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Thesis Synopsis 

The thesis entitled “Investigations on Nanocrystalline Metal and Carbon Entities for Energy 

Conversion and Other Chemical Applications” comprises two major parts. Part 1, which is 

extended to 6 sub-chapters, describes syntheses of various metal nanocrystals and carbon 

materials for energy harvesting reactions related to fuel cell applications. Part 2, containing 5 

sub-chapters, presents results obtained from the investigations on self-assembly of C60 to 

supramolecular nanostructures and their applications in separation of geometric isomers, 

optoelectronic applications etc. A brief description of each part is given below: 

Chapter 1.1 introduces the importance of developing suitable catalyst materials for energy 

conversion reactions related to fuel cell applications and presents conductive recent 

developments. The focus is kept on electrocatalytic reactions occurring at fuel cell cathode and 

anode. Owing to its high catalytic activity and stability under harsh conditions, among the 

noble metals, Pt is the most important one. To achieve cost-effective electrocatalysts for the 

commercialization of membrane-based fuel cell, there is an urgent need to develop Pt based 

shape controlled nanostructures with low Pt loading without compromising on their catalytic 

activity. However in case of conventional nanocatalysts mounted on a catalyst support, a major 

part of active surface is masked under the support material. In such a context, generating 

supportless, free-standing nanostructured catalysts is advantageous in order to result higher 

exposed surface area, thereby enhancing the catalytic activity. If the nanocrystals can be 

assembled into a macroscopic structure with sufficient porosity, one may avoid using a catalyst 

support for electrochemical reactions. Furthermore, development of inexpensive, noble-metal-

free catalysts is an attractive and recent alternative in which the heteroatom doped carbon 

entities are promising, particularly when derived from commonly available resources, such as 

biomasses.  

Chapter 1.2 describes the synthesis of tetrahedral Pt nanocrystals (Pt-NTd), which have the 

largest number of Pt(111) surface atoms (than any other morphology having same number of Pt 

atoms) and highest catalytic activities toward the electron transfer reactions, and was widely 

considered a synthetic challenge due to their thermodynamic instability. By inducing their 

nucleation on functionalized carbon, Pt NTds can be obtained with tunable sizes and high 

yields. The carbon support anchors the nanocrystals early and prevents their oriented 
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attachment leading to nanowire formation. Therein, an in-situ generated secondary amine is 

crucial for stabilization of Pt-NTds, which can later be removed to expose the Pt(111) facets for 

higher catalytic efficiency. The bare nanocrystals exhibit much improved stability and 

electrocatalytic activity, characteristic of Pt(111) toward oxygen reduction reaction (ORR), 

methanol and formic acid oxidation reactions. For example, ∼90% of their activity was retained 

after 5000 potential cycles, while the ORR onset potential was recorded to be 1.01 V vs. 

reversible hydrogen electrode (RHE). 

 

Chapter 1.3 includes the very first instance of unzipping of a metal nanostructure, a common 

phenomenon observed so far only in layered materials. The synthesis of Pt nanosheets (NS) is 

however challenging due to their isotropic growth and has not been reported. A 

mechanochemical synthetic strategy was developed to obtain robust free-standing Pt NS. 

Simultaneous acting of galvanic displacement on Te nanorod by Pt and fluid induced shearing 

force of ~2 N and differential shear-stress of 0.5 kPa across the nanorod diameter, resulted in 

26 nm thick NS. This synthesis is also one of the few examples of a purposeful transformation 

of 1D nanostructure to 2D one. Here, surface corrugation leads to substantially enhanced 

surface area of the nanosheets and much improved electrocatalytic properties when compared 

with conventional carbon-supported Pt catalysts. The electrochemical surface area of was found 

to be ~200% of its geometrical surface, generated from the rough surface and self-supporting 

nature. When used as electrocatalyst for methanol oxidation reaction (MOR), Pt NS has shown 

3 times higher mass activity compared to the commercial carbon supported Pt nanocrystals. 

 

Chapter 1.4 describes a facile approach to synthesize Pd73Pt27 alloy nanowires (NWs) with 

large aspect ratios in high yield by using sacrificial Te templates. Unlike majority of processes, 

this synthesis was carried out in aqueous solution with no intermittent separating stages, while 

maintaining the NW morphology up to 30% of Pt. Upon evaporation of their dispersion, the 

NWs transform into a stable porous membrane due to self-entanglement and can be directly 

lifted and employed for electrocatalytic applications without external catalyst supports. The 

NW membrane exhibits efficient electrocatalytic performance for MOR with 10 times higher 

mass activity and 4.4 times higher specific activity in acidic medium as compared to 

commercial Pt catalysts, significantly higher than previous investigations in various reaction 
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media. The membrane electrocatalyst exhibited very good stability with retention of 70% mass-

activity after 4000 potential cycles. Since Pd was found to be inert towards MOR in acidic 

medium, this investigation provides a direct estimate of synergistic enhancement of efficiency.  

Chapter 1.5 demonstrates that protein-rich soya chunks with a high content of N, S and P atoms 

are an excellent precursor for heteroatom-doped highly graphitized carbon materials. The 

materials are nanoporous, with a surface area exceeding 1000 m
2
g

−1
, and they are tunable in 

doping quantities. These materials exhibit highly efficient catalytic performance toward ORR 

with an onset potential of 0.962 V and a half-wave potential of 0.796 V vs. RHE in alkaline 

medium, which is comparable to commercial Pt catalysts and is better than other recently 

developed metal-free carbon-based catalysts. These exhibit complete methanol tolerance and a 

performance degradation of merely ∼5% as compared to ∼14% for a commercial Pt/C catalyst 

after continuous use for 3000 s at the highest reduction current. Supercapacitors made of this 

material is operable in a wide potential window of 1.5 V and possesses specific energy density 

of 24.3 Wh/kg with outstanding 93% capacitive retention beyond 10,000 charge-discharge 

cycles at a high 10 A/g discharge rate. Further, at 1 bar pressure, it captures an appreciable 14 

wt.% CO2 at 298K and 57.7 wt.% at 195K, which is 40% more than commercial high surface 

area carbon. Investigations revealed that a suitable balance between graphitic and pyridinic-N 

in the carbon network along with a high surface content is important to exhibit simultaneously 

a high efficiency for ORR, supercapacitor and CO2 capture. 

Chapter 1.6 summarizes the key observations and future prospects of above studies discussed in 

part 1  

Chapter 2.1 introduces the importance of investigating the process of fullerene, (C60) self-

assembly to its nanostructures and detonate the possibility of their potential applications. 

Fullerene, a highly symmetric carbon allotrope, self-assembles into solvates from suitable 

solvents with different shapes, sizes and crystal structures. Such nanostructured solvates are 

also found to exhibit superior physical properties over pristine C60. However, the effect of 

solvent incorporation and crystallization conditions on the resulting structures and their 

physical properties is lacking. Therefore studying the mechanism of solvate formation is 

important in order to utilize these solvate nanostructures for various applications. Apart, having 
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similarity with molecules as well as colloidal particles, studying self-assembly of C60 would be 

of immense importance to explore fundamentals of self-assembly process.  

Chapter 2.2 describes a systematic study on C60 self-assembly at liquid-liquid interface by 

subsequent methyl substitution on the benzene ring and crystallization temperature. This study 

shows that, unlike previous reports, the solvate formation is highly dependent on the geometry 

of the solvent. An angle of 120˚ between two neighboring substituents is crucial for the 

formation of hexagonally close packed (HCP) C60 solvates, i.e., C60 forms HCP solvates when 

crystallized out from toluene, m-xylene and mesitylene. With increase in the number of methyl 

substitution, enormous enhancements in thermal stability, optical absorption, 

photoluminescence of C60 solvates were observed. Structural investigations revealed that 

incorporated solvent molecules interact with C60 by CH∙∙∙π interactions. The varying number of 

methyl substituents in the solvate attunes the vibrational modes to different extent than that of 

free solvent, which offers a unique opportunity to study the effect of a single methyl substituent 

or CH∙∙∙π bond in identical chemical environment on aforementioned physical properties of 

these solvates. Based on our understanding on methyl substituted solvate system and 

employing the chloro-methyl exchange rule, a new supramolecular co-crystal of C60 with 1,3,5-

trichlorobenzene having HCP structure and one dimensional structure was engineered, which 

exhibited thermal stability up to 150 °C and an enhancement of 562% in photoluminescence 

with uniform luminescence throughout the nanostructures. 

Chapter 2.3 demonstrates a supramolecular-crystallization based approach for shape dependent 

separation of geometrical isomers at near-ambient conditions. Difficulties in separating such 

isomers arise due their very similar physical properties. The present 

approach relies on the ability of C60 to preferentially form solvate crystals with molecules of 

specific geometry. Subsequently, these molecules are released upon mild heating to regenerate 

pure C60. By considering isomers of xylene and trimethylbenzene (TMB) as examples, it has 

been shown that one of the isomers can be extracted from the rest with a very high purity. 

