.e., without coating undergo isotropic shrinking, forming solid 

dodecahedral carbons. However, MOFs with an external SiOx-coated layer exhibit ani-

sotropic thermal shrinkage due to SiOx-induced outward adsorption forces, as validated 

by thermogravimetric analysis (TGA) (Figure 5.12).  
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Figure 5.12 TGA of ZIF-8 and Ni/ZIF-8@SiOx at a ramp rate of 10 oC min-1 under an 

N2 flow. 

While the edge fringes of ZIF-8 are preserved, the planar faces of the dodecahedron col-

lapse during pyrolysis, as demonstrated by thermal stress analysis in Figure 5.13 [438]. 

Simultaneously, during the pyrolytic conditions some amount of Ni2+ is reduced by re-

sulting N-doped carbons and bonds with neighboring atoms, forming catalytically active 

Ni-N-C sites doped within concave shaped mesoporous carbons while some Ni2+ formed 

ultra small NiO nanoclusters which is tightly bounded with Ni-N-C and remained stable 

even after acid treatment.  
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Figure 5.13 Schematic illustration of the synthesis process of mesoporous carbon cages 

with more stretched edges. 

The PXRD pattern of NiO/Ni-SACs/mNC1000 exhibited only two peaks at 25.44o and 

44.5o, corresponding primarily to the 002 and 100 planes of graphitic carbon, respectively 

(Figure 5.14). Notably, no peak corresponding to metallic nanoclusters was observed, 

may be due to their very small particle size. Similar PXRD patterns were observed for 

NiO/Ni-SACs/mNC900 and other supporting materials. 

 

Figure 5.14 a) PXRD of as synthesis NiO/Ni-SACs/mNC1000 and other supporting cat-

alysts. b) PXRD of as synthesized NiO nanoparticles. 

But further characterization through Raman scattering analysis revealed two observable 

peaks at 464.6 and 917.7 cm−1 in NiO/Ni-SACs/mNC1000 and NiO/Ni-SACs/mNC900, 

attributed to Ni-O lattice vibrations (Figure 5.15) [439]. Additionally, no metallic oxide 

peak was observed for Ni-SACs/NC1000, validating the presence of Ni solely in atomic 

form. NiO/Ni-SACs/mNC1000 displayed two additional Raman peaks at 1347.3 and 

1590 cm−1, attributed to the disordered carbon (D band) and graphitic carbon (G band), 

respectively. We compare the Raman intensity ratio of D band and G band for all the 

materials. The lower Id/Ig value (0.942) of NiO/Ni-SACs/mNC1000 as compared to Ni-

SACs/NC1000 (1.04) and other supporting materials indicates higher degree of graphiti-

zation. 
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Figure 5.15 a) Comparison of Raman spectra of as synthesized NiO/Ni-SACs/mNC1000 

with all other supporting catalysts. b) Raman spectra of NiO/Ni-SACs/mNC1000 and 

NiO/Ni-SACs/mNC900 in a wide range. 

Moreover, a prominent electron paramagnetic resonance (EPR) signal confirms the abun-

dance of defects within the catalysts (Figure 5.16). Electronic behavior analysis via EPR 

spectroscopy at room temperature revealed a g-value of 2.17 for both NiO/Ni-

SACs/mNC1000 and Ni-SACs/NC900 samples. Notably, the EPR signal intensity of 

NiO/Ni-SACs/mNC1000, where Ni single atoms are coupled with NiO, was more than 

8 times higher than that of the sole Ni single-atom catalyst, indicative of an electron-rich 

structure because of the presence of NiO nanoclusters [427, 440, 441]. 
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Figure 5.16 Electron paramagnetic resonance (EPR) spectra measured at 292 K. 

The chemical state and elemental composition of the catalysts were thoroughly investi-

gated using X-ray photoelectron spectroscopy. As depicted in Figure 5.17, the Ni single-

atom catalyst displayed a prominent peak at 856.54 eV in Ni 2p3/2, primarily correspond-

ing to the Ni (II) state, consistent with the binding energy of Ni (II) in nickel phthalocy-

anine [442]. We also have studied Ni 2p XPS of pure NiO nanoparticles and it showed a 

characteristic peak at 854.37 eV in Ni 2p3/2 region [443]. Nevertheless, the Ni 2p3/2 spec-

tra of NiO/Ni-SACs/mNC1000 exhibited two strong peaks: one associated with Ni-N or 

NiO in the range of 854.53 eV, and another at 856.23 eV attributed to Ni (II). Similar 

observations were made for NiO/Ni-SACs/mNC900, displaying two peaks at 854.53 eV 

and 856.12 eV corresponding to Ni-N/NiO and Ni (II), respectively. Strikingly, in both 

NiO/Ni-SACs/mNC1000 and NiO/Ni-SACs/mNC900, the binding energies of Ni (II) 

shifted to lower binding energies compared to the sole Ni single-atom catalyst, while the 

binding energies of NiO/Ni-N shifted to higher binding energies as compared to pure 

NiO nanoparticles. These findings demonstrate that Ni-N-C exhibit a stronger electron 

coupling effect, facilitating electron transfer from NiO nanoparticles to Ni single-atom 

catalysts, thus resulting the presence of low-valence Ni single atoms and higher valance 

NiO.  
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Figure 5.17 Comparison of XPS Ni 2p spectra of NiO/Ni-SACs/mNC1000 with other 

supporting catalysts. 

Furthermore, the deconvolution of N 1s XPS spectra for NiO/Ni-SACs/mNC1000 re-

vealed four types of N characteristic peaks: pyridinic (398.43 eV), pyrrolic (400.42 eV), 

graphitic (401.17 eV), and metal-coordinated N (399.46 eV) (Figure 5.18). Among all 

pyridinic N being the predominant species, serving as anchoring sites for stabilizing the 

SACs within the carbon structure and as active sites for enhanced O2 redox reaction ki-

netics [444]. Additionally, an upshift in peak positions for Metal-N, pyridinic N, and 

pyrrolic N species was observed for both NiO/Ni-SACs/mNC1000 and NiO/Ni-

SACs/mNC900 compared to Ni-SACs/NC1000, indicative of a strong binding between 

Ni and N due to electron transfer from NiO nanoclusters to Ni single atoms.  
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Figure 5.18 Comparison of XPS N 1s spectra of NiO/Ni-SACs/mNC1000 with other 

supporting catalysts. 

The oxygen signal of as-synthesized pure NiO nanoparticles revealed two lattice-bound 

oxygen components, NiII-O and NiIII-O, at 529.3 and 530.58 eV, respectively (Figure 

5.19). The oxygen component at higher binding energies (532.20 eV) was associated with 

deficient, interstitial, and peroxo-like species, known as oxygen vacancies (OV). It has 

been reported that oxygen vacancies also contribute to enhance the OER activity. Simi-

larly, the same phenomenon was observed for both NiO/Ni-SACs/mNC1000 and 

NiO/Ni-SACs/mNC900. In both cases, three peaks were observed in the range of 529.4-

529.5 eV, 530.8-531.1 eV, and 532.5-532.76 eV, corresponding to NiII-O, NiIII-O, and 

OV, respectively. However, NiII-O was predominantly present, while the other two peaks 

were less intensified, possibly due to the formation of the NiO nanoclusters after higher 

temperature treatment [445]. 
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Figure 5.19 Comparison of XPS O 1s spectra of NiO/Ni-SACs/mNC1000 and NiO/Ni-

SACs/mNC900 with pure NiO nanoparticles. 

Besides it, we conducted an examination of the d band structure of Ni using ultraviolet 

photoelectron spectroscopy (UPS). The complete photoemission spectra obtained for 

NiO/Ni-SACs/mNC1000 and Ni-SACs/NC100 were acquired with an ultraviolet source 

of He I (21.22 eV). The obtained photoemission spectrum was referenced to the Fermi 

level (Ef) as zero eV. By identifying the cut-off energy value, the work function (Ф) value 

can be determined. The coupling of NiO with Ni-N-C resulted in a Ф value of 4.486 eV 

(the difference between He (I) and Ecut-off), which is lower than that of only Ni-N-C 

(5.07 eV), as depicted in Figure 5.20 a. A low work function value also denotes that 

NiO/Ni-SACs/mNC1000 are capable of facilitating charge transfer at the interface. Ad-

ditionally, the shift of near Fermi level signals can be ascribed to the change in the elec-

tronic structure of Ni single atoms on the surface of N-doped mesoporous carbon. The 

position of Ni-SACs/NC100 exhibits an increase in binding energy compared to NiO/Ni-

25000

30000

35000

40000

45000

50000

55000

60000

25000

30000

35000

40000

45000

50000

55000

60000

65000

536 534 532 530 528 526
20000

25000

30000

35000

40000

45000

50000

55000

NiO/Ni-SACs/mNC900

 

 

 
P

O 1sNiO/Ni-SACs/mNC1000

O
v

Ni
III
-O

 

 In
te

n
s

it
y

 (
a

.u
.)

Ni
II
-O

Ni
II
-O

Ni
III
-O

O
v

NiO

NiO/Ni-SACs/mNC1000

 B

Binding energy (eV)

Ni
II
-O

Ni
III
-O

O
v



  

196 
 

SACs/mNC1000 (away from the Fermi level). According to the d band theory, the down-

shifted d band of only Ni single atom catalyst (grey curve) corresponds to a weakened 

adsorption strength [446,447]. To delve deeper into this electron interaction, surface va-

lence band photoemission spectra (VBS) of NiO/Ni-SACs/mNC1000 and Ni-

SACs/NC1000 were collected using XPS (see Figure 5.20 b). The findings reveal that 

the d band center relative to the Fermi level (E-Ef, calculated using Eq. S1 mentioned in 

section 2.1) exhibit an upward shift from Ni-SACs/NC1000 (4.667) to NiO/Ni-

SACs/mNC1000 (4.248). Concurrently, the upward shift of the d band center contributes 

to a decrease in the electron filling in the antibonding orbital, thereby enhancing the bind-

ing affinity between Ni and oxygenated species. It is widely acknowledged that the in-

teraction between the adsorbed valence state and the transition metal d state results in the 

formation of distinct bonding and antibonding orbitals [448,449]. The bonding states, 

located well below Ef, are fully occupied, whereas the electron occupancy of the anti-

bonding states is contingent upon the energy states relative to Ef, influencing bond 

strength. Consequently, the introduction of NiO leads to the d electron contribution from 

NiO to Ni single atoms, causing an upward shift of the d band center toward Ef. This, in 

turn, prompts a reduction in electron occupancy in antibonding states, strengthening the 

interaction between adsorbate and surface. Collectively, these findings indicate that the 

synergistic interplay between Ni-N-C and NiO enhanced the reversible O2 redox reaction. 
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Figure 5.20 a) UPS He I spectra b) Valence band spectra (The white bar shows d-band 

center) of NiO/Ni-SACs/mNC1000 and Ni-SACs/NC1000. 

The N2 sorption isotherms of NiO/Ni-SACs/mNC1000 revealed characteristic type-IV 

isotherms (Figure 5.21), with a specific surface area (SBET) of 2369 m2 g-1 and a pore 

volume (Vp) of 11.4 cm3 g-1, markedly larger than those of Ni-SACs/NC1000 (SBET = 

868.3 m2 g-1, Vp = 0.45 cm3 g-1) (refer to Table 5.1). Additionally, NiO/Ni-

SACs/mNC1000 exhibited hierarchical pores with a combination of micro and meso-

pores (as depicted in Figure 5.22). Even similar thing we observe i.e., the formation of 

meso and micropore and enhancement of surface area for mNC1000 (SBET = 2120 m2 g-

1, Vp = 2.592 cm3 g-1). 
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Figure 5.21 N2 adsorption desorption isotherm comparison between NiO/Ni-

SACs/mNC1000 and Ni-SACs/NC1000. 

 

Figure 5.22 a)-c) N2 adsorption desorption isotherms of NiO/Ni-SACs/mNC900, 

mNC1000 & without washed sample of NiO/Ni-SACs/mNC1000 respectively. D) BJH 

analysis for pore size distribution of NiO/Ni-SACs/mNC1000 and all other supporting 

catalysts. 

Table 5.1 Surface texture characteristics of the NiO/Ni-SACs/mNC1000, NiO/Ni-

SACs/mNC900, mNC1000, Ni-SACs/NC1000, NC1000 (a-b) BET method, (c) BJH 

method. 

Catalyst Specific sur-

face area (m2 

g-1)(a) 

Total pore volume 

(cm3 g-1) (b) 

Average pore di-

ameter (nm) (c)  

NiO/Ni-

SACs/mNC1000 

2369.7 11.4 15.603 

NiO/Ni-SACs/mNC900 1824.6 5.68 14.089 

mNC1000 2120 2.592 8.1913 

Ni-SACs/NC1000 868.3 0.4498 2.1247 

Without wash sample 

of NiO/Ni-

SACs/mNC1000 

101.16 0.5835 12.997 
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These findings indicate that during pyrolysis, SiOx-coating can induce inward carbon 

migration to the exterior, leading to the formation of numerous meso/micropores on the 

walls. Such concave shaped morphology with elongated edges results in a substantial 

increase in external surface area, while the in-situ generated meso/micropores can be 

found on the walls of NiO/Ni-SACs/mNC1000.  

The electrocatalytic OER performance of NiO/Ni-SACs/mNC1000 and its supporting 

catalysts was measured in basic electrolytes using a standard three-electrode setup. Cy-

clic voltammetry (CV) was conducted in 1 M KOH at room temperature, with a scan rate 

of 10 mV/s (Figure 5.23). We observed the oxidation (Ni2+ to Ni3+) & reduction peak 

(Ni3+ to Ni2+) corresponding to NiO nanoclusters present in NiO/Ni-SACs/mNC1000. 

Potentials were adjusted to the reversible hydrogen electrode (RHE) scale [450]. 

 

Figure 5.23 Cyclic voltammetry study of NiO/Ni-SACs/mNC1000 catalyst in 1 M KOH 

solution at scan rate10 mV/s. 

Linear sweep voltammetry (LSV) studies mentioned in Figure 5.24 a illustrates that 

NiO/Ni-SACs/mNC1000 exhibited higher current density and low OER onset potential 

(1.467 V vs. RHE) compared to NiO/Ni-SACs/mNC900 (1.494 V), Ni-SACs/NC1000 

(1.536 V), mNC1000 (1.569 V) & IrO2 (1.589 V). Moreover, the overpotential required 
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to achieve a current density of 10 mA cm−2 is commonly used as a benchmark to estimate 

the OER catalyst's activity. NiO/Ni-SACs/mNC1000 required small overpotential values 

of 0.296 to reach a current density of 10 mA cm-2 (Figure 5.24 b). Nevertheless, Ni-

SACs/NC1000 necessitated overpotentials of 0.38 mV to achieve the same. This empha-

sizes the importance of the coexistence of NiO with Ni single atoms which synergistically 

improving the overall OER performance of NiO/Ni-SACs/mNC1000. A comparison of 

overpotential required to deliver a current density of 10 mA cm-2 for various catalysts in 

1 M KOH electrolytes is illustrated in Figure 5.24 b. 

 

Figure 5.24 a) Linear sweep voltammetry study of NiO/Ni-SACs/mNC1000 and other 

supporting catalysts in 1 M KOH solution at scan rate 5mV/s. b) Bar graph corresponding 

to comparison of overpotential for different catalysts required to achieve 10 mA cm-2. 

Tafel slope values extracted from corresponding LSV curves for NiO/Ni-

SACs/mNC1000 (73.59 mV dec-1), Ni-SACs/NC1000 (102.28 mV dec-1), NiO/Ni-

SACs/mNC900 (76.96 mV dec-1) in 1 M KOH are depicted in Figure 5.25. Notably, 

NiO/Ni-SACs/mNC1000 exhibited smaller Tafel slope values, indicating superior OER 

activity.  
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Figure 5.25 Tafel plots of NiO/Ni-SACs/mNC1000 and other supporting catalysts. 

The Nyquist plot of NiO/Ni-SACs/mNC1000 illustrates a smaller semi-circle compared 

to Ni-SACs/NC1000, indicating faster reaction kinetics and favorable charge-transfer re-

sistance (Rct) with values of 2.835 Ω for former while 4.55 Ω for the later, respectively 

(Figure 5.26 a). An equivalent electrical circuit model, obtained through fitting the 

Nyquist plots, suggests an parrallal model for the OER kinetics, where R1 represents so-

lution resistance, CPE1 and CPE2 are two constant phase elements associated with double 

layer capacitance at the solid-electrolyte interfaces caused by charge-transfer resistance 

at low (R2) and high frequencies (R3), respectively (Figure 5.26 b&c). 

 

Figure 5.26 a) Comparison of Nyquist plots of NiO/Ni-SACs/mNC1000 and other sup-

porting catalysts for OER in 1M KOH. b) & c) Fitting of the Nyquist plot and its corre-

sponding equivalent circuit model used for OER kinetics.  
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Furthermore, double layer capacitance (Cdl) and electrochemical active surface area 

(ECSA) were calculated by measuring cyclic voltammetry (CV) with different scan rates 

ranging from 20 to 120 mV s-1 in a non-faradaic potential region (Figure 5.27 & Figure 

5.28). In 1 M KOH solution, the Cdl value for NiO/Ni-SACs/mNC1000 (22.96 mF cm-2) 

surpasses that of Ni-SACs/NC1000 (14.34 mF cm-2), NiO/Ni-SACs/mNC900 (21.84 mF 

cm-2), and IrO2 (2.14 mF cm-2). A larger Cdl value directly correlates with the electro-

chemical surface area (ECSA), suggesting the presence of more effective or exposed cat-

alytic active sites for NiO/Ni-SACs/mNC1000, resulting in excellent OER performance. 

 

Figure 5.27 CV curves of (a) NiO/Ni-SACs/mNC1000, (b) NiO/Ni-SACs/mNC900, (c) 

Ni-SACs/NC1000 and (d) IrO2 in a potential range of 1.028 to 1.128 V vs. RHE at dif-

ferent scan rate in 1 M KOH.  
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Figure 5.28 Electrochemical double-layer capacitance (Cdl) of NiO/Ni-SACs/mNC1000 

and supporting catalysts.  

Long-term OER stability of NiO/Ni-SACs/mNC1000 in 1 M KOH electrolytes was as-

sessed using chronoamperometric tests at different current density (5,10,15, 20, 25 mA 

cm-2) and the catalyst demonstrated stable performance for approximately 50 hours with-

out any significant loss. As demonstrated in Figure 5.29 a even after 50 h operation when 

we go back to 10 mA cm-2 the catalyst holds its potential nicely. The LSVs before and 

after the stability test remained almost identical (Figure 5.29 b). From all of these results, 

it is evident that synergistic interaction between NiO and Ni single atom catalyst not only 

boosts OER activity but also provides robustness to the catalyst for long-term applica-

tions. 
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Figure 5.29 a) Chronopotentiometric durability test of NiO/Ni-SACs/mNC1000 at dif-

ferent current densities (5, 10, 15, 20,25 mA cm-2). b)  LSV before and after stability test.  

Through rotating ring disc electrode (RRDE) measurements, Faradaic efficiency (F.E.) 

and turnover frequency (TOF) were determined for NiO/Ni-SACs/mNC1000 & Ni-

SACs/NC1000 (Figure 5.30 a &b) using the equation S6 & S7. NiO/Ni-SACs/mNC1000 

showed F.E. 95.99% at 1.7 V. In contrast, the NiO-free catalyst (Ni-SACs/NC1000) ex-

hibited lower value of only 63.45%. We then compared the calculated TOF and F.E at 

different overpotentials 350 mV, 400 mV & 450 mV etc. NiO/Ni-SACs/mNC1000 

demonstrated TOF values 8385 s-1 whereas NiO-free catalyst showed 3272 s-1. The 

higher TOF value of NiO/Ni-SACs/mNC1000 indicates greater intrinsic activity com-

pared to the Ni-SACs/NC1000 catalyst. These findings establish NiO/Ni-

SACs/mNC1000 as an outstanding OER electrocatalyst for alkaline water electrolysis. 
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Figure 5.30 a) RRDE current-potential response of  NiO/Ni-SACs/mNC1000 and Ni-

SACs/NC1000 catalysts for OER in O2-saturated 1.0 M KOH. b) TOF and FE calculated 

for OER considering different overpotential values, catalyzed by NiO/Ni-

SACs/mNC1000 and Ni-SACs/NC1000. 

Moreover, the outstanding OER activity exhibited by NiO/Ni-SACs/mNC1000 prompted 

the assembly of a 2-electrode alkaline water electrolytic cell for overall water splitting 

(Figure 5.31 a). NiO/Ni-SACs/mNC1000 coated Ni foam were selected as the anode and 

Pt/C coated Ni foam used as cathode, with a catalyst loading of 1.2 mg cm-2 for each. 

The cell operated at a voltage of 1.58 V to achieve a current density of 10 mA cm-2, 

comparable to the Pt/C + IrO2 couple (1.78 V) (Figure 5.31 b).  

 

Figure 5.31 a) Schematic illustration of water splitting electrochemical cell. b) LSV 

curves of NiO/Ni-SACs/mNC1000 + Pt/C where Pt/C used as cathode and NiO/Ni-
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SACs/mNC1000 used as anode and compare with conventional catalyst mixture Pt/C + 

IrO2. 

Motivated by the OER properties of the catalyst, we further explored the multifunctional 

capability of NiO/Ni-SACs/mNC1000 via performing its electrochemical ORR activity 

measurements. Utilizing a three-electrode setup with a rotating disk electrode (RDE) and 

O2-saturated 0.1 M KOH as the electrolyte. The linear sweep voltammetry (LSV) results 

indicate that NiO/Ni-SACs/mNC1000 exhibits excellent ORR performance, with onset 

(Eonset) and half-wave potentials (E1/2) of 0.967 and 0.885 V, respectively, closely resem-

bling those of Pt/C (1.01 and 0.92 V) (refer to 5.32 a). Moreover, the E1/2 value of NiO/Ni-

SACs/mNC1000 surpasses that of NiO free catalyst Ni-SACs/NC1000 (0.85 V) (refer to 

Figure 5.32 b). All these results suggests the benefits of the coupling of NiO with Ni 

single atom catalyst on concave shaped stretched edge structure in enhancing the mass 

transport of reactants. 

 

Figure 5.32 Electrochemical ORR performance in 0.1 M KOH. a) LSV curves of 

NiO/Ni-SACs/mNC1000, Ni-SACs/NC1000, Pt/C with a sweep rate of 5 mV/s and a 

rotation rate of 900 rpm. (b) Eonset and E1/2 of NiO/Ni-SACs/mNC1000, Pt/C, and sup-

porting catalysts. 
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gle atom catalysts i.e., NiN4 and cubic NiO decorating NiN4 sites, as well as the reaction 

0.2 0.4 0.6 0.8 1.0
-8

-7

-6

-5

-4

-3

-2

-1

0

 

 

 Pt/C

 Ni-SACs/NC1000

 NiO/Ni-SACs/mNC1000

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
 c

m
-2
)

Potential (V vs RHE)

Pt/C

NiO/Ni-SACs/mNC1000

Ni-SACs/NC1000

0.80

0.85

0.90

0.95

1.00

1.05

Ni-SACs/

NC1000

NiO/Ni-SACs

/mNC1000

 

 

P
o

te
n

ti
a
l 
(V

 v
s

 R
H

E
)

Pt/C

 Eonset

 E1/2

a) b)



  

207 
 

mechanism during the Oxygen Evolution Reaction (OER) process at the atomic level. 

The optimised structures are illustrated in Figures 5.33 and 5.34. 

 
 

Figure 5.33 The optimized structure for a) Ni-N4 and b) OH, c) O, and d) OOH adsorbed 

on Ni-N4. 

 

 

Figure 5.34 The optimized structure for a) Ni-NiO-N4 and b) OH, c) O, and d) OOH 

adsorbed on Ni-NiO-N4. 

 

The calculated density of states (Figure 5.35 a &b) reveals an increased presence of Ni 

d-orbitals near the Fermi level in NiO decorated on NiN4 sites. In contrast, no d-orbital 

states are observed near Fermi in the case of NiN4. These available d-orbital states nota-

bly facilitate the absorption of H2O molecules and subsequent intermediates. The absorp-

tion of H2O at the NiO side of NiO decorated on NiN4 site is 0.577 eV higher than at 

a) b)

c) d)

a) b)

c) d)
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NiN4 (without NiO) site. Correspondingly, the calculated d-band center exhibits an up-

ward shift of 0.34 eV. This upward shift promotes the adsorption of active intermediates, 

leading to an enhancement in the reactivity of active sites. The OER process at NiN4 site, 

Ni single atom initially adsorbs OH, and the *OH species then interacts with a hydroxyl 

radical to produce *O and a water molecule. Continuing the process, *O combines with 

OH- to produce *OOH, which eventually forms O2 while interacting with OH-, thereby 

producing H2O. We then calculated the Gibbs free energy to determine the theoretical 

onset potential, which was found to be 2.14 V, as demonstrated in Figure 5.35 c & d. The 

rate-determining step in this mechanism was identified as the splitting of *OH to *O. 

Continuing our investigation, we explored the OER mechanism on a Ni single atom cat-

alyst and on NiO of NiO-NiN4. The theoretical onset potentials were found to be 2.25 V 

and 1.89 V, respectively. Notably, the rate-determining step for the OER on NiO shifted 

to the formation of O2 from *OOH. The OER at Ni of the NiO site exhibited higher 

activity compared to the Ni single site of NiN4. 



  

209 
 

 

Figure 5.35 DOS of (a) Ni-N4 and (b) Ni-NiO-N4. The Fermi energy (EF) is at zero. 

Calculated free energy diagram for OER on c) Ni-N4 and (b)Ni-NiO-N4 at zero applied 

potential (U = 0). 

Encouraged by the exceptional bifunctional OER/ORR capabilities, we proceeded to fab-

ricate a more challenging solid-state ZAB comprising a gas diffusion layer (GDL) coated 

with NiO/Ni-SACs/NC1000 as the air cathode, a polished zinc foil serving as the anode 

and a hydrogel electrolyte dipped into 6 M KOH + 0.2 M Zn(OAc)2·6H2O. Initially, we 

synthesized and investigated the physicochemical properties of polyacrylamide (PAM) 

hydrogel denoted as PAM-h. The quasi-solid-state ZABs utilizing NiO/Ni-

SACs/mNC1000 at cathodes with PAM hydrogel electrolyte exhibited open circuit volt-

age ~1.361 V (Figure 5.36). 

a) b)

c) d)
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Figure 5.36 Photograph displaying measured open-circuit voltage of~1.361 V using 

PAM-h electrolyte for NiO/Ni-SACs/mNC1000. 

 

However, achieving high-rate performance remained challenging due to the formation of 

dense Zn dendrites and the disruption of the Zn|hydrogel electrolyte interface due to large 

amount of free water molecule. Therefore, it was essential to modify the intrinsic prop-

erties of the hydrogel electrolyte to address these challenges and achieve high-rate capa-

bility under ambient conditions. Here we have added DMSO and Zn(BF4)2 during the 

synthesis of PAM-h and named as PAM-zdh. We have given a photograph of as synthe-

sized PAM-zdh hydrogel (Figure 5.37) 

 

Figure 5.37 photograph of PAM-zdh electrolyte. 

For comparison we also have prepared only DMSO treated hydrogel (PAM-dh) and only 

metal salt treated hydrogel (PAM-zh). PAM-zdh showed good stretchability (Figure 5.38 

a). To evaluate the compatibility between the Zn anode and the organohydrogel electro-

lyte, Zn|Zn symmetric cells were constructed. The Zn|Zn symmetric cell with the PAM-
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zdh electrolyte exhibited lower polarization during plating/stripping cycles compared to 

the PAM-h indicating a stable electrochemical interface (Figure 5.38 b). Furthermore, 

PXRD patterns revealed weaker intensity of formed Zn dendrites (ZnO) when using the 

PAM-zdh as compared to other supporting electrolytes (Figure 5.38 c). So, it can be said 

that, DMSO which known as a favorable H-bond acceptor, forming a robust H-bond net-

work with water molecules thereby reconstructing the solvation sheath structure of Zn2+ 

along with that due to the considerable electronegativity of F atoms, BF4
- anions engage 

with water molecules through O-H···F interactions, displacing the O-H···O bonds be-

tween water molecules. Moreover, considering the practical demand for rechargeable 

batteries in cold regions and highlands, there is a need to develop low-temperature quasi-

solid-state ZABs. The slow ion transport in low-temperature (≤ 0 °C) environments limits 

the depth of discharge and leads to low critical current densities. To address this chal-

lenge, the temperature-tolerance abilities of the PAM-zdh electrolyte were further inves-

tigated using differential scanning calorimetry (DSC). DSC findings indicate that the 

solid-liquid transitions of PAM-zdh hydrogel electrolytes vary significantly. Typically, 

the ice melting process exhibits a distinct endothermic peak, while the glass transition 

presents a noticeable step. During the heating process, significant endothermic peaks are 

observed in PAM-h, PAM-dh, PAM-zh. But for PAM-zdh, these endothermic peaks di-

minish, and only glass transition peaks are evident in hydrogel electrolytes, indicating a 

reduction in free water content. The results revealed anti-freezing and thermally stable 

properties for the synthesized PAM-zdh electrolyte (Figure 5.38 d). 
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Figure 5.38 a) Tensile stress-strain curve of PAM-h, PAM-dh, PAM-zh, PAM-zdh. b) 

Cycling performance of the symmetric Zn | |Zn cells employing PAM hydrogel electro-

lyte and PAM organohydrogel electrolyte at 5 mA cm−2. c) XRD patterns of various Zn 

samples. It suggests that the discharging and charging/discharging products are Zn(OH)2 

and ZnO, respectively. d) DSC curves of PAM-h, PAM-dh, PAM-zh, PAM-zdh. 

To further verify our understanding, we have calculated binding energy (Eb). The binding 

energy (Eb) quantifies the strength of interaction between different components. A lower 

Eb value signifies a stronger interaction. For instance, the Eb values for PAM-H2O (-

33.855 kcal/mol), PAM-DMSO-H2O (-168.797 kcal/mol), PAM-Zn(BF4)2-H2O (-502 

kcal/mol) and PAM-Zn(BF4)2-DMSO-H2O (-766 kcal/mol) are lower than that of H2O-

H2O (-5.85 kcal/mol) (Figure 5.39). Essentially, the stronger Eb of PAM-Zn(BF4)2-

DMSO-H2O signifies the hydrogel electrolyte's stronger ability to disrupt the hydrogen 

bonds between water molecules and to resist freezing in low-temperature environments. 
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Figure 5.39 The binding energy between H2O, PAM-H2O, PAM-DMSO-H2O, PAM-Zn 

(BF4)2-H2O and PAM-DMSO-Zn(BF4)2-H2O obtained by DFT simulation using Gauss-

ian. 

We then further tested quasi solid state ZABs with NiO/Ni-SACs/mNC1000 using as 

cathode and PAM-zdh as electrolyte. In comparison, a blend of 20% commercial Pt/C 

and IrO2 in equal proportions was also evaluated as a cathode. The NiO/Ni-

SACs/mNC1000 based battery exhibits a consistent open-circuit voltage (OCV) of 1.45 

V, Similar to that of Pt/C + IrO2 (Figure 5.40).  
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Figure 5.40 a) Photograph displaying measured open-circuit voltage of~1.454 V, and b) 

open circuit voltage of 1.454 and 1.446 V using PAM-zdh electrolyte for NiO/Ni-

SACs/mNC1000 and Pt/C+IrO2 couple, respectively. 

 

The minimal voltage difference between discharge-charge polarization curves and the 

corresponding power density of the NiO/Ni-SACs/mNC1000 based ZAB yields a peak 

power density of 123.2 mW cm-2, significantly higher than that of Pt/C + IrO2 based ZAB 

(96.51 mW cm-2), indicating excellent rechargeable capability of NiO/Ni-

SACs/mNC1000 based ZAB (Figure 5.41 a). Demonstratively, a series connection of two 

Zn-air batteries can power red light-emitting diodes (LEDs) for several hours (Figure 

5.41 b). NiO/Ni-SACs/mNC1000 showed higher specific capacity 451.89 mA.h.g-1 as 

compared to Pt/C + IrO2 (279.82 mA.h.g-1) (Figure 5.41 c). The long-term rechargeability 

of NiO/Ni-SACs/mNC1000 based solid ZAB was evaluated through galvanostatic dis-

charge-charge cycling at a current density of 20 mA cm-2 with 60 minutes per cycle (30 

minutes discharging and 30 minutes charging) (Figure 5.41 d). After prolonged cycling 

for up to 65 hours, minimum loss in voltaic efficiency was observed for NiO/Ni-

SACs/mNC1000 based solid ZAB, whereas the voltage gap sharply increased after ~25 

hours for Pt/C + IrO2 based solid ZAB. Long-term cycling performance analysis also 

reveals that the NiO/Ni-SACs/mNC1000 based battery maintains a low discharge-charge 

voltage gap compared to the Pt/C + IrO2 based battery (Figure 5.41 d). Moreover, with 
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NiO/Ni-SACs/mNC1000 ZAB demonstrates stable discharge voltages under various cur-

rent densities (Figure 5.41 e). We have tested the experiment three times and it main-

tained its discharge voltage nicely. After the ~65 h operation, we have shown here the 

gel electrolyte interface and Zn foil (Figure 5.41 f). Then We have checked the cycling 

performance of ZAB at different current densities from 10 mA cm-2 (Figure 5.41 g) to 

high current densities 60 mA cm-2 (Figure 5.41 h) & 100 mA cm-2 (Figure 5.41 i). The as 

fabricated ZAB showed remarkable performance at high current densities. To further 

verify the deformation of ZAB we have tested charging discharging cycle test at different 

bending conditions 0 o,45o, 90o, & 180o. It showed negligible change in voltage gap (Fig-

ure 5.41 j). At ice cold condition (Figure 5.41 k), the assembled quasi-solid-state ZABs 

exhibited the charging/discharging cycles at 2 mA cm-2 for 50 hours which demonstrated 

robust durability of the battery. These results affirm NiO/Ni-SACs/mNC1000 as an out-

standing bifunctional OER/ORR oxygen electrode and PAM-zdh a suitable electrolyte 

for long-term rechargeable liquid Zn-air batteries. 

 

Figure 5.41 a) Polarization curves and corresponding power densities of NiO/Ni-

SACs/mNC1000 and Pt/C + IrO2 as cathode using PAM-zdh electrolyte for single solid-

state ZAB. b) Photograph of a lighted LED powered via connecting two ZABs in a series. 
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c) Comparison of specific capacity between NiO/Ni-SACs/mNC1000 and Pt/C + IrO2. 

d) Comparison of galvanostatic discharge-charge cycling performance of rechargeable 

solid-state ZAB at a constant discharge-charge current density of 20 mA cm-2 with a 

cycle duration of 1h for NiO/Ni-SACs/mNC1000 and Pt/C + IrO2. e) Repeating discharge 

curves three time at various current densities (2, 5, 10 mA cm-2). f) Photograph of Zn-gel 

interface, fresh Zn plate and Zn plate after long term discharge. g) Charging discharging 

stability of the battery at with NiO/Ni-SACs/mNC1000 at 10 mA cm-2 for 110h. Cycling 

stability at higher current densities h) 60 mA cm-2 & i) 100 mA cm-2. j) Stability test of 

the battery at different bending conditions. k) Battery performance at ice cold condition: 

charging discharging test at 2 mA cm-2. 

 

5.7 Conclusion 

In summary, we present a highly active and durable non-precious metal-based bifunc-

tional OER/ORR electrocatalyst, NiO/Ni-SACs/mNC1000. This catalyst comprises well-

dispersed single Ni atoms (Ni-N4) and small NiO nanoclusters embedded within nitro-

gen-doped concave shaped mesoporous carbon cage with stretched edges synthesized 

using silica templated method. NiO/Ni-SACs/mNC1000 demonstrates the ability to 

achieve a current density of 10 mA cm-2 at a low cell voltage of 1.58 V in a two-electrode 

alkaline electrolytic cell. Furthermore, we showcase the performance of the catalyst in 

quasi-solid rechargeable Zn-air batteries. Additionally, we established a anti freezing gel 

electrolyte by modifying PAM hydrogel with the addition of DMSO a H bond acceptor 

and metal salt Zn (BF4)2 additives. Using as synthesized PAM-zdh quasi solid ZAB 

showed outstanding performance at wider temperature range. DFT calculations reveal a 

synergistic interaction between Ni-N4 and NiO small nanoclusters, favoring the Gibbs 

free energy for O2 evolution. Notably, the presence of NiO nanoclusters enhances the 

availability of d orbitals which facilitates the adsorption of water and other intermediates 

and improve the OER kinetics. This study not only introduces a novel synthetic strategy 

for designing advanced single-atom catalyst-based electrocatalysts but also underscores 

the significance of incorporating small quantities of metal oxide nanoclusters in 
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enhancing electrocatalytic activity and robustness. This work opens avenues for the de-

sign of multifunctional and robust electrocatalysts for long-term O2 evolution applica-

tions. 
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Chapter 6:  Summary And Future Directions 

The design and synthesis of MOF composites and MOF derivatives are included in this 

thesis study for their use in organic transformation reactions and electrochemical energy 

conversion and storage devices, respectively. To diminish worries about organic trans-

formations, environmentally friendly methods are essential. Overuse of hazardous cata-

lysts leads to ecological imbalance and health risks. Heterogeneous catalysis is a prom-

ising method for removing contaminants from organic reactions that are generated by 

dangerous compounds used as catalysts. One can envision a path toward greener catalytic 

practices with the advancement of cutting-edge technology. Heterogeneous catalysts 

have gained substantial attraction in organic transformation due to homogeneous cata-

lysts' inability to be isolated, reused, and subject to temperature instability. The develop-

ment of MOF composites has brought the prospect of their implementation as solid cat-

alysts in industrial settings one step closer to reality. So motivated by these unique prop-

erties of MOF, we have designed a earth abundant, cost effective, easily synthesis, reus-

able catalyst by using an encapsulation technique that involved nano-confinement of a 

homogenous Mn–phenanthroline complex inside ZIF-8 pores. The as prepared catalyst 

for the very first time used for α-alkylation of ketones with alcohols which provide a path 

for direct access to branch di substituted ketones. Here we involve the hydrogen borrow-

ing catalysis, mainly occur under harsh basic conditions, under which the majority of 

recognized MOFs quickly deteriorate and are unsuitable for heterogeneous catalysis. 

Nevertheless, the process of encapsulating metal complexes in MOF pores in situ is still 

relatively new. Further research is required in this area, including the synthesis of novel, 

extremely stable MOFs under challenging circumstances and window pore size tuning to 

allow for the entry of big molecules.  
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With the rapid depletion of fossil fuels and severe environmental issues, developing sus-

tainable energy conversion and storage (ECS) technology to power our future society is 

critical. Electrocatalysis plays a pivotal role for most of the ECS systems like water elec-

trolyzers, flow batteries, fuel cell, Zn-air battery. But electrocatalysts typically have sig-

nificant overpotentials and slow kinetics, which require a lot of excess energy. The lim-

ited lifetime and high cost of the catalysts also limit their broad and large-scale usage. In 

this regard MOF derived nanostructured materials emerged as a promising candidate.  

MOF derived single atom catalysts provide a solution towards the leaching problem of 

active sites or instability under highly robust conditions. It has been reported that utilizing 

SACs as a catalyst has the benefit of stabilizing metals within carbon structures very 

firmly and preventing metal leakage during the reaction process and ease of mechanistic 

study. SAC also offers maximum metal utilization efficiency, which results in increased 

catalytic activity. However, there are some major drawbacks of MOF derived SACs. 

Among all low metal loading is a big challenge in most of the cases. So we have devel-

oped a dual single atom catalyst from MOF by linking SACs with second metals in the 

form of SACs. It not only reinforces the catalyst’s performance for ORR in a synergistic 

manner, but it will also adjust the electronic structure of the metal sites, resulting in high 

selectivity and the suppression of any potential Fenton reactions at the electrode. The 

catalyst exhibited remarkable activity and durability for both proton exchange membrane 

fuel cell and Zn-air battery. Notably, the electrical and coordinating structures in dual 

atom catalysts (DACs) are still being debated. It could be owing to various synthesis 

processes or metal-specific characteristics. In this context, there is a rising recognition of 

the significance of dual-atom configuration engineering and application-oriented DAC 

design. This opens the door to future prospects for DAC development. 
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For the real application of those catalysts at industrial level most of the time we coated 

the catalyst ink on a 3D support such as nickel foam, carbon cloth or carbon paper by 

using nafion binder. Uses of this nafion binder hinders the catalyst’s application at high 

current density or also blocks the active sites. So, we have developed a method for direct 

growth of ZIF-8 into carbon felt and after pyrolysis we got nitrogen, oxygen functional-

ized porous carbon strongly bounded to carbon felt surface. The as synthesized catalyst 

showed good performance for vanadium redox flow battery.  

So further exploration needed to develop nonprecious, easily scalable MOF derived 

nanostructured materials with defined active sites which can be used for high current 

density and long-term stability with minimum dissolution of active sites and also to es-

tablish structure activity correlation more precisely. Other heterogeneous catalytic reac-

tion can also be explored with these MOF composites or MOF derivatives. 

The aforementioned issues and future plans necessitate collaborative efforts from profes-

sionals of various sectors like inorganic, organic, engineering, and material science. We 

believe that our work will help the scientific community improve life in some way! 
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Appendix Section 

Copies of 1H NMR & 13C NMR spectra: 

 

2-Methyl-1,3-diphenylpropan-1-one: 
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3-(4-Methoxyphenyl)-2-methyl-1-phenylpropan-1-one: 
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3-(4-Chlorophenyl)-2-methyl-1-phenylpropan-1-one: 
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  3-(4-Fluorophenyl)-2-methyl-1-phenylpropan-1-one: 
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2-methyl-1-phenyldecan-1-one: 
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2,5,9-Trimethyl-1-phenyldec-8-en-1-one: 
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 4-ethylphenyl)-1,2-diphenylpropan-1-one: 
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3-(4-isopropylphenyl)-1,2-diphenylpropan-1-one: 
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3-(4-methoxyphenyl)-1,2-diphenylpropan-1-one: 
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3-(4-chlorophenyl)-1,2-diphenylpropan-1-one: 
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3-Cyclohexyl-1,2-diphenylpropan-1-one: 
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1,2-diphenyl-3-(thiophen-2-yl)propan-1-one: 
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((S)-3-(furan-2-yl)-1,2-diphenylpropan-1-one: 
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(S)-3-(benzo[d][1,3]dioxol-5-yl)-1,2-diphenylpropan-1-one :
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  2-Benzyl-3,4-dihydronaphthalen-1(2H)-one: 
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     2-(4-chlorobenzyl)-3,4-dihydronaphthalen-1(2H)-one (3q) 
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