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Preface 

The present investigation deals with the synthesis of pore engineered carbons 

from microporous to macroporous regime for a wide spectrum of electrochemical 

applications viz. supercapacitors, Li/Na-S batteries, and electrocatalysts. 

Additionally it has been shown that how interface engineering between 

conducting (graphene) and non-conducting (redox-active covalent organic 

polymers) phases leads to efficient pseudocapacitive energy storage. 

Chapter 1. briefly introduces the implications of porosity towards an 

electrochemical interface and how mass transfer affects the performances of 

electrochemical devices. It involves a short discussion on various techniques 

used for the synthesis of ordered mesoporous carbons.  Besides, it also includes 

a brief note on carbons for various electrochemical applications viz. 

supercapacitors, Li/Na-S batteries, and electrocatalytic performance and their 

mechanistic insights.  

Chapter 2. deals with the templated synthesis of high surface area ordered 

micro-mesoporous carbons (JNC-1 and JNC-2) using Teflon as a silica removal 

agent. It discusses the mechanism of silica removal by Teflon via elaborate 

control experiments. Gas storage capabilities of JNC-1 were tested and were 

compared with activated carbon (AC) and CMK-3. Finally, supercapacitor 

measurements were performed to evaluate electrochemical performance. 

 Chapter 3. involves the utilization of above-synthesized carbon i.e. JNC-1 for 

application in Li-S and intermediate temperature Na-S batteries. The 

electrochemical performance in such host is accounted in terms of its high 

surface area and beneficial hierarchical micro-mesoporous structure. Mass 

transport and electron transfer kinetics are also elaborated upon. 

Chapter 4. describes the synthesis of N-doped wider mesopore (> 30 nm) 

carbons (NDCs) from a clay template (halloysite), for hydrogen evolution 

reaction (HER) and oxygen reduction reaction (ORR). The study discusses the 

effect of nitrogen doping and the conductivity of NDCs (tuned by varying 

pyrolysis temperature) on HER and ORR performance.  

Chapter 5. introduces a new technique for the ultrafast synthesis of highly 

interconnected 3D meso-macroporous carbon containing highly dispersed, low 

amounts of CoO/Co for oxygen evolution reaction (OER) using simple 

combustion technique. Oxygen evolution kinetics are discussed in terms of 
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enhanced mass transport effects along with charge transfer kinetics in 

conducting carbon matrix. 

Chapter 6. presents interface engineering between conducting (graphene) and 

non-conducting (viologen containing redox active polymers) for efficient charge 

transfer kinetics for better pseudocapacitive energy storage. It discusses how 

sequential two-electron reduction in an otherwise difficult system can be 

achieved by intimate contact between graphene and redox active networks. 
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Chapter-1 

An Introduction to Pore Engineered Carbons and Their 

Electrochemical Applications 

 

Summary: 

Present chapter gives a short introduction to different types of carbons, their 

band structure and electrochemical applications (viz. supercapacitors, batteries, 

and electrocatalysts) of porous carbons.  
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1.1 Electrochemical implications of porous electrodes: 

Electrochemistry deals with the study of electrified interfaces usually involving 

electronation and de-electronation reactions, aiding the mutual transformation 

of electrical and chemical energies. It encompasses a wide spectrum of 

electrochemical processes involving energy storage to conversion devices viz. 

batteries, supercapacitors, fuel cells etc.(1) Since, in an electrochemical 

transformation, current density (j) is a measure of the rate of the reaction 

which in turn is proportional to the number of active sites.(2) Therefore, it is 

imperative that porous electrode is expected to show much higher j compared to 

planar systems of similar dimensions on account of its higher number of active 

sites aiding in the practical development of such prototypes (Scheme 1). 

Therefore porous electrodes are technologically important.(3, 4)  

 

  

 

 

 

 

 

 

Scheme 1. Schematic comparing the effect of porosity over the current densities 

of electrochemical devices; subscripts to j indicate low and high surface areas. 

(Left: planar electrode. Right: high surface area porous electrode).    

Apart from their role in devising high surface area electrodes, the geometry of 

the pores plays a dominant role in determining the ease of accessibility of those 

active sites. Therefore it is essential to understand the mass transport effects in 

the pores of different geometries.(5-7) 

 

1.2 Effect of pore geometries on mass transport: 

 

A material is said to be porous when it is deeper than wider. IUPAC classifies 

three kinds of porous materials based on their pore diameters.(8) Microporous 

compounds are those materials whose pore diameters are less than 2 nm while 

jlow<< jhigh

e- e-
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mesoporous compounds have pore dimensions in the range of 2-50 nm whereas 

macroporous systems have pore diameters more than 50 nm. It is to be noted 

that each of the above porous materials can be either ordered or disordered 

which in turn again affects mass transport through them in a different way.  

 

 

 

 

 

 

 

Scheme 2. (a) Comparison of mass transport of a species through the pores of 

regular and irregular geometries and (b) through the pores of similar geometry 

but of different dimensions. 

Let us compare the transport of a species through the pore of a regularly 

ordered geometry (cylindrical) with a tortuous one (Scheme 2a). It is apparent 

that the time taken to travel the same distance is greater in tortuous pore than 

in a pore of regular geometry because of the multitudes of the collision in the 

former, thereby impeding ion flux.(9)  Apart from the pore’s geometrical 

heterogeneity, ion flux is closely related to its dimensions. For example, ion 

transport is faster in wider pores (meso-macropores) than in smaller ones 

(micropores) of similar geometry as the pore dimensions are greater than mean 

free path of the particles in the former (Scheme 2b).(9-13)  

Therefore, it is clear that porosity plays a central role in the performance of an 

electrochemical device as it determines the ease of accessibility (pore 

dimensions) of the active sites apart from creating them (porous electrodes). 

Few examples are given below to underline the importance of pore engineering 

in obtaining enhanced electrochemical performances. 

1.3 Enhanced electrochemical performance through pore engineering-few 

examples: 

The first example (Figure 1) pertains to engineering of porous Pt3Ni nanoframes 

with exposed Pt-skin faces as cathode material in polymer electrolyte membrane 

fuel cells.(14, 15) The  synthesized  material  showed excellent oxygen reduction   

(a) (b)
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Figure 1. (a-b) Schematic illustrating the advantage of implementing 

mesoporous Pt3Ni nanoframes with Pt-skin surfaces as cathode in polymer 

electrolyte membrane fuel cells leading to superior (c) oxygen reduction 

performance and as well as (d) higher specific activity compared to PtNi3 

nanocrystals and state-of-the-art catalyst i.e. Pt/C. Reproduced with permission 

from reference (14, 15). 

 

Figure 2. Illustration depicting the fabrication of highly conducting 3D 

graphene matrix with well-defined oriented channels leading to excellent 

electrolyte permeability and ion-flux resulting in the fabrication of ultrafast Al-

graphene battery with quarter-million cycle life. Reproduced with permission 

from reference (16).                                                                                         

(a)

(b)

(c)

(d)
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Figure 3. Schematic indicating fabrication of highly interconnected 3D holey-

graphene/niobia architecture for enhanced ion diffusion and electron transfer 

kinetics resulting in excellent battery performance. Adapted with permission 

from reference (17). 

performance compared to PtNi3 nanocrystals and state-of-the-art catalyst i.e. 

Pt/C. Pt3Ni exhibited ORR activity 22 times and specific activity 16 order 

higher compared to the commercial catalyst. Such performance metric can be 

attributed to the ease of accessibility of enhanced catalytically active sites via 

local porous structures. The second example shows (Figure 2) how oriented 

channeling of local structures in graphene architectures can mitigate internal 

polarization by supporting high electrolyte permeability and ion-flux.(16) 

Additionally, such architectures on account of their highly conducting 

interfaces, equally aided by porous structure leads to rapid redox reactions 

resulting in superior Al-graphene battery performance with quarter a million 

cycle life. In the next instance (Figure 3) it was shown that nanostructuring in 

3D holey-graphene/niobia composites leads to ultrahigh-rate energy storage 

devices at higher loadings (>10 mg cm-2).(17) The origin of the activity can be 

attributed to the presence of hierarchical porous (micro-meso) structure leading 

to excellent ion diffusion equally aided by fast electron transfer kinetics via 

conducting carbon phase. Thus, it is apparent that well-developed porosity and 

conductivity are heart to the functioning of any electrochemical devices and are 

synergistic in nature. Also, it is to be noted that the last two examples indicate 

towards the fact that carbon possesses some ‘special’ properties which deems it 

to be an ideal material for electrochemical applications. The following sections 
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will discuss briefly about different aspects of carbons which makes them 

particularly interesting from above perspective.  

1.4 Carbon as an electrode material and technological implications: 

Widespread technological applications of carbon electrodes/systems owes much 

credit to Sir Humphry Davy who first utilized graphite electrodes for alkali 

metal production. Since then, carbon has found extensive industrial applications 

ranging from metal production, energy storage (supercapacitors and battery), 

electrocatalysts etc.(18-20) The success of carbons in such applications can be 

attributed to its low cost, earth-abundance, rich surface chemistry, inert and 

wide electrochemical window, electrochemical response to a variety of redox 

systems, predictable interaction dynamics at the electrode-electrolyte interface, 

tailored properties (glassy carbon, carbon black, graphite etc.) etc.(18, 21)  

1.5 Advanced carbon materials: 

In this endeavor, our ability to manipulate the existing properties with newer, 

exciting ones would strengthen our fundamental understanding of interaction 

dynamics at the molecular level. For example, our expertise in designing 

precisely controlled porous materials have greatly contributed to the 

understanding of the adsorption behavior of the gases, behavior of the 

dielectrics and environment of the ions near porous electrode etc. at the 

nanoscale level. In the following discussions, the existing properties of the 

various allotropes of the carbon will be discussed and thereafter focus would be 

paid upon the strategies employed to synthesize mesoporous carbon-based 

materials.(22, 23) 

1.6 Carbon (allotropes, electronic structure, and electrochemistry): 

The versatility of chemical bonding (sp3, sp2, and sp) in carbon endows its 

existence in different allotropic forms viz. graphite, diamond, fullerenes, carbon 

nanotubes (CNTs), glassy carbons, carbon fibers, amorphous carbon etc.(18, 24, 

25) Such variations in chemical bonding have resulted in a diverse physical 

properties even among different allotropes of carbon which are rarely found in 

any other single element of the periodic table.(26) For example, the energy 

difference between graphite (thermodynamically stable phase of carbon at NTP) 

and diamond is ~0.02 eV per atom, with the latter being more isotropic than 

the former (as a consequence of their bonding nature), results in vastly different 

electronic, optical, mechanical, thermal etc. properties.(24) Graphite, for 

instance, composed of single layer 2D sheets of sp2 bonded hexagonal carbon 
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arrays (graphene), has an electron mobility of ~20 × 103 cm2/Vs (in-plane) with 

the band gap of -0.04 eV. On the other hand, diamond is composed entirely of 

sp3 bonded 3D network resulting in a cubic lattice, with an electron mobility of 

1800 cm2/Vs and the band gap of 5.47 eV.(27, 28) The properties of graphene 

are much more anisotropic than that of diamond and usually, two sets of 

parameters (in-plane and through plane) are usually employed to describe such 

phenomena (Debye temperature, charge mobility, thermal conductivity, 

etc.).(24) Other allotropic forms of carbon like fullerenes (0D), CNTs (1D) etc. 

can be obtained from graphene via appropriate lattice manipulation of the 

latter (Figure 4).(29) As a corollary, the derived physicochemical properties of 

these materials are closer to that of graphene along with the generation of 

newer ones. For instance, CNTs can be prepared either in semiconducting or 

metallic form depending on the dimensions and chirality of the tubes.(30) More 

complex, hierarchical structures can be engineered (3D) by appropriate choice 

of allotropic building blocks (CNTs, graphene etc.) which inherits the properties 

of the starting components and additionally opens up exciting textural 

properties. A composite of CNTs and graphene, on account of its unique 3D 

structure, results in excellent mass transport properties and when coupled with 

their electrically conducting nature leads to the synthesis of synergistic smart 

materials.(31, 32)  

 

Figure 4.  Schematic illustrating 2D graphene is the building block for other 

carbon nanomaterials viz. fullerenes (0D), carbon nanotubes (1D) and 3D 

carbon nanomaterials. Adapted from reference (29). 
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1.7 Band structure (DOS) in carbon materials:  

Fundamental understanding of an interface involves detailed knowledge about 

the density of electronic states (DOS) of the system around the Fermi level 

under investigation as it governs the interfacial charge transfer kinetics. The 

DOS distribution functions of carbons are strongly correlated to their structures 

and are more tunable both in magnitude and shape compared to their metal 

counterparts.(33, 34) Although, the graphene exhibit no band gaps in electronic 

DOS like metals but the surface chemistry of the former is much more complex 

(governed by the method of preparation, annealing temperature etc.) than 

metals.(35) For instance, DOS of CNTs contains many van Hove singularities 

compared to that of graphene (Figure 5) and an absence of DOS near Fermi 

level for the latter deems it to be a semi-metal or zero-gap semiconductor 

whereas CNTs are metallic in nature (Figure 6).(36) The electron transfer 

usually occurs at the Fermi level and the applied potential modifies it without 

any change in the occupation states around it. The current density (j) which is 

determined by the overlap integral of the Fermi level and DOS of the redox 

species must be optimum along with appropriate symmetry matching of frontier 

orbitals for facile electron transfer and ideally be elastic according to Gerischer-

Marcus(2) model. Doping with heteroatom provides another useful pathway for 

tailoring the electronic properties of the carbon (discussed later). 

 

 

 

 

 

 

 

 

Figure 5. Comparison of DOS distribution for different carbons; metallic CNT 

(blue), semiconducting CNT (red) and graphene (black). van Hove singularities 

are prominent for CNTs and are typical for 1D structures (quantum wire) due 

to circumferential quantization of size-dependent electronic wave function.  Zero 

of energy scale corresponds to Fermi level. Adapted from reference (36). 
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Figure 6. The condition for favorable electron transfer between semiconducting 

single-walled carbon nanotube, SWCNT (left) and redox species (right) in the 

solution phase by appropriate overlap of the electronic states. Arrow indicates 

the direction of charge transfer to an empty state of SWCNT. Dark and light 

shaded regions indicate filled and vacant states respectively. Adapted from 

reference (36). 

1.8 Heteroatom doping for band tuning (DOS) in carbons: 

Apart from pore engineering, subtle changes in the physicochemical properties 

of carbons can be brought about by heteroatom (N, P, B etc.)-doping in the 

carbon framework.(36, 37) Such dopants significantly alters the electronic 

properties of the adjacent carbon atoms which otherwise is not possible in 

pristine form. For example, nitrogen doping in CNTs significantly enhances the 

DOS at the Fermi level (EF) thereby remarkably improving electronic 

conductivity and electron transfer rates of such doped systems. One such 

example (Figure 7) is shown here for band gap tuning and p-type transport 

properties in graphene obtained via graded boron doping.(38) This 

maneuverability opens up newer paradigms in technological advancements as 

well as the fundamental insights into the development of materials with tailor-

made properties.  Additionally, it was shown that not only does doping can 

dictate the electronic/chemical properties of carbon but can also considerably 

increase the thermal stability of such materials.(39) 
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Figure 7. (a) Variation of on/off current and carrier mobility of graphene with 

B-doping. (b) Comparison of theoretically calculated band gap with 

experimentally obtained values of B-doped graphene as a function of B content. 

(c) Shows changes in DOS distribution with varying amounts of B. Adapted 

from reference (38). 

1.9 Porous carbons: 

Syntheses of pore engineered carbons pose an upfront scientific challenge and 

hold immense technological promise in terms of materials design and 

implications in practical archetypes. Tailored properties based solely upon the 

amount/nature of dopant with dimensions and as well as hierarchy of pores 

would one to enable molecular level control of desired properties.(13, 40) 

Micropores (<2 nm), pose serious mass transport issues associated with 

confined/limited space and exert diffusional limitation on reaction rates leave 

alone selectivity as a catalyst in industrial processes (zeolites).(41) It has been 

realized that such processes are even slower than Knudsen diffusion thereby 

mass transport to and fro from active sites located inside the micropores 

becomes rate limiting. Not only does the pore size plays an important role in 

selectivity/permeability of the molecules across the former but also pore 

geometry exerts a significantly vital effect on diffusion, as discussed earlier.(41) 

(a) (b)

(c)
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Pore size and tortuosity plays an important role in the diffusion kinetics of the 

electrolytes at the electroactive interface and such engineering holds 

technological importance to the development of advanced energy storage 

systems.  

Understanding the fundamental electrochemical processes occurring at the 

nanoscopic electrified interfaces would aid our ability to design materials with 

predictable properties. The behavior of the dielectrics in the confined spaces is 

different than what is observed in the bulk phases. The precise knowledge of the 

influence of confined pores upon the electrical double layer, more precisely 

solvation/desolvation effects would allow one to zero down the optimum 

performing materials for a given set of the dielectrics.(42)  

Generally, the synthesis of ordered microporous carbon is not straightforward 

whereas it is easier to synthesize ordered mesoporous counterparts. Figure 8 

shows two predominant routes to synthesize ordered mesoporous carbons.(15) 

The first strategy involves mesoporous silica (SBA-15)(43) as a hard template. 

Subsequent precursor filling and pyrolysis at elevated temperatures followed by 

silica etching results in ordered mesoporous carbon.(44) The other approach 

uses self-assembly of thermosetting reagents with pore forming polymers. 

Further heating leads to the decomposition of porogens along with the carbon 

generation.(45)      

 

 

 

 

 

 

 

 

 

Figure 8. Strategies employed in the syntheses of ordered mesoporous 

compounds: (a) hard templating approach and (b) self-assembly route. Adapted 

with permission from reference (15). 

SBA-15, MCM-41 etc.

CMK-3

(b)

(a)
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1.10 Electrochemical applications of carbons: 

1.10.1 Supercapacitors: The choice of carbon for electrical double layer 

capacitors 

Capacitors are energy storing devices wherein the reversible electrosorption of 

ions onto the electrode surface is utilized to store electrical energy in an 

electrostatic field (unlike batteries which stores energy in chemical form) in 

response to an applied potential.(46) Electrochemical capacitors (ECs), also 

known as supercapacitors store energy either via charge accumulation at 

electrochemically inert, high specific surface area porous carbon (~2000 m2 g-1) 

electrode-electrolyte interface (electrical double layer capacitors, EDLCs) or by 

surface-bound rapid reversible redox processes occurring in certain metal oxides, 

electronically conducting polymers etc. (pseudo-capacitors).(46, 47) The 

polarization of electrodics results in accumulation/separation of charges at the 

interfaces leading to what is referred to as double layer capacitance (C) as 

enunciated by Helmholtz (vide infra). If an electrochemical interface is modeled 

as a parallel plate capacitor then its capacitance ‘C’ can be defined as follows:  

C = εA/d. 

Clearly, the above equation states that charge storage capacity of a material 

goes up with surface area (𝐴), explaining the natural choice of high surface area 

carbon for such applications. Pore tailoring in carbons ranging from mesopores 

to micropores allows to control 𝑑 precisely, which is often of the order of few 

angstroms (Å). Therefore, decreasing the double layer thickness (𝑑), further 

boosts the capacitance of such electrodes. ε is the dielectric constant of the 

electrolyte at the electrode-electrolyte interface.(48-50) 

EDLCs implementing molecularly thick dielectric to store electrical energy in an 

electrostatic field via interfacial electrosorption of ions onto high surface area 

carbon with tailored pores have fundamental consequences on energy storage 

capability, power delivery ability and cyclability of the materials.(47) Pore 

dimensions of carbons significantly influence the double layer thickness d and 

the mass transport properties through it (rate capability). Electrochemical 

capacitors based either on EDLCs or pseudocapacitors tremendously enhance 

the capacitance and consequently energy density of the materials (often by a 

factor of 10000 as compared to conventional capacitors) with superior cycle life 

(100000 cycles).(46) 
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1.10.2 Mechanisms of double layer formation: 

Fundamental insights to the electrical double layer (EDL) formation was first 

put forward by Hermann von Helmholtz while studying the stability of colloidal 

suspensions. He proposed that the surface charges on the colloidal particles are 

exactly balanced by a layer of counterions of opposite charge, behaving much 

like a parallel plate capacitor (Figure 9).(47) Thus, any electrode/electrolyte 

interface was envisaged to contain two layers of opposite charges, their loci 

(passing through the center of ions) being equidistant and hence the name 

“double layer”. Potential across the double layer was described by 1D form 

Poisson’s equation relating charge density to potential. However, the model 

failed to account for potential dependence behavior of the capacitance.(47) 

  

Later, Gouy and Chapman introduced Boltzmann factor to account for the 

thermal motion of the ions near an  electrode  surface contrary to the Helmholtz 

Figure 9. Illustrations of electrical double layer formation at positively charged 

surface according to (a) the Helmholtz model, (b) the Gouy-Chapman model 

and (c) the Gouy-Chapman-Stern model. The Gouy-Chapman-Stern model 

shows the existence of inner Helmholtz plane (IHP) referring to loci (drawn 

through the center of ions) of closest approach of specifically adsorbed anions 

and outer Helmholtz plane (OHP) refers to that of non-specifically adsorbed 

ions. Diffuse layer starts at the OHP. Ѱo is the potential at the electrode 

surface whereas Ѱ is the potential variation with distance at the 

electrode/electrolyte interface. Reproduced with permission from The Royal 

Society of Chemistry (50). 
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model, leading to the concept of diffuse double layer compared to static one of 

the latter. Such potential distributions were described by the Poisson-

Boltzmann equation (Figure 9). However, the theory failed to predict the 

observed behavior in highly ionic solutions.(50) 

Stern introduced a hybrid model based on Helmholtz and as well as Gouy-

Chapman ideas. It states that close to the electrode, the compact double layer is 

formed much like Helmholtz behavior followed by a diffuse layer of counter ions 

(Figure 9), accounting for the thermal factor as proposed by Gouy-Chapman 

model.(47, 50) Consequently, the total capacitance of any surface arises from a 

series combination of Helmholtz (CH) and Gouy-Chapman (CD) contributions. 

Therefore, 

1

C
=

1

CH

+
1

CD

 

The capacitance in series is dictated by smaller of CH or CD. 

1.10.3 Differences between battery and supercapacitor: 

Supercapacitors occupy a strategic position in terms of power and as well as 

energy densities when compared with other energy storage and conversion 

devices in what is referred to as “Ragone plot or chart” (Figure 10).(51) Even 

though the energy density of the supercapacitors (5 Wh kg-1) is much lower 

compared to batteries (180 Wh kg-1), supercapacitors occupy niche position in 

the energy domain because of their ability to deliver exceptionally higher 

amount of energy in a very short span of time i.e. pulse power capability (~15 

kW kg-1).(47, 49) The higher power capability of the supercapacitors compared 

to batteries stems from the fundamental difference in the charge storage 

mechanism between the two. Batteries involve faradaic charge transfer reactions 

across the electrodes resulting in chemical phase transformation of the materials 

and are associated with kinetic limitations/polarizations.(1) Such processes 

involve irreversibility of the involved chemistries resulting in poor cyclability 

(few 100 cycles).  Whereas, supercapacitors store energy in an electrostatic field 

due to reversible sorption of ions at the electrode-electrolyte interface. Since 

such reversible electrosorption processes do not involve any chemical/physical 

transformation of the chemical species; they are highly reversible in nature resulting 

in higher cycle life (>10000 cycles) compared to batteries. The above discussed 

fundamental difference between the charge storage mechanisms also explains 

why batteries have higher energy storage capabilities than supercapacitors.(46)  



Chapter 1 

16 

 

 

 

 

 

 

 

 

 

Figure 10. Ragone plot comparing specific power with specific energy of various 

electrochemical energy storage devices. Adapted from reference (51).  

1.10.4 Influence of pores on carbon-based EDLCs: 

Our recent fundamental understanding of double layers have greatly 

contributed towards the growth of the enormous amount of literature utilizing 

different carbons such as activated carbons, templated porous carbons, CNTs, 

graphene, carbon fibers, carbon aerogels etc. as EDLCs with high surface area 

and well-developed porosity.(52) It has been realized that pore dimensions play 

a primary role in the double layer formation and dictates the solvation 

environment of ions in the micropores. Mesoporous carbon allows double layer 

formation within the cylindrical pores (Figure 11a) thereby establishing electric 

double-cylinder capacitors (EDCCs).(53, 54) However, unusual enhancement in 

specific capacitances was observed in the subnanometer regime when the ion 

size matched with the pore diameter (0.7 nm) of the micropores, which 

previously were thought to be inaccessible, indicating the ripping of solvation 

sheath in confined spaces (Figure 11b-c). Such capacitance was referred to as an 

electric wire in a cylinder model, EWCCs (Figure 11b).(53, 54) 

The anomalous dielectric behavior in micropores and the resultant unusual 

enhancement in the storage capacity throws up interesting electrified interfacial 

phenomena at the nanoscales. Micropores inherit strong local electric field due 

to sharp tips arising due to curvature effect.(47, 55) Therefore, it is clear that 

hierarchical porous structures (micro-meso) would result in enhanced energy 

density and as well as power capability of the materials. One such strategy was 

used by Juan et al. to  obtain hierarchical (micro-meso) carbon from CMK-3 by  
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Figure 11. (a) Schematic illustrating mesopores allowing the formation of 

electric double-cylinder capacitors (EDCCs) whereas (b) shows confined spaces 

in micropores result in partial/full desolvation of ions resulting in an electric 

wire-in-cylinder type of capacitors (EWCCs).(53) (c) Effect of pore size on 

specific capacitance for different carbon samples (A, B-templated mesoporous 

carbons; C-activated mesoporous carbon; D, F-carbide-derived microporous 

carbon, and E-microporous activated carbon) in NEt4
+BF4

- -acetonitrile mixture. 

The unusual enhancement in the region I is attributed to the desolvation of ions 

in the micropores. Adapted with permission from reference (49, 53, 54). 

Figure 12. (a) TEM image and (b) CVs of hierarchical porous carbons obtained 

from CO2 activation of CMK-3 respectively. Dotted curves are for derived 

carbons. Adapted with permission from reference (56).  

CO2 activation. The obtained material showed excellent capacity as well as 

capacity retention at different scan rates (Figure 12).(56)  

 

(a) (b) (c)

(b)(a)
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1.11 Pseudocapacitors:  

Pseudocapacitance arises out of special thermodynamic condition wherein a 

finite derivative exists for dq/dV i.e. the amount of charge passed to the change 

in potential, unlike batteries.(46) Since pseudocapacitors involve actual electron 

transfer across the interface, they result in the change of the redox states of the 

electroactive material leading to higher storage capacity (~100 times) compared 

to EDLCs. Electronically conducting polymers (polypyrrole, polyaniline etc.), 

heteroatom (N, O etc.) doped carbons, carbons with electrosorbed H, RuO2, 

Fe3O4, MnO2 etc. are some of the well-studied pseudocapacitive systems.(47) 

RuO2, a well-studied system on account of its good conductivity; high capacity 

(600 F g-1), excellent electrochemical reversibility along with long cyclability has 

three redox states (II to IV) within 1.2 V under acidic conditions.(46, 49) 

Pseudocapacitive behavior involves simultaneous electron transfer and proton 

electro-adsorption on the surface RuO2 particles.  

𝑅𝑢𝑂2 + 𝑥 𝐻+  +  𝑥𝑒−  ⇌ 𝑅𝑢𝑂2−𝑥(𝑂𝐻)𝑥 

Where 0 ≤ 𝑥 ≤ 2. The continuous variation of 𝑥 during electrochemical cycling 

process results in capacitive type behavior with Frumkin-type isotherm for ion 

adsorption. The high cost and less abundance of the RuO2 have given way to 

other metal oxides like MnO2 but with lower capacities (300 F g-1).(47) Often 

transition metal oxides and carbon based composites are used on account of 

their highly accessible porous structure, high specific surface area (SSA) 

resulting in enhanced volumetric capacity (305 F cm-3).(47) Such systems 

involves contributions from EDLCs and as well as pseudocapacitance. Another 

important strategy to improve capacity involves the functionalization of high 

specific surface area (SSA) carbon with redox active moieties (quinone, catechol 

etc.).(57) Recently, redox active covalent organic frameworks (COFs) have 

shown to be excellent candidates for pseudocapacitive energy storage and have 

added advantage of well-developed porosity unlike conducting polymers.(58) 

Another technologically important strategy to enhance both energy density and 

power capability involves the fabrication of hybrid systems wherein EDLC 

(power electrode) type of electrode is combined with redox type electrode 

(energy electrode).(47, 59) 
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1.12 Carbon as a cathodic host for S in Li/Na-Sulfur batteries:  

As the storage capacity of state-of-the-art Li-ion (intercalation based) batteries 

(420 Wh/kg) reaching theoretical limits and due to their limited capacity, the 

demand for alternative high energy density systems to be used in grid level 

storage, hybrid plug-in vehicles etc. becomes inevitable.(60, 61) Rechargeable 

Li-S systems is one such technology offering high energy density (2567 Wh/kg) 

along with low cost and lower CO2 footprint compared to gasoline-driven 

vehicles today.(62) However, Li-S technology is yet to receive a major 

breakthrough as S based cathodes suffer from tremendous capacity fading upon 

cycling due to dissolution of higher order polysulfides (Li2Sx; 8 ≥ 𝑥 ≥ 4) in the 

organic electrolytes causing insulating deposits of Li2S2 and Li2S on either 

electrodes via shuttling effect, resulting in increased cell resistance and active 

mass loss. Besides, S is an insulator (1×10-28 S/m) and undergoes huge volume 

change (~80%) upon full lithiation (Li2S).(63) Encapsulation of S in cathodic 

porous carbon hosts is an extensively implemented design-strategy to mitigate 

above issues. The versatility of carbon lies in its unique textural engineering 

along with its high conductivity, low cost and low density.(64, 65) The Li-S cell 

design principle and typical charge-discharge behavior along with the involved 

intermediates are shown in Figure 13a-b.(62) 

 

Figure 13. (a) Schematic of the electrochemical Li-S cell along with (b) 

galvanostatic charge-discharge profile showing two prominent plateaus with 

corresponding discharge intermediates. Adapted with permission from references 

(62) and (66). 

Nazar et al.(67) were first to incorporate S into mesoporous conducting carbon 

(CMK-3) host thereby ‘wiring’ the sulfur with well-developed porosity and high 

sulfur loading (~70 wt.%). The nanostructured carbon-sulfur exhibited a high 

reversible capacity of 1320 mA h g-1 with excellent reversibility (Figure 14). 

(a) (b)
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Figure 14. (a) Schematic indicating CMK-3/S composite with the former wiring 

the latter along with (b) galvanostatic charge-discharge profile. Adapted with 

permission from reference (67).   

 

Figure 15. (a) TEM image of microporous carbon coaxially grown over CNT. 

(b) and (c) are EDS elemental mapping of C and S respectively. (d) 

Galvanostatic charge-discharge profiles and (e) rate capability performance of 

S/(CNT@MPC). Adapted with permission from reference (68). 

 

(a) (b)

(e)(d)

(a) (b) (c)
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Above work led to vigorous investigations in different types of carbon host 

materials with hierarchical textural properties(69) showing excellent mass 

transportability, including graphene/CNT based composites.(68, 70, 71) One 

notable work was reported from Wan et al. group, wherein, the metastable 

states corresponding to smaller S molecules (S2-4) were entrapped into 

microporous carbon matrix grown coaxially over metallic CNTs 

(CNT@MPC).(68) Such design strategy mitigated unfavorable S8 to S4
2- 

transition leading to the elimination of shuttle effect (Figure 15). The 

synthesized materials exhibited enhanced initial capacity (1667 mA h g-1) with 

improved rate capability and good cycling stability (200 cycles) on account of 

low active mass loss. 

The poor abundance of Li has stimulated the development of alternative energy 

systems based on Na-S couple due to similar chemistries and low cost.(72, 73) 

Although, carbon-based hosts have not been much explored for Na-S systems 

but the implications are much more severe for such batteries as the full 

sodiation of sulfur (Na2S) involves a volume expansion of ~260 %.(74, 75)  

Flexible carbon framework with high SSA, interconnected hierarchical porous 

structure along with enhanced pore volume would be ideal for accommodating 

large volume changes associated with such battery systems.  Recently, Shi et 

al.(76) reported interconnected mesoporous carbon hollow sphere (iMCHS) as S 

host against Na (Figure 16). 

 

 

 

 

 

 

 

 

 

 

Figure 16. (a) Schematic indicating the trapping of the intermediate in iMCHS. 

(b) and (c) shows low and high magnification TEM images of S confined 

iMCHS respectively. Adapted with permission from reference (76). 

a
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1.13 Electrocatalysis and carbon based electrocatalysts (OER, HER and ORR): 

Limited fossil fuel reserves and their adverse environmental impact have 

accelerated the research into sustainable and renewable(77, 78) energy 

technologies like fuel cells (FCs),(79) water splitting and metal-air (M-O2)(80, 

81) batteries. Since these domains are not limited by Carnot processes and 

hence promise to deliver much higher efficiencies compared to traditional energy 

sources (coal, gasoline etc.) along with the potential for scalability, higher 

energy density and benign end product viz. water.(3)  Using renewable power 

(Sun, wind etc.) to store electrical energy into chemical form (H2) via water 

splitting is an attractive alternative to overcome the problem of intermittency 

and unpredictability associated with such renewable resources.(82) Thus, we 

can harness energy even when the sun is not shining or when the wind is not 

blowing; theoretically leading towards carbon-neutral energy generation and 

consumption processes. Hydrogen, thus generated can be later used as an energy 

source (fuel) when oxidized in fuel cell leaving behind water as the end product. 

Similarly, oxygen can be used in a fuel cell or M-O2 batteries as an oxidizer.  

2𝐻2𝑂 (𝑙) → 2𝐻2(𝑔) + 𝑂2(𝑔) 

The bottleneck to the large-scale development of above technologies faces an 

uphill task to create effective, efficient, earth-abundant electrocatalysts which 

could catalyze oxygen evolution reaction (OER),(83) oxygen reduction reaction 

(ORR)(84) and hydrogen evolution reaction(79) near their thermodynamic 

potential (Eo). Particularly, kinetically sluggish 4e- transfer processes involved in 

ORR/OER governs the overall efficiency of energy generation and conversion 

technologies. Most of the catalysts which are used today are based on precious 

metal (Pt/Ru) based systems and undergo time-dependent drift, CO poisoning, 

methanol crossover effects etc.(85) Renewable nature of such technologies must 

also have economical facets; therefore, it is imperative to look beyond 

traditional precious metal-based systems for large-scale commercial applications 

with activities similar to the state-of-the-art catalysts. Even though other earth-

abundant d-block non-precious element (Fe, Co, Ni etc.) can be used as an 

electrocatalyst for carrying out above reactions but corrosion/instability 

impedes their applicability over a wider pH range.(86) 

Carbon emerges as the natural choice to address above issues because of its rich 

chemistry, aiding us with the tool to tailor its properties at the molecular level. 

Various allotropes of carbon exhibit properties ranging from metallicity to 

excellent mechanical strength leave alone its superior resistance to extreme pH 



 Carbons and Their Electrochemical Applications 

23 

 

solutions which would rarely be offered by any single element of the periodic 

table.(18) Doping with appropriate p block elements would open up exotic 

electronic properties and favorable catalytic sites. Our recent understanding in 

engineering porous carbons would greatly aid above properties resulting in 

superior mass transport ability at the electroactive interfaces. This synergistic 

effect would lead to the development of highly efficient earth-abundant 

catalysts which could reduce/replace precious metal based state-of-the-art 

catalysts.(29) 

The prominent breakthrough in the development of heteroatom(N)-doped 

carbon for ORR was provided by the pioneering work of Liming Dai et al.,(85) 

wherein it was shown that N-doped vertically aligned carbon nanotubes (VA-

NCNT) could efficiently catalyze the direct four-electron reduction of molecular 

O2 to H2O (Figure 17). N-doping causes charge/spin redistribution on the 

adjacent carbon atom thereby generating favorable sites for catalyses wherein 

chemisorption mode of O2 changes from end-on mode to side-on adsorption with 

effective weakening of O-O bond; facilitating ORR. Similarly, Yao Zheng et 

al.(87) developed synergistically coupled g-C3N4 and N-doped graphene 

(C3N4@NG) composite as an excellent electrocatalyst for HER. DFT 

calculations revealed that the free-energy |ΔGH*| for the intermediate adsorption 

(a major descriptor for HER activity) for C3N4@NG (0.19 eV) has an optimum 

value compared to both pristine g-C3N4 (-0.54 eV) and N-graphene (0.57 eV) 

leading to perfect adsorption-desorption interaction with surface resulting in 

enhanced performance (Figure 18). 

Later on it was shown that pore engineering (leading to excellent mass 

transport properties) and multi/mono-heteroatom-doping for tuning the 

electronic properties in carbons could be effectively utilized to create excellent 

bifunctional electrocatalysts; simultaneously catalyzing ORR/OER(88) and 

ORR/HER,(89) therefore it can be used in M-O2 batteries and regenerative FCs 

respectively. Jintao Zhang et al. have shown that 3D N, P co-doped mesoporous 

carbon (NPMC) foam prepared by the carbonization of phytic acid containing 

polyaniline (PANi) aerogel could act as an excellent electrocatalyst for ORR 

and OER (Figure 19).(88) Furthermore, NPMC foam was used as air electrode 

for the fabrication of primary as well as rechargeable Zn-air batteries with the 

former exhibiting an open-circuit potential of 1.48 V (Figure 20).  

The versatility of pore engineered, heteroatom doped-carbon in simultaneously 

catalyzing ORR, OER and HER under basic conditions was demonstrated by 
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the use of N and S co-doped carbon with stereoscopic holes in 2D graphitic 

structure (SHG) resulting in excellent mass transport ability.   Additionally, the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. (a) and (b) are SEM and TEM images of vertically aligned nitrogen-

doped carbon nanotubes (VA-NCNT) respectively. (c) CVs of VA-NCNT and 

Pt/C (dotted line and solid lines indicate measurements are performed under Ar 

and air saturated conditions respectively) whereas (d) depicts RRDE 

voltammograms. Scale bars: 2 μm (a); 50 nm (b). Adapted from reference (85). 

 

Figure 18. (a) TEM image of C3N4@NG hybrid. (b) LSV of C3N4@NG hybrid 

compared with pristine g-C3N4, N-graphene and Pt/C. (c) Calculated free-

energy diagram of C3N4@NG, pristine g-C3N4, N-graphene and Pt/C. Adapted 

from reference (87). 

b c
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Figure 19. (a) Schematic illustrating the preparation of 3D N and P co-doped 

mesoporous carbon (NPMC) foam by pyrolysis of phytic acid containing 

polyaniline foam. (b) is SEM image of pyrolyzed carbon (NPMC). Inset of (b) 

shows optical images of polyaniline aerogel before (left) and after (right) 

pyrolysis. (c) HRTEM image of NPMC. Adapted from reference (88). 

Figure 20. (a) Linear sweep voltammograms (LSV) of NMPC carbons along with that 

of state-of-the-art catalysts (Pt/C and RuO2) in 0.1 M KOH (5 mV s
-1

) at 1600 rpm, 

indicating bifunctional activity towards ORR and OER. (b) Digital images of an LED 

(~2.2 V), before and after being driven by two Zn-air batteries in series. Adapted from 

reference (88). 

strategy demonstrated that by appropriately modulating bond polarities thereby 

charge tuning, interconnected pore structure with a balanced density of active 

sites and good conductivity leads to optimal overall activity similar to the state-

of-the-art catalysts.(90) 

Such dopants usually alter the electronic cloud around the neighboring carbon 

atoms thus activating carbon’s π electron system by breaking their 

electroneutrality and hence provide favorable sites for such catalysis. Synergistic 

a b

c

a b
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Figure 21. (a) Schematic illustration depicting the synthesis of stereoscopic 

holes containing graphitic carbon (SHG) prepared from melamine-NiSO4-KCl 

precursor. (b) SEM whereas (c) and (d) are TEM images of SHG. (e) HAADF-

STEM image of SHG along with corresponding energy dispersive X-ray 

spectroscopic elemental mapping (f-h) of C, N and S showing their uniform 

dispersion in the matrix. Adapted from reference (90).   

 

Figure 22. (a) ORR, (b) OER and (c) HER performance of SHG in 0.1 M KOH 

solution. Adapted with permission from reference (90). 

 

a b c
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effect of multiple heteroatoms (N, P, S etc.) doping was accounted for the 

observed bifunctional/trifunctional activities which otherwise is not possible in 

single heteroatom doped carbons (Figure 21-22). Thus, highlighting multiple 

heteroatom doping is much more effective than single atom doping in tuning 

the electrocatalytic properties of the carbon materials.(90, 91) However, it is 

known that bifunctionality in catalyzing OER/ORR(92) or ORR/HER(93) can 

also be achieved either by mono-heteroatom doped (N) or intrinsic defect based 

carbon systems.(94)  

It was shown that different nitrogen types (quaternary, pyridinic, pyrrolic etc.) 

create both p-type and n-type domains in the carbon frameworks thereby 

affecting the property of nearby carbons by either making them electrophilic or 

nucleophilic (Figure 23).(95) Quaternary nitrogens present on the edge of the 

graphene are more active for ORR as it facilitates the formation of rate-

determining OOH species.  Besides topological defects,(94) certain theoretical 

results highlight the prospective positive effect of curvature(37) on the 

electrocatalytic performance of such carbon-based materials. This charge 

redistribution on the adjacent carbon atom controls the chemisorption mode of 

O2 (side-on over end-on).  

 

 

 

 

 

 

 

 

Figure 23. Schematic indicating different types of active sites in n- and p-type 

domains catalyzing ORR and OER in N-doped carbons. Adapted from reference 

(95). 

1.13.1 Mechanisms of ORR and OER: 

Molecular O2 reduction can occur either through a direct efficient four-electron 

pathway resulting in of H2O/HO
-
 formation or through a less efficient route 
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involving two-step, two-electron process with the intermediate H2O2 

formation.(88, 96) Therefore, for ORR/OER under acidic conditions, we have:   

𝑂2 + 4𝐻3𝑂+ + 4𝑒−  ⇌  6𝐻2𝑂 

The forward process leads to ORR whereas the reverse reaction would result in 

OER. The predominantly observed associative mechanism for ORR involves 

HOO* intermediate and the elementary steps include the following reaction: 

 ∗  +   𝑂2(𝑔) → 𝑂2
∗ 

            𝑂2
∗ + 𝐻3𝑂+ + 𝑒− →  𝐻𝑂𝑂∗ + 𝐻2O 

      𝐻𝑂𝑂∗ + 𝐻3𝑂+ + 𝑒− →  𝑂∗ + 2𝐻2O(𝑙) 

          𝑂∗ + 𝐻3𝑂+ + 𝑒− →  𝐻𝑂∗  + 𝐻2O 

       𝐻𝑂∗ + 𝐻3𝑂+ + e− →  2H2O(l) + ∗ 

Where  𝑂2
∗ , 𝐻𝑂𝑂∗,  𝐻𝑂∗and 𝑂∗ are the adsorbed intermediates at the active 

site ∗ on the surface of the catalyst. 

Since OER is a reverse process to that of ORR, above steps must be reversed to 

get elementary steps involved in the oxygen evolution reaction.  

Similarly, for ORR/OER under basic conditions we have:  

𝑂2 + 2𝐻2𝑂 + 4𝑒−  ⇌  4𝐻𝑂− 

As above, the forward and backward reaction leads to ORR and OER 

respectively. Associative pathway for ORR under basic conditions would include 

following elementary steps: 

 ∗  +   𝑂2(𝑔) → 𝑂2
∗ 

  𝑂2
∗ + H2O(l) + 𝑒− →  𝐻𝑂𝑂∗ + 𝐻𝑂− 

       𝐻𝑂𝑂∗ +  𝑒− →  𝑂∗ + 𝐻𝑂− 

𝑂∗ + H2O(l) + 𝑒− →  𝐻𝑂∗ +  𝐻𝑂− 

        𝐻𝑂∗ + e− →  𝐻𝑂− + ∗ 
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Needless to mention, elementary steps for OER can be deduced if the above 

ORR reactions are reversed. 

1.13.2 Mechanisms of HER:  

The cathodic H2 evolution reaction is a 2 electron process with a single 

intermediate H* and under acidic conditions can be written as(3, 4, 97) 

  2𝐻+ +  2𝑒− →  𝐻2 

The first step involves the adsorption of H+ on an active site ∗  on the catalyst 

surface to yield an intermediate H*; this primary proton discharge step is 

known as the Volmer reaction (Tafel slope ~ 120 mV dec-1).       

     ∗  + 𝐻+ → H∗          (Volmer reaction) 

The amount of coverage of the intermediate H* on the surface dictates the 

subsequent mechanistic pathway. If the coverage is low, then the Heyrovsky 

pathway (Tafel slope ~ 40 mV dec-1) predominates wherein adsorbed 

intermediate H* simultaneously combines with a proton and an electron to 

liberate molecular H2.  

H∗  +  𝐻+ + 2𝑒−  → 𝐻2    (Heyrovsky reaction) 

In the case where the surface density of H* is high; usually, two adjacent 

intermediates combine to produce H2 and is said to follow Tafel pathway (Tafel 

slope ~ 30 mV dec-1). 

   H∗  +  H∗  → 𝐻2     (Tafel reaction) 

Therefore, hydrogen evolution from any surface follows either Volmer-

Heyrovsky or Volmer-Tafel mechanism. Sometimes, it has also been observed 

that the initially adsorbed species H* after Volmer step, migrates to different 

active sites on the electrode surface in what is referred to as “spill over 

process”,(98) to form stabilized intermediate followed by H2 liberation either by 

Heyrovsky or Tafel pathway. 

1.14 Summary: 

Therefore, it is clear that pore engineering plays a crucial role in electrochemical 

performance of a device as it significantly governs the mass transport at the 

electrodics. Carbon on account of its versatile properties viz. excellent electronic 
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conductivity, high abundance, easy maneuverability of textural parameters, 

tailored tuning of band-gap, low-density etc. emerges as a natural choice for 

advanced electrochemical applications.  
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Chapter-2 

No More HF: Teflon Assisted Ultrafast Removal of Silica to 

Generate High Surface Area Mesostructured Carbon for Enhanced 

CO2 Capture and Supercapacitor Performance 

Summary: 

An innovative technique to obtain high surface area mesostructured carbon 

(2545 m
2
g

-1
) with significant microporosity uses Teflon 

(Polytetrafluoroethylene) as a silica template removal agent. This method not 

only shortens the synthesis time by combining silica removal and carbonization 

in a single step, but also assists in ultrafast removal of the template (in 10 min) 

with altogether elimination of toxic HF usage. The obtained carbon material 

(JNC-1) displays excellent CO2 capture ability (ca. 26.2 wt.% at 0 
o
C under 

0.88 bar CO2  pressure), which is twice to that of CMK-3 obtained by HF 

etching method (13.0 wt.%). JNC-1 demonstrated higher H2 adsorption capacity 

(2.8 wt.%) compared to CMK-3 (1.2 wt.%) at -196 
o
C under 1.0 bar H2 

pressure. The bimodal pore architecture of JNC-1 led to superior supercapacitor 

performance, with a specific capacitance of 292 F g
-1

 and 182 F g
-1 at a drain 

rate of 1 A g
-1
 and 50 A g

-1
 respectively in 1 M H2SO4 compared to CMK-3 and 

activated carbon(AC). 

 

 

 

 

 

 

 

 

 

 

(A paper based on this work has appeared in Angew. Chem. Int. Ed. 55, 2032, 

2016). 
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2.1 Introduction: 

Periodic mesoporous carbon(1, 2)
 
materials have generated a great deal of 

technological interest by virtue of their ability to overcome the mass-transport 

limitations encountered in their disordered counterparts(3)
 
and thus play a 

significant role in the area of catalysis (as a support),(4)
 
Li-S batteries,(5) gas 

separation and storage,(6, 7) and electric double-layer capacitors (EDLC).(8) In 

contrast to disordered pore architectures, ordered nanoporous structures provide 

shorter diffusion pathways and minimal resistance to molecular motion, which 

improves transport properties.(3) The more versatile method to synthesize 

ordered mesoporous carbon materials relies on the inverse replica strategy using 

ordered mesoporous silica as a hard template and sucrose as the inexpensive 

carbon precursor.(9) However, removal of the hard silica template is a 

bottleneck to scale up the synthesis as it involves the use of HF or repeated 

treatment with NaOH solution at elevated temperatures.(9) HF is highly 

toxic(10) and its use is strongly discouraged in many countries, while NaOH 

treatment is time consuming, corrosive, and not-cost effective as it has to be 

operated at elevated temperatures.(11) Furthermore, the surface area of the 

ordered mesoporous carbon obtained through the hard-template method is very 

moderate in comparison to many high-surface-area disordered carbons.(12, 13) 

Though a silica-free strategy to prepare mesoporous carbon was reported as an 

alternate method, it involves usage of corrosive and expensive carbon precursors 

such as phenol and formaldehyde with a polymeric template such as F127.(14) 

Furthermore, it suffers from significant amount of structural shrinkage during 

the carbonization process, resulting in low surface areas, smaller pore sizes, and 

reduced pore volume.(15) Thus, a simple and less hazardous approach to 

remove silica without the direct use of HF is much needed to make the silica 

template strategy as a successful method to prepare high-surface-area 

mesostructured carbon.  

2.2 Scope of the present investigation: 

Herein, an innovative way of using Teflon powder instead of HF to etch out the 

silica is described in which the separate, carbonization, and silica removal are 

combined into one step (Scheme 1). The silica removal using Teflon is very 

straightforward, easy to handle (simply mixing the Teflon powder and the 

sample before carbonization), and extremely fast (silica removal is complete 

within 10 min). More importantly, the carbon thus obtained retains its 

mesoscale order and shows a very high surface area, which is more than two         

times higher than the carbon prepared by the HF etching method (Scheme 1). 

http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-5001
http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-5001
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The obtained ordered nanoporous carbon (JNC-1) shows remarkable 

performance for CO2 capture, hydrogen storage, and dye adsorption in 

comparison to HF etched CMK-3 carbon. It also exhibits superior performance 

as a supercapacitor material. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Comparison of the conventional synthesis of CMK-3 with that of 

JNC-1. 

2.3 Experimental procedures:  

2.3.1 Materials used: 

Pluronic P123, Tetraethylorthosilicate (TEOS), Sucrose, Nafion, Alizarin yellow 

and Congo red were purchased from Sigma-Aldrich. HCl (37%) and HF (48%) 

were procured from Merck. Polytetrafluoroethylene (Teflon) powder was 

obtained from Alfa Aesar. H2SO4 (98%) and Activated carbon (~ 1200 m2 g-1) 

was purchased from SD Fine Chemicals.  

2.3.2 Instrumentation and characterization techniques: 

 

All the gas sorption analyses were performed on Autosorb-iQ2 (Quantachrome 

corp.).  Prior to analyses the synthesized samples were degassed at 423 K under 
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vacuum for 24 h. Ultrahigh pure gases (99.9995%) were used in all the 

measurements. Bruker- D8 diffractometer having copper anode generating X-ray 

having wavelength of 1.54 Å (30 mA, 40 kV) was used for recording powder X-

ray diffraction (PXRD) patterns of the samples. TEM (Transmission electron 

microscopy) images of the samples were obtained on JEOL JEM-3010 electron 

microscope. Nova-Nano SEM-600 (FEI, Netherlands) was used for acquiring 

FESEM (Field emission scanning electron microscopy) images of the samples. 

Raman spectra of the samples were obtained using Jobin Yvon LabRam HR 

spectrometer having 632 nm Ar laser. Thermogravimetric analyses (TGA) were 

performed using Mettler Toledo 850 under N2/O2 atmosphere with a ramp rate 

of 5/10 
o
C min

-1
. Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) was used for determining Si using Perkin-Elmer Optima 7000 DV 

instrument. Electrochemical measurements were carried out using 

electrochemical work station obtained from CH Instruments (660C, USA). 

2.3.3 Electrochemical measurements: 

Electrochemical studies were performed using conventional three-electrode 

assembly, with carbon sample (JNC-1/CMK-3/AC) coated glassy carbon (GC) 

(3 mm diameter) as a working electrode (WE), flag type Pt foil and saturated 

calomel electrode as a counter and reference electrode respectively. Fabrication 

of WE was achieved in the following way: 2 mg of the carbon sample was 

dispersed in water (0.8 mL)-ethanol (0.16 mL) mixture containing Nafion (0.04 

mL) by sonication for 30 min. The obtained carbon dispersions were drop 

casted (5 L) onto precleaned glassy carbon (GC) electrode and dried under 

open atmosphere. 

2.3.4 Synthesis of SBA-15 (SBA): SBA was synthesized according to a reported 

procedure.(16) 

2.3.5 Synthesis of CMK-3: CMK-3 was synthesized by the procedure reported 

by Jun et al.(9)  Briefly, 1 g of SBA was dispersed in aqueous solution obtained 

by dissolving 1.25 g sucrose and 0.14 g H2SO4 in 5 g of water. It was then 

placed in oven at 100 
o
C for 6 h and further 6 h at 160 

o
C. Thereafter, obtained 

silica composite containing partially polymerized carbon was impregnated again 

with 5 mL of aqueous solution containing 0.8 g sucrose and 0.09 g H2SO4 and 

was subjected to same cyclic heat treatments as above to obtain SBA-polymeric 

carbon composite (SBA-PC). Carbonization was completed by heating the 
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obtained SBA-PC composite at 900 
o
C for 4 h under Ar atmosphere. The 

obtained carbon-silica composite was dispersed in HF solution at room 

temperature to dissolve silica template and obtain CMK-3 after washing several 

times with ethanol and drying in oven at 120 
o
C. 

2.3.6 Synthesis of JNC-1:  SBA-polymeric carbon composite (SBA-PC) and 

Teflon powder was intimately mixed (SBA-PC to Teflon = 2:9 weight ratio 

which corresponds to 0.09, SiO2 to Teflon weight ratio, Table 1). Amount of 

SiO2 in SBA-PC composite was determined to be around 42 wt.% using 

thermogravimetric analyses (TGA) performed under O2 atmosphere, Figure 1) 

by grinding in a mortar and was subsequently transferred to an alumina boat.  

The boat was then placed inside alumina tube reactor and then heated to 900 

o
C at 5 

o
C min

-1
 for 4 h in an under Ar flow to obtain JNC-1. The textural 

parameters of mesostructured carbon with varying SiO2 to Teflon weight ratio 

are listed in Table 1. 

 

 

a 
BET (Brunauer-Emmett-Teller) specific surface area (SSA) calculated by taking 

criteria into account suggested by Rouquerol et al., 
b
 micropore surface area determined 

by t-plot method, 
c
 Total pore volume was calculated at P/Po = 0.97, 

d
 micropore 

volume determined via t-plot analyses and 
e
 mesopore diameter calculated by QSDFT 

method. 

 

Table 1. Effect of varying SiO2 (in SBA-PC) to teflon weight ratios on the 

textural parameters of the obtained carbons  (*amount of SiO2 in SBA-PC 

composite was determined to be around 42 wt.% using thermogravimetric 

analyses (TGA) performed under O2 atmosphere, Figure 1). 

Materials 

SiO2/Teflon* 

(wt./wt.) 

SBET
a 

(m2 g-1) 

SMicropore
b 

(m2 g-1) 

 

VTotal
c 

(cm3 g-1) 

VMicropore
d 

(cm3 g-1) 

DMeso
e
 

(nm) 

0.42 1919 441 1.401 0.195 4.5 

0.15 1968 724 1.370 0.330 4.5 

0.09 

(JNC-1) 

2545 1012 1.876 0.429 4.7 
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Figure 1. TGA curve of SBA-PC under O2 atmosphere. Around 58 wt.% mass 

loss at 800 oC corresponds to burning of partially polymerized and carbonized 

sucrose leaving behind SiO2 (SBA, 42 wt.%). 

2.3.7 Synthesis of KIT-6 and CMK-8: Both KIT-6 and CMK-8 were synthesized 

according to a procedure reported in the literature.(17) 

2.3.8 Synthesis of JNC-2: Synthesis of JNC-2 was similar to that of JNC-1, 

except for the fact that KIT-6 (having cubic Ia3d symmetry) was used as 

template instead of SBA-15. 

 2.3.9 Dye adsorption experiments were performed as follows:  (a) Alizarin 

yellow: In the case of alizarin yellow, 2.5 mg of different adsorbents (JNC-1, 

CMK-3 and AC) were dispersed in 5 mL dye solutions of different 

concentrations ranging from 0.1 g L
-1
 to 3.5 L

-1
. The resulting dispersions were 

vigorously shaken at 25 
o
C for 24 h in order to attain adsorption-desorption 

equilibrium.  Thereafter, adsorbents were separated by centrifugation and the 

resulting supernatants were collected for UV-Vis analysis (at 353 nm) to 

determine the amount of alizarin yellow adsorbed by different materials after 

appropriate dilutions. 

(b) Congo red: For Congo red adsorption studies, everything was same as above 

except for the fact that 3 mL of dye solutions having concentration from 0.1 g 

L
-1
 to 1.5 g L

-1
 were used instead. UV-Vis analyses were performed (at 498 nm) 

after appropriate dilutions to determine the amount of dye adsorbed by 

different carbons. 
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2.3.10 ICP-OES analyses:  5 mg of carbon (JNC-1/JNC-2/CMK-3) was 

dispersed in 10 ml of 5 wt.% HF solution and was stirred overnight. Afterwards 

the carbon was separated by centrifugation and supernatant liquid was collected 

for analyses. 

2.4 Results and discussions: 

Carbonization of SBA-PC at higher temperature followed by etching of silica 

with corrosive HF gives CMK-3 carbon (Scheme 1; Figure 2), an inverse replica 

of SBA(16, 18) (Figure 3). In a significant deviation from the conventional two-

step process we simply mixed the SBA-PC with Teflon powder and heated to 

900 °C for 4 h (Scheme 1) in Ar. The process combines the carbonization and 

silica removal in a single step with complete elimination of toxic HF usage. The 

carbon replica of SBA thus obtained is named JNC-1 (Scheme 1, Figure 4a and 

Figure 5). Mesostructured carbon CMK-3 was also made from the same SBA-

PC through the standard two-step process involving carbonization at high 

temperature (900 °C for 4 h) followed by HF etching (12 h at room temp) 

(Figure 2) of silica for comparison as reported by Jun et al.(9) 

 

Figure 2. (a) TEM and (b) FESEM images of CMK-3. 

The powder X-ray diffraction (PXRD) pattern of SBA (Figure 4b) shows 

characteristic low-angle peaks for mesostructured materials having 

a p6mm honeycomb lattice symmetry.(16) JNC-1 exhibits well-resolved low-

angle peaks, as that of CMK-3 (Figure 4b), which can be indexed as (100), 

(110), and (200) indicating faithful negative replication of mesostructural 

ordering of parent SBA.(9)  Wide-angle  PXRD   pattern  of  JNC-1  (Figure 6)  

http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-5001
http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-5001
http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-5001
http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-0001
http://onlinelibrary.wiley.com/doi/10.1002/anie.201509054/full#anie201509054-fig-0001
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Figure 3. (a) TEM and (b) FESEM images of as synthesized SBA-15 (SBA) 

indicating rod shaped morphology. 

showed broad diffraction peaks around 22° and 43° (2θ), indicating amorphous 

nature of the carbon walls,(19) similar to that of activated carbon (AC) and 

CMK-3, which was further confirmed by the observation of higher intensity D 

band (ID) compared to the G band (IG) in the Raman spectra (Figure 7).(20) 

The absence of silicon  (Si) peak in energy-dispersive X-ray spectroscopy (EDS) 

analyses of JNC-1 carbon shows the complete removal of silica template (Figure 

8a). A transmission electron microscope (TEM) image of JNC-1 (Figure 4a) 

indicates well-aligned mesochannels similar to that of CMK-3 (Figure 2a-b), the 

exact negative replica of SBA-15 (Figure 3a-b). N2 adsorption–desorption 

isotherms of SBA (Figure 4c) exhibit type IV behavior characteristic of 

mesoporous materials(21) with a capillary condensation at around P/Po of 0.75. 

The surface area of JNC-1 was found to be around 2545 m2 g−1
, which is twice 

to that of CMK-3 (1205 m2 g−1
; Table 2). It must be mentioned that the 

standard BET method for the calculation of surface area of micro-

mesostructured materials is not applicable here and hence the criteria suggested 

by Rouquerol et al.(22) has been used for the calculation of surface areas 

(Figure 9). Hysteresis loops of JNC-1 and CMK-3 (Figure 4c) exhibit H2 type 

characteristics with the effect being more pronounced for JNC-1, indicating the 

presence of significant amount of micropores.(9)
 
Pore size distribution of SBA 

(Figure 4d) was calculated by NLDFT method whereas QSDFT method was 

implemented for  the calculation of pore sizes for JNC-1 and CMK-3 (Figure 

4d), as it takes into account the nature of surface  geometrical  heterogeneity 

than merely treating the walls as a featureless plane surface  as  in NLDFT and 
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Figure 4. (a) TEM image of JNC-1. (b) PXRD patterns, (c) N2 adsorption 

(closed symbols)–desorption isotherms (open symbols) and (d) corresponding 

pore size distributions (normalized, calculated using NLDFT/QSDFT method) 

of SBA, CMK-3 and JNC-1.   

 

 

 

 

 

 

 

Figure 5. FESEM image of JNC-1 indicating morphological replication of SBA. 
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hence is more accurate.(23) In contrast to CMK-3, JNC-1 shows bimodal pore-

size distribution (Figure 4d) having meso- and micropores with average pore 

diameters centered at 4.7 nm and 0.9 nm, respectively. As compared to CMK-3, 

JNC-1 shows significant amount of micropores indicated by very sharp 

N2 uptake at very low pressure (Figure 4c) owing to the presence of abundant 

micropores of sizes about 0.9 nm (Figure 4d). The t-plot analyses(24, 25)
 
of 

JNC-1 indicate the presence of considerable fraction of microporous surface area 

(1012 m2 g−1; Table 2) and micropore volume (0.43 cc g−1) as compared to CMK-

3 (370 m2 g−1, 0.16 cc g−1; Table 2). Furthermore, micropore analyses of JNC-1 

and CMK-3 via CO2 sorption at 0 °C indicate the presence of significant 

amount of micropores with a pore size of circa 0.8 nm in the former (Figure 10). 

2.4.1 Mechanism of silica removal: 

Control experiments of silica (SBA) performed with Teflon and polyvinylidene 

fluoride (PVDF) suggests that silica removal occurs through the formation of 

SiF4 by reaction of silica with in situ generated HF in the presence of partially 

polymerized sucrose carbon (Figure 11–13). Silica is removed as SiF4 on reaction 

with in situ generated HF during Teflon decomposition in the presence of 

partially polymerized and carbonized sucrose. It is well reported that Teflon

  

 

 

 

 

 

 

 

 

 

 

       

Figure 6. Wide-angle PXRD patterns of JNC-1, CMK-3 and AC. 

 

10 20 30 40 50 60 70 80

(1
0
1
)

In
te

n
s
it

y
 (

a
.u

.)

2

 AC

 CMK-3

 JNC-1

(0
0
2
)



Chapter 2 

48 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Raman spectra of JNC-1, CMK-3 and AC. 

Figure 8. Energy dispersive X-ray spectroscopic (EDS) analyses of (a) JNC-1 

and (b) CMK-3 indicate complete removal of Si (Al comes from sample holder); 

Tables inside (a) and (b) shows respective elemental content (wt.%). 

decomposition in an inert atmosphere (N2/Ar) would not generate HF and the 

major product (~97%) would be tetrafluoroethylene, the secondary reaction 

product, derived from the initially formed difluorocarbonradicals (RCF2).(26, 

27) On the other hand, hydrogen containing fluoropolymers like polyvinylidene 

fluoride (PVDF) are known to give HF as a major decomposition product on 

pyrolysis.(27) Control experiment showed no significant removal of silica on 

heating the silica (SBA-15)-Teflon mixture at 800 
o
C in N2 atmosphere (Figure  
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Figure 9. Relative pressure (P/Po) range chosen for the calculation of surface 

areas taking into account criteria suggested by Rouquerol et al.  

a 
BET (Brunauer-Emmett-Teller) specific surface area calculated by taking criteria into 

account suggested by Rouquerol et al., 
b
 micropore surface area determined by t-plot 

method, 
c
 Total pore volume was calculated at P/Po = 0.97, 

d
 micropore volume 

determined via t-plot analyses and 
e
 mesopore diameter calculated by QSDFT method. 

Table 2. Textural parameters of SBA, CMK-3 and JNC-1. 

 

11a-b). TGA of Teflon under same condition leads  to  complete  decomposition 

(Figure 11b). Whereas, hydrogen containing fluoropolymer, PVDF, on heating 

with silica (SBA-15) under similar conditions nearly removed all the silica 

leaving behind only pyrolyzed carbon (Figure 12a-b). This suggests that the 

difluorocarbonradicals (RCF2)(27) formed at the initial decomposition of Teflon 

would react with the hydrogen containing, partially polymerized carbon present 

in the composite leading to hydrofluorocarbon formation which on subsequent 

decomposition  gives rise to HF in the gas phase. This further reacts with  silica  

Materials SBET
a 

(m2 g-1) 

SMicropore
b 

(m2 g-1) 

 

VTotal
c 

(cm3 g-1) 

VMicropore
d 

(cm3 g-1) 

DMeso
e
 

(nm) 

SBA 477 83 1.192 0.036 9.8 

CMK-3 1205 370 1.359 0.159 5.5 

JNC-1 2545 1012 1.876 0.429 4.7 

0.04 0.08 0.12 0.16 0.20 0.24 0.28
0.0

0.4

0.8

1.2

1.6

2.0

1
/ 

[W
 (

(P
o
/P

)-
1

)]

Relative pressure (P/Po)

 SBA

 CMK-3

 JNC-1



Chapter 2 

50 

 

 

Figure 10. (a) Micropore size distributions of JNC-1 and CMK-3 calculated 

from CO2 adsorptions at 0 
o
C and (b) corresponding cumulative pore volume 

plots calculated using NLDFT method. 

 

Figure 11. (a) TGA curve of SBA (silica)-Teflon mixture (containing 16 wt.% 

silica; SBA to Teflon = 1:5 wt. ratio) under N2 atmosphere showing ~ 14 wt. % 

remaining mass. The white residue left over residue after 800 
o
C was found to 

be silica indicating inability of Teflon to remove silica. TGA curve of Teflon (b) 

under N2 atmosphere indicating complete decomposition. 

 

to give SiF4 gas which will be carried away by argon stream and hydrolysed to 

hydrofluorosilicic acid by passing through water. ICP-OES analyses of the 

aqueous solution (through which outlet Ar stream was passed) indeed showed 

the presence of large amount of Si and in quantity corresponding to the amount 

of silica taken in the composite for pyrolysis.  The resulting carbon JNC-1 is 

free of silica which was confirmed by EDS (Figure 8a) and ICP-OES analyses. 
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Figure 12. (a) TGA plot of SBA (silica)-polyvinylidene fluoride (PVDF) 

(containing 16 wt.% silica; SBA to PVDF = 1:5 wt. ratio) under N2 atmosphere 

showing ~27 wt. % remaining black mass. Furthermore, TGA analyses (b) of 

above residue (SBA-PVDF-Residue) in O2 indicate ~91 wt.% mass loss, which 

could possibly result from carbonization of PVDF. This indicates nearly all the 

silica is removed by PVDF which is further confirmed by near absence of silica 

in EDS analyses (Figure 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Energy dispersive X-ray spectroscopic (EDS) analyses of SBA-

PVDF-Residue indicate that residue contains ~91 wt.% carbon by mass (Cu 

comes from sample holder). 
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Thermogravimetric analysis (TGA) shows that Teflon starts to decompose in an 

inert environment (N2) at 450 OC and completes at 560 OC (Figure 11b).(26) 

When SBA-PC was mixed with Teflon and heated at 650 OC (with a heating 

rate 5 OC min
−1 from room temperature) in Ar for 10 min, entire silica was 

removed as evident from EDS analyses (Figure 14a). Furthermore, the obtained 

material (JNC650) shows 13 wt. % oxygen content (Figure 14a), due to 

incomplete carbonization as compared to 3 wt. % oxygen obtained for JNC-1 

(Figure 8a). PXRD pattern of JNC650 (Figure 15) also exhibits the low angle 

peaks corresponding to the mesoscale ordering. This suggests that the 

mesostructure is preserved, notwithstanding the silica removal even before 

complete carbonization occurs (Figures 17-18). The specific surface area is 1204 

m
2 g−1

, which is equivalent to CMK-3 as well as the mesoporous carbon (1184 

m
2 g−1

) obtained through similar carbonizing condition (650 OC–10 min) but 

with HF etching (CMK650; Table 3 and Figure 16). Interestingly, subsequent 

heating of the silica free JNC650 and CMK650 in Ar at 900 OC for 4 h, referred to 

as JNC650-900 and CMK650-900 respectively, showed notable improvement in 

their surface areas (2459 m2 g−1 
for JNC650-900 and 2113  m2 g−1 

for CMK650-900) 

and total pore volume (Table 3, Figures 17–20), which is possibly due to the 

creation of additional pores by the removal of volatile oxygen-containing 

moieties upon further pyrolysis.(28, 29) Mesoscale ordering of JNC650-900 and 

CMK650-900 was confirmed by low-angle PXRD peaks (Figures 15, 16). This is 

in contrast to the relatively low surface area obtained for CMK-3 (Table 2), 

where the silica was removed after the SBA-PC composite was carbonized at 

900 OC for 4 h. The CMK-3 heated again in argon atmosphere at 900 °C for 4 h 

(CMK-3-900) gives a significant increase in surface area to 2548  m2 g−1
 (Table 

4, Figures 21,  22). This clearly suggests that presence of silica impede the 

development of micropores by forming stable silica–carbon interface, thus 

inhibiting the thermal decomposition of surface carbon at 900 OC, which was 

facilitated when the silica free carbons (CMK-3, JNC650 and CMK650) were 

heated at 900 OC in Ar for 4 h. When SBA-PC composite is mixed with Teflon 

and slowly heated in an argon environment, simultaneous carbonization and 

silica removal occurs within 650 OC, and further raise in temperature expedites 

the removal of volatile oxygen-containing moieties(28, 29)
 
and hence the 

formation of micropores, leading to a high-surface-area ordered carbon structure 

in a single step. In the case of CMK-3, the presence  of a silica–carbon interface 
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Figure 14. Energy dispersive X-ray spectroscopic (EDS) analyses of (a) JNC650 

and (b) CMK650 indicating complete removal of Si (Al comes from sample 

holder); Tables inside (a) and (b) shows respective elemental content (wt.%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Low angle PXRD patterns of JNC650 and JNC650-900. 

 

during carbonization (at 900 OC) inhibits such a mechanism, resulting in a 

relatively low surface area. The carbon replica (JNC-2) obtained through the 
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analogous procedure using mesoporous silica KIT-6(17) template also shows 

high surface area when the silica was removed by Teflon (Figures 23–27 and 

Table 5). 

a 
BET (Brunauer-Emmett-Teller) specific surface area calculated by taking criteria into 

account suggested by Rouquerol et al., 
b
 micropore surface area determined by t-plot 

method, 
c
 Total pore volume was calculated at P/Po = 0.97, 

d
 micropore volume 

determined via t-plot analyses and 
e
 mesopore diameter calculated by QSDFT method. 

 

Table 3. Textural parameters of JNC650, JNC650-900, CMK650 and CMK650-900. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Low angle PXRD patterns of CMK650 and CMK650-900. 

Materials 

 

SBET
a 

(m2 g-1) 

SMicropore
b 

(m2 g-1) 

 

VTotal
c 

(cm3 g-1) 

VMicropore
d 

(cm3 g-1) 

DMeso
e
 

(nm) 

JNC650 1204 224 0.930 0.134 4.5 

JNC650-900 2459 803 1.831 0.354 4.5 

CMK650 1184 92 1.010 0.042 4.5 

CMK650-900 2113 460 1.660 0.173 4.5 
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Figure 17. (a) N2 adsorption-desorption isotherms of JNC650 and JNC650-900 and 

(b) corresponding pore size distributions (normalized) calculated by QSDFT 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Relative pressure (P/Po) range chosen for the calculation of surface 

areas of JNC650 and JNC650-900 taking into account criteria suggested by 

Rouquerol et al. (22) 
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Figure 19. (a) N2 adsorption-desorption isotherms and (b) corresponding pore 

size distributions of CMK650 and CMK650-900 (normalized) calculated by 

QSDFT method. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20.  Relative pressure (P/Po) range chosen for the calculation of surface 

areas of CMK650 and CMK650-900 taking into account criteria suggested by 

Rouquerol et al.(22)  

 

Table 4. Textural parameters of CMK-3-900 (superscripts stand for their usual 

meanings as explained in earlier Tables). 
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Figure 21. (a) N2 adsorption-desorption isotherm and (b) corresponding pore 

size distribution of CMK-3-900 (normalized) calculated by QSDFT method. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Relative pressure (P/Po) range chosen for the calculation of surface 

areas of CMK-3-900 taking into account criteria suggested by Rouquerol et al. 

The influence of bimodal (micro-meso) pore size distribution of JNC-1 on the 

sorption behavior of organic pollutants was investigated using two synthetic azo 

dyes of different sizes (Alizarin Yellow, size 1.3 nm and Congo Red, size ca. 

2.6nm).(30) The sorption performance of JNC-1 was compared with the CMK-3 

(mesopores) and activated carbon (AC). Liquid phase dye adsorption studies 

indicate very high uptake of Congo red and Alizarin yellow over JNC-1 in 

comparison to CMK-3 and AC (Figure 28). Such superior dye uptake of JNC-1 

can be explained by bimodal pore size distribution in JNC-1, avoiding mass 

transfer limitations encountered in narrow micropores and high surface area. 
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Figure 23. (a) FESEM and (b) TEM images of KIT-6. 

 

Figure 24. (a) FESEM and (b) TEM images of JNC-2. 

 

 

Figure 25. (a) FESEM and (b) TEM images of CMK-8. 
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a 
BET (Brunauer-Emmett-Teller) specific surface area calculated by taking criteria into 

account suggested by Rouquerol et al., 
b
 micropore surface area determined by t-plot 

method, 
c
 Total pore volume was calculated at P/Po = 0.97, 

d
 micropore volume 

determined via t-plot analyses and 
e
 mesopore diameter calculated by QSDFT method. 

 

Table 5. Textural parameters of KIT-6, CMK-8 and JNC-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. PXRD patterns of KIT-6, CMK-8 and JNC-2. 
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Figure 27. Energy dispersive X-ray spectroscopic (EDS) analyses of (a) CMK-8 

and (b) JNC-2 indicating complete removal of Si (Al comes from sample 

holder). 

 

Figure 28. (a) Molecular structures of Alizarin yellow and Congo red. 

Adsorption isotherms of (b) Alizarin yellow and (c) Congo red over JNC-1, 

CMK-3 and AC. (d) Optical images of Congo red adsorption by different 

carbons (concentrations at the top of Figure d are initial concentrations with 

equal amount of different adsorbents added in each case). 
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Furthermore, carbon dioxide and hydrogen sorptions measurements were 

performed in order to evaluate the gas storage properties of JNC-1 on account 

of its bimodal pore size distribution. The uptake of CO2 and H2 in light weight, 

porous carbon materials is all the more important as the former (CO2) being a 

greenhouse gas needs to be sequestered from the air or industry effluents and 

the latter (H2) is an important source for clean energy but needs to be stored in 

a material for the safe and efficient usage. JNC-1 showed a very high uptake for 

CO2 of around 154 wt.% at -78 
o
C (0.88 bar) as compared to 73 wt.% over 

CMK-3 under similar conditions (Figure 29b).  Even at 0 
o
C and 25 

o
C   (under 

0.88 bar of CO2 pressure) the CO2  sorption on JNC-1 was found to be around 26 

wt.% and 15 wt.% respectively (Figure 29c) which are significantly higher

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. (a) H2 and (b) CO2 adsorption isotherms of JNC-1 and CMK-3 at -

196 
o
C and -78 

o
C respectively. CO2 adsorption isotherms (at 0 

o
C and 25 

o
C) 

along with N2 adsorption isotherm (at 25 
o
C) of (c) JNC-1 and (d) CMK-3. 

(Note: closed and open circles represent adsorption and desorption points. Po for 

N2 and CO2 isotherms is taken as 660 torr (0.88 bar) whereas for H2 it is 760 torr 

(1.01 bar)). 
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Figure 30. CO2 uptake of JNC-1 under ambient conditions (1 bar) over different 

cycles. 

            ___________________________________________________________ 

             CO2 uptake of different porous materials @ 25 
o
C under 1 bar 

             ___________________________________________________________ 
              Adsorbent                 Surface area        CO2 uptake               Ref. 
                                                        (m2 g-1)               (mmol g-1) 
              ___________________________________________________________    
               JNC-1                                 2545                           3.5                       Present 
                                                                                                                               work  

 
               Covalent organic        364-1054                    0.7-1.7                       (31) 
               frameworks 

 
               Microporous                 653-4077                   1.1-2.2                        (32) 
               organic 
               polymers 

 
               Different Carbon        310-2157                    0.5-2.2                       (33)     
               materials 

 
               NH2 modified               812-1050                    1.0-2.7                       (34)                        
               mesoporous 
               alumina and 
               silica 
 
               Nitrogen                        122-1588                    1.0-4.3                      (35)        
               doped  
               carbon 

 
               Various MOFs            600-4034                    0.6-8.4                    (36, 37)                                         
               ____________________________________________________________ 

Table 6. Comparison of CO2 uptake of JNC-1 under ambient conditions with 

literature values. 
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than those of CMK-3, whose sorption capacity were determined to be 13 wt.% 

and 7 wt.% at 0 oC and 25 oC respectively (Figure 29d). Such exceptional CO2 

uptake (Table 6) can be attributed to unique textural parameters of JNC-1.(38) 

The uptake for CO2 at 25 oC (1 bar) over JNC-1 remains the same even after 10 

cycles. (Figure 30). The selectivity for CO2/N2 separation (calculated from ratio 

of initial slopes) over JNC-1 at 25 oC was found to be ~7 compared to 6 of 

CMK-3 and can be attributed to the presence of abundant (Figure 31) 

micropores in the former.(6, 39, 40) Hydrogen uptake (2.8 wt.%) of JNC-1 at -

196 oC (1.0 atm) (Figure 29a) was also found to be higher than that of CMK-3 

(1.2 wt. %) (Figure 29a and Table 7) and is completely reversible throughout 

the pressure range studied. The presence of huge amount of micropores (40%) of 

size ~0.9 nm is within the accepted range of optimum micropore diameter for 

hydrogen storage (i.e. between 0.5-1.5 nm) and contributes as sites of high 

energy of adsorption thereby maximizing the uptake.(41, 42) On the other hand, 

CMK-3 obtained through HF etching shows negligible H2 uptake due to lack of 

enhanced microporosity.(43) 

 

 

 

 

 

 

 

 

 

Figure 31. Initial slope calculations for N2 and CO2 adsorption on JNC-1 and 

CMK-3 at 25 oC. 

Electrochemical performances of JNC-1, CMK-3 and AC were evaluated 

through cyclic voltammetry (CV), galvanostatic charge/discharge (CD) and 

electrochemical impedance spectroscopy (EIS) study using typical three 

electrode setup. CV curve of JNC-1 is pseudo rectangular in shape (Figure 32a) 

indicating  capacitive type  of  behavior at  the  scan rate of 100 mV s-1. As the 
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                ________________________________________________________ 
               H2 uptake of different carbon based porous materials @ -195 oC  
               ________________________________________________________ 
               Adsorbent             Surface area        H2 uptake (1 bar)    Ref. 
                                                      (m2 g-1)                (wt. %) 
                 ________________________________________________________    
 
                 JNC-1                              2545                         2.80                      Present 
                                                                                                                             work  
                 Mesoporous                    2314                         1.78                        (44)   
                 carbon 

                       
                 Carbon                            1024                         2.40                         (45)       
                 nanotubes  

                   
                 Microporous                   3405                        2.77                         (46)  
                 carbon  
                 templated from 
                 MOF  

                       
                 Activated carbon       2500-3200           1.80-2.70                     (42) 
                 ________________________________________________________    
 

Table 7. Comparison of H2 uptake of JNC-1 under at -195 oC (1 bar) with some 

relevant literature values. 

scan rate is increased upto 2 V s-1, cyclic voltammograms, still retains 

rectangular shape (Figure 33) indicating fast charge-discharge and high power 

capability of the JNC-1.(47) Galvanostatic CD curve of JNC-1 is triangular in 

nature (Figure 32b), which further confirms efficient ion transport without 

significant iR drop. The JNC-1 carbon exhibited specific capacitance of around 

274 F g-1 at 1 A g-1 and value was retained till several cycles as compared to 132 

F g-1 and 49 F g-1 for CMK-3 and AC respectively, at the same current density 

(Figure 34). In fact, in one of the batches, a specific capacitance value of 292 F 

g-1 at 1 A g-1 (Figure 32c) was found and is one of the best reported values for 

pure carbon based materials (Table 8).(48, 49)  Additionally, JNC-1 exhibits 

excellent cyclic stability over studied 1200 cycles at 10 A g-1 retaining 98 % of 

the original capacity (Figure 35). Rate capability performance of JNC-1 indicate 

a retention of specific capacitance around 213 F g-1 and 180 F g-1 at 10 A g-1 and 

50 A g-1  respectively (Figure 32c). To the best of our knowledge these values 

are one of the highest at such high drain rates for pure carbon based 

materials.[38,39] In comparison to CMK-3 and AC, Nyquist plot of JNC-1 is 

almost vertical to the imaginary axis (Figure 32d), signifying the performance 

reaches to that of an ideal capacitor as the ion migrations are not hindered.(50) 
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Figure 32. Comparison of electrochemical performances of JNC-1 with CMK-3 

and AC. (a) Cyclic voltammetry (CV) curves (scan rate: 100 mV s-1) and (b) 

galvanostatic charge/discharge  (CD) profiles at a current density of 1 A g-1 of 

JNC-1, CMK-3 and AC in 1 M H2SO4. (c) Rate capability performance of JNC-

1 and (d) shows Nyquist plot of different carbons studied, depicting ideal 

capacitor type of behavior for JNC-1. 

 

 

 

 

 

 

 

Figure 33. Cyclic voltammograms of JNC-1 at higher scan rates. 
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Mesopores helps in attaining high capacitance values at higher drain rate by 

rapid supply of ions to the active electrode interface which is not possible in 

purely microporous sample on account of limited space available for ion 

transport. Such performance metric can be traced back to highly connected 

bimodal pore size distribution of JNC-1, exhibiting synergistic effect of 

facilitating efficient charge transfer (mesopores) process and enhanced electric 

double layer formation (micropores).(12, 47) In other words, presence of huge 

amount micropores in JNC-1 contribute towards high energy density and 

equally large extent of mesopores aid towards enhanced power density.(12, 47) 

 

 

 

 

 

 

 

 

Figure 34. Comparison of specific capacitance of JNC-1, CMK-3 and AC with 

cycle number. 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 35. Comparison of cycling performance of JNC-1 with CMK-3 at 10 A g-

1 indicating stable cycling behavior.  
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 Electrode  
  material 

 
Surface 
area 
and 
pore 
size 
(m2 g-1 
and 
nm) 

 
Capacitance 
    (F g-1)/ 
     Rate 
    (A g-1) 

 
Electrode 
Configuration 

 
Electrolyte 

 
Ref. 

 
JNC-1 

 
2545, 
bimodal 
0.9 and 
4.7 nm 

 
292/1.0 

 
Three           
electrode 

 
1.0 M 
H2SO4 

 
Present 
work 

 
Resorcinol-
pyrocatechol 
aerogel 

 
519 

 
175/0.1 

 
Three           
electrode 

 
1.0 M 
H2SO4 

 
(51) 

 
Resorcinol-
formaldehyde 
aerogel 

 
2119 
and 4.8 

 
250/0.5 

 
Three           
electrode 

 
6.0 M 
KOH 

 
(52) 

 
Graphene 
and SWNT 

 
421 

 
290/0.5 

 
Two           
electrode 

 
1.0 M KCl 

 
(53) 

 
Highly 
corrugated 
graphene 

 
518 

 
349/CV  
(2 mV s-1) 

 
Three           
electrode 

 
6.0 M 
KOH 

 
(54) 
 

 
Graphene 
aerogel 
(Supercritical 
drying) 

 
830 and 
4.0 nm 

 
278/0.2 

 
Three           
electrode 

 
1.0 M 
H2SO4 

 
(55) 

 
Mesoporous 
carbon 
decorated 
graphene 

 
927 and 
6.3 

 
213/0.5 

 
Three           
electrode 

 
6.0 M 
KOH 

 
(56) 

 
CNT-Carbon 
aerogel  
(CVD) 

 
700  

 
524/1 mA 

 
Three           
electrode 

5.0 M 
KOH 

 
(57) 

 

Table 8. Comparison of supercapacitor performance of JNC-1 at 1 A g-1 with 

different carbon based materials indicating good performance of JNC-1 at 

higher drain rate.  

2.5 Conclusions: In conclusion, use of Teflon not only eliminates the handling of 

toxic HF or repeated NaOH wash but also drastically reduces the time required 

for mesopore carbon generation as it combines the carbonization and template 

removal step as a single step. Moreover, the obtained carbon material, JNC-1 
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exhibits superior supercapacitor performance and capacitance values are one of 

the highest reported for such ordered carbon material at such a higher drain 

rate. In addition JNC-1 exhibits excellent dye adsorption and exceptional gas 

storage properties (H2 and CO2) compared to CMK-3 which is comparable to 

most of the best reported MOF. 
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Chapter-3 

An Extremely High Surface Area Ordered Hierarchical Mesoporous-

Microporous Networked Carbon for High Stability Li-S and 

Intermediate Temperature Na-S Rechargeable Batteries 

Summary: 

Hierarchically networked, ordered pore engineered carbon (JNC-1) with a high 

surface area (~2545 m2g-1) has been utilized as a cathodic host for sulphur in Li-

S and Na-S rechargeable batteries. The unique interconnected mesoporous-

microporous structure of the host provides facile pathways for Li-ion/electrolyte 

transport and potential landscapes for efficient and effective polysulfide traps 

thereby modulating S (polysulfide) flux across the cathode. Such textural 

engineering leads to superior mass transport properties coupled with intricate 

conducting C-S interfaces results in highly stable Li-S battery performance. The 

above-mentioned cathode material also leads to admirable Na-S performance at 

intermediate temperature (70 OC) which is contrary to the observed 

electrochemistry of such systems which are known to perform at elevated 

temperatures (100-300 OC). 

 

 

 

 

 

 

 

 

 

 

 

(A paper based on this work has appeared in ChemistrySelect 2, 9249, 2017). 
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3.1 Introduction: 

With the current state-of-art lithium-ion batteries (LiBs), based on intercalation 

chemistry attaining the apex of theoretical energy density limits, alternate 

higher specific energy storage systems with low cost is vigorously pursued to 

address technologies beyond portable devices viz. plug-in vehicles, grid energy 

storage etc.(1-4) Rechargeable Li-S batteries open up a new paradigm for future 

energy technologies with sulfur cathodes offering a specific energy density of 

1675 mAh g-1 which is nearly an order higher than the conventional LiB 

cathodes (LiCoO2, LiFePO4 etc.).(3, 5) Besides, S is earth-abundant(6-8) and 

offers lower environmental impact along with cost competitiveness(9) compared 

to current high energy storage systems.(5, 10, 11) However, Li-S technology is 

yet to receive a breakthrough for widespread market entry as it suffers from 

tremendous capacity fading upon cycling indicating poor utilization of S.(11, 12) 

Dissolution of higher polysulfides (Li2Sx; 8 ≥ 𝑥 ≥ 4, discharge intermediates) in 

the electrolytes and subsequent deposition of insulating Li2S2 and Li2S on either 

electrode surfaces due to shuttling results in increased cell resistance (impeded 

ionic accessibility, lowering of electrode conductivity etc.), loss of active mass 

and lower Coulombic efficiency.(13-17) Such insulating deposits along with 

insulating nature of sulfur (5 x 10
-28

 S m-1) can severely influence reaction 

kinetics at the interfaces and active mass utilization thereby influencing battery 

performance.(18, 19) Therefore several strategies have been implemented, aimed 

at enhancing the cyclability of Li-S batteries by trapping polysulfides 

intermediates and maximizing sulfur utilization using conductive matrices (such 

as carbons),(20) which form enhanced carbon-sulfur interfaces thereby 

increasing overall conductivity of the cathode. Although composites 

incorporating Al2O3, SiO2, SnO2 etc. have been used to trap polysulfides using 

ionic interactions but the gain is offset by their lower energy density and low 

electronic conductivity.(21, 22) Therefore, major work has focused upon 

plethora of carbon based framework, invoking different architectures to address 

above issues.(21) Except for a few reports, it was invariably observed that 

systems with high specific energy and enhanced cyclability is usually associated 

with low sulfur loadings(23) which again would penalize volumetric as well as 

gravimetric energy density of the overall cathode. Another important hurdle to 

the development of effective hosts for Li-S system is associated with the huge 

volumetric expansion (~80 %) due to the conversion of S8 to Li2S.(24) 

Henceforth, any cathode design must accommodate above mentioned volumetric 

changes. Additionally, the cathode material should have high sulfur loading and 
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the textural properties of the host must synergistically allow for maximum S 

utilization thereby enhancing capacity even after prolonged cycle life. Most of 

the carbon based cathode designs indicate towards the beneficial roles of 

balanced pore architectures (micro/mesoporous).(21, 25, 26)  

Additionally, the poor abundance of Li(27) has stimulated the development of 

alternative energy systems based on Na-S couple due to similar chemistries 

compared to Li-S based systems. Na is earth abundant and combination with 

sulfur (S) is going to make Na-S batteries even cheaper compared to Li-S 

battery.(28) Na-S systems operating at elevated temperatures (~300 OC) have 

been commercialized nearly a decade ago and recently published reports also 

discuss about the reversible redox Na-S batteries at high temperatures (~150 

OC) using conventional liquid electrolytes.(29, 30) These reports employ 

porous/hollow carbon as the sulfur confining host and also use specific cell 

configurations for achieving optimal electrochemical performance. Thus, the 

challenge now is to develop a high specific energy Na-S battery functioning at 

room temperature and at intermediate temperatures (~100 OC).(30, 31) To the 

best of our knowledge, there are very few reports so far which solely focuses 

upon room temperature operation of Na-S batteries very similar to that of Li-S 

batteries.(32)  The problems associated with room temperature Na-S battery 

are anticipated to be very similar to that of Li-S battery. Here too, the design 

of structured porous hosts, which can efficiently trap sulfur and the sodium-

polysulfides during successive discharge-charge processes needs to be devised. 

The host should be so designed that it can accommodate severe volume 

expansion without affecting the integrity of its structure. Although carbon-

based hosts have not been much explored for Na-S systems, the implications are 

much more severe for such batteries as the full sodiation of sulfur (Na2S) 

involves a much higher volume expansion.(33, 34)  Flexible carbon framework 

with high SSA, interconnected hierarchical porous structure along with 

enhanced pore volume would be ideal for accommodating large volume changes 

associated with such battery systems. Advance designs pertaining to 

microscopic as well as mesoscopic textural engineering is crucial to the 

development of new carbon-based cathodes with stable performance. 

3.2 Scope of the present investigation: 

Hierarchical pore architecture of the nanostructured carbon (mesopores) would 

ensure easy electrolyte access at active interfaces allowing faster Li/Na-

ion/electrolyte transport assisting in rapid redox reactions.(35, 36) The presence  
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Scheme 1. Schematic illustrating the incorporation of S inside JNC-1 to form 

JNC-S composite via melt-diffusion strategy. Hierarchical ordered micro-

mesoporous architecture of the host (JNC-1) aid in facile Li+ ion/electrolyte 

transport across the interface leading to efficient reversible electrochemistry of 

Li-S systems whereas, micropores modulate S/polysulfide flux via advantageous 

entrapment of the lithiated sulfide intermediates. 

of abundant micropores (situated inside mesoporous walls where active interface 

actually exists) would complement mesopores in trapping polysulfides formed at 

the genesis site thus ensuring minimal polysulfide transport once it is formed. 

Such sorption property of micropores could be attributed to the stronger 

overlap of the adsorbent-adsorbate interaction potentials of the opposite walls 

in the confined spaces (<2 nm) thereby increasing the energy barrier for 

polysulfide dissolution in the electrolyte and hence mitigate sulfur 

dissolution.(23, 25, 37) It may be noted that existence of micropores alone 

would impede ion transport (Li+/Na+) resulting in poor mass utilization which 

in turn affects the rate capability performance.(38-40) Furthermore, it must be 

noted that the previous carbon-based cathodes are purely microporous or 

mesoporous carbons (or both), usually resulted in lower sulfur loading except in 

few cases which would severely lower energy density and volumetric 

capacity.(23, 41) Wider mesopores would lack enhanced intimate S interfaces 

compared to micropores therefore, the reaction would only take place at the 

periphery leading to poor mass utilization.(42) Therefore it is highly desirable to 

engineer such carbons which could address all the pertinent issues related mass 

utilization and volume expansion with intricately balanced textural properties. 
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Herein, we report a high surface area (2545 m2 g-1) hierarchical (micro-

mesopore) carbon (JNC-1)-sulfur based composite (JNC-S) as active cathode 

material for Li-S/Na-S battery application.(43) Scheme 1 illustrates the 

synthetic strategy implemented to synthesize JNC-S composite based cathode, 

wherein melt induced diffusion strategy was implemented to incorporate S into 

JNC-1.(44) As shown in the scheme, such hierarchical structures by virtue of 

their high pore volume (~1.9 cc g-1) ensures higher sulfur loading (~70 wt. %) 

while high surface area with abundant micropores (~40 %; 0.9 nm) warrants 

enhanced electrically conducting intimate C-S interface formation assisting in 

higher mass utilization. It is to be noted that the sulfur loading is being equally 

complemented by large interfaces existing in JNC-1(2545 m2g-1) leading the 

diffusional arrest of polysulfides at the microporous sites. The hierarchical 

framework is expected to provide facile charge transport pathways across active 

boundaries through carbon rods (Scheme 1) leading to superior utilization of 

active material which again is being aided by the unhindered Li+/Na+ ion 

transport (mesopores) at the electrodics resulting in superior kinetics.  

 

The presence of pores of varying length scales is expected to generate potential 

energy landscapes with varying well depths, acting as efficient polysulfide 

traps.(37) Thus, uniquely designed framework, formed by template inversion 

method is beneficial in coping up with the volumetric changes associated with 

the conversion of S8 to Li2S or NaxS (formation of Na2S depends on the lower 

cut-off of the discharge voltage). Additionally, carbon matrix can well 

accommodate for volume expansion during the discharging process due to its 

flexible framework/structures. All these benefits make the host JNC-1 highly 

promising material for application as S-cathode in Li-S and Na-S rechargeable 

batteries. 

3.3 Experimental procedures: 

3.3.1 Materials used: 

Sulfur (assay ≥ 99.5%) was procured from Sigma-Aldrich and was purified by 

sublimation twice before use. Lithium bis(trifluoromethanesulfone)imide 

(LiTFSI, ~99%), 1,3-dioxolane (DOL, ~99%), cyclopentanone (99%) and 1,2-

dimethoxyethane (DME, ~99%) were obtained from Sigma-Aldrich and was 

used as received. The conductive carbon paint was obtained from Bare 

Conductive Ltd. Sulphuric acid and sucrose was acquired from Merck and 

sucrose was purchased from Sigma-Aldrich. 
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3.3.2 Instrumentation and characterization techniques: 

The powder X-ray diffraction (PXRD) patterns were collected on PANalytical 

diffractometer using Cu Kα radiation, (λ = 1.542 Å). Transmission electron 

microscopic (TEM) and the energy filtered TEM (EFTEM) images were 

acquired using the FEI Titan3TM 80−300 microscope (300 kV) equipped with an 

image aberration corrector. Field emission scanning electron microscopic 

(FESEM) images of the samples were obtained on Nova-Nano SEM-600 (FEI, 

Netherlands). The Raman spectra were recorded on a Renishaw Micro-Raman 

2000 Spectrometer via Horiba LabRAM HR implementing diode pumped solid 

state laser excitation (wavelength = 532 nm) with a beam spot size of about 2 

μm. Gas sorption analyses were performed using ultrahigh pure N2 (99.9995%) 

on Autosorb-iQ2 (Quantachrome corp.). Prior to analyses, the samples were 

degassed at 150 OC under vacuum for 24 h. BET (Brunauer-Emmett-Teller) 

specific surface area was calculated by taking into account certain criteria 

suggested by Rouqureal et al. Micropore surface area was determined by the t-

plot method. Pore size distributions were obtained using QSDFT/NLDFT 

method. The thermogravimetric analysis (TGA) was performed on Perkin 

Elmer Pyris 6000 by heating the samples from room temperature to 700 OC at 5 
OC/min under N2 atmosphere. X-ray photoelectron spectroscopic (XPS) data 

were recorded on an AXIS-Ultra instrument from Kratos using monochromatic 

Al Kα radiation (225 W, 15 mA, 15 kV). Conducting carbon painting on one 

side of the aluminum foil current collector was accomplished by using Elcometer 

Doctor Blade Film Applicator 4340. The galvanostatic charge/discharge (CC) 

cycling were performed on an Arbin Instrument (Model BT 2000) Corp., USA 

at different C-rates in the voltage range of 1.3–3.0 V (versus Li+/Li) for S. 

Temperature dependent cell cycling was done by inserting the SwagelokTM cell 

in an environmental chamber (Kaleidoscope Climatic Solutions, Bengaluru) for 

the temperature control, while cell cycling was done using Arbin Instrument. 

3.3.3 Synthesis of JNC-1: 

JNC-1 has been synthesized according to the procedure reported in the previous 

chapter.(43) 

3.3.4 Synthesis of S encapsulated JNC-1(JNC-S): 

Sulfur encapsulation in JNC-1 was carried out by pressure induced melt 

diffusion strategy. Doubly sublimed sulfur was thoroughly grounded with 

previously degassed JNC-1 in the weight ratio of 10:1. Thereafter, the mixture 
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was loaded onto a glass boat (volume = 1.62 cm3) and was placed inside a 

quartz tube and subsequently evacuated using a suction pump (min. pressure: 1 

 10-3 mbar, Hind High Vacuum (P) Ltd.) for at least 30 min. Afterwards, the 

tube containing the mixture was slowly put inside the tube furnace preheated to 

155 OC where sulfur melts and diffuses into the pores of JNC-1. After about 30 

min, the vacuum is released by passing N2 into the tube and the process is 

continued for 3 more times followed by cooling. This step ensures thorough 

filling of liquid sulfur into the micro-mesopores of JNC-1, which upon cooling is 

entrapped in the various stable as well as metastable sulfur phases causing 

efficient confinement. The composite thus obtained was thoroughly washed with 

toluene in order to remove the excess sulfur deposited over the particles to 

obtain JNC-S. For comparison, a physical mixture of JNC-1 with sublimed 

sulfur was also prepared by grinding them intimately and was abbreviated as 

JNC-S-PM. 

3.3.5 Electrochemical cell assembly: 

 

Electrochemical stability and lithium/sodium battery performance were tested 

using SwagelokTM half-cells with lithium foil (Aldrich)/sodium coin (Aldrich) as 

a counter and reference electrode respectively. Whatman glass fiber was used as 

a separator and 1 M Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 

DOL:DME (1:1 v/v) and 1 M NaPF6 in DOL:DME (1:1 v/v) was used as an 

electrolyte for evaluating Li-S and Na-S battery performance respectively. The 

electrochemical measurements were carried out by preparing a slurry of the 

active materials (e.g. JNC-S and JNC-S-PM) with acetylene carbon black (Alfa 

Aesar) and polyvinylidene fluoride (PVDF, Kynar Flex) in a weight ratio of 

80:10:10 in cyclopentanone and casting it on a carbon-coated Al foil. The 

carbon coated aluminum foil was prepared by putting conductive carbon paint 

(Bare Conductive Ltd.) and dried in open air for 24 h. The areal loading of S in 

the SwagelokTM cell is ~5 mg cm-2. All cell assembly was done at 25 
O
C in a 

glove box (MBraun) under Ar (H2O < 0.5 ppm, O2 < 0.5 ppm). About 120 μL 

of 1 M LiTFSI in DOL:DME (1:1 by volume) and 70 μL of 1 M NaPF6 in 

DOL:DME (1:1 by volume) was used in the Li-S and Na-S cell assembly 

respectively, for similar electrode loading. A thinner Whatman separator (0.5 

mm) was used in the fabrication of Na-S cell assembly. For the temperature 

dependent study, the Na-S cell was exposed to step-by-step temperature 

variation from room temperature to 70 OC in a humidity-temperature 

controllable chamber. Humidity was fixed at 75% throughout the measurement. 
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3.4 Results and discussions: 

The presence of low-angle peaks in the powder X-ray diffraction (PXRD) 

pattern (Figure 1a) indicates mesostructural ordering in JNC-1 with p6mm 

honeycomb lattice symmetry. Wide-angle PXRD pattern of the host shows two 

broad humps centered at 23O and 44O (2θ) (Figure 1b) reflecting its amorphous 

nature. Encapsulation of S inside JNC-1 does not change the crystallinity of the 

former and the peaks in PXRD pattern in JNC-S match with that of S and can 

be attributed to alpha-octa sulphur (JCPDS No. 00-024-0733) phase (Figure 

1b). Furthermore, the presence of the crystalline state of the sulfur inside the 

porous host was additionally confirmed by Raman spectroscopy. The 

characteristic stretching (473 cm
-1
) and bending (212 cm

-1
) vibrations modes 

(Figure 2a) observed for crystalline S are however highly diminished in JNC-S. 

The appearance of new stretching (457 cm
-1
) and bending bands (a doublet at 

248 cm
-1
 and 267 cm

-1
) strongly suggests that sulfur resides in an alternative 

form inside the micropores of JNC-1. The generation of newer bands can be 

attributed to the existence of diradical polymeric sulfur chains which are formed 

during S incorporation inside the host and are trapped by the micropores.(45) 

However, S remains in its native crystalline state in the mesopores.(46) Raman 

spectra of JNC-1 (Figure 2b) shows typical G and D band characteristic of 

carbon materials with the intensity of D band greater than that of the former 

further confirming the disordered nature of the pore walls and matches well 

with the PXRD data (Figure 1b). It is highly probable that inside the 

mesoporous of JNC-1, the  metastable  linear  diradical  polymeric  chain slowly  

 

Figure 1. (a) Low-angle PXRD pattern of JNC-1 whereas (b) shows wide-angle 

PXRD patterns of JNC-1, S and sulfur encapsulated JNC-1 (JNC-S). 
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Figure 2. (a) Raman Spectra of S, JNC-S and (b) JNC-1. 

 

 

 

 

 

 

 

 

Figure 3. Raman spectra of JNC-S showing the gradual conversion of polymeric 

chains to stable S8 forms with time. 

 

converts to stable S8 form, especially when exposed to the laser beam during 

Raman measurements.(47, 48) Figure 3 clearly shows the gradual decrease in 

the intensity of the principle band of JNC-S at 457 cm
-1
 with time while the 

intensities of the Raman bands corresponding to S8 slowly increases. This 

indicates that the unique structure of the host provides ample space for S to 

undergo a wide range of configurational changes. This is also beneficial to 

accommodate the volume expansion of sulfur upon complete reduction to 

Li2S/Na2S during battery cycling. 
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Figure 4. (a) N2 adsorption-desorption isotherms of JNC-1. (b) Pores size 

distribution of JNC-1 along with cumulative uptake (calculated using QSDFT 

method). 

N2 sorption experiments carried out at 77 K in order to evaluate the textural 

parameters of JNC-1, exhibited type IV behavior with H2 type hysteresis 

(Figure 4). Surface area calculated by the method as suggested by Rouquerol et 

al. was found to be around 2545 m2 g-1 and t-plot analyses reveal the 

microporous surface area ~1012 m2 g-1. QSDFT indicate a bimodal pore size 

distribution for JNC-1 centered at 4.7 nm (mesopores) and 0.9 nm (micropores) 

(Figure 4). The pore volume of JNC-1 was found to be around 1.84 cc g-1.   

 

 

 

 

 

 

 

 

Figure 5. TGA of JNC-S. 

Thermogravimetric analyses (TGA) shows a high loading of S (~71%) inside 

JNC-1 (Figure 5) reflecting the effectiveness of systematic pressure-regulated 

melt diffusion strategy to encapsulate sulfur. Assuming the density of sulphur to 
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be ~2.0 g cc
-1
; therefore theoretically JNC-S can accommodate about 3.68 g of 

sulfur which corresponds to about 79 % of the total mass of sulphur which 

corroborates well with the TGA data. Step-wise weight loss in TGA (Figure 5) 

indicates the existence of various stable as well as metastable states of S in the 

hierarchical porous host (JNC-1). Furthermore, X-ray photoelectron 

spectroscopic data shows a doublet at 163.8 eV and 164.8 eV corresponding to 

that of S in JNC-S indicating that encapsulation does not change the oxidation 

state of the sulfur (Figure 6).   

 

 

 

 

 

 

 

 

Figure 6. XPS spectrum of S 2p in JNC-S. 

 

 

 

 

 

 

 

Figure 7. FESEM image of JNC-1 indicating faithful morphological replication 

of parent SBA-15. 

The Field emission scanning electron microscopic (FESEM) image (Figure 7) of 

JNC-1 indicates rod-shaped morphology which is similar to that of parent SBA-

15 indicating faithful morphological replication of the template. The 
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spectroscopic findings of the JNC-S were further confirmed by the transmission 

electron microscopic (TEM) analyses as discussed below (Figure 8). 

Transmission electron microscopy (TEM) image of JNC-1 (Figure 8a) indicates 

typical rod-shaped morphology similar to that of parent SBA-15 whereas 

HRTEM image (inset of Figure 8a) of the same shows intact parallel mesopore 

channels of diameter ~4.7 nm which matches well with N2 sorption data. Also, 

it reveals that the walls of the SBA-15 have become pores for JNC-1; a 

consequence of inverse replication strategy (inset of Figure 9a). Although well-

aligned mesochannels can be easily seen in the above (Figure 8a) it is difficult 

to visualize the micropores in TEM. However, the presence of micropores is 

proved  by N2  sorption  measurements (Figure 4). Micropores exists  inside the   

 

Figure 8. (a) TEM image of JNC-1 (inset shows HRTEM image of JNC-1 

indicating well-aligned mesochannels). (b) Scanning transmission electron 

microscopic (STEM) image of JNC-S and corresponding (c) EDS intensity 

profiles of C and S along the line shown in (b). (d) Bright-field (zero loss) TEM 

image of JNC-S and corresponding energy filtered TEM (EFTEM) images 

showing the uniform dispersion of sulfur (e) in carbon (f). 

carbon walls which form the aligned mesopores in JNC-1. This unique 

hierarchical architecture helps in easy access to the micropores via mesopores 

and has been utilized to capture polysulfides while maintaining an optimum 
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electrolyte transport throughout the system. Further, to prove the 

encapsulation of sulfur inside the hierarchical pores rather than S existing as 

independent particles, a detailed TEM analysis was carried out on JNC-S. Low 

contrast difference between S and C forbids the speculation of S in bright field 

TEM images. Therefore, scanning transmission electron microscopy (STEM) 

image (Figure 8b) of JNC-S was obtained and corresponding energy dispersive 

X-ray spectroscopic (EDS) intensity profiles of C and S along the line shown 

in (b) is depicted in Figure 8c. Clearly, Figure 8c shows uniform dispersion of S 

in JNC-1 and the intensity profile reveals the precise confinement of sulphur. 

Above results were further corroborated by the bright field (zero loss) image 

(Figure 8d) of JNC-S and corresponding energy filtered TEM (EFTEM) images 

(Figure 8e-f). Figure 8e-f reveal the unique dispersing ability of the carbon 

(JNC-1) towards S and precise entrapment of the latter in the former and 

matches well with EDS data (Figure 8c). 

Cyclic voltammograms (CVs) of JNC-S shows double cathodic (reduction) 

peaks at 1.90 V and 2.25 V and a single broad anodic (oxidation) peak at 2.60 

V (Figure 9a). The repeated occurrence of these peaks at the same position with 

almost similar current responses is indicative of excellent reversibility of JNC-S 

cathode. The anodic and cathodic peaks in the CV match well with the 

galvanostatic charge and discharge curves. The plateaus at 2.35 V and 2.00 V 

in the discharge curve (Figure 9b) indicates a two-step sequential conversion 

mechanism wherein sulfur (S8) first converts to long chain soluble polysulfides 

(S8-S4
2-
) followed by the formation of lower order insoluble polysulfides/sulfides 

such as Li2S2 to Li2S (2.00 V). The latter step is kinetically slow and involves 

maximum lithiation per S atom thereby contributing maximum toward specific 

capacity. However, the reverse process of conversion of Li2S to S8 occurs in a 

single step at a voltage plateau of 2.6 V. The galvanostatic discharge-charge 

profile (Figure 9c) for JNC-S shows a very stable battery cycling performance 

with capacity retention of 830 mAh g-1 at the end of 100 cycles at a current rate 

of 0.2 C. From the first cycle discharge capacity of 1514 mA h g-1, the capacity 

drops to 986 mA h g-1 at the 15
th
 cycle followed by further decrease in capacity 

at a slower rate to 830 mA h g-1 at the end of 100 cycles. The capacity retention 

is 68% till the  10
th

 cycle  followed  by  an increase to 84% at the 50
th
 cycle 

finally reaching 95% at the end of 100 cycles (at a high current rate of 0.2 C). 

The battery cycling at a lower current rate of 0.1 C is also tested which shows a 

similar trend with higher capacity retention at the end of the 100th cycle 

retaining a stable capacity  of  950 mA h g-1.  The gradual capacity drop can be  
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Figure 9. (a) Cyclic voltammograms and (b) voltage vs. specific capacity plot 

(at 0.2 C) of JNC-S. (c) Galvanostatic discharge-charge profiles for JNC-S and 

JNC-S-PM at different drain rates. (d) Shows rate capability performance of 

JNC-S. (Note: specific capacities are calculated based on mass of S only). 

primarily attributed to some loss of (excess) polysulfide from JNC-1. The 

polysulfides are formed both inside the micro and mesoporous channels which 

possesses energy landscapes with potential wells of varying depths. As the 

polysulfides attempt to escape from the mesopores, where it is predominant, the 

unique architecture of the host compels the leaching out polysulfides to move 

into micropores assisted by the electrolyte. The entry of polysulfides in the 

micropores results in trapping of the polysulfides in even deeper wells leading to 

complete entrapment.(49) The polysulfide flux from mesopore into micropores 

may expel the excess sulfur which mostly gets trapped into the micropores 

during the S-cathode synthesis. The micropore confined polysulfide, which is 

more exposed to the electrolyte, gets liberated into the electrolyte thus leading 

to the initial loss of capacity. A state of saturation is reached when all excess 

polysulfide has been liberated. Following the release of the excess polysulfide (in 
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the 1
st
 10 cycles), the capacity of JNC-S gradually stabilizes leading to a stable 

capacity over 100 cycles. In this work, the sorption properties of the pure 

carbonaceous micro and mesoporous host have been utilized extensively to trap 

the polysulfide. The absence of heteroatoms completely rules out the possibility 

of polysulfide anchoring by bonding interactions with the heteroatoms. It is 

important to note that JNC-S exhibits excellent cycling at a higher extent of 

sulfur content (~70%) and high mass loading on the electrode (~5 mg cm-2) 

compared to some of the work discussed in the literature.(50-52) To further 

ascertain the beneficial role of hierarchical pores in polysulfide trapping, the 

electrochemical performance of the physical mixture of JNC-1 with sulfur, 

denoted as JNC-S-PM, was also evaluated. Needless to mention the Li-S 

performance of JNC-S-PM is much inferior compared to JNC-S as shown in 

Figure 9c. The cell with JNC-S-PM shows a very low capacity of approximately 

200 mA h g-1 at the end of the 60
th
 cycle at a current rate of 0.1 C.  Figure 9d 

shows excellent rate capability performance of JNC-S. The discharge capacities 

are found to be 910 mA h g-1, 805 mA h g-1, 686 mA h g-1, 580 mA h g-1 and 470 

mA h g-1 at the current rates of 0.1 C, 0.2 C, 0.5 C, 1 C and 2 C respectively. 

By decreasing the current back to 0.1 C, the cell exhibits a capacity of 860 mA 

h g-1 which is in close to that of the capacity obtained at similar drain rate (0.1 

C) prior to ramping up of the current.  

Owing to the superior performance of JNC-S versus Li, we explored the 

possibility of employing the JNC-S as cathode against Na. Our main aim here 

was to explore and demonstrate a Na-S rechargeable battery operating at room 

and intermediate temperatures (<100 OC). Figure 10a shows the electrochemical 

performance of JNC-S against Na. The redox peaks for both cathodic and 

anodic reactions in case of Na-S battery are well reported in the literature.(34) 

The cathodic reaction of Na with S is similar to that of Li i.e. S8 converts to 

Na2Sx at a voltage of 2.2 V followed by Na2Sx to Na2S2 at a voltage of 1.7 V 

(Figure 10a). Unlike Li-S, the anodic process in Na-S systems occurs in two 

steps viz. from Na2S2 to Na2Sx at a potential of 1.8 V followed by, Na2Sx to S8 at 

a potential of 2.2 V.(34) The complete conversion from Na2S2 to Na2S was not 

observed as the process occurs at a much lower voltage (0.8 V). Additionally, 

this may have a  detrimental  effect on  the  reversibility  and  stability of  such 

systems.(53) The cathodic and anodic processes of Na-S battery (Figure 10a) 

correspond well with the galvanostatic charge-discharge profiles; as shown in 

Figure 10b. In spite of the modest capacities of JNC-S versus Na, it is quite 

remarkable  to  observe  the  stable  cyclability of  Na-S battery over 100 cycles  
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Figure 10. (a) Cyclic voltammograms and (b) voltage vs. specific capacity plot 

(at 0.05 C) of JNC-S vs. Na. (c) Galvanostatic discharge-charge (CC) profiles at 

room temperatures and (d) temperature dependent CC performance for JNC-S. 

Shows rate capability performance of JNC-S. (Note: specific capacities are 

calculated based on the mass of S only). 

(Figure 10c). To the best of our knowledge, this is probably the first time an 

attempt towards the demonstration of a rechargeable Na-S battery at room 

temperature has been undertaken. The charge-discharge profiles exhibit two 

plateaus appearing at 1.7 V and 2.1 V during discharge along with the two 

charging plateaus at 1.85 V and 2.2 V which correspond well with the CV 

results (Figure 10a). However, the first discharge capacity is an order lower 

than the theoretical value (Figure 10b). This is attributed to the fact that the 

cell is cycled to only 1.25 V which prevents the complete conversion of S8 to 

Na2S. Na-S cell can be actually discharged to the maximum extent where Na2S 

forms at a much lower voltage of 0.8 V. However, this has been intentionally 

avoided due to massive volume expansion of 260% during the formation of 

Na2S.(34, 53) We strongly feel that the simple battery configuration employed 

here, which is similar to that of the Li-S battery, is insufficient for operation at 

such low voltages and also at elevated temperatures. Special cell configurations 
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reported in the literature, especially those employed for operation at elevated 

temperatures may be a possibility for the completion of the reversible reaction 

S8 ⇌  Na2S and eventually achieving higher capacities.(29, 54-58) Several works 

exhibit complicated electrolyte designs to capture and restrict polysulfides in 

Na-S batteries.(59) However, as this is not the focus of the present work, so no 

strategy towards optimization of the cell configuration was attempted here. The 

specific capacity versus cycle number curve shows nearly stable cycling behavior 

with a specific capacity of 80 mA h g-1 over 100 cycles. The low specific capacity 

of JNC-S against Na can also be partially attributed to the low ionic mobility of 

Na and massive volume expansion (~170%) associated with the Na2Sx 

formation. The intermediate Na2Sx and polysulfide tend to form a solid 

precipitate at room temperature and hence may further reduce the capacity. 

The battery cycling data for the physical mixture of JNC-1 with sulfur 

(abbreviated as JNC-S-PM), exhibits inferior cycling behavior as shown Figure 

11. 

To study the effect of operating temperature on the cyclability, the assembled 

cell Na/1 M NaPF6 DOL-DME (1:1 v/v)/JNC-S was subjected to a 

temperature variation from room temperature to 70 OC. At approximately 10 

successive charge-discharge cycles at a constant temperature, the specific 

capacities stabilize (Figure 10d). At cycles >10, the specific capacities was 

observed to increase with an increase in temperature (Figure 10d and 12). The 

charge-discharge curves, as shown in Figure 12, exhibit redox plateaus at nearly 

similar potentials and are highly reproducible. However, the capacity values 

gradually decrease from the 1
st
 to the 10

th
 cycle due to the usual 

sulfur/polysulfide dissolution. The assembled SwagelokTM cell was subjected to a 

stepwise temperature rise and stabilized at each temperature for 3 h before 

recording the cycling data (Figure 13). At room temperature, the first discharge 

capacity was observed to be 400 mA h g
-1
, followed by a sudden decrease to 163 

mA h g
-1

 and finally stabilizing at 93 mA h g
-1
 after 10 cycles (100

th
 cycle 

capacity = 80 mAh g-1). After stabilizing at 50 OC, the first discharge capacity 

increases to about 150 mA h g-1 and gradually decreased to 122 mA h g
-1
 after 5 

cycles. Finally, as the temperature was raised to 70 OC, the capacity reaches to 

214 mA h g
-1
 indicating that JNC-S has a great possibility to be used as 

intermediate temperature Na-S battery. After running 8 cycles at a temperature 

of 70 OC, the capacity stabilizes at 180 mA h g
-1
. When the cell was cooled to 

room temperature, the capacity drops back  to  80 mA h g
-1
, which indicates an 
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Figure 11. Galvanostatic cycling performance of physical mixture of JNC-S-PM 

against Na. 

 

 

 

 

 

 

 

Figure 12. Voltage vs. specific capacity plot of JNC-S against Na at various 

temperatures (data is shown for the final cycle for each set of temperatures). 

influence of temperature on the battery performance. The upper limit of 

temperature was kept at 70 OC, as beyond this temperature the cell 

performance is observed to degrade drastically in this simple cell configuration. 

As discussed earlier, no strategies towards optimization of the cell configuration, 

which includes special S-cathode:current collector assemblies and electrolyte 

compositions, for operation at lower voltages and higher temperatures was 

attempted here. What is absolutely clear here is that the JNC-S has the 

potential as S-cathode for operation in the room as well intermediate 

temperature Na-S batteries. 
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Figure 13. Temperature programme implemented for Na-S measurements. 

 

3.5 Conclusions: 

We have shown that JNC-1 carbon, having hierarchical porous architecture 

coupled with high surface area, performed as cathodic hosts for S leading to 

superior Li-S battery performance with excellent rate capability and cyclability. 

The unique interconnected mesoporous-microporous structure of the host 

provides facile Li-ion/electrolyte transport pathways and simultaneously acts as 

the high-energetic potential landscape for efficient and effective polysulfide traps 

thereby modulating S (polysulfide) flux across the cathode. Above cathode 

material also leads to reasonable intermediate temperature Na-S performance 

which is contrary to the observed electrochemistry of such systems which are 

known to perform at elevated temperatures (100-300 OC). Such strategy opens 

up newer design principles to develop carbon-based materials for the 

development of practical S based battery systems. 
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Chapter-4 

Two in One: N-doped Tubular Carbon Nanostructure as an Efficient 

Metal-free Dual Electrocatalyst for Hydrogen Evolution and Oxygen 

Reduction Reactions 

Summary: 

An efficient, N-doped, pore engineered carbon as a dual electrocatalyst for 

hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) is 

developed with a potential to replace traditional precious metal (Pt) based 

catalysts. Rationally designed, N-doped carbons (NDCs) with wider mesopores 

(15-27 nm) for better mass transfer properties were obtained by pyrolysis and 

demineralization of polydopamine coated halloysite clay nanotubes. NDCs thus 

obtained exhibit promising electrocatalytic activity for hydrogen evolution 

reaction (HER) with lower onset potential (117 mV), smaller Tafel slope (94 

mV dec
-1
) and high exchange current density (jo =1.5 x 10

-2
 mA cm

-2
); which is 

comparable and even higher to other multiple heteroatom doped carbons and 

transition metal chalcogenide/oxide based systems reported previously. 

Furthermore, NDC participate in efficient, direct four-electron pathway for the 

reduction of molecular oxygen to water. The observed bifunctional 

electrocatalytic activity of NDC can be attributed to synergistic effect of 

enhanced mass and efficient charge transfer processes at the electrodics and 

hence deems fit to be a promising candidate for future renewable energy 

blueprints viz. metal-air batteries and regenerative fuel cell technology. 

 

 

 

 

 

 

 

 

(A paper based on this work has appeared in Journal of Materials Chemistry A 5, 
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4.1 Introduction:  

The emergence of metal free, heteroatom-doped carbons as effective 

electrocatalysts(1-3) for oxygen reduction (ORR),(1, 4) oxygen evolution 

(OER)(2, 5)  and hydrogen evolution reactions (HER)(6-9) has given a new 

thrust to the future renewable and sustainable energy(10-12)
 
blueprints like fuel 

cells (FCs),(7, 12)  metal-air (M-O2) batteries(13, 14)
 
and water splitting.(5, 8) 

The heteroatom dopants (like N, P, S etc.) alter the electronic cloud around the 

neighboring carbon atoms (thus activate carbon’s  𝜋 electron) by breaking their 

electroneutrality thus providing favorable sites for such catalyses.(15-17) 

Nevertheless, these heteroatom doped carbons (single/multiple heteroatom 

doped carbons) often perform as monofunctional catalysts and are efficient only 

for one type of reaction either ORR or HER or OER.(18-24) Recent reports on 

the ability of multiple-heteroatoms (N, P, S etc.) doped carbons to 

simultaneously drive ORR and OER,(2)  or ORR and HER(25) reactions 

generated a great deal of interest in search of new carbons having bifunctional 

activity with immense potential in rechargeable M-O2 batteries(2, 26)
 
 and 

regenerative fuel cells (r-FCs) technology.(27, 28) Unitized r-FC technologies 

developed from carbon based architectures with superior energy density 

compared to batteries are expected to boost solar powered spacecrafts, 

satellites, hybrid propulsion systems and as well could serve as complementary 

off-grid power generation source utilizing solar cells, wind turbines etc. for load 

leveling. 

It is believed that the synergistic effect of multiple heteroatoms (N, P, S etc.) 

doping favors bifunctional activities which is otherwise difficult to achieve in 

single heteroatom doped carbons.(17) For example ionic liquid derived C, N 

based architectures shows good ORR activity (n = 3.87) but failed to show 

good HER performance (onset potential ~200 mV vs. RHE, ƞ = 490 mV @ 10 

mA cm
-2
 and a Tafel slope of 120 mV dec

-1
)(29) compared to multi heteroatom 

doped carbons. It is believed that certain topological defects(30) and charge 

transfer kinetics (intrinsic conductivity) would significantly influence the 

electrocatalytic performance of carbon-based materials. Besides, theoretical 

studies highlight the prospective positive effect of local curvature(31) (induced 

by heteroatom doping) on the electrocatalytic performance. Furthermore, the 

pore size plays a significant role in efficient mass and charge transfer across 

electrode-electrolyte interface resulting in superior electrochemical activity. 

Wider mesopores are expected to facilitate the gas detachment (in HER and 

other gas evolution reactions) at the active interfaces thereby continuously 
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regenerating the sites resulting in unhindered kinetics while maintaining the 

electrode integrity.(32, 33)  Although graphene among other carbons having 

high electronic conductivity, a favorable parameter for electron transport, it is 

difficult to obtain graphene-based materials with larger mesopores (>15 nm) as 

they tend to aggregate due to strong 𝜋-𝜋 interactions.(34) Various template 

based strategies (SBA-15, MCM-41, clays etc.) have been implemented to 

synthesize carbons with high surface areas (>1200 m2 g-1) with moderate pore 

volume (~1.1 cc g-1) but usually results in lower pore diameter (~4 nm for 

CMK-3).(35, 36) Only few reports exists where wider mesopores are reported 

but are not ordered architectures.(37) In our present investigation we have 

strategically chosen halloysite based clay as template to obtain carbon having 

micropores and wider cylindrical mesopores (>15 nm) favorable for efficient 

mass transport with the aim to minimize the confinement effects associated 

with micropores; therefore a balanced pore architecture combining the best of 

both.(38, 39) 

4.2 Scope of the present investigation: 

Herein, we report for the first time, nitrogen-doped, partially graphitic carbon 

nanotubes having wide mesopores (>15 nm) acting as a bifunctional

  

 

 

 

 

 

 

 

 

 

Scheme 1. Illustration depicting halloysite nanoclay templated synthesis of N-

doped carbon (NDC) having tubular structure. 
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electrocatalyst; participating in efficient direct four-electron reduction of O2 to 

H2O (ORR) and simultaneously acting as HER catalyst with lower onset 

potential (which is superior compared to other multi-heteroatom doped carbons 

and certain metal chalcogenides), lower Tafel slope and higher stability thus 

making it a viable electrocatalyst for r-FCs. 

N-doped carbon nanotubes were synthesized using tubular halloysite clay 

(Figure 3a) of diameter in the range of 15 nm to 27 nm and wall thickness ~28 

nm as the template (Scheme 1). Self-polymerization of dopamine hydrochloride 

(the carbon source) under basic conditions (pH ~8.5) resulted in polydopamine 

coated nanoclay (Scheme 1). Further pyrolysis at elevated temperatures (700-

900 OC) and subsequent demineralization (using HCl-HF solution) resulted in 

N-doped carbon, abbreviated as NDCs (Scheme 1). 

4.3 Experimental procedures: 

4.3.1 Materials used: 

Halloysite nanoclay and Nafion
®
 perfluorinated resin solution were procured 

from Sigma-Aldrich. HCl (37%), HF (48%) and KOH were obtained from 

Merck. Dopamine hydrochloride was purchased from Alfa Aesar. H2SO4 (98 %) 

was obtained from SD Fine Chemicals. All the chemicals were used as received 

without any further purification.  

4.3.2 Instrumentation and characterization techniques: 

Transmission electron microscopy (TEM) images of the samples were obtained 

using Technai F30 UHR electron microscope operating at an accelerating 

voltage of 200 kV. Gas sorption measurements were performed on Autosorb-iQ2 

(Quantachrome corp.) at 77 K and prior to analyses, the synthesized samples 

were degassed under high vacuum for 12 h at 423 K. Ultrahigh pure N2 

(99.9995%) was used in all the measurements.  Field emission scanning electron 

microscopic (FESEM) images of the samples were acquired on Nova-Nano 

SEM-600 (FEI, Netherlands). X-ray photoelectron spectroscopic analyses were 

performed using Omicron photoelectron spectrometer equipped with Al Kα (hν 

= 1486.6 eV) as the X-ray source. Jobin Yvon LabRam HR spectrometer 

having 632 nm Ar laser was used for acquiring Raman spectra of the samples. 

Electrochemical measurements were carried out using electrochemical work 

station obtained from CH instruments (660C, USA) for evaluating the 

electrochemical activities of the synthesized materials towards hydrogen 
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evolution reaction (HER) and oxygen reduction reaction (ORR). Inductively 

coupled plasma optical emission spectroscopy (ICP-OES) analyses were 

performed on Perkin-Elmer Optima 7000DV instrument. 

4.3.3 Synthesis of NDCs: 

In a typical synthesis, 235 mg of halloysite clay was dispersed in 250 mL of 10 

mM TRIS buffer (pH 8.5) and was sonicated for 30 min. Thereafter, 155 mg of 

dopamine hydrochloride was added to the above dispersion and was further 

sonicated for 5 min and then left to stir for 22 h at room temperature. 

Polydopamine coated halloysite clay was obtained after centrifugation and 

repeated wash with water and ethanol. Further pyrolysis at elevated 

temperature under Ar for 4 h and subsequent sequential demineralization with 

15 mL HCl (6 M) and 15 mL HF (12 M) for 12 h each and thorough washing 

with water-ethanol resulted in different NDCs (viz. NDC-700, NDC-800 and 

NDC-900; where the numbers denote the temperatures of pyrolysis in OC). The 

final yield of NDCs was about 30 mg (20 wt.% in terms of carbon precursor, 

dopamine hydrochloride). 

4.3.4 Electrode preparation and electrochemical measurements: 

The electroactive material (2 mg) was ultrasonically dispersed in water (0.70 

mL) and isopropanol (0.30 mL) mixture containing 10 µL of 5 wt.% Nafion
®
 

solution until a homogeneous catalyst ink was obtained. Thereafter, 10 µL of 

above dispersion was drop-casted onto a pre-cleaned glassy carbon electrode 

(GCE) with 3 mm diameter resulting in a catalyst loading of ~0.28 mg cm
-2
. 

The catalyst modified GCE was dried under ambient conditions which served as 

a working electrode (WE).  

Electrochemical measurements were carried out in a standard three-electrode 

cell using large area Pt foil as a counter electrode and saturated calomel 

electrode (SCE) as a reference electrode for studying HER activity in acidic 

medium (1 M H2SO4) and whereas mercury-mercuric oxide reference electrode 

was used for evaluating ORR activity in basic medium (0.1 M KOH). For HER, 

separate measurements were performed in an H-type cell wherein working and 

reference electrodes were kept in one compartment while Pt counter electrode 

was kept in the other in order to avoid any artifact arising from the dissolution 

of Pt and deposition of the same on the working electrode. All the polarization 

curves were corrected for iR losses arising due to ohmic resistance of the cell 

and the measured potentials vs. SCE or Hg/HgO were calibrated with respect 
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to reversible hydrogen electrode (RHE). The obtained current densities were 

normalized to geometrical area of the GCE. Linear sweep voltammograms were 

recorded in 1 M H2SO4/ 0.1 M KOH at a scan rate of 5 mV s
-1
 in O2/N2 

saturated aqueous electrolytes. Cyclic voltammograms (CV) were recorded 

under similar conditions and at different scan rates (20-200 mV s
-1
) between -

0.10 V and 0.40 V (vs. RHE) in order to evaluate electrochemical double layer 

capacitance (Cdl), representing electrochemically active surface area (ESCA). 

4.3.5 Calculation of electron transfer number from Koutecky-Levich equation 

for oxygen reduction reaction (ORR): 

Rotating disk electrode data was used to determine the number of electrons 

transferred per O2 molecule using the Koutecky-Levich equation: 

1

𝑗
=

1

𝑗𝑘

+
1

𝑗𝑙

=
1

𝑗𝑘

+
1

𝐵𝜔1/2
                         (1) 

Where 𝑗 is the measured current density, 𝑗𝑘 and 𝑗𝑙 are the kinetic and diffusion 

limited current densities respectively and 𝜔 is the electrode rotation speed. B is 

Levich slope and is determined from Koutecky-Levich plots using equation 

below (2): 

𝐵 = 0.62𝑛𝐹𝐶𝑂2
(𝐷𝑂2

)
2
3𝑣−

1
6                         (2) 

Where n is the number of electrons transferred per O2 molecule, F is the 

Faraday constant (96485 Cmol
-1
), 𝐶𝑂2

 is the bulk concentration of O2 in the 

electrolyte, 𝐷𝑂2
 is the diffusion coefficient of O2 and 𝑣 is the kinematic viscosity 

of the electrolyte. 

4.3.6 Calibration of reference electrodes: 

The reference electrodes (SCE and Hg/HgO), used in different media were 

calibrated with respect to reversible hydrogen electrode using large area Pt foil 

(1.0 x 1.2 cm2) as a working and counter electrodes. High purity hydrogen gas 

was purged in the respective solutions for at least 45 min before the 

experiments and thereafter a constant overhead purge was maintained during 

the measurements (Figure 1-2). 
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Figure 1. Calibration of saturated calomel electrode (SCE) with respect to 

reversible hydrogen electrode (RHE) in 1.0 M H2SO4 at 1 mV s
-1
. 

Therefore, we have for 1.0 M H2SO4: 

ERHE = ESCE + 0.271 V 

 

 

 

 

 

 

 

 

 

Figure 2. Calibration of mercury/mercury oxide (Hg/HgO) electrode with 

respect to reversible hydrogen electrode (RHE) in 0.1 M KOH at 1 mV s
-1
. 

Therefore, we have for 0.1 M KOH: 

ERHE = EHg/HgO + 0.897 V 
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4.3.7 Faradaic efficiency measurements: 

Faradaic efficiency for the hydrogen evolution reaction was monitored by 

quantifying the amount of gas evolved as a function of time. 

Chronoamperometric measurements were performed at -0.369 V vs. RHE using 

a typical H-shaped electrochemical cell in order to eliminate any contribution 

from oxygen reduction. Working electrode (modified by catalyst coating, NDC-

800) and reference electrode (SCE) were kept in one compartment of H-cell 

while a large area Pt counter electrode was placed in the other. The quantity of 

gas evolved was measured using inverse burette method. It was observed that 

NDC-800 can produce around 7 mL of H2 gas within 1.5 h. The amount of gas 

evolved  during  the  reaction  is in  close  agreement with the theoretical value, 

suggesting nearly 100% faradaic efficiency. Theoretically, the amount of H2 gas 

evolved can be calculated from the equation based on Faraday’s law (Equation 

3) where I is the applied current, t is the time and F is Faraday constant, 

96485.34 C. Therefore, we have 

Moles of H2 =  1

  2𝐹
∫ 𝐼𝑑𝑡

𝑡

0
            (3) 

4.4 Results and discussions: 

Pyrolysis of polydopamine coated halloysite clay at 800 OC (Ar) resulted in 

NDC-800. Field emission scanning electron microscopic (FESEM) and 

transmission electron microscopic (TEM) images of the obtained NDC-800 

(Figure 3b-c) exhibit negative morphological replication of halloysite nanoclay 

tubular morphology (Figure 3a) with a variable pore diameter (15-25 nm). We 

have also observed the formation of incomplete tubular morphologies due to 

variation in the coating level of dopamine over halloysite template. High-

resolution TEM (HRTEM) images  (Figure 3d) of the tubular walls show 

regions of graphitic nature which is conducive to good electronic conductivity. 

N2 adsorption-desorption isotherms of halloysite clay display type II 

behavior(40) (Figure 4). On the other hand, NDC-800 a relatively sharp increase 

in the N2 uptake at low P/Po (inset of Figure 4), associated with micropores 

present in tubular walls followed by a type II behavior with a sharp N2 

condensation step at higher P/Po (0.95), similar to halloysite (Figure 4), 

indicating the presence of wider mesopores. The pore size distributions further 

confirm the presence of wider mesopores (15-27 nm) (Figure 5a-b). As the 

nature of  nitrogen and degree  of  graphitization is expected   to have  a  direct  
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Figure 3. (a) FESEM and TEM (inset) images of halloysite clay. (b) FESEM 

and TEM (inset) images of NDC-800 indicating tubular morphology. (d) Shows 

HRTEM image of the region circled in dotted lines in (c) indicating graphitic 

nature of the carbon walls. 

bearing on the HER and ORR performances, N-doped carbons having tubular 

morphology with different nitrogen contents were also prepared through similar 

method but pyrolyzed at 700 
o
C (NDC-700) and 900 

o
C (NDC-900) (Figure 6-9 

and Table 1). The observed low specific surface area of NDC-900 (368 m
2
 g

-1
) 

compared to NDC-800 (570 m
2 

g
-1
) is attributed to the enhanced degree of 

graphitization in the former (Table 1). Furthermore, inductively coupled plasma 

optical emission spectroscopy (ICP-OES) analyses confirmed the absence of any 

trace amount of metal (Fe, Co etc.) impurities in NDCs. 
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Figure 4. N2 adsorption-desorption isotherms of halloysite clay and NDC-800; 

inset indicates microporous nature of the latter. (Note: closed and open symbols 

indicate adsorption and desorption isotherms respectively.) 

  

  

 

 

 

 

 

Figure 5. Pore size distribution of (a) halloysite clay and (b) NDC-800 along 

with corresponding cumulative pore uptakes; calculated by NLDFT/QSDFT 

(Non-local/Quenched solid density function theory) method. 

XPS survey spectrum of NDC-800 (Figure 10) indicates the presence of carbon 

(C 1s), nitrogen (N 1s) and oxygen (O 1s) without any trace of impurities. 

Deconvolutions of high-resolution N 1s peak indicate the presence of pyridinic 

(N-1: 398.5 eV), pyrrolic (N-2: 400.0 eV), graphitic (N-3: 401.0 eV) and 

pyridinic-oxide (N-4: 403.8 eV) type of nitrogen atoms (Figure 11).(41) Similar 

analyses were performed for NDC-700 (Figure 12a and 13a) and NDC-900 

(Figure 12b and 13b)  and  the  percentage  of  total  nitrogen  content shows  
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Figure 6. (a) FESEM images of NDC-700 indicating faithful morphological 

replication of parent halloysite clay and (b) TEM image of NDC-700 indicating 

tubular structure (inset shows tubular opening). 

 

 

 

 

 

 

 

 

Figure 7. (a) FESEM and (b) TEM images of NDC-900 indicating tubular 

morphology. 

 

 

 

 

 

 

 

Figure 8.  N2 adsorption-desorption isotherms of NDC-700 and NDC-900; inset 

indicate microporous nature of the NDCs.  
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Figure 9. Pore size distributions along with corresponding cumulative pore 

uptakes of (a) NDC-700 and (b) NDC-900 calculated by QSDFT method. 

Materials                    SBET

a                        VT
b             Dmeso

c
 

                                            (m2 g-1)                  (cm3 g-1)               (nm) 
 

Halloysite                      52                  0.228              >15 

 

NDC-700                             373                  1.406              >15 

 

NDC-800                  570                  1.879              >15 

 

NDC-900                             368                  1.313              >15 

Table 1. Textural parameters of halloysite nanoclay and NDCs. 

a
 BET (Brunauer-Emmett-Teller) specific surface area calculated in the relative 

pressure (P/Po ) range of 0.5 to 0.27, 
b Total pore volume was calculated at P/Po = 

0.97 and 
c
 mesopore diameter calculated by QSDFT/NLDFT method. 

 

decreasing trend starting  from  NDC-700 to  NDC-900  which are  summarized 

in  Table 2 as a a function of pyrolysis temperature. 

HER performance of NDC-800 was investigated in 1.0 M H2SO4 using a typical 

three-electrode setup with a mass loading of 0.28 mg cm
-2
 on a glassy carbon 

electrode (GCE) and was compared with state-of-the-art 40 wt.% Pt/C as a 

reference. HER polarization curve (Figure 14a) shows NDC-800 with much 

lower onset potential of ~117 mV (measured at 0.3 mA cm
-2
) compared to many 

carbon-based materials and non-noble metal chalcogenide based catalysts 

reported in literature (Table 3).(17, 23, 42, 43)  Furthermore, NDC-800 exhibits 

an overpotential of 276 mV to achieve a cathodic current density of 10 mA cm
-2
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Figure 10. XPS survey spectrum of NDC-800; inset shows corresponding 

elemental content in atomic percentages. 

 

 

 

 

 

 

 

 

 

Figure 11. Deconvolution of high-resolution N 1s XPS spectrum of NDC-

800 indicating the presence of different types of N. 
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Figure 12. XPS survey spectra of (a) NDC-700 and (b) NDC-900; inset shows 

corresponding elemental contents in atomic percentages. 

 

Figure 13. Deconvolution of high-resolution N 1s XPS spectrum of (a) NDC-700 

and (b) NDC-900 indicating the presence of different types of N.  
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  ______________________________________________________________________ 
Electocatalysts    N content      Pyridinic-N     Pyrrolic-N    Graphitic-N   Pyridinic 
                                                                                               N-oxide                                                                                                                                                                                                            
                                 (at. %)                 (%)                   (%)                 (%)                 (%) 
______________________________________________________________________ 
 
  NDC-700                     5.20                  33.27                  16.43               42.41                 7.89 
                              
  NDC-800                     2.12                 29.04                     9.75               51.48                 9.72 
 
  NDC-900                     1.25                 26.66                     5.57               54.81               12.96 
______________________________________________________________________ 

 

Table 2. % N content and relative percentages of different types of nitrogen in 

NDCs calculated from deconvolution of high-resolution N 1s XPS spectra.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. (a) The HER polarization curves after iR compensation of different 

NDCs in 1 M H2SO4 at a scan rate of 5 mV s
-1
. (b) Tafel slopes of various 

NDCs and Pt/C. (c) Digital photographs showing the evolution of H2 at NDC-

800 coated GC electrode; (ii) is the expanded view at GC electrode in (i). (d) 

Faradaic efficiency plots indicating the amount of H2 evolved as a function of 

time along with the expected values. 
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Catalysts 

 

ƞ @ 10 

mA cm
-2 

(mV) 

 

Tafel 

Slope (mV 

dec-1) 

 

Onset 

Potential 

(mV) 

 

jo 

(mAcm
-2
) 

 

Ref. 

 

NDC-800 

 

276 

 

94 

 

117 

 

1.50 x 10
-2
 

 

This 

work 

 

N-doped 

graphene 

 

490 

 

116 

 

330 

 

7.01 x 10
-5
 

 

(6) 

 

P-doped 

graphene 

 

553 

 

133 

 

370 

 

9.00 x 10
-6
 

 

(6) 

 

N, P co-doped 

graphene 

 

420 

 

91 

 

289 

 

2.44 x 10
-4
 

 

(6) 

 

C, N 

architectures 

 

490 

 

120 

 

~200 

 

1.45 x 10
-2
 

 

(29) 

 

S-doped 

graphene 

 

391 

 

130 

 

240 

 

9.90 x 10
-3
 

 

(23) 

 

N, S co-doped 

graphene 

 

276 

 

81 

 

130 

 

8.40 x 10
-3
 

 

(23) 

Core-shell 

MoO3-MoS2 

nanowires 

 

250 

 

55 

 

150-200 

 

0.08 x 10
-3
 

 

(42) 

 

Mesoporous 

double gyroid 

MoS2 

 

250-300 

 

50 

 

150-200 

 

0.69 x 10
-3
 

 

(43) 

 

Table 3. Comparison of HER parameters of some of the heteroatom-doped 

carbon materials and non-precious transition metal chalcogenides with NDC-

800. 
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method indicates a very high value for NDC-800 (1.5 x 10
-2
 mA cm

-2
) which is 

higher by two orders of magnitude compared to other NDCs and is even larger 

compared to many heteroatom-doped carbon materials and certain transition 

metal chalcogenides (Table 3), signifying its high intrinsic ability to drive such 

reactions. 

The observed difference among NDCs in the electrocatalytic performance 

indicates that the right balance between the nature of dopant (pyridinic and 

graphitic nitrogen) and the degree of graphitization of carbon is an essential 

parameter for the good performance of N-doped carbons in HER reactions. 

Pyridinic and graphitic nitrogen are known to induce asymmetry in charge

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. (a) Evaluation of double layer capacitance of different NDCs at 0.07 

V (vs. RHE); inset shows CVs of NDC-800 at different scan rates (20-200 mV s-

1) in the potential range of -0.10 V to 0.20 V. (b) And (c) indicate CVs of NDC-

700 and NDC-900 respectively at different scan rates in the above mentioned 

non-faradaic region. (d) Nyquist plots of various NDCs obtained at their 

corresponding onset potentials; inset is the expanded view of the region marked 

in dotted circle. 
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distribution around their adjacent carbon atoms which in turn enhances the 

HER activity by attaining an optimum value of |ΔGH*| (Gibbs free-energy for 

hydrogen adsorption).(17) On the other hand, highly graphitized carbon 

facilitates the electron transfer process. Though high-temperature pyrolysis is 

expected to enhance the HER performance (due to high degree of graphitization 

thus lowering the charge-transfer resistance as can be seen in the Nyquist plot, 

Figure 15d) the gain will be offset by the loss of pyridinic and graphitic 

nitrogen as thermodynamic equilibrium favors the removal of nitrogen molecule 

at higher temperatures.  Understandably, NDC-700 with high amount of 

pyridinic nitrogen (but less graphitic carbon) and NDC-900 with more 

graphitized carbon (but less pyridinic/graphitic nitrogen) (Table 2) show two 

orders of magnitude lower exchange current density than NDC-800 (1.5 x 10
-2
 

mA cm
-2
) where there was an optimum balance between the amount/nature of 

dopant and the degree of graphitization. Furthermore, the high Cdl (double 

layer capacitance)(Figure 15a-c) representing electrochemically active surface 

area (ESCA) available for NDC-800 greatly contributes to its large jo and HER 

activity as compared to that of NDC-700 and NDC-900. Operational stability 

for HER performance of NDC-800 (at constant ƞ of 240 mV) using 

chronoamperometry indicate stable performance over 36400 s (Figure 16), 

without any deterioration in activity which was found to be superior compared 

to Pt/C (at ƞ = 20 mV). Such a performance can be rationalized in terms of 

pore properties, as wider mesopores tend to facilitate gas detachment process 

while maintaining electrode integrity with unhindered kinetics. 

 

 

 

 

 

 

 

Figure 16. Comparison of HER stability performance of NDC-800 (at ƞ = 240 

mV) with Pt/C (at ƞ = 20 mV). 
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The performance of NDC-800 as an ORR catalyst was also established from 

cyclic voltammograms (CVs) which shows well-defined O2 reduction peak in 

oxygen saturated 0.1 M KOH solution and no such peaks in Ar saturated 

conditions (Figure 17a). As the performance of ORR catalyst primarily depends 

upon the efficiency of electron transfer which in turn depends on the degree of 

graphitization, NDC pyrolyzed at 900 
o
C was also studied for comparison.  As 

expected a concurrent positive shift in the peak potentials for oxygen reduction 

(Figure 17a-18) was observed for NDCs with increase in pyrolysis temperature 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. (a) CV curves of NDC-800, NDC-900 and Pt/C in O2-saturated 

(solid line) and Ar-saturated (dashed line) 0.1 M KOH at 50 mV s
-1
. (b) 

Comparison of linear sweep voltammetry (LSV) polarization curves of NDCs 

with Pt/C in oxygen saturated 0.1 M KOH at 1600 rpm with a sweep rate of 5 

mV s
-1
.  (c) and (d) are the rotating disk electrode (RDE) voltammograms of 

NDC-800 and NDC-900 respectively at different rotation  rates in 0.1 M KOH 

rates at 5 mV s
-1
. Inset shows the respective Koutecky-Levich plots extracted 

from RDE voltammograms. 
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Figure 18. Cyclic voltammograms (CVs) of NDC-700 in O2-saturated and Ar-

saturated 0.1 M KOH at 50 mV s-1. 

 

 

 

 

 

 

 

Figure 19. (a) Rotating disk electrode (RDE) voltammograms of Pt/C at 

different rotation rates in O2 saturated 0.1 M KOH at 5 mV s
-1
. (b) Shows 

corresponding Koutecky-Levich plots extracted from polarized LSV curves in 

(a). 

from 700 to 900 
o
C. Polarized linear sweep voltammograms (LSVs) at rotating 

disk electrode (RDE) shows (Figure 17b) little variation in the onset potentials 

for NDC-800 (0.851 V) and NDC-900 (0.862 V) for molecular O2 reduction. On 

the other hand, NDC-700 shows very high onset potential (Figure 17b and 

Figure 18) of 0.813 V as compared to NDC-800 and NDC-900. The limiting 

current densities of NDC-800 and NDC-900 at 0.29 V are more or less same 

under identical conditions reflecting similar diffusion limited current densities in 

both the cases. To gain further insight into ORR kinetics and mechanisms, LSV 

polarization curves were recorded  at  different  rotation  rates   (Figure 17 c-d,  
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Figure 20. (a) Rotating disk electrode (RDE) voltammograms of NDC-700 at 

different rotation rates in O2 saturated 0.1 M KOH at 5 mV s
-1
. (b) Shows 

corresponding Koutecky-Levich plots extracted from polarized LSV curves in 

(a). 

Figure 19a and Figure 20a) which shows increase in limiting current densities 

with increase in rotation rates.  

Koutecky-Levich (K-L) plots(46, 47)
  

extracted from above steady state 

voltammograms (between 0.54 V to 0.29 V) (inset of Figure 17c and 17d, 

Figure 19b and Figure 20b) exhibit linear relationship between J
-1
 and ω-1/2

 and 

near parallelism of the slopes for all the catalysts indicating first-order reaction 

kinetics with respect to dissolved O2. The kinetic current density(Jk), an 

inherent measure of the intrinsic activity of the catalyst indicate the highest 

activity for NDC-900 with jk of 17 mA cm
-2
 at 0.39 V (Figure 21a) as compared 

to NDC-800.  Nevertheless the number of electrons transferred (n) per oxygen 

molecule (at 0.39 V) derived from slopes of K-L plots indicate both NDC-800 (n 

= 3.9) and NDC-900 (n = 4.0) participate in efficient 4 electron pathway 

resulting in the direct reduction of O2 to HO- which is similar to state-of-the-art 

catalyst, 40 wt.% Pt/C, (Figure 21a) signifying the direct utility of such 

catalysts in metal-air batteries and fuel cells. Furthermore, ORR activity of 

NDC-800 remained unchanged even after 1000 cycles (Figure 22), indicating its 

superior stability over long-term performance.  The excellent ability of NDC-

800 and NDC-900 to efficiently catalyze ORR can be rationalized in terms of 

enhanced degree of graphitization (Figure 15d, Nyquist plot) leading to efficient 

charge transfer at the interfaces along with predominant amount of graphitic 

(N-3) and pyridinic (N-1) nitrogen atoms which can effectively tailor spin 

density  and  charge density  distribution on  neighboring  carbon  atoms  much  
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Figure 21. (a) The kinetic current density (jk) along with the number of 

electrons transferred per oxygen molecule (on the top of the bars) of various 

NDCs and Pt/C at 0.39 V. (b) Mass transport corrected Tafel plots of NDC-

800 and NDC-900. 

 

 

 

 

 

 

 

 

Figure 22. Comparison of linear sweep voltammograms (LSV) of NDC-800 at 1
st
 

cycle and after 1000 cycles. 

 

more than other forms (viz. N-2 and N-4), thereby observed enhanced ORR 

performance.(48)
 

Adsorption mechanisms of O2 over NDCs were studied using mass-transport 

corrected Tafel plots (Figure 21b) to eliminate diffusion effects on the former. 

Figure 21b indicates the presence of two slopes in the low and high current 

density regions of NDC-800 (-68.7 mV dec
-1
 and -120.9 mV dec

-1
) and NDC-900  
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Figure 23. Linear sweep voltammograms (LSV) of NDC-800 (a) and Pt/C (b), 

before and after addition of methanol to oxygen saturated 0.1 M KOH at 1600 

rpm (5 mV s-1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Linear sweep voltammograms (LSV) of NDC-700 (a) and NDC-900 

(b), before and after addition of methanol to O2 saturated 0.1 M KOH at 1600 

rpm (5 mV s-1). 

(-65.8 mV dec
-1
 and -120.7 mV dec

-1
) indicating a change of adsorption 

mechanisms from Temkin to Langmuir(49, 50)
  

which are similar to those 

observed in 40 wt.% Pt/C (-60.0 mV dec
-1
 and -109.0 mV dec

-1
).  This suggests 

that O2 adsorption mechanism for NDCs are similar to that of Pt and the 

observed facile kinetics of the former akin to latter. Fuel crossover is an 

important challenge in fuel cell applications and the performances of NDCs were 

investigated in the presence and absence of methanol. Linear sweep 

voltammograms exhibited stable performance for NDCs both in the presence 

and absence of 1 M methanol as shown in Figure 23a and Figure 24a-b, 
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indicating superior tolerance to methanol crossover effect of the NDCs 

compared to Pt/C catalyst (Figure 23b).  In the case of Pt/C, a huge anodic 

current(51) resulting from oxidation of fuel molecule (methanol) was observed 

(Figure 23b) under similar conditions indicating the importance of NDCs as a 

stable and durable catalyst in practical applications. 

 

4.5 Conclusions: 

In conclusion, we have developed sustainable and efficient mono, heteroatom 

(N)-doped pore engineered carbon nanostructures (NDCs) with balanced pore 

architecture, using clay templated strategy as a metal-free  efficient bifunctional 

electrocatalyst for hydrogen production and oxygen reduction that could 

potentially reduce/replace Pt-based catalysts in future renewable energy sources 

like r-FCs, FCs and M-O2 battery. The observed high performances of NDCs 

can be attributed to unique textural parameters leading to enhanced mass 

transfer property along with the balanced tuning of electronic properties by 

heteroatom doping and graphitization aiding in adsorption of species and 

subsequent electron transfer. 
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Chapter-5 

Ultrafast Synthesis of Uniformly Dispersed Co3O4 in Highly 

Interconnected 3D Meso-macroporous Carbon with Enhanced 

Oxygen Evolution Kinetics 

Summary: 

Mass transport and charge transfer at an interface plays a detrimental role in 

governing the electrochemical performance of a material. Wider meso-

macropores are expected to enhance the reaction kinetics by facilitating the ion-

transport rapidly to and fro from an active interface rapidly thereby 

continuously regenerating it at accelerated rates. Herein, we report a generic 

technique to obtain an ultrafast (less than a minute) and easy synthesis of pore 

engineered 3D carbons prepared from organic precursors with excellent mass 

transport ability, containing uniformly dispersed low amount of (~1 wt.%) Co 

in highly graphitized carbon matrix. The obtained catalyst (Co3O4@CS) exhibits 

similar onset potential and superior oxygen evolution kinetics at higher current 

densities compared to the state-of-the-art catalyst, RuO2. Moreover, the 

synthesized material exhibits excellent cycling performance over 2000 cycles. 

Such performance metric can be attributed to the uniform dispersion of active 

sites (Co3O4) over low density highly interconnected conducting carbon matrix 

leading to facile mass transport and charge transfer respectively. 

 

 

 

 

 

 

 

 

 

 

(Manuscript submitted.) 



Chapter 5 

130 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Carbon Composites for Oxygen Evolution Reaction 

131 
 

5.1 Introduction: 

Water electrolyzers(1, 2) and fuel cells (FCs)(3, 4) are two key players to 

address future problems pertinent to energy and environmental issues posed by 

fossil fuels. Generation of H2/O2 (water splitting) via renewable resources solves 

the problem of intermittency in tapping the solar as well as wind energies even 

in their absences.(5, 6) Electrochemical energy generation and storage processes 

inherit several advantages over conventional fossil fuels: (1) since these 

technologies are not limited by Carnot cycles, their efficiencies are closer to 

their theoretical values and (2) energy generation and consumption processes 

involve near-zero carbon footprint and (3) scope for extending to grid-level 

storage, fuel cell cars etc.(7, 8) Most of the industrial hindrance to the 

development of the practical prototypes stems from sluggish oxygen evolution 

kinetics at the anode during water electrolysis (and conversely oxygen reduction 

reaction, ORR in FCs).(9-14) Even the generation of H2 at the cathode in water 

electrolyzers is affected by sluggish multi-electron (4e-) kinetics involved in 

oxygen evolution reaction (OER).(15, 16) A large amount of overpotential (η) is 

required to drive such processes and often elevated temperatures (80 OC) are 

employed in the electrolytic cells to lower η when coupled with efficient 

catalysts to obtain appreciable current densities.(17, 18) Therefore, it is clear 

that O2 generation has two-fold issues viz. firstly, the evolution of oxygen itself 

and secondly its interference with hydrogen generation. Consequently, efficient 

and effective catalysts are required to drive such reactions near their 

thermodynamic potentials at current densities close to practical 

applications.(19)  

Traditionally, Ru based catalysts are used for OER(15, 20-22) but the 

development of practical energy devices is deeply plagued by their prohibitively 

high cost along with their toxic nature. Alternative earth-abundant elements 

(Ni, Fe, Co etc.) based systems are explored to carry out above reactions but 

are hindered by their stabilities under extreme pH conditions.(6, 17, 23-25) 

Metal in the form of oxides are typically non-conducting in nature.(26-28) 

Usually, higher loadings of such oxides are required to obtain significant activity 

due to the low density of active sites which is further aggravated by poor 

textural parameters. Even when used in phosphide forms (to enhance 

conductivity),(27) oxide formation at the interface is inevitable (due to the 

participation of lattice oxygen)(29) leading to the loss of the electrode integrity 

thereby affecting long-term performance.(27, 30, 31) Therefore, it is imperative 

to select low-density carbon supports which will not only be conducting but also 
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porous in nature for easy access of the electrolytes.(32-35) Furthermore, the 

catalytic oxides should be in intimate contact with the conducting carbon phase 

which ensures minimum loading with maximum dispersion resulting in higher 

activity at much lower loadings due to greater number of exposed sites.(36, 37) 

Also, the rate of accessibility of active sites will be synergistically boosted by 

the rapid flux of electrolytes aided by the favorable textural parameters of the 

composites.(38, 39) The incorporation of oxides on the preformed carbon 

supports (carbon nanotubes, graphene etc.)(40-42) often lead to poor interfacial 

contact leading to high internal polarization and leaching of oxides thus 

compromising its stability. Utilizing the conductive property of carbon by in 

situ phase engineering with non-conducting metal oxides and implementing 

beneficial textural parameters of carbon (high dispersion of active sites along 

with its excellent accessibility) would lead to the development of synergistic 

catalyst system with superior activity.(38, 43) Additionally, lower loading of the 

metal-oxide along with its embedded nature in carbon would mitigate leaching 

issues.  

5.2 Scope of the present investigation: 

Herein we report an innovative, ultrafast (less than a minute) one-step strategy 

to synthesize Co3O4 embedded carbon composites whose OER activity is 

excellent compared to state-of-the-art catalyst (RuO2). The strategy adopted 

here is a scalable combustion technique involving simple carbon precursor 

piperidine mixed with Co(II) acetate as a fuel. Addition of cobalt(II) acetate to 

excess piperidine results in the formation of Co(II)-piperidine complex indicated 

by an instantaneous color change from pink (Co(II) acetate) to a violet solution 

which was further confirmed by UV-Vis spectroscopy (Figure 1). The Co 

containing piperidine solution thus obtained was allowed to combust in a 

controlled way using capillarity action (Figure 1) of a cotton wick to produce 

Co3O4 containing carbon soot (Co3O4@CS) over a glass slide as shown in Figure 

2. For control experiments, blank piperidine without Co(II) precursor was used 

as a fuel to obtain CS. 

5.3 Experimental procedures: 

5.3.1 Materials used: 

Co(II) acetate tetrahydrate and Nafion
®
 perfluorinated resin solution were 

procured from Sigma-Aldrich. KOH pellets and HNO3 (69%) were obtained from 

Merck.  H2O2 (30%) was purchased from SD Fine Chemicals. Piperidine was 

acquired from Spectrochem. 
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Figure 1. UV-Vis spectra of 15.0 mM Co(II) acetate in piperidine and 3.2 mM 

Co(II) acetate in water. A distinct shift in the absorbance bands of Co(II) 

acetate in piperidine compared to that in water along with the concurrent 

emergence of new bands indicates the complex formation between Co(II) and 

piperidine. Also, to be noted that the concentration difference of the salts in 

two different media and their respective absorbances. 

 

 

 

  

 

 

 

 

 

Figure 2. (a) Digital photographs indicating the distinct color change (violet) 

upon complexation of Co(II) acetate (pink; not shown here) with piperidine. (b) 

Images showing the utilization of piperidine and cobalt acetate complex as a 

fuel for the synthesis of carbon soot. The inset shows the collected soot over a 

glass slide.  
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5.3.2 Instrumentation and characterization techniques: 

Technai F30 UHR electron microscope operating at an accelerating voltage of 

200 kV was used for acquiring transmission electron microscopic (TEM) images 

of the samples. Field emission scanning electron microscopic (FESEM) images 

of the samples were obtained via. Nova-Nano SEM-600 (FEI, Netherlands). All 

the gas sorption measurements were performed on Autosorb-iQ2 (Quantachrome 

corp.) at 77 K using ultrahigh pure N2 (99.9995%) and prior to analyses the 

synthesized samples were degassed under high vacuum for 12 h at 423 K.  X-ray 

photoelectron spectroscopic (XPS) analyses were performed using Omicron EA 

125 spectrometer using Al-Kα (1486.6 eV) as the X-ray source. Jobin Yvon 

LabRam HR spectrometer equipped with frequency-doubled Nd:YAG solid-state 

laser (532 nm) was used for acquiring Raman spectra of the samples. 

Electrochemical measurements for evaluating oxygen evolution activities of the 

synthesized samples were performed on the electrochemical workstation (760E, 

USA) obtained from CH Instruments, Inc. Inductively coupled plasma optical 

emission spectroscopic (ICP-OES) analyses were performed on Perkin-Elmer 

Optima 7000DV instrument to ascertain Co composition in the samples. 

5.3.3 Synthesis of Co3O4@CS/CS: 

30mg of Co(II) acetate tetrahydrate was added to excess piperidine (3 mL) 

taken in a 15 mL glass vial  resulting in the formation of Co(II)-piperidine 

complex indicated by instantaneous colour change from pink (Co(II) acetate) to 

violet  colored solution (Figure 1) which was further confirmed by UV-Vis 

spectroscopy. The Co containing piperidine solution thus obtained was allowed 

to combust in a controlled way using the capillary action of a cotton wick to 

produce Co3O4 containing carbon soot (Co3O4@CS) over a glass slide as shown 

in Figure 2. The glass slide was held just above the middle of the flame (~1200-

1330 OC, nearly 70% height from the base of the flame, Figure 2). Keeping the 

glass slide too low or too high didn’t result in substantial soot formation which 

can be easily rationalized in terms of types of species present, oxygen 

concentration and temperature profiling of the candle flame.(44, 45) It is to be 

noted that there is continuous variation of temperature along the flame length 

with distinct colour zones reflecting the different types of species present. (44, 

45) For control experiments, blank piperidine without Co(II) precursor was used 

as a fuel to obtain CS. The resultant electrocatalysts (Co3O4@CS/CS) was 

obtained by simple scratching of the glass surface and was used for further 

measurements and analyses. 
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5.3.4 Electrode preparation and electrochemical measurements: 

Catalyst ink was prepared in the following way: 2 mg of Co3O4@CS was 

ultrasonically dispersed in water (0.7 mL)-isopropanol (0.3 mL) mixture 

containing 5 µL Nafion
®
 (5 wt.%) solution for 6 h until a homogeneous 

suspension was obtained. Thereafter, 5 µL of the above catalyst ink was drop 

casted onto a pre-clean glassy carbon (GC) electrode (3 mm diameter) and 

allowed to dry in open atmosphere. The catalyst (Co3O4@CS/CS) modified GC 

electrode was used as a working electrode. 

Electrochemical measurements were carried out in a standard three-electrode 

set-up with Hg/HgO (1.0 M NaOH) and large surface area Pt coil as a reference 

and counter electrode respectively.  

5.3.5 Sample preparation for ICP-OES analyses: 

10.7 mg of Co3O4@CS was dispersed with 3 mL of 30% H2O2 taken in a 15 mL 

glass vial and kept at 80 °C overnight. Afterwards, 3 mL of HNO3 (69%) was 

added to the above residue and was further heated at 120 °C with continuous 

stirring for 12 h. Thereafter, 10 mL of water was added to the above vial and 

the obtained solution was used for ICP analysis. 

5.4 Results and discussions: 

Field emission scanning electron microscopic (FESEM) images of Co3O4@CS 

(Figure 3a) and CS (Figure 4a) show interconnected foamy network of carbon 

with ample porosity. Transmission electron microscopic (TEM) investigations 

(Figure 3b and Figure 4b-c) further support FESEM data indicating prominent 

interconnected porous structure with hierarchical distribution of pores at meso-

macro length scales (>30 nm). High-resolution transmission electron 

microscopic (HRTEM) investigations of Co3O4@CS reveal intimate and uniform 

dispersion of Co3O4 particles in highly graphitic carbon which is conducive for 

good electronic conductivity (Figure 3c). Most of the particles were found to be 

smaller than 2 nm while at very few places bigger particles (5-10 nm) were also 

observed. Lattice spacings analyzed for a number of regions suggests that the 

dispersed nanoparticles predominantly exist as Co3O4 species (Figure 3d-e). The 

(220) planes (0.286 nm) and (311) planes (0.244 nm) of Co3O4 were observed in 

most of the regions (Figure 3d-e).(46) In addition at fewer places, (400) planes 

(0.202 nm) of  Co3O4 were also present.(46) Selected area electron diffraction 

(SAED) pattern of  Co3O4@CS  shows (Figure 3f)  the  presence of (220), (311),  
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Figure 3. (a) FESEM and (b) TEM images of Co3O4@CS showing 3D mesh 

network with highly interconnected macro-mesoporous structure. (c) HRTEM 

image of Co3O4@CS showing graphitic nature of the carbon walls along with 

highly dispersed Co3O4 nanoparticles. (d-e) HRTEM images of Co3O4@CS 

indicating lattice fringes corresponding to (220) and (311) planes of Co3O4. (e) 

Selected area electron diffraction (SAED) pattern of Co3O4@CS with indexed 

bright spots corresponding to the (220), (311), (400), (511) and (440) planes of 

Co3O4 superimposed over polycrystalline graphitic carbon rings. 

(400), (511) and (440) planes associated with polycrystalline Co3O4.(47) The 

Co3O4 phase was further confirmed by the presence of very weak peaks (a 

corollary to low loading of Co ~1.wt.%) at 36.9o  and 31.3 o (2θ) in powder X-

ray diffraction pattern (Figure 5a-b) corresponding to (311) and (220) planes 

respectively which corroborates well with SAED pattern (Figure 3f). TEM 

analyses reveals high degree of graphitization in Co3O4@CS (Figure 3c) as 

compared to CS (Figure 4c) probably due to metal oxide nanoparticle induced 

catalytic graphitization.(48) N2 sorption measurements performed at 77 K in 

order to evaluate textural properties of the synthesized electrocatalysts 

(Co3O4@CS and CS) indicate a typical type II behavior(49) (Figure 6a) 

indicating interconnected meso-macroporous structure. Furthermore, the 

interconnected hierarchical structure is well supported by the quenched  solid   

density   functional   theory  (QSDFT)  calculated  pore  size  distributions.(50)   
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Figure 4. (a) FESEM image of CS whereas (b-c) are TEM images of CS. 

 

Figure 5. (a) PXRD patterns of CS and Co3O4@CS. The peak marked in 

asterisk corresponds to (220) and (311) plane of Co3O4. (b) Shows expanded 

view of a region in (a), indicating (220) and (311) plane of the Co3O4. Also, to 

be noted that (311) reflection has higher intensity compared to (220) peaks. 

Both CS and Co3O4@CS shows a wide range of pore size distribution (Figure 

6a-b) in the entire mesopore regime which further supports the observed foamy 

texture of the materials and results from the inter-particle induced porosity 

with aggregation density dictating the non-vanishing distribution. BET analyses 

shows higher specific surface area (SSA) for CS (165 m2 g-1) compared to that of 

Co3O4@CS (124 m2 g-1).  

Since, both the materials are synthesized in an analogous way the observed 

difference in  SSA can be attributed to the higher  degree of  the  graphitization  
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Figure 6. (a) N2 adsorption (closed symbols)-desorption (open symbols) 

isotherms of Co3O4@CS and CS. The inset shows pore size distribution of 

Co3O4@CS along with corresponding cumulative uptake calculated via QSDFT 

method. (b) Pore size distribution along with cumulative uptake for CS. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Raman spectra of CS and Co3O4@CS. 

(as evident from TEM images; Figure 3c and Figure 4c and is further confirmed 

by impedance measurements; vide infra) in Co3O4@CS induced by the presence 

of Co.(48, 51, 52) The observation of higher intensity of G band (compared to 

D band) in the Raman spectra for Co3O4@CS (ID/IG = 0.89) as compared to CS 

(ID/IG = 0.96) (Figure 7) further supports the positive role of metal/metal-oxide 

nanoparticles in inducing higher degree of  graphitization  in the  former.(48, 

53) Inductively coupled  optical  emission  spectroscopic (ICP-OES) analysis  of  
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Figure 8. XPS survey spectrum of Co3O4@CS. 

Co3O4@CS indicates  that  the Co  content  of  the sample is  around 1.0 wt.%. 

However, X-ray photoelectron spectroscopic investigations did not show any Co 

signal (Figure 8) which can be attributed to the combined effect of low cobalt 

loading along with the fact that the analyses is surface sensitive with a small 

penetration depth of the photons (1-10 nm).(54) Prominent C 1s (284.5 eV) and 

O 1s (532.5 eV) were present in the survey scan along with concomitant absent 

of N 1s which can be attributed to the implemented combustion technique for 

carbon synthesis as the thermodynamic equilibrium favors the formation of N2 

or nitrogen oxides rather than doping. 

 

OER activity of the Co3O4@CS was evaluated in 1.0 M KOH and was compared 

with CS and state-of-the-art catalyst RuO2 (Sigma-Aldrich). Polarized linear 

sweep voltammograms (LSVs) at rotating disk electrode (RDE) indicates 

(Figure 9a) that the activity of Co3O4@CS is similar to that of RuO2 in terms of 

the onset potential. However, the activity of Co3O4@CS showed significant 

improvement at higher overpotentials (η). For instance, RuO2 (1.54 V) requires 

20 mV higher   overpotential compared to Co3O4@CS @CS (1.52 V) to achieve 

an anodic current density of 10 mA cm-2. While for the current densities of 20 

mA cm-2 and 30 mA cm-2 the differences being 40 mV and 70 mV respectively. 

Since an electrochemical current is a measure of the kinetics of a reaction, the 

observed improved current density (j) for Co3O4@CS results from better oxygen 

evolution kinetics. Such kinetics stems from the accelerated gas detachment at 

the active interfaces or electrodics (highly dispersed Co3O4 in low density 

conducting carbon matrix) synergistically aided by superior mass transport 

properties   resulting  from  highly  interconnected  meso-macroporous  network  

1000 800 600 400 200 0

O 1s

 

 

Binding energy (eV)

In
te

n
s
it

y
 (

a
.u

.)
 Co

3
O

4
@CS

C 1s



Chapter 5 

140 
 

1.2 1.3 1.4 1.5 1.6 1.7 1.8

0

10

20

30

40

50

60

Potential (V vs. RHE)

 Co
3
O

4
@CS

 CS

 RuO
2

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

 c
m

-2
)

-1.0 -0.5 0.0 0.5 1.0

0.1

0.2

0.3

0.4

0.5

0.6

71 mV dec
-1

178 mV dec
-1

61 mV dec
-1

Log j (mA cm-2)

 Co
3
O

4
@CS

 CS

 RuO2

O
v
e
rp

o
te

n
ti

a
l 

(V
)

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

0

20

40

60

80

100
 Co

3
O

4
@CS

 Co
3
O

4
@CS after 2000 cycles

Potential (V vs. RHE)

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

 c
m

-2
)

0 400 800 1200 1600 2000
0

400

800

1200

1600

2000

0 200 400 600
0

200

400

600
 Co

3
O

4
@CS

 CS

 RuO
2

-Z
"
 

Z' 

Z'

 Co
3
O

4
@CS

 RuO2

-Z
"
 



(a) (b)

(c) (d)

 

 

 

 

 

 

 

 

 

 

 

Figure 9. (a) Polarized LSVs at RDE for Co3O4@CS, CS, and RuO2 with 

corresponding Tafel analyses (b) in their respective kinetic regions. (c) EIS data 

indicating least charge transfer resistance for Co3O4@CS; inset shows the 

expanded view of the higher frequency region. (d) Stability performance of 

Co3O4@CS before and after 2000 cycles. 

 

 

 

 

 

 

 

 

Figure 10. i-t curve of Co3O4@CS. 
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Table 1. Comparison of OER parameters of some of the heteroatom doped 

carbon-Co composites with Co3O4@CS. 

leading to the rapid generation of electrocatalytically active sites per unit time. 

Whereas, the activity of CS was found to be inferior compared to both RuO2 

and Co3O4@CS (Figure 9a). Tafel analyses in the kinetically dominant region 

reveal smaller value for Co3O4@CS (61 mV dec-1) compared to RuO2 (71 mV 

dec-1) and as well as CS (178 mV dec-1) indicating improved OER kinetics of the 

former (Figure 9b). To gain insights into the observed OER performance 

 
Material 

 
ƞ10 

(mV) 

 
Tafel slope 
(mV dec-1) 

 
Co  

loading 

 
Ref. 

 
Co3O4@CS 

 
290  

 
61   

          
 1 wt.% 

 
Present 
Work 

 
Co embedded N-doped 

Carbon nanotubes 

 
200  

 
50  

 
1.71  wt.% 

 
(55) 

 
N-doped graphene 

supported Co@CoO 
nanoparticles 

 
350  

 
68  

 
45.9 wt.% 

 
(56) 

 
Co embedded N-doped 

graphene 

 
430  

 
- 

 
0.5 at.% 

(from XPS) 

 
(57) 

 
Co3O4 nanoparticles on 

N-doped Carbon 

 
300  

 
83  

 
- 

 
(58) 

 
Cobalt phosphide doped 

N-doped C 
nanostructures 

 
320  

 
49  

 
- 

 
(59) 

 
Co3(PO4)2  

nanoparticles embedded 
in N-doped Carbon 

 
290  

 
82  

 
13.4 wt.% 

 
(60) 

 
In situ CoO-Co/ N-

doped Carbon 

 
260  

-  
29.6 wt.% 

 
(61) 

 
Co3O4 nanocrystals on 
reduced graphene oxide 

 
310  

 
67   

 
20 at.% 

(from XPS) 

 
(62) 

 
Co nanoparticles 

embedded in N-doped 
Carbon 

 
371  

 
      61   

 
60.8 wt.% 

 
(63) 

 
ZIF-67-derived Co-

NC@CoP-NC 
nanopolyhedra 

 
330  

 
79   

 
CoP  

 45 wt.% 
and Co is 
55 wt.% 

 
(64) 
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electrochemical impedance spectroscopic (EIS) measurements were performed at 

their respective onset potentials. Clearly, Co3O4@CS shows least charge transfer 

resistance (Rct) (Figure 9c) exhibiting a value of (142 Ω) which is much smaller 

compared to RuO2 (497 Ω) and CS (1770 Ω) indicating excellent electronic 

conductivity of the former. Since oxygen evolution is a multi-electron (4e-) 

process the efficiency of such faradaic process is governed by the effectiveness 

with which the electrons are transferred to the adsorbed intermediates which in 

turn is governed by the conductivity of the adsorbent. Clearly, the observed 

activity of the Co3O4@CS at least partially can be attributed to the excellent 

conducting nature of the carbon matrix. Practical implications of such catalysts 

in industrial water electrolyzers are governed by their cyclic stability 

performance. Accelerated degradation test reveal superior stability of Co3O4@CS 

even after 2000 cycles (Figure 9d). The observed performance of Co3O4@CS is 

much better compared to other heteroatom-doped carbon systems with higher 

Co loading reported previously in terms of overpotential at a current density of 

10 mA cm-2 as shown in Table 1.  

Furthermore, chronoamperometric performance at 5 mA cm-2 indicates stable 

performance over 7 h. The increase in current after sometime can be attributed 

to the better wettability of the electrode during the run leading to better 

exposure of active sites.  

5.5 Conclusions: 

In conclusion, we have shown that metal salt complexed organic solvents 

(Co(II) and piperidine in our case) can be directly used as fuel to synthesize 

metal/metal-oxide containing carbon composites. The synthesized material on 

account of its unique pore architecture and highly accessible active sites shows 

excellent OER activity in terms of kinetics compared to the state-of-the-art 

catalyst at higher overpotentials. 
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Chapter-6 

Harnessing Pseudocapacitive Energy of Redox Active Covalent 

Organic Polymer via Graphene Interface Engineering 

Summary: 

Herein we report the synthesis of a new class of viologen based redox active 

covalent organic polymer (COP) phase engineered with graphene for 

pseudocapacitive energy storage. It is the first report on charged COP showing 

pseudocapacitive energy storage behavior of redox active functionalities. 

Viologen moieties endow charge storage as well as easy wetting of electrode due 

to their charged nature. The non-conducting COP grown over conducting 

graphene enhances its performance by extensive interface formation. All the 

redox states can be reversibly attained over entire potential regime without 

significant polarization which is not possible in simple COPs (without graphene) 

as they tend towards irreversible/pseudo-reversible behavior due to lack of 

electron conducting pathways. The intimate and dense conducting pathways in 

graphene-COP composites facilitates the charge transfer across interface leading 

to effective and reversible participation of redox moieties across the entire range 

over 1000 cycles. Also, we show that the strategy being universal in nature and 

aid in electron transfer in dense 3D networks which lacks traditional π-π 

stacking of 2D crystalline networks(COF). 
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6.1 Introduction: 

Pseudocapacitive electrodes based on quicker faradaic reactions,(1, 2) 

tremendously enhances the charge storage capacity of materials as compared to 

electrical double layer capacitors (EDLCs);(3) wherein limited capacity is 

achieved due to electrosorption of ions at the electrode-electrolyte interface.(3, 

4) The fast electron transfer across the electrolytic interface significantly 

enhances the charge storage capacity of the pseudocapacitors such as IrO2, 

RuO2 etc.(5) (10-100 times larger than carbon-based EDLCs)(1) however; their 

high cost limits their large-scale applications. Another class of pseudocapacitors, 

electronically conducting polymers, suffers from irreversible electrode 

degradation on repeated insertion/deinsertion of ions/electrons leading to 

swelling, loss of mechanical strength, loss of conductivity etc.(3, 6-10) Thus, it 

is imperative to develop a new, low cost and low density carbon based materials 

with high gravimetric as well as volumetric energy density beyond the 

traditional oxide based systems (IrO2, RuO2 etc.).(11, 12) One approach to 

improve the charge storage capacity of carbon is to introduce redox moieties 

which could enhance its performance through quick faradic reactions.(11-13) 

Nevertheless, the participation of all redox active components (in the faradic 

reactions) at the electrode interface is a big challenge and is governed by several 

factors viz. inherent conductivity of such moieties,  thickness as well as the 

morphology of the particles at the interface.(2, 14-20) A three-dimensional 

control over particle morphology is expected to improve the performance of the 

material over long cycle life.(17, 21-23) Materials capturing the essence of 

carbon-based systems along with pseudocapacitive properties are desirable 

because of their high gravimetric capacity. (11, 12) Covalent organic polymers 

(COPs) are emerging as a new class of materials offering diverse functionality 

thus catering need specific demands by rational design of molecule of our choice 

as the starting materials.(13, 24-34) However, the non-conducting nature of 

most of the COPs(34) leads to rapid decay of reversibility after few cycles. 

Addition of large amount (~60 wt. %) of conducting carbon (like Vulcan 

carbon) as an additive to improve the conductivity often results in huge weight 

penalty to the electrode system with low active mass.(13) Additionally, the 

presence of such conducting phase doesn’t necessarily promise intimate electron 

transport pathways due to their ill-defined morphology arising purely on 

geometrical considerations.(17, 21, 35) The packing and hence the contact 

between two phases is highly statistical in nature leading to low volume fraction 

utilization and diminished electron conducting pathways. Interface engineering 

with graphene with atomically thick, high lateral dimensions and conducting 
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nature would significantly overcome such issues if the contact between the 

conducting (graphene) and non-conducting phases (COPs) be conformal.(36, 37) 

Moreover owing to the greater mechanical strength of graphene, repeated 

electron transfers would not lead to the degradation of electrodes unlike 

electronically conducting polymers.(38) 

6.2 Scope of the present investigation: 

We have strategically grown viologen(39) based 3D COP over graphene to 

overcome the above-mentioned issues. Taking viologen-based system as an 

example; we have shown that interface engineering of COP with graphene 

retains electrochemical activity even after prolonged cycling whereas the native 

systems lack or show rapid degradation in activity after few cycles. 

Furthermore, it is shown that even in 3D system which lacks traditional π-π 

stacking (an additional factor for the facile through plane electron transfer) of 

2D (COP) system; such manipulation leads to better charge transfer kinetics at 

the interfaces indicating the much-improved activity compared to traditional 

2D systems.  

There are significant changes in the polarity of the different redox states of the 

viologen leading to difficulty of electron transfer during oxidation. Since the 

viologen undergoes stepwise two-electron reduction with successive reduction 

becoming more difficult; therefore attaining oxidative reversibility becomes 

strained.(39-41) Therefore, intimate contact between viologen containing redox 

polymer laterally grown over graphene would be expected to circumvent above 

issues leading to improved reversibility over prolonged cycles. 

Herein, we report the synthesis of a new class of 3D covalent organic polymeric 

network namely VPA, by Schiff base condensation of 1,1'-bis(4-formylbenzyl)-

[4,4'-bipyridine]-1,1'-diium bromide (VD), a viologen dialdehyde moiety, and a 

non-planar (pararosaniline, PA) tri-amine precursor to obtain VPA. The 

incorporation of redox active viologen moieties in VPA act as faradaically active 

component contributing towards pseudocapacitive energy storage.  Such 

frameworks by virtue of their high-density redox-active centers are expected to 

enhance the energy storage capacity as compared to carbons containing redox 

active components. It must, however, be noted that mere construction of redox 

active covalent networks need not necessarily guarantee the effective utilization 

of active centers; especially in the case of 3D networks.(42, 43) The redox 

centers embedded deep inside the particle would not be able to participate in 

such reactions due to poor electronic conducting pathways.(44) Such active sites 
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must find good electrically conducting conduits in order to participate in 

charge-transfer reactions efficiently. Due to intrinsic non-conducting nature of 

such materials, we have strategically grown such networked architectures over 

graphene in order to study the effect of electron transfer kinetics as well as 

reversibility of the system. Such intimate interfacial contact between COP and 

graphene is expected to overcome the conductivity problems associated and also 

would reduce the amount of conductive additives added to enhance cyclability. 

6.3 Experimental procedures: 

6.3.1 Materials used: 

Pararosaniline (>97%) was purchased from TCI. Mesitylene (97%) was 

purchased from kemphasol. Graphite powder (<20 μm) and sodium borohydride 

were purchased from Sigma-Aldrich. H2SO4 was procured from SD Fine 

Chemicals. All the other solvents were acquired from Spectrochem and were 

used after appropriate purifications. Terephthalaldehyde and 4,4’-Bipyridine 

was obtained from Alfa Aesar. 

6.3.2 Instrumentation and characterization techniques: 

N2 sorption analyses were performed using Autosorb-iQ2 (Quantachrome corp.) 

at 77 K using ultrahigh pure gas (99.9995%) and prior to the measurement the 

sample was degassed at 423 K under high vacuum for 12 h. Transmission 

electron microscopy (TEM) images of the samples were obtained on JEOL 

JEM-3010 model operating at an accelerating voltage of 300 kV. Nova-Nano 

SEM-600 (FEI, Netherlands) was used for acquiring field emission scanning 

electron microscopy (FESEM) images of the samples. Powder X-ray diffraction 

(PXRD) pattern of the sample was recorded using Bruker-D8 diffractometer 

fixed with copper anode generating X-ray having a wavelength of 1.54 Å (30 

mA, 40 kV). Fourier transform infrared spectroscopy (FTIR) spectra of the 

samples were recorded using Bruker IFS 66v/S spectrometer. All the 

electrochemical measurements were performed on CHI 760E (USA). 1H NMR 

spectrum was recorded on Bruker AVANCE 400 (400 MHz) Fourier transform 

spectrometer with chemical shifts reported in parts per million (ppm) using 

tetramethylsilane (TMS) as an internal reference.  

6.3.3 Electrode preparation and electrochemical measurements:  

VPA (2 mg) was ultrasonically dispersed in isopropanol (0.4 mL)-water (0.6 

mL) mixture. Thereafter, 5 µL of 5 wt.% Nafion® solution was added to the 
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above dispersion and was further sonicated until a uniform dispersion was 

obtained. Subsequently, the working electrode was prepared by coating 10 µL of 

above electroactive dispersion onto a pre-cleaned glassy carbon electrode (3 mm 

diameter) and was left to dry at room temperature for 12 h. 

 

A standard three electrode set-up was used for all the electrochemical 

measurements wherein Pt coil and Ag/AgCl (1 M KCl) was used as counter 

and reference electrodes respectively. 

6.3.4 Synthesis of 1,1'-bis(4-formylbenzyl)-[4,4'-bipyridine]-1,1'-diium bromide 

(VD): 

 

Figure 1. Synthetic strategy for VD. 

Molecule 1 and 2 were synthesized using the reported procedure.(45) 

A solution of 4 (98mg, 0.63 mmol) in dry acetonitrile (10 mL) was stirred for 10 

minutes under nitrogen atmosphere. To it, a solution of 3 in dry acetonitrile (10 

mL) was added and the reaction mixture was stirred at 78 oC for 7 hours. 5 was 

a pale yellow precipitate which was filtered and washed with chloroform to 

obtain pure product in 90% yield (310 mg). 1H NMR (400 MHz, D2O, TMS): δ 

(ppm) 10.03 (s, 2H), 9.25 (d, J = 7.2, 4H), 8.63 (d, J = 6.8, 4H), 8.09 (d, J = 

8.0, 4H), 7.74 (d, J = 8.4, 4H), 6.11 (s, 4H). 
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6.3.5 Synthesis of VPA:  

Viologen dialdehyde (40 mg, 0.072 mmol) and pararosaniline (14.7, 0.048) were 

ultrasonically dispersed in a glass tube containing mixture of 0.65 mL dioxane, 

0.65 mesitylene and 0.20 mL of 3 M acetic acid. Thereafter, it was subjected to 

three freeze-pump-thaw cycles using liquid N2 (77 K) as freezing agent and was 

subsequently sealed under vacuum and heated at 120 oC for 72 h. The final 

product was obtained by repeatedly washing it with ethanol until clear 

supernatant was obtained and was left to dry overnight at 60 oC. 

6.3.6 Synthesis of G-VPA: 

Synthesis of G-VPA was same as above except 10 mg of graphene was added 

additionally to the above mixture. 

6.3.7 Synthesis of graphite oxide: Graphite oxide was synthesized according to 

modified Hummers method.(46) Briefly, 1.5 g of NaNO3 was dissolved in 75 mL 

of concentrated H2SO4 in a 1000 mL beaker at room temperature and stirred 

well for 10 min. Thereafter, 1.5 g of graphite powder (<20 μm) was added to the 

above mixture and was further stirred for 10 min. To the above mixture 10 g of 

KMnO4 was added slowly with precaution so as not to exceed the suspension 

temperature beyond the room temperature. The temperature of the suspension 

was raised to 40 OC and was further mixed thoroughly for ~45 min until 

effervescence had minimized resulting in pasty mixture. Thereafter, 75 mL of 

distilled water was added to the above mixture with constant stirring and the 

temperature of the bath was raised to 70 OC and was maintained there for 

further 15-20 min resulting in brown color suspension. The temperature of the 

bath was then raised to 80 OC with further addition of 150 mL of warm water 

along with 15 mL of H2O2 in order to reduce the unreacted KMnO4 and MnO2 

to colorless manganese sulfate, resulting in yellow colored suspension. The 

stirring was stopped and it was allowed to cool down to room temperature 

allowing suspension to settle down. Thereafter, the supernatant liquid was 

decanted leaving behind yellow colored pasty mixture. The resultant paste was 

dialyzed until a near neutral dialysate was obtained. The resultant paste was 

lyophilized to obtain fluffy graphite oxide powder. 

6.3.8 Synthesis of exfoliated graphene: 

Graphene was prepared by thermal shock induced exfoliation of previously 

prepared graphite oxide.(47, 48) Briefly, 150 mg of graphite oxide was 
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introduced into the hot zone of a tube furnace previously maintained at 300 OC 

resulting in sudden burst along with the formation of exfoliated graphene. 

6.4 Results and discussions: 

Scheme 1 shows the synthetic strategy to construct redox active, VPA, 

incorporating viologen moieties as faradaically active components.(39) 

Additionally, graphene composites of VPA was also synthesized (G-VPA; 

Scheme 1) in order to study the effect of intimate conducting pathways on the 

reversibility of redox active moieties. The powder X-ray diffraction (PXRD) 

pattern of VPA/G-VPA reflects a lack of 2D ordering of traditional crystalline 

frameworks (COFs)(25, 49, 50) and instead forms a 3D network as confirmed 

by absence of low angle peaks in PXRD pattern (Figure 2). The higher angle 

peak at ~21O (2θ) in Figure 2 corresponds to the disordered π stacking of the 

carbon frameworks. It is to be noted that 2D COPs (either crystalline or non-

crystalline) often displays a high degree of aggregation due to strong π-π 

interaction and structural charge neutrality (due to choice of functionally 

neutral precursors) and hence develops wettability issues with the electrode 

when measurements are performed in aqueous medium.(51, 52) In contrast, 

both VPA/G-VPA synthesized via charged viologen dialdehyde moiety is 

positively charged would lead to better wettability (of the electrode) and 

enhanced electrochemical activity in aqueous medium. Furthermore, Fourier-

transformed infrared (FTIR) spectrum of VPA shows characteristic C=N 

stretching band at 1634 cm-1 indicating the formation of imine network (Figure 

3).(53)  Furthermore, the disappearance of N-H bending (1619 cm-1) and 

stretching modes (3347 and 3192 cm-1) of PA and the carbonyl stretching mode 

(1690 cm-1) of VD  in VPA spectrum supports the imine linkage formation. 

Additionally, C-H stretching modes of H-C=O (at 3034 cm-1 and 2973 cm-1) in 

VD were also absent for VPA (Figure 3). 

N2 sorption analyses shows low specific surface area (SSA) of 43 m2 g-1 for VPA 

(Figure 4). The observed low specific surface area is often associated with 

intercalated bromide anions in the structure.(52) Field emission scanning 

electron microscopic (FESEM) image (Figure 5a) of VPA indicates the presence 

of dense structure which is consistent with the observed low SSA of VPA.  

Transmission electron microscopic (TEM) investigations of VPA (Figure 5b) 

further supports FESEM findings. Energy dispersive X-ray spectroscopic (EDS) 

elemental analyses shows a uniform distribution of elements (C, N, Br and O) 

thus revealing that the network is entirely built by condensation of redox active 

viologen centers and PA (Figure 5c-f).  FESEM  image (Figure 6b) of  G-VPA  
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Scheme 1. Illustration depicting synthetic strategy implemented to construct 

viologen containing redox active polymer; VPA and conducting composite of 

the same with graphene (G-VPA). 

 

 

 

 

 

 

 

 

Figure 2. PXRD patterns of VPA and G-VPA. 

indicates flaky morphology (a consequence of graphene incorporation, Figure 

6a) due to the growth of VPA over graphene. Furthermore, TEM images of G-

VPA shows conformal growth of VPA (Figure 7a-b) over graphene backbone 

illustrating intimate contact. 

Pseudocapacitive energy storage behavior of VPA was investigated in 1 M KCl 

using cyclic voltammetry (CV) (Figure 8).  The cyclic voltammogram of VPA 

shows (Figure 8b)  a  pair of well resolved cathodic peaks (-0.51 V and -1.04 V)  
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Figure 3. FTIR spectra of PA, VD, and VPA indicating the formation of imine 

linkages in VPA. 

 

 

 

 

 

 

 

 

 

Figure 4. N2 sorption isotherm of VPA. Closed and open circles represent 

adsorption and desorption respectively.  

due to successive two-electron reduction of the viologen moieties in the 

framework. The appearance of only one weak anodic peak (-0.84 V) during 

reverse scan indicating a irreversible nature of the redox process. This is in 

contrast to methyl viologen (MV) molecules in solution which exhibits a pair of 

redox peaks each for cathodic (-0.73 V and -1.05 V) and anodic (-0.99 V and -

0.68 V) scans (Figure 8a) corresponding to well-known sequential stepwise two-

electron   reduction and   oxidation  of  viologen  moieties. The   functionalized  
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Figure 5. (a) FESEM and (b) TEM images of VPA. (c-f) EDS analyses of C, N, 

Br, and O respectively reveal the uniform distribution of the elements in VPA. 

 

 

 

 

 

 

 

 

Figure 6. FESEM images of (a) graphene and (b) G-VPA indicating flaky 

morphology of the composite.  
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Figure 7. (a) and (b) transverse view of the TEM images of G-VPA indicating 

graphene backbone with overgrown covalent networks (red arrows indicate 

graphene layers whereas yellow ones indicate COP) with intimate contact 

between. 

dialdehyde of viologen (VD) used to make VPA also shows similar behavior, 

though there is a  significant  shift in  peak  position  compared  to  MV due to 

change in energy levels of the molecules upon substitution (Figure 8a).(39) The 

additional oxidative peak observed for both MV and VD (at -0.87 V and -0.65 

V for MV and VD respectively) are associated with well-known 

comproportionation reaction between the reduced species in the counter 

electrode and the oxidized species in the working electrode (as the CV of MV 

and VD were carried out in solution phase, the reduced species can migrate 

from the counter electrode to the working electrode resulting in the 

comproportionation reaction). 

The low current and irreversible/pseudoreversible behavior of redox peaks for 

VPA in the full scan range probably results from the non-conducting nature of 

the framework inhibiting the two electron transfer (Figure 8b). Restricting the 

scan range to one electron transfer regime displays reversible redox peaks, 

although the current is still low indicating again that the conductivity and 

electron transfer is an important parameter for attaining reversibility even for a 

single charge/electron transfer (Figure 8b). For example, VPA shows both 

cathodic (-0.59 V) and anodic (-0.53 V) peaks with good redox reversible states 

(albeit shown by only a few samples) when the scan range was limited to -0.75 

V instead of -1.25 V (Figure 8b). 
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Figure 8. (a) CVs of MV and VD (solution state) at 10 mV s-1. (b) CVs of VPA 

of over half potential scan range (VPA-HR) and full range (VPA-FR) at 10 mV 

s-1. Also, the redox contributions are highlighted in yellow for VPA-HR 

indicating the good redox reversibility of the VPA for the scanned range 

showing the facile pseudocapacitive contribution to total capacitive energy 

storage. The shaded region in grey indicates the irreversible potential scanning 

regime. (c) CVs of G-VPA at different scan rates whereas (d) shows 

corresponding square wave voltammograms for cathodic and anodic scans. (e) 

Comparison of CVs of G-VPA and GC at 20 mV s-1 indicating zero 

pseudocapacitive contribution from glassy carbon electrode. (f) CVs of G-VPA 

at higher scan rates showing prominent redox peaks; indicating facile charge 

transfer kinetics in the former. 

In order to overcome the conductivity problem which affects the full 

reversibility over the entire  potential  regime  encompassing  two electron 

transfers per viologen moiety, VPA was grown over graphene (G-VPA) to get 

intimate and uniform VPA-graphene interfaces (Scheme 1 and Figure 6-7). 

Unlike the solution state study of MV, electrochemistry measurements were 

performed by coating the G-VPA material over the glassy carbon (GC) 

electrode. As opposed to VPA, CVs of G-VPA shows a pair of prominent 

cathodic (-0.55 V and -0.95 V) and anodic peaks (-0.76 V and -0.35 V) 

respectively at different scan rates (Figure 8c) over the entire potential range 

scanned (up to -1.2 V). It is important to note that the third oxidation peak 
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(Figure 8a) observed in the solution state CV of MV (-0.87 V) is missing for G-

VPA (Figure 8c) as there are no comproportionation pathways due to 

adherence of G-VPA on to the electrode surface. This indicates that highly 

conducting nature of graphene at the graphene-VPA interface facilitate the 

efficient charge transfer between the electrode and the VPA moieties. 

Transmission electron microscope (TEM) images (Figure 7) clearly shows 

regions where VPA has uniformly covered the graphene layers creating effective 

interfaces for the facile electron transfer to and fro from VPA during the redox 

process. Square wave voltammograms (SWV) for G-VPA (Figure 8d) further 

indicate a pair of well-resolved faradaic peaks for both cathodic (-0.47 V and -

0.89 V) and anodic (-0.88 V and -0.42) scans showing their redox origin. The 

effect of graphene incorporation leads to enhanced/efficient charge transfer in 

G-VPA as opposed to VPA as can be seen by higher current (Figure 8e) in the 

former in spite of the fact that loading in latter case (0.28 mg cm-2) is greater 

than G-VPA (0.23 mg cm-2, calculated based upon the mass of redox active 

component, see experimental section for details). It can be concluded that 

intimate and dense electron conducting pathways in G-VPA due to the presence 

of graphene not only resulted in reversible, step-wise two-electron redox states 

for VPA (over the entire potential regime) (Figure 8b) but also effective 

utilization of redox moieties for this process. The CV of blank glassy carbon 

(GC) under similar conditions (Figure 8e) did not show any significant redox 

peaks confirming that the pseudocapacitance purely stems from G-VPA devoid 

of any contribution from surface impurity. The CVs of G-VPA even at higher 

scan rates (1 Vs-1 and 2 V s-1 , Figure 8f) shows a pair of prominent redox peaks 

for cathodic and anodic scans separately reflecting efficient and faster charge 

transfer kinetics in G-VPA. The prominent effect of polarization in the absence 

of graphene can be clearly elucidated from Figure 9. The system (VPA) tends 

towards pseudoreversible behavior, as the second redox peak progressively shifts 

towards lower potential at higher scan rates (Figure 9a-b) indicating impeded 

electron transfer kinetics. Whereas, the position of redox peaks are independent 

of scan rates for G-VPA reflecting negligible polarization effects (Figure 9c-d). 

Stability performance of G-VPA after 1000 cycles (Figure 10) specifies the 

retention of redox peaks with a negligible shift in the redox potential which is 

indicative of excellent redox reversibility of the framework assisted by 

conducting phase (graphene). 

Furthermore, in order to prove our above hypotheses, additional experiments 

were carried  out  wherein a  higher  amount of Vulcan  carbon  (60 wt. %) was  



Interface Engineering: Graphene-COP Pseudocapacitors  

163 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. CVs of VPA (a) and G-VPA (c) with the corresponding polarization 

effect being clearly seen in (b) and (d) respectively.  

 

 

 

 

 

 

 

Figure 10. Cycling behavior of G-VPA at 10 mV s-1 indicating the presence of 

prominent redox peaks even after 1000 cycles. 

added to VPA to ensure higher conductivity of the resultant mixture (VC-

VPA).  CVs of VC-VPA (Figure 11)  indicates pseudo-rectangular  behavior 

indicating capacitive behavior with very weak cathodic redox (-0.587 V and -

0.973 V) component and absence of such peaks during the anodic scan. This 
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clearly indicates that even with higher loading of the conducting carbon (60 

wt.%), the redox reversibility of viologen moieties in VPA is poor mainly due to 

the absence of intimate conducting interfaces which is further augmented by the 

irregular particle size of both viz. the Vulcan carbon and VPA. The above 

points were further corroborated by the observation that CV could not be 

obtained at higher scan rate (>1 V s-1) for VPA-Vulcan carbon mixture due to 

lack facile/efficient charge transfer between Vulcan carbon and VPA. 

 

 

 

 

 

 

 

 

 

Figure 11. CV of G-VPA and 60 wt.% VC and VPA (VC-VPA) mixture. 

6.5 Conclusions: 

In conclusion, we have shown that by effective interface engineering between 

conducting (graphene) and non-conducting COP phase (containing redox active 

viologen moieties), the entire redox states can be reversibly attained over full 

potential regime without significant polarization which is not possible in simple 

COP. Such irreversibility in normal COP, stems from lack of uniform and 

intimate electron conducting pathways. The intimate and dense conducting 

pathways in conducting/non-conducting composites leads to efficient charge 

transfer across interface leading to effective and reversible participation of redox 

moieties over entire range. Therefore such composites holds promise for large 

scale production by such interfacial engineering approach which can be further 

amplified or boosted by tailoring conducting redox system. Although, further 

investigations are needed to develop and design commercially feasible systems 

with high reversibility and enhanced cycle life which can compete with 

currently available carbon based systems.  
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Conclusions and Future Outlook: 

The properties of carbon are much more diverse and exciting than any other 

element of the periodic table. Carbon offers easily tailorable exotic electronic 

and as well as textural properties which when combined with native ones leads 

to the generation of newer exciting ones. Besides, C is earth abundant, low-

density etc. which makes them particularly important and interesting candidate 

for a plethora of applications viz. future energy material, separation, catalyst 

support etc. In our present investigation, we have shown that via appropriate 

textural engineering in carbon-based materials; remarkably enhanced 

electrochemical performances can be obtained. Chapter 2 and chapter 3 revealed 

how beneficial hierarchical micro-mesoporous structure can lead to excellent 

supercapacitor and battery performance. The augmented effect of mass 

transport effect on reaction kinetics was further proved in chapter 4 and 

chapter 5. It was shown that pore engineering from meso-macro scale could lead 

to admirable oxygen reduction, oxygen evolution and hydrogen evolution 

kinetics without the presence of any precious d-block element. Therefore, it 

opens up a newer paradigm for the development and implementation of earth 

abundant electrocatalysts for application in fuel cells, metal-air batteries etc. 

Furthermore, the conducting property of carbon was invoked to harness 

pseudocapacitive charge storage capacity of covalent organic polymers in 

chapter 6 via interface engineering. 

The above examples proves that carbon based systems will be serve as future 

blueprint to address the energy and environmental issues of our world. The 

potential of carbon is immense and further research will open up newer domains 

with practical facets to tackle the issues of our modern times and beyond. 
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