Separation of TMB isomers required developing a new C60.1,3,5-TMB solvate and led to an 

isomer purity of >99.95%. Versatility, low operating temperature ~100 ˚C, separation 

efficiency of >10 weight% of C60 per cycle and reagent recyclability make it a promising 

molecular shape shoring approach. 
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Chapter 2.4 describes prototype to obtain thin films of C60, oriented in a specific 

crystallographic direction (<111>), extending over several millimeters in ambient conditions by 

using a solution of C60. It is crucial to allow the growth of the film to take place on water, 

where the water-solvent-air interface induces nucleation of the film while further growth occurs 

on water acting as a non-crystalline substrate, facilitating movement of growing film fragments. 

The free-standing, free floating films can be transferred on to a substrate of choice, measure 

few hundreds of nanometer in thickness and a surface roughness of ~ 5 nm. The thickness of 

the films can be reduced again by controlled dissolution. This work demonstrates the use of 

liquid as a possible non-rigid substrate for making thin-films beyond monolayer thickness and 

forges a link between nucleation phenomena taking place at an air-liquid interface and 

subsequent growth at liquid-liquid interface.   

Chapter 2.5  summarizes  the  key observations and future prospects of the studies described in 

part 2.    
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CHAPTER 1.1 

Introduction 

 

 

1.1.1 Introduction 

The continuous rising of global energy demand is accelerating the depletion of fossil fuels and 

thereby increasing concentration of green house gases in the atmosphere which in turn causes 

global warming. Such environmental concerns call for stringent regulations on utilization of 

non-renewable energy resources, creating an urge to develop renewable energy harvesting, 

conversion and storage strategies.
1-4

 The renewable energy harvesting and storing technologies 

depend directly or indirectly on the most readily exploitable and limitless solar energy. 

Efficient utilization of only a fraction of the total incident solar energy can vastly overcome the 

global energy requirement and take care of the environmental issues. Alternative resources of 

energies are wind, tide energy, thermoelectric and bio derived fuels, which are also indirectly 

dependent on the energy of the Sun. Recent developments on harvesting solar energy by using 

photovoltaic devices have created a notable impact on the global energy demand, currently 

being utilized by a fraction of  ~ 2% of the total energy consumption with a growth rate of 37% 

per annum.
5, 6

 Due to intermittent nature of solar energy and to provide sufficient energy to 

high power systems, the harvested energy has to be stored. In this regard, rechargeable devices 

such as lithium ion batteries and supercapacitors have shown appreciable performances. 

However, improvements are required in terms of their energy density and cycle stability to 

meet the current energy demand. An alternative route to the energy storage is reserving the 

energy in the form of chemical energy, which can be easily transported and utilized in portable 

power device, such as fuel cells. Using photocatalytic and electrocatalytic water splitting and 

carbon dioxide reduction the harvested energy can be stored in the forms of small fuel 

molecules such as H2, O2, small hydrocarbons etc. However due to difficulties in scalability 

and economic feasibility of these technologies, they face constant competition from relatively 

inexpensive, well-established, and energy dense fossil fuels.
7
 For the existing renewable energy 
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harvesting and storage technologies, the major contributing factor is the high cost of the active 

materials. Therefore, developing efficient and affordable material can be considered as the 

subject of investigation to make these technologies more economically approachable. A few of 

these developments are discussed in the following. 

 

1.1.2 Heterogeneous catalysts and nanomaterials for energy conversion 

In energy conversion-storage devices, the key role is played by the efficiencies of the active 

materials. For photovoltaic devices, development of semiconducting materials with suitable 

band gap and electronic conductivity is important, whereas for energy conversion devices, 

developing efficient catalysts for redox reactions related to water and carbon dioxide is the key. 

The materials used in these catalytic processes can be homogenous or heterogeneous in nature. 

Despite showing appreciable performance towards photocatalytic processes, homogeneous 

catalysts have disadvantages in terms of stability and recyclability compared to heterogeneous 

ones.
8, 9

 For heterogeneous catalysts, only the surface atoms participate in the catalysis. In order 

to access higher active surface area, synthesizing heterogeneous catalysts in nanoscale is 

advantageous as they offer much higher surface area. Confining their dimensions to nanoscale 

also result attractive physical and chemical properties of the materials, not observed in bulk 

state, which may lead to enhanced catalytic activities. Along with that, controlling the shape 

and crystallinity of the materials play crucial role as the efficiency of a catalyst has strong 

dependence on the lattice packing of the exposed surface. The chemical routes to synthesize the 

size and shape controlled nanocrystals are not trivial as during crystallization, in order to 

maintain thermodynamic stability, the particles prefer to minimize their surface area by making 

a spherical morphology or coalescing to form bigger particles. Use of surface stabilizing 

molecules or capping agents is helpful to direct the size and shape of the nanocrystals. Recent 

investigations on the development of heterogeneous nanocatalysts have shown promising 

routes to improve the device performance for energy conversion, but are yet unable to compete 

with the existing fossil fuel based technologies. Hence, there is need to develop efficient, cost 

effective catalyst for commercialization of the green energy devices. 
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Figure 1.1.1. (a) Cross section of a unit fuel cell showing its components of an expanded 

membrane electrode assembly in a fuel-cell stack. Adapted with permission from [10]. (b) 

Polarization curve obtained from a PEM fuel cell having electrodes based on NSTF PtCoMn 

catalyst (inset) under 150 kPa H2/air.  The red, blue and green lines correspond to the as 

obtained polarization curve, iR-free and kinetic losses for the same measurement. Adapted with 

permission from[11].  

(a)

(b)
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1.1.3 Fuel Cells 

Fuel cells can perhaps be considered to be the most important renewable energy devices for 

automobiles and portable electronic applications due to their potential in resolving the present 

energy crisis with less hazardous emission. Fuel cell is an electrochemical device which 

converts the stored chemical energies in molecules such as H2 and O2 to electrical energy. The 

device consists of a stack of identical repeating unit cells comprising a membrane electrode 

assembly (MEA) as shown in Figure 1.1.1a.
10

 Fuel molecules such as hydrogen, methanol are 

oxidized at the anode and oxygen is reduced at the cathode, which are separated by an ion 

permeable membrane to avoid internal short-circuit. Depending on the nature of electrolyte 

used in fuel cell, two different kinds of membranes are used; proton exchange membrane for 

acidic medium and anion exchange membranes for alkaline electrolytes. The proton exchange 

membrane is chemically more stable between them. These layers are compressed by bi-polar 

plates that introduce gaseous reactants and coolants to the MEA and harvest the electric 

current. The porous gas diffusion layers transport reactants and product water between the flow 

fields and catalyst surfaces during the exchange of electrons between them. Depending on the 

electrolyte and fuels used in the device and their operating temperature, fuel cells (FC) can be 

of many types; such as polymer electrolyte membrane FC (PEMFC), direct methanol FC 

(DMFC), alkaline FC, phosphoric acids FC (PAFC), molten carbonate FC (MCFC) and solid 

oxide FC (SOFC). Among them, PEMFC has gained significant attention due to low operation 

temperature and capability to provide sufficient energy to run portable devices. The fuels used 

in PEMFC are hydrogen and oxygen which undergoes redox reactions at the electrodes, 

resulting water. Due to difficulties associated with storage and transport of molecular hydrogen 

as anodic fuel, the use of alternative small hydrogen rich molecules such as methanol, ethanol, 

formic acid etc. has gained notable attention.  

In prototype fuel cells, platinum nanoparticles supported on conducting carbon (Pt/C) is 

used as both anode and cathode catalysts. However, for the successful commercialization of the 

device, it has to meet three major requirements: low cost, high performance and long durability. 

The goals include a maximum of 0.1 mg Pt/cm
2
 of catalyst loading without loss of performance 

or durability more than 5000 hours.
12

 The thermodynamic potentials for hydrogen oxidation 

and oxygen reduction are 0 and 1.23 V respectively in highly acidic condition. Due to sluggish 



                                                                                                                                               Chapter 1.1   

7 
 

reaction kinetics of oxygen reduction at cathode the output voltage however comes down 

drastically (will be discussed in detail later). Particularly, vehicle operation imposes severe 

durability and performance constraints on the fuel-cell cathode electrocatalysts beyond the 

fundamental requirement for high ORR activity.
12

 System integrators require the MEA to 

produce at least 0.6 V at 1.5–2 A/cm
2
 owing to radiator size and related cooling constraints. 

Despite tremendous effort towards the fabrication of efficient catalyst, the fuel cell technology 

is still far from commercialization due to the high cost of Pt (~50% of the total device cost). 

Along with that, harsh working conditions often lead to permanent oxidation and thereby 

poisoning of Pt catalyst surface due to formation of an oxide layer, which in turn gives rise to 

poor activity of the devices.
13

  

To evaluate the activity of a test catalyst in fuel cell, first the material is incorporated in 

MEA and the performance of the MEA is monitored by the polarization curve, a plot of cell 

voltage over current density (Figure 1.1.1b). When current is drawn from a cell, its voltage 

decreases due to three primary sources of power loss: (i) ORR kinetic losses at the cathode, (ii) 

internal resistance (iR) losses due to material and (iii) interface resistances, and mass transport 

overpotentials at high current densities when it is difficult for the catalyst to get enough oxygen 

from air. For the polarization curve conditions in Figure 1.1.1b, the theoretical open-circuit 

voltage (i.e. zero current) is 1.169 V. Here, the measured open-circuit voltages are lower than 

theoretical potentials due to imperfect separation of the gases by the membrane and its finite 

electronic resistance. Due to the kinetic losses, increases in load current results the cell voltage 

to decrease logarithmically (green line in Figure 1.1.1b). To reach practical current density of 

atleast 0.1 A/cm
2
, the cell-voltage dropped by 370 mV from open circuit voltage which can be 

attributed to the sluggish ORR kinetics on Pt. Another origin of power loss is the internal 

resistance (iR) of the device, which can be expreseed as a product of the measured cell 

resistance and current density. This ‘iR’ can be added to the measured polarization curve (blue 

symbols) to produce the iR-free curve (red symbols). The remaining difference between the 

ideal kinetic line and iR-free curve is generated from mass transport losses. In order to achieve 

practical current densities of 0.1–2.5 A/cm
2
, improvements in MEA resistance can have more 

crucial effect on actual cell voltage compared to improvements in kinetics. Use of current 

membranes and gas diffusion media in fuel cell resulted in maximum possible reduction in the 

cell resistances. On the other hand, kinetic losses are more challenging as an order-of 
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magnitude improvement in ORR kinetics, gain of only 60–70 mV could be achieved, whereas 

progress in catalyst materials development so far has achieved modest cell voltage gains of few 

tens of millivolts.  

 In order to screen the activities of new catalyst materials in fuel cell reactions, without 

putting effort to assemble the membrane electrodes, carrying out the electrocatalysis in half cell 

reactions can provide preliminary idea. The half cell reactions are performed, where the 

catalysts are used as working electrode, in presence of a counter (mostly platinum) and a 

reference electrode. The electrolyte is chosen in such way, it does not have any preferential 

adsorption in the working potential window of reaction occuring at the working electrode. For 

example, to check the ORR activity of any catalyst, the material is mostly coated on a glassy 

carbon surface. In acidic medium, dilute perchloric acid solution is preferred over hydrochloric 

acid or sulphuric acid due to the preferential surface coverage of the later ones. 

1.1.3.1 Cathode reaction: Oxygen Reduction Reaction 

The cathode reaction at PEMFC including DMFC is oxygen reduction reaction (ORR). This is 

also the cathode reaction of metal air batteries and the most important physiological reaction 

that occurs during respiration. Due to its six times sluggish kinetics compared to hydrogen 

oxidation (anode reaction), ORR is considered to be the bottleneck of efficient functioning of 

fuel cell. Mostly noble metal based catalysts are used for ORR. However, to take care of the 

catalyst affordability non-noble metal based and metal free catalysts are being explored. The 

complete reduction of oxygen to water is a four electron process involving many elementary 

steps, which depend on the nature of the catalyst and electrolyte used in the device. These are 

explained in detail in the following section.  

1.1.3.1.1 Mechanism  

In aqueous medium ORR occurs mainly by two pathways: (i) direct 4-electron 

reduction pathway from O2 to H2O, and (ii) 2-electron reduction pathway from O2 

to hydrogen peroxide. The involved reactions in acidic and basic media can be expressed as 

follows:
14

 

In acidic medium,                   O2 + 4H
+
 + 4e

-        
= 2H2O       (eq. 1.1.1) 
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                               O2 + 2H
+
 + 2e

-        
= H2O2   (eq. 1.1.2) 

H2O2 + 2H
+
 + 2e

-  
= 2H2O   (eq. 1.1.3) 

In basic medium,                 O2 + H2O +4e
-
     = 4OH

-
      (eq. 1.1.4) 

                O2 + H2O + 2e
-  

 = HO2
-
 + OH

-
   (eq. 1.1.5) 

HO2
-
 + H2O + 2e

-
 = 3OH

-
   (eq. 1.1.6) 

Among above reactions the 4 electron direct reduction processes (eq. 1.1.1 & 1.1.4) are 

preferred for fuel cell applications whereas 2 electron processes are important for industrial 

production of hydrogen peroxide. It is found that the 4 electron reduction process can occur by 

two mechanisms as follows: 

(i) Dissociative mechanism 

1/2 O2 + * = O*     (eq. 1.1.7) 

O* + H
+
 + e- = OH*    (eq. 1.1.8) 

OH* + H
+
 + e

-
 = H2O +*   (eq. 1.1.9) 

Here * denotes the active sites on the catalyst surface. On the catalyst surface, after adsorption 

of O2, it is splitted to atomic oxygen (eq. 1.1.7), which is further reduced to H2O by 2 electrons 

in two consecutive steps (eq. 1.1.8 & 1.1.9). Since the catalyst surface does not stabilize O2, 

H2O2 cannot be formed by dissociative mechanism. 

(ii) Associative mechanism 

O2 + * = O2*     (eq. 1.1.10) 

O2* + H
+
 +e

-
 = HO2*    (eq. 1.1.11) 

HO2* = HO* +O*    (eq. 1.1.12) 

HO2* + H
+
 + e

-
 =H2O + O*   (eq. 1.1.13) 

O* + H
+
 +e

-
 = OH*    (eq. 1.1.14) 

OH* + H
+
 + e

-
 = H2O + *   (eq. 1.1.15) 

This mechanism also does not involve H2O2 as intermediate. However, if the O-O bond in the 

adsorbed species is not broken (in eq. 1.1.11), it may results in the formation of H2O2, which 

can be further reduced to H2O or can be desorbed as final product. The thermodynamic 

potential for the 4 electron ORR process is 1.23 V (vs. NHE). It is desirable to have the O2 

reduction occurring at potentials as close as possible to the thermodynamic electrode potential 

with a satisfactory reaction rate.  
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Figure 1.1.2. Volcano plot for ORR activities of various metals. The trends in ORR activity, 

plotted as a function of both the O and the OH binding energy. Adapted with permission from 

[15].  

Kinetics of ORR is mainly obstructed by three steps: (1) the first electron transfer from 

cathode to adsorbed oxygen, (2) the hydration of oxygen and (3) the desorption of the 

intermediates. Therefore, an evaluation of catalytic activity of a material can be performed by 

estimating the binding energy of the intermediates on catalyst surface. Recently, it has been 

widely accepted that the adsorption of intermediates such as O and OH are crucial steps of 

ORR on metal surface.
16

 Using density functional theory, Nørskov et al. calculated the free 

energy of these intermediates with respect to electrode potential and observed the trend in the 

ORR activity of a number of interesting metals, shown in Figure 1.1.2.
15

 As can be observed 

from the volcano plot, Pt is the best choice for ORR among pure metals. At high potential, the 

adsorbed oxygen becomes so stable that the transfer of proton and electron becomes extremely 

difficult. Lowering the potential leads to decrease in the stability of adsorbed O, which in turn 

makes the reduction feasible. This can be inferred as the origin of low over potential for Pt. The 

ORR kinetics on oxophilic metals such as Pd, Cu, Ni, is limited by difficulties in removal of O 

and OH intermediates. On the other hand, for the metals which bind oxygen too weakly, the 

kinetics is limited by the disruption of O=O i.e. transfer of protons and electrons to adsorbed 

oxygen. 
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Among non-noble metal catalysts carbon materials with free flowing π-electrons and 

large surface area are known to show appreciable activity and stability towards ORR. However, 

the π-electrons are quite inert to be directly used for ORR. The situation can be improved by 

doping the carbon network by heteroatoms such as nitrogen, boron which introduces 

unbalanced spin density as well as polarization into the network, thereby facilitating the 

adsorption and electron transfer to molecular oxygen.
17

 

Figure 1.1.3. (a), (c) Charge distribution and (b), (d) spin density distribution on the N-doped 

graphene having (a, b) pyridinic-N(C45NH20) and (c, d) pyrrolic-N structure (C45NH18) 

respectively. The atoms are numbered on the circle. The atomic charge values (denominator) 

and spin density values (numerator) are mentioned as fractions on the side of these atoms in (a) 

and (c). In (b) and (d) the distribution of spin density on the electron density isovalue plane are 

shown; the most positive value is shown in blue and the most negative value is red. Adapted 

with permission from[17].  

In presence of N-dopants the p-electrons of carbon atoms get activated through 

conjugation with the lone pair of N, where O2 molecules are adsorbed and reduced at the 

positively polarized carbon immediate to N centre.
18-20

  Generally, the C centres those posses 

highest spin density are the electrocatalytic active sites. However, when the negative value of 

spin density is small, the carbon atoms with large positive atomic charge can also act as the 

active sites.
17

 The basic criteria for a sp
2
 carbon to act as ORR active site are unbalanced 
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electroneutrality and highest spin density, which favour O2 adsorption regardless of the electron 

rich (e.g. N) or electron deficient (e.g. B) nature of dopants. 

Recent theoretical studies by Zhang et al. have shown that the presence of pyridinic-N 

in carbon network facilitates O2 adsorption due to its Lewis acidity over pyrollic and graphitic 

ones.
17

 Their calculations of spin density and positive polarization of the neighbouring carbon 

to the N-site reveal that in case of pyridinic–N doped graphene, the active sites have both 

positive spin density (for C37- highlighted by  green oval, 0.235 and for C9-red oval, 0.194, 

Figure 1.1.3a) as well as high positive polarization (0.084 and 0.150 respectively), whereas the 

neighbouring carbon sites to the pyrollic-N has negative spin densities (for C9-blue oval -0.009 

and for C16-yellow oval -0.007, Figure 1.1.3c) and the largest atomic charge value of 0.237. 

The activity of pyridinic–N in ORR was also inferred from the experimental studies by Guo et 

al. and Xing et al.
21, 22

  

1.1.3.1.2 Materials 

Platinum is the most used cathode material for oxygen reduction reaction. However, due to the 

high cost and limited availability, Pt cannot be widely deployed as catalyst material in 

commercial devices. According to a study by United States department of Energy in 2007 

based on a projected cost for large scale fuel production, more than 50% of the total cost of fuel 

cell stack is generated from the Pt based catalysts used therein.
23, 24

  Due to extensive usage in 

auto-catalysis, the price of platinum has a direct correlation with economic expansion. To 

weaken this correlation, efforts have been made to develop low Pt content or Pt-free ORR 

catalysts with superior activity and durability.  It is believed that rational optimization of the 

intrinsic properties of active sites, based on the understanding of reaction mechanism, is helpful 

to maximize the utilization of Pt. Since the stabilization of reaction intermediates and electron 

transfer from catalyst surface to the adsorbed species is highly sensitive to the surface 

electronic properties, change in surface lattice structure can effectively vary the ORR activity. 

Thereby the modified surface electronic structure may lead to surface oxide formation at higher 

potentials, resulting high ORR activity at lower overpotential.
25

 Such tuning in surface 

properties can be achieved by changing the relative exposure of various crystal facets i.e. the 

shape of the catalyst and, alloying the surface with another metal, preferably the inexpensive 

ones.  
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Figure 1.1.4. (a) Steady state polarization curves of Pt3Ni(111) (red), Pt(111) (blue), and 

polycrystalline Pt (gray) surfaces performed in O2 saturated 0.1 M HClO4 solution. The arrows 

indicate the positive potential shift of 100 mV in half-wave potential (ΔE1/2) between the ORR 

polarization curves of Pt-poly and Pt3Ni(111) surfaces. Adapted with permission from [26]. 

(b)  Steady-state ORR polarization curves of different PANI-derived catalysts and reference 

materials: (1) Ketjen carbon black, (2) heat-treated carbon black, (3) heat-treated PANI-C, (4) 

PANI-Co-C, (5) PANI-FeCo-C(1), (6) PANI-FeCo-C(2), (7) PANI-Fe-C and  (8) E-TEK Pt/C. 

All measurements were performed under O2-saturated 0.5 M H2SO4 (0.1 M HClO4 in 

experiment involving Pt catalysts). Adapted with permission from [27]. 

Significant efforts have been made to develop Pt based alloy materials to accelerate 

ORR kinetics and reduce Pt usage. Platinum, having a face centered cubic structure, can be 

easily alloyed with other noble metals (e.g. Au, Ag, Pd, Ru, Rh) as well as transition metals  

such as e.g. Cu, Fe, Co, Ni etc,
28-30

 those also have FCC structure with comparable lattice 

parameters. Literature reports from Zhang et al., Lim et al. and Stamenkovick et al. on Pt-Au, 

Pt-Pd and Pt-Ni systems revealed superior ORR activity compared to pure Pt.
26, 31, 32

 Figure 

1.1.4a shows the steady state polarisation curves of Pt3Ni(111) (red), Pt(111) (blue), and 

polycrystalline Pt (gray) surfaces performed under O2 saturated 0.1 M HClO4 solution where 

increase in the reduction current (i, (-)ve) at lower over potential (higher potential with respect 

0(a)

(b)
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to reference or, nearer to 1.23 V vs. RHE) stands for facile oxygen reduction. Here, Pt3Ni(111) 

electrode has shown a remarkable improvement of 100 mV in the ORR half-wave potential 

compared to Pt(111) electrode.
26

 However, use of such materials in commercial devices are still 

under investigations to resolve issues regarding reproducible material synthesis and long term 

stability, as harsh electrochemical working condition many a times lead to corrosion, change in 

surface structure, and catalyst mass loss.  

Transition metal oxides (MgO2, CoO, Co3O4, Fe3O4) have shown good ORR activity in 

alkaline medium.
33, 34

 Due to poor electronic conductivity these materials require a conducting 

support such as graphene, carbon nanotube etc. Single and binary nitrides of Fe, Ni, Co, Mo, 

W, Ta, Ti etc.
35-37

 supported on carbon entity also have exhibited reasonably good ORR 

performance. However, during the electrochemical reduction, the changes in the oxidation state 

of metal center, shape and crystallinity of the nanocatalysts frequently affect the stability of the 

catalyst.  Materials containing metal-nitrogen-carbon (M-N-C, M= Fe, Ni, Co mainly) linkage 

are found to show appreciable ORR activity.  Wu et al. synthesized a class of Fe and Co based 

catalysts in presence of polyaniline, PANI.
27

 It was observed that PANI-Fe-C has reduced 

oxygen in acidic medium at potential within 60 mV to that of Pt/C catalyst and the performance 

was further improved using a binary catalyst, PANI-FeCo-C (Figure 1.1.4b). Recently, Eng et 

al. have shown that two dimensional materials such as MoS2, WS2, WSe2 can reduce oxygen in 

alkaline medium via a two electron process with a difference ~100 mV overpotential compared 

to commercial Pt/C.
38

 

Carbon allotropes are generally considered to be ideal support material due to their 

excellent stability under harsh chemical conditions, wide availability and environmental 

acceptability. While activated and glassy carbon have long been used for electrochemical 

processes,
39, 40

 the recent development of carbon nanomaterials with various molecular 

structure and fascinating optoelectronic properties offers opportunities for the development of 

carbon based catalysts with high efficiency and stability.
41

 As discussed in the section 1.1.3.2, 

introduction of heteroatoms (e.g. B, N, P, S etc.) in carbon networks, including graphene, 

carbon nanotubes cause modulation in spin density and polarization, which in turn can 

modulate their adsorption characteristics toward reaction intermediate of catalytic processes. 

Such premises triggered the development of doped carbon nanomaterials not only for oxygen 
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reduction, but also for oxygen evolution, hydrogen evolution etc.
42-44

 Gong et al., for the first 

time, observed that vertically aligned N-doped CNTs (VA-NCNTs) can efficiently reduce 

oxygen in alkaline medium via a four electron process.
45

 The metal free VA-NCNTs have 

shown excellent CO tolerance, long term ORR activity and stability over commercially 

available Pt based electrodes.  

Figure 1.1.5. (a) Schematic diagram for internal short circuit, created by methanol crossover 

from anode to cathode compartment of a fuel cell.
46 (b) Chronoamperometric response for 

methanol tolerance of hp-GSGCN_2× and Pt/C at −0.3 V vs. Ag/AgCl. Adapted with 

permission from [47].  

 

An important criterion of the cathode material for DMFC is tolerance against methanol 

crossover effect, where the anode fuel, methanol can cross the membrane and enter into the 

cathode compartment and oxidized at the cathod. Noble metals such as Pt, Pd, when used as 

cathode, can oxidize methanol which in turn will decrease the output current. Such crossover 

MeOH oxidation also can poison the active catalyst surface. All metal free carbon based 

materials such as N-doped CNT, B-doped CNT,
48

 BCN nanotubes,
49

 and N-doped graphene
19 

are irresponsive to the oxidation of small fuel molecules (e.g. hydrogen gas, glucose, methanol, 

and formaldehyde). As shown in the Figure 1.1.5, addition of methanol (~3500 s) to a 

graphene based ORR catalyst (graphene sheet graphite carbon nitride, hp-GSGCN_2x) in O2 

saturated condition did not affect the reduction current, whereas Pt/C lead to generation of high 

oxidation current.
47

 Overall, the high surface area, good electrical conductivity, mechanical and 

thermal stability of the doped carbon materials makes them potential electrode candidate in 

both ambient as well as harsh electrochemical conditions. 

(a) (b)
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1.1.3.2 Anode reaction: Alcohol Oxidation Reaction 

The anode reaction at PEMFC is oxidation of hydrogen. Hydrogen is considered to be the best 

choice of anode fuel due to its high energy density, tendency to oxidize almost spontaneously at 

~0.0 V on Pt surface under acidic condition, which generates the cleanest byproduct, water. 

However, there are certain disadvantages related to the storage and transport of hydrogen due 

to its gaseous state under ambient condition and high flammability. The next promising fuels 

are the hydrogenated small molecules such as small alcohols and acids. Considering the energy 

densities and availability of these molecules, methanol is the most promising one since it is 

oxidized completely to carbon dixoide. The thermodynamic potential for methanol oxidation 

reaction (MOR) is 0.02V and the reactions involved at DMFC electrodes can be expressed as 

follows: 

            CH3OH + H2O = CO2 + 6H
+
 + 6e

-
           E

0 
=0.02 V         (eq. 1.1.16) 

            (3/2) O2 + 6H
+
 + 6e

-  
= 3H2O                 E

0 
=1.23 V         (eq. 1.1.17) 

Overall,  CH3OH + (3/2) O2 = CO2 + 2H2O           E
0 
=1.21 V         (eq. 1.1.18) 

Even though the thermodynamic potential of MOR is very near to that of hydrogen oxidation, 

the 6 electron transfer process is relatively complicated and sluggish compared to hydrogen 

oxidation.  

Another important fuel molecule is formic acid, which oxidizes involving 2 electrons at 

a thermodynamic potential of -0.25 V as follows:
50

 

HCOOH = CO2 + 2H
+
 + 2e

-
  E

0 
= -0.25 V   (eq. 1.1.19) 

Therefore, the electromotive force (EMF) of direct formic acid fuel cell, as calculated from 

Gibbs free energy, is higher (1.48 V) compared to the PEMFC and DMFC. Being a relatively 

strong electrolyte, formic acid also facilitates both electron and proton transport in anode 

compartment. For direct formic acid fuel cell, the fuel crossover is lower compared to methanol 

due to repulsive interaction of formate anions with the Nafion membrane.
51

 Even though the 

energy density of formic acid is lower (1740 Wh/kg) compared to methanol, an enhanced 

concentration (20 M) of fuel can be used to maintain the power density of fuel cell.
52

 Low 

toxicity, low fuel crossover, high conductivity and high cell EMF of direct formic acid fuel cell 

over DMFC encourage the development of catalysts for formic acid oxidation reaction. 
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Considering the importance of methanol oxidation in terms of high energy density as well as 

availability, in this thesis, the discussion of anode reaction will be mostly confined to methanol 

oxidation reaction. 

Figure 1.1.6.  Schematic representation of the intermediate steps of methanol oxidation on a 

model catalyst surface. Adapted with permission from [53]. 

 

1.1.3.2.1 Mechanism 

The electrocatalytic oxidation of methanol involves transfer of 6 electrons in several 

elementary steps. The adsorption of methanol takes place via multiple dehydrogenation steps, 

forming different products (Figure 1.1.6).
54

 Bagotzky et al. proposed the successive 

dissociation of methanol on Pt surface as shown below:
55

 

CH3OH +* = CH3OH*   (eq. 1.1.20) 

CH3OH* = CH2OH* + H
+
 + e

-
  (eq. 1.1.21) 

CH2OH* = CHOH** + H
+ 

+ e
-
  (eq. 1.1.22) 

CHOH** = COH*** + H
+
 + e

-
  (eq. 1.1.23) 

COH*** = CO* +H
+
 + e

-
  (eq. 1.1.24) 

Here * denotes single Pt site. Formation of these adsorbed intermediates has been confirmed by 

in-situ fourier transformed infrared (FTIR) spectroscopy.
56

 Among the intermediate adsorbed 

species, CH2OH* and CHOH* can transform to formaldehyde and formic acid respectively. 
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Another possible route to dehydrogenation was proposed by Leger et al., where the dissociation 

of hydroxyl hydrogen occurs followed by dehydrogenation of aliphatic ones.
57

  

CH3OH +* = CH3OH*                 (eq. 1.1.25) 

CH3OH* = CH3O* + H
+
 + e

-
   (eq. 1.1.26) 

CH3O* = CH2O** + H
+ 

+ e
-
   (eq. 1.1.27) 

CH2O** = CHO*** + H
+
 + e

-
             (eq. 1.1.28) 

CHO*** = CO* +H
+
 + e

-
   (eq. 1.1.29) 

After the generation of formyl like species, it is spontaneously dissociated to adsorbed CO.  

The strong adsortion of CO species on active site is known as the main reason for catalyst 

poisoning. Therefore, the formation and stabilization of formyl intermediate play a crucial role 

in the reaction mechanism which either directly oxidizes to final product or become precursor 

to the poisoning species. 

Along with adsorption and dehydrogenation of methanol, the complete oxidation of 

MeOH requires presence of adsorbed OH species, generated from dehydrogenation of water on 

the catalyst surface
57

 

H2O +* = OH* +H+ e
-
                      (eq. 1.1.30) 

which results in the surface oxidation of adsorbed formyl to CO2 in two ways: 

*OH + *CHO = CO2 + 2H
+
 + 2e

-
  (eq. 1.1.31) 

or,
 

*OH + *CHO = *COOH + H
+
 + e

-  
(eq. 1.1.32) 

*COOH= * + CO2 + H
+
 + e

-
   (eq. 1.1.33) 

At more positive potential the adsorbed CO can be further oxidized to CO2 as follows: 

CO* + OH* = CO2 + H
+ 

+ e
-
   (eq. 1.1.34) 

It is to be noted that in acidic medium platinum appears to be the only metal to 

spontaneously dissociate the C-H bond during the adsorption of methanol at low temperature.
57

 

Unfortunately, subsequent dehydrogenation leads to formation of poisonous species (mostly 

CO*, HCO*) which block the active sites at low positive potential and inhibit further reaction 
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(Figure 1.1.6). Therefore, the challenge is to enhance the kinetics of electrocatalytic methanol 

oxidation at low potential by limiting the poisoning phenomena, observed mostly in Pt based 

catalysts. The oxidation kinetics of methanol can be improved by tuning the adsorption 

property of the catalyst surface towards the intermediate carbonaceous species. Two methods 

can be anticipated: (i) preventing the formation of poisonous species and, (ii) increasing the 

oxidation kinetics at lower potential. Basically both the approaches will facilitate the oxidation 

step of the poisoning species (CHO or CO) to CO2. 

On platinum the rate determining step (RDS) of MOR is the oxidation of adsorbed CO 

in presence of adsorbed hydroxyl species. In order to improve the MOR kinetics, one has to 

look at the dependence of MOR current density (j) on the potential, participating chemical 

species and other important parameters, which is expressed as follows. 

𝑗 = 𝑛𝐹𝑘𝜃𝑟𝑒𝑠𝜃𝑂𝐻 exp(𝛼𝑛𝑟𝑑𝑠
𝐹𝐸

𝑅𝑇
)           (eq. 1.1.35) 

Here θres and θOH are the coverage of adsorbed residues of MeOH and OH, generated from 

dissociation of water,  n is number of electron involved in overall reaction, nrds is the no. of e- 

involved in RDS, K is the rate constant, F is faradaic constant, α is the transfer coefficient and  

E is the electrode potential. The coverage of methanol and hydroxyl residues depends on 

electrode potential. When θres stands for the coverage of adsorbed CO with constant high 

fraction over large potential range (0.7-1.2 V vs. RHE), θOH becomes the factor that influences 

the current density, j. Thus, as per the first approach is concerned, increase in the fraction of 

adsorbed OH coverage at lower potential can improve MOR kinetics. Using in-situ FTIR 

spectroscopy during electrocatalytic MOR on Pt, Pt-Ru alloy and Ru surface in acidic medium, 

Yajima et al. have shown that on the alloy surface Pt sites dehydrogenate methanol to mostly 

CO.
58

 The Ru sites preferentially adsorb water and stabilize the OH species by the formation of 

Ru-OH bond at ~400 mV vs. RHE, which is utilized to oxidize the adsorbed CO. As shown in 

Figure 1.1.7 (a-c), during methanol oxidation in 0.1 M HClO4 medium, the normalized 

intensity of adsorbed CO decreases at a lower potential (~0.4 V) on Pt-Ru alloy surface 

compared to pure Pt surface (~0.6 V) along with the increase in the intensity of adsorbed COO- 

species, which resulted in the lower onset potential of MOR i.e. more facile MOR kinetics on 

PtRu alloy compared to pure Pt surface.  
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1.1.3.2.2 Materials 

In acidic medium platinum is the only MOR active metal to spontaneously break the C-H bond 

whereas in basic medium, the choice is wider where noble metals such as Pd, Au are found to 

be MOR active.
59

 As stated earlier, the problems associated to the commercialization of DMFC 

are slow electron transfer kinetics and poisoning of active sites of the electrocatalysts which 

requires high loading of Pt at the anode. Therefore, the current research activities are aimed at 

development of catalysts with high efficiency, stability that can reduce the device cost 

substantially. Recent investigations revealed that, operating DMFC in alkaline medium can 

significantly improve the oxidation kinetics due to higher coverage of OH on the catalyst 

surface. Non Pt catalysts such as Pd, Au have shown MOR activity in basic medium. However, 

performing MOR in alkaline medium faces critical issues related to the formation of carbonate 

precipitate in alkaline solution and lower chemical stability of anion exchange membrane over 

the proton exchange membrane.
60

  

Developing carbon supported Pt nanostructures with desired size, shape and 

dimensionality is a conventional way for improving catalysts’ efficiency as tuning shape and 

size of the nanocrystals can profoundly influence the surface adsorption properties of the 

catalysts (will be discussed later in detail).
60

 Alternatively, considering the inevitable role of Pt 

in DMFC, synthesis of Pt based alloy,
61-64

 core-shell structures,
65-67

 metal oxides 
68-71

 and other 

nanostructures
72-74

 are helpful to improve the oxidation kinetics. As can be noticed from the 

equation 1.1.35, increasing coverage of OH can facilitate the oxidation of strongly adsorbed 

intermediate carbonaceous species. Introduction of an alloying metal to Pt, which can only 

dehydrogenate water to OH can be advantageous to accelerate the kinetics. Pt based alloys with 

oxophilic metals, such as Ru, Rh were found to offer bifunctional surface, where water 

activation potential at non-Pt is lower (0.2-0.3 V for Ru) compared to pure Pt sites (>0.6 V).  

Such a bifunctional catalyst surface (active sites) also allows migration of the intermediates 

from a favourable Pt site to the neighbouring non-Pt site, which makes Pt-Ru pair sites more 

active than Ru-Ru pair sites. (Figure 1.1.7d) .
75, 76

 Other oxophilic metals, e.g. Co, Ni, Sn, Mo, 

Sn, W, Os, Pd  also can be used as alloying metal to Pt. Using density functional theory, Wang 

et al. investigated the catalytic oxidation of CO on Pt2Mo(111) completely covered by H2O. 

The study revealed two crucial parameters for facile MOR kinetics: (i) a ligand effect, by which 
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affinity for CO binding decreases and (ii) oxidation of CO to CO2 by a bifunctional mechanism 

associated with the dissociation of  H2O at Mo sites.
61

  

Figure 1.1.7.  In-situ ATR-FTIR spectra for MOR on (a) Pt and (b) PtRu electrode in 1 M 

CH3OH + 0.1 M HClO4 solution. (c) Potential dependence of normalized FTIR intensity of 

COL, ν(COO-) and ν(OH). (d) Schematic representation of the MOR mechanism at PtRu 

surface at potential > 400 mV. Adapted with permission from [58]. 

Along with the evolution of the metal based catalysts, significant importance also has 

been given on the development of catalyst support as it actively participates in electron 

transport as well as in mass transport. For Pt based nanocrystals, mostly amorphous carbon is 

used as support material. In order to enhance the dispersity of catalyst and charge mobility, the 

architecture of the support has been extended to one dimensional carbon nanotubes, two 

(a)

(b)

(c)

(d)
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dimensional graphene, which were found to notably increase the MOR activity. However, 

under harsh oxidizing condition, generation of CO by degradation of carbon support can poison 

the metal catalysts.
77, 78

 Recently, Yuwan et al.79
 and Zhai et al.

80
 have shown that the inorganic 

layered materials such as MoS2 can be used as support for noble metal based catalyst and have 

shown superior MOR mass activities compared to the amorphous carbon supported catalysts. 

Still limitations associated to the aggregation of nanoparticles and mass loss during potential 

cycling persist.  

Since the mechanism of formic acid oxidation resembles partially to that of methanol 

oxidation (formic acid is also generated from partial oxidation of MeOH), materials which have 

high activity towards MOR, are also promising for efficient formic acid oxidation. 

1.1.3.3   Scope of work: materials perspective 

It is well recognized that platinum is the most efficient and durable electrocatalyst for the ORR 

at the cathode as well as anode of PEMFC. However, the main challenge for the 

commercialization of fuel cell is still related to the high cost of platinum. In this regard, the 

synthesis of efficient and cost effective catalyst can potentially be procured by engineering the 

surface of the catalyst by the following ways: 

(i) Modification of catalysts’ surface: this can be achieved by controlling the shape of 

nanocrystals as different crystal facets have different catalytic efficiencies.  

(ii) Increasing the available surface area: reducing the catalyst size, self-supported 

structures 

(iii) Developing noble metal-free/metal-free catalysts 

1.1.3.3.1    Shape controlled Pt & Pt based alloy nanostructures  

Electrocatalysis processes involve adsorption of reactions, transfer of electrons between 

catalyst and adsorbed species followed by desorption of products. Optimizing the adsorption 

affinity of the catalyst-surface towards reactants, intermediates and products can be executed 

by tuning the lattice packing and alloying. With the change in lattice arrangement, the number 

of nearest neighbours of a surface atom varies, which in turn influences the electronegativity of 

exposed surface. For example, in face center cubic lattice the electronegativity of (111) plane is 
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lower compared to (100) and (110).
81

 The high indexed facets are more electronegative as their 

packing density is less compared to the lower indexed ones. Among plane, edge and corner 

atoms of any nanocrystal the electronegativity order of the atoms is corner> edge> plane. 

Therefore, the adsorption affinity of any electron-rich species will be highest at the corners and 

lowest at the planes.  

Figure 1.1.9. Nanocrystals having various morphology are enclosed with different 

crystallographic facets. Adapted with permission from [82]. 

The catalytic efficiency of the nanocrystals will be dependent on their shapes, as 

different shapes are enclosed with different crystallographic facets, edges and corners (Figure 

1.1.8).
83-90

 Interests in improving the catalytic efficiencies have inspired the discovery of a 

large number of synthetic strategies for Pt nanocrystals having different shapes; each with a 

different set of Pt crystal-facets, atomic arrangements and reactivity. Those shapes include 

cubes ({100} planes), tetrahedra ({110} planes) octahedra ({111} planes), icosahedra ({111} 

planes), octapods ({411} planes) and others (Figure 1.1.9).
91-96

 Along with the shape of 

nanocrystals, their size also influences catalyst efficiency as the number of atoms present at the 
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corner and edges with respect to the terrace increases with decrease in the size of nanocrystals, 

which also offers higher surface area.  

 

Figure 1.1.9. TEM images of Pt nanocrystals having (a) cubo-octahera,
97

 (b) cubes,
97

 (c) 

octapods (over growth at eight corners of a cube),
98

 (d ) octahedron,
99

 (e) multipods,
100

 and (f) 

star like morphology. 
101

 Adapted with permission from [97-101].  

 

 The influence of shape and size of the nanoparticles on the ORR activity was 

theoretically monitored by Tripkovic´ et al. using density functional approach (Figure 1.1.10). 

Among different shapes such as cube, tetrahedron, octahedron, truncated octahedron and 

equilibrium shape, tetrahedron with {111} planes has shown highest ORR activity.
102

 Pt 

nanoparticles with 2–3 nm diameter displayed the highest mass activity, that decays down with 

increase in particle size upto 10 nm, whereas the specific activity remain almost same over the 

range. Even though the smaller particles are able to show high mass activity, there is a 

(a) (b)

(c)

(e) (f)

(d)
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possibility of activity loss under potential cycling, which may change the shape (due to 

presence of more number of under coordinated atoms), or otherwise may also coalesce to 

bigger particles. 

Figure 1.1.10. Dependence of specific and mass activities of ORR on particle size, and surface area of 

nanocrystals having various morphologies. Adapted with permission from [102]  

 

The dependence of particle morphologies on their catalytic activities also can be 

observed from the recent literature reports as compared in Table 1.1.1. The half-wave 

potentials and ORR mass activities of Pt nanocrystals vary drastically with the shape of the 

catalyst. Theoretically it was found that Pt(111) is the best choice for ORR and Pt (100) is for 

MOR in terms of activity, whereas Pt(111) is the most stable one.
81

 Thus developing Pt 

nanostructures with (111) and (100) planes will be advantageous over the other shapes, when 

used as catalyst for ORR and MOR respectively.  
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Table 1.1.1. Comparison of some of the best ORR activities of shape controlled Pt 

nanocrystals. The half-wave potential values are tabulated with respect to reference hydrogen 

electrode.  

 

The shape controlled nanoparticles are difficult to be used directly as electrode due to 

their inherent tendency for agglomeration. A conducting catalyst support is required which can 

anchor these nanocrystals. Mostly carbon allotropes such as graphene, carbon nanotube, 

amorphous carbon are used as support. Metal dichalcogenides are also being used as support 

and reported to enhance the ORR activities.
112

 The loading of nanoparticles to the support can 

be performed in two ways: external loading, i.e. loading onto the support after the synthesis of 

nanocrystals and in-situ loading i.e. loading during the synthesis of nanocrystals. In both the 

cases, the catalyst surface is partially buried under the support, which leads to decrease in the 

catalytically available surface area of the nanocrystals. As reported by Xia et al., the 

S. No. Pt morphology Exposed 

faets 

E1/2 Mass Activity 

(at potential) 
Ref. 

1 Nanoframe (740) 0.834 13.1 A/g  (0.8 V) 
103

 

2 Nanocube (100) 0.816 10.74  A/ g  (0.8 V) 
103

 

3 Nanocube (100) 0.810 13.9 A/g (0.8V) 
104

 

4 Nanowire unknown 0.840 ~17  A/g (0.85 V) 
105

 

5 Nanowire unknown 0.802 - 
106

 

6 Nanoparticle unknown 0.820 0.2  mA /μg (0.85V) 
107

 

7 Mesoporous film unknown 0.840 0.3 A/mg (0.9 V) 
108

 

8 Multioctahedra (111), (100) 0.843 ~0.3 mA /μg (0.85V) 
109

 

9 Nanoparticle unknown 0.830 0.317 mA /μg (0.9 V) 
110

 

10 Nanowire (111) 0.848  0.135 mA /μg (0.9V) 
111
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electrochemical surface area of 3 nm Pt nanocubes supported on reduced graphene oxide was 

found to be 51 m
2
/g, whereas the geometric surface area of these nanocrystals is 93.45 m

2
/g.

104
 

Similar instance was also observed from many other reports, such as by Lovic et al. with 

utilization of 70% of the total surface of the Pt nanocrystals.
113

  The issue of limited 

accessibility to active surface area can potentially be addressed in the following ways: 

 

(i)   Syntheses of porous nanostructures: Porous metal nanostructures are mostly an assembly 

of nanocrystals creating a stable network structure which offers high surface area. Porous 

platinum structures were synthesized by hard template methods as well as soft template 

methods at liquid-liquid interface,
114

 and chemical dealloying from Cu-Pt.
115, 116

 Dutta et al. 

reported the MOR mass activity of porous platinum nanochains to be 14.6 times higher 

compared to commercial Pt/C.
114

 Li et al. reported mesoporous  Pt nanorods with surface area 

of ~ 50 m
2
/g , which has shown 3 times higher MOR mass activity compared to Pt black.

117
  

Recently, Xia and coworkers reported synthesis of Pt nanocages with 0.7 nm thin walls which 

have shown five times high ORR mass activity at 0.9 V vs. RHE compared to Pt/C. Even 

though, these materials have shown significant improvement in accessible surface area, use of 

support material cannot be avoided. Therefore the issues related to electrode area, mass 

transfer, electron conductivity at catalyst- support interface, catalyst mass loss over potential 

cycling cannot be addressed.  

 

(ii)  Syntheses of self-supported structures:  In order to improve catalyst efficiency by 

addressing the above mentioned problems associated with supported catalyst, development of 

self-supported material is advantageous, as described in Table 1.1.2. A self-supported catalyst 

can be made by directly growing the materials on a rigid surface such as metallic sheets, foams, 

meshes, conducting cloths etc. or, synthesizing free-standing films or, entangling nanowires 

with long aspect ratio to a two dimensional superstructure.
118

 Mostly, growth of non-precious 

metal based catalysts such as oxides of transition metals (Co, Fe, Ni, Zn etc.) are performed on 

metallic sheets, foams etc.
119-121

 Noble metals like Pt, Pd, Au can be electrochemically 

deposited onto an inexpensive metal support, and directly be used as electrodes.
122
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Table 1.1.2. Various attributes of self-supported or supportless catalysts with conventional 

ones. 

 

Synthesis of one and two dimensional nanostructures with high aspect ratios using noble 

metals is challenging due to their inherent nature of isotropic growth. Preparation of two 

dimensional metal sheets requires presence of a substrate (e.g. silicon, graphene) or can be 

synthesized at liquid-liquid interface. Being free standing in nature, they have high exposed 

surface area, thereby shows high catalytic activities compared to supported nanostructures. 

Synthesis of one dimensional nanostructures are comparatively easier by virtue of tubular soft 

template formation by long chain polymers. Lee et al. synthesized Pt nanowire supported on Pt 

Differences Self-supported catalysts Catalysts mounted on a support 

Electrode 

preparation 

Electroactive materials directly grown 

on rigid surface  (e.g. metal foils, 

foams) or free standing structure (e.g. 

2D film or nanowire membrane 

assembly) 

Powdered materials, loaded on conducting 

support (e.g. amorphous or glassy carbon or 

other electrode materials) 

Binder used Self-supported with no binders Polymeric binders with conductive additives 

Surface area Large electroactive surface area due to 

their free standing morphology 

Limited electroactive surface area, as  

catalyst get partially buried under catalyst 

support 

Mass 

transfer 

Easy electrolyte as well as reactant 

penetration to reach catalytically 

active sites 

Restricted mass transfer due to presence of 

binders 

Electron 

conductivity 

Potentially efficient electron transfer 

across nanostructure to current 

collector. 

Possibility of inferior electron transfer 

accross interfaces of active materials and 

support  

Stability Enhanced long term stability, less 

catalyst mass loss during catalytic 

cycling due to self –supporting nature. 

Lower stability due to easy peeling (mass 

loss) of active materials during potential 

cycling, especially during gas evolution 

reactions 
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and W gauzes in presence of poly(vinylpyrrolidone) (PVP).
123

 Figure 1.1.11a-f shows the 

FESEM images of Pt NWs on Pt and W gauzes. The Pt NWs synthesized on Pt gauze has 

shown more than twice high MOR specific activity compared to commercial Pt/C (Figure 

1.1.11g, h) due to higher exposure of Pt(110). 

Figure 1.1.11.  FESEM images of (a) Pt and (b) W gauzes prior to Pt nanowire growth, (Insets 

showing the detailed surface morphology. The scale bars in the insets are 200 nm). FESEM 

images of Pt nanowires grown on (c) Pt and (d) W gauzes synthesized by an iron-mediated 

polyol process by using H2PtCl6 as precursor. FESEM images of Pt nanowires grown on (e) Pt 

and (f) W gauzes synthesized with a reduced concentration of precursor. (g) MOR Cyclic 

voltommograms and (h) Chronoamperometry curves at 0.85 V vs RHE of the Pt and W gauze 

covered with Pt nanowires, pristine Pt gauze and Pt/C (E-TEK) performed in a solution 

containing 0.5 M H2SO4 and 0.5 M MeOH. Adapted with permission from [123]. 

 

Xia et al. has synthesized Pt NWs by hydrothermal method without using any long 

chain polymer, in presence of dimethylformamide and ethylene glycol (Figure 1.1.12a, b).
106

  

Due to long aspect ratio, these nanowires were entangled to free standing membrane (Figure 

1.1.12a, inset) that has shown excellent stability over 3000 potential cycles and 1.5 times 

(g)

(h)

(a) (b)

(c) (d)

(e) (f)
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higher mass as well as specific activities toward methanol oxidation and formic acid oxidation 

compared to commercial Pt/C (Figure 1.1.12c-f).  

 

Figure 1.1.12. (a) FESEM and (b) TEM images of Pt nanowires, synthesized by solvothermal 

method. Comparison of (c, d) specific activities and (e, f) mass activities of these nanowires 

with commercial Pt/C before and after 3000 potential cycles for formic acid and methanol 

oxidation reactions respectively. Adapted with permission from [106]. 



                                                                                                                                               Chapter 1.1   

31 
 

Another promising approach to decrease the cost as well as increase the efficiency of Pt 

based catalysts is alloying it with a second metal. This may also modulate the adsorption 

affinity of the catalyst towards reaction intermediates, thereby improving catalysts efficiency. 

Alloying Pt with noble metals such as Ru, Rh was found to drastically improve MOR mass 

activity at lower potential compared to pure Pt surface. Being more expensive in nature, use of 

such precious metals in alloying is not economy friendly. Efforts have been made to explore the 

activities of Pt based alloys with cheaper ones. For ORR, Pt alloys with transition metals such 

as Fe, Co, Ni have shown superior activities (vide supra). However, there is major difficulty in 

alloying approach as it is more complicated to develop the alloy nanostructures with desired 

composition, morphology and homogeneity by soft chemical routes as it involves co-reduction 

of two or more elements. In this regard, hard templating method is advantageous as it 

predefines the morphology of the nanostructure. 

 

1.1.3.3.2 Metal free catalysts 

Heteroatom doped carbon materials are the most promising material among noble metal free 

catalysts due to their high efficiency, high stability and low processing cost. Synthetic 

approaches involve high temperature treatment of heteroatom precursor (urea, ammonia for N, 

boric acid for B, phosphoric acid for P) with carbon frameworks (carbon black, graphene, CNT 

etc.). Among various carbon allotropes, amorphous carbon is the one that can be prepared by 

facile methods from easily available precursor (e.g. biomass) offering relatively easier way of 

heteroatom doping, whereas syntheses of graphene, CNTs require special instrumental set-up to 

create high temperature and vacuum condition. Having both sp
2
 and sp

3
 carbons in structures, 

biomasses can be easily converted to amorphous carbon when treated at high temperature under 

inert conditions. Part of biomass, when contains proteins with inherent C-N, C-S, C-P bonds 

that can produce to heteroatom doped carbon. Due to the self-reduction nature of carbon entity 

at high temperature under inert atmosphere, the doped amorphous carbon materials undergo 

graphitization which leads to increases in the electronic conductivity of the material.
124, 125

 Cost 

effective metal free catalyst can be synthesized by this method as the precursors are available in 

adequate quantity and can be up-scaled to large scale production easily. Not only as 

electrocatalyst, heteroatom doped activated carbon materials also can be used as 

multifunctional material, such as electrodes for lithium ion batteries, supercapacitor and 
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selective carbon dioxide capture.
126-128

 As discussed in section 1.1.3.1.2 the efficiency of these 

catalysts depend on the content and nature of heteroatoms. Considering easy availability of the 

heteroatom containing bio-masses, it is important to optimize their processing conditions that 

lead to right content of heteroatoms in the carbon network.  

1.1.4 Concluding remarks 

Among the available renewable energy harvesting and storage devices, fuel cell is still far from 

frequent usage in daily life, where as the development in solar cells, batteries, supercapacitors 

are on the way of commercialization. The drawbacks are mainly associated to the slow reaction 

kinetics and high cost of the catalyst. The present strategy of developing a plethora of materials 

and finding their performance by trial and error method may not lead to the primary 

requirements for efficient catalysis. Even though efforts have been made to develop many 

earth- abundant catalysts for energy conversion reactions, their efficiency and durability is far 

poorer than noble metals, particularly platinum. A better way of materials’ development 

involves investigation of surface affinity for the reactants and intermediates theoretically as 

well as by in-situ experimental methods. Based on this understanding, materials of desired 

composition, dimension, size and morphology can be developed, which can improve the fuel 

cell performance to an equivalent level of the other growing renewable energy technologies.  
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CHAPTER 1.2 

Rare Sub-10 nm Pt Tetrahedral Nanocrystals‡ 

 

 

 

 

 

Summary 

Synthesis of tetrahedral Pt nanocrystals (Pt-NTd) with largest number of Pt(111) surface atoms 

and highest catalytic activities toward the electron transfer reactions, has widely been 

considered as a challenge due to their thermodynamic instability. In this study, sub-10 nm Pt 

tetrahedral nanocrystals (NCs) with high yields are synthesized by a surfactant free 

hydrothermal method. An easily removable secondary amine species generated in-situ from the 

reaction medium and the nucleation induced by the carbon support is responsible for generating 

such shape. The bare nanocrystals exhibit much improved stability and electrocatalytic activity 

characteristic of Pt(111) toward oxygen reduction reaction (ORR) and methanol and formic 

acid oxidation reactions. The onset potential of 1.01 V for ORR is higher than other known 

carbon supported Pt NCs. They exhibit excellent stability (~90% activity retention), 

characteristics of Pt(111) as compared to the commercially available electrocatalysts under 

harsh reaction conditions. With the bare nature of Pt (111) surfaces, this Pt-NTd/C is not only 

promising for fuel cell applications, but also may be excellent model catalysts for many other 

important catalytic reactions. 

 

 

‡ Manuscript based on this work has appeared in ACS Appl. Mater. Interfaces, 2015, 7, 4998
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1.2.1 Introduction 

Shape controlled metal nanocrystals have shown great promise for applications in catalysis and 

renewable energy harvesting.
1-4

 Among the different noble metals, nanocrystals (NCs) of Pt are 

considered as superior catalysts for many commercial processes including various electron 

transfer reactions, oxidation and reduction of fuel molecules, CO/NOx oxidation in catalytic 

converters, production of nitric acid, refining of petroleum, and many organic reactions such as 

hydrogenations of trans-fat in edibles.
5-9

 Having higher cohesive energy compared to other 

noble metals, Pt NCs also exhibit higher stability against corrosion under harsh reaction 

conditions. However, their usage as catalyst material is limited by high cost of platinum. In 

order to make these processes economically affordable, it requires efficient utilizing of this 

noble metal surface, which can be achieved by decreasing the size of the catalysts. Silicon and 

carbon supported Pt nanocrystals are currently being used for such purposes. The efficiency 

and stability of the catalyst NCs are not only dependent on their size, but also depends on their 

shapes.
1, 8, 10-14

 Due to difference in electronic structure and atomic arrangements, various 

crystal facets show drastic difference toward the same reaction. As for example, under 

electrochemical condition, desorption of hydrogen from Pt(100) takes place at a lower potential 

compared to Pt(111) when sulphuric acid is used as electrocatalysts.
15

 On the other hand, for 

the same shape, a decrease in size of nanocrystals of particular shape results in higher number 

of edge and corner atoms, which again can substantially tune the catalytic activity. The same 

was also theoretically established by Tripković et al. in case of oxygen reduction activity of Pt 

nanocrystals.
16

  Apart, crystallinity of the material also plays an important role in catalysts’ 

stability as under electrochemical conditions the strains and defects present in a crystal initiate 

the dissolution of a partcle which lead to the deformation of the shape of the nanocrystals. 

Interests in improving their efficiencies have inspired the discovery of a large number of 

synthetic strategies for Pt NCs having different sizes and shapes; each with a different set of Pt 

crystal-facets, atomic arrangements and reactivity.
2, 17-21

 Mostly, the syntheses of shape 

controlled Pt NCs are performed by reducing Pt precursor in presence of long chain surfactants, 

which require post treatment for the removal of surfactants in order to access the bare surface 

of nanocrystals for catalysis. 
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1.2.2  Scope of the present investigation 

Platinum nanocrystals with tetrahedral morphology, covered entirely with {111} planes and 

having the highest number of closed-pack surface atoms are extremely difficult to prepare. This 

is particularly when the size is less than 20 nm and instead, thermodynamically more stable Pt 

octahedral nanocrystals are formed under the experimental conditions.
2, 11, 22-24

  Octahedral NCs 

also have all {111} surfaces, but are more stable than Pt-NTds due to their smaller surface/edge 

and the surface/volume ratios. In contrast, other metals as well as alloys of Pt with Ni, Co or Pd 

have been found to form tetrahedral NCs rather easily.
11, 25, 26

  

A Pt(111) facet possesses higher atomic packing density than any other crystal-plane, 

resulting in lower electron affinity of the exposed Pt atoms. This led to the favorable adsorption 

of different chemical species, making Pt(111) facet catalytically more efficient than the other 

ones.
27, 28

 Besides, these also exhibit highest stability against leaching and surface corrosion 

due to the strong cohesive energy (defined as the sum of all bond energies associated with a 

single atom) of the surface Pt atoms.
27, 29

 Due to these factors, Pt(111) is the most desirable 

catalyst facet for many commercially as well as fundamentally important chemical 

transformations. For instance, recent theoretical investigations have shown that Pt(111) plane is 

superior for oxygen reduction reaction (ORR) due to higher onset potential for O/OH 

adsorption, and less surface poisoning.
7, 12, 16, 30

 Therefore due to the largest number of (111) 

atoms, Pt-NTds are preferred model systems for many industrial processes.  

However, there were only two methods to synthesize Pt-NTds in high-yield. El-Sayed 

and coworkers, in an early pioneering work, established the synthesis of ~70% Pt-NTds using 

PVP and H2.
31

  Very recently, Chiu et al. showed that suitable amino acid sequence could be 

designed to prepare ~57% Pt-NTds.
32

 Since the high yield methods use long surface stabilizing 

agents, their presence is expected to lead to deteriorated catalytic performance by interfering 

the approach of the chemicals to the nanocrystal surface or by modifying the interactions of 

catalysts with its support and therefore additional surface treatment may be required to remove 

them. This work was aimed at surfactant free synthesis of Pt nanotetrahedra which is promising 

to show high activity and stability towards electron transfer reactions. 

 

 

 



Rare sub-10 nm Pt tetrahedral nanocrystals  

40 
 

1.2.3  Materials and Methods 

1.2.3.1 Materials 

Chloroplatinic acid (H2PtCl6·6H2O, ≥37.50% Pt basis, Sigma-Aldrich), ethylene glycol (EG, 

99%, SDFCL), N,N- dimethylformamide (DMF, 99.9%, Merck), Amorphous carbon (Vulcan 

XC72) ,Water (Millipore, 18.2 Ω), Ethanol, Nafion (5%, Sigma-Aldrich) were used without 

further purification. 

1.2.3.2   Functionalization of Carbon Support 

1 g carbon powder (Vulcan-X72) was exposed to 100 mL, 5 M HCl at 50 °C for 12 hours with 

continuous stirring. This material was washed with water and ethanol several times to remove 

excess HCl and dried at 60 °C in vacuum overnight. This treatment makes their dispersion 

extremely stable in polar solvents such as water (up to several hours). In addition, this 

treatment introduces surface functional groups, which is responsible for improved adsorption of 

metal salts.
33

  This also leads to a high surface area of 497.8 m²/g compared to 265.5 m²/g for 

the untreated sample. 

1.2.3.3   Synthesis of Pt-NTd/C 

 50 mg of H2PtCl6 was taken in a 25 mL round bottom flask. 6 mL DMF and 4 mL EG was 

added to dissolve the Pt precursor. 500 mg KOH was put to the mixture and was stirred 

overnight at 27 ˚C. To the clear yellow coloured solution so obtained, 14.2 mg of acid treated 

Vulcan-X72 carbon was added. The mixture was sonicated for 15 minutes and then was 

transferred into a 25 mL teflon lined stainless steel autoclave. The autoclave was maintained at 

170˚C for 8 hours and then cooled to room temperature (it took about 1.5 hour for natural 

cooling). The black product so obtained was washed several times with water and ethanol and 

centrifuged at 10,000 rpm. The final product was then dispersed in ethanol and allowed to dry 

overnight at 70 ˚C in vacuum and used for various characterizations. To investigate the effect of 

various experimental parameters, control reactions were carried out with different amount of 

solvents as well as using other relevant chemicals, as described in the following.  

1.2.3.4   Control Experiments 

 In order to investigate the effect of reaction time on the evolution of desired shape, reactions 

were carried out by varying the time of solvothermal treatment (1h, 2h, 4h and 12h) and 

keeping all the other reaction conditions same. To investigate the effect of solvent on shape of 

the NCs, reactions were performed by changing the relative ratios of DMF/EG systematically. 
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For this, different amounts of DMF and EG were employed in the initial step of the reaction 

procedure. The various ratios of DMF/EG used were 0:10, 2:8, 4:6, 6:4, 8:2 and 10:0.  In order 

to confirm the role of secondary amine species in shape control, a reaction was carried out by 

replacing DMF with diethylamine and using EG as the only reducing agent. 

1.2.3.5  Material Characterization  

Powder X-ray diffraction (PXRD) pattern of all Pt-NTd/C catalysts were recorded using a 

Bruker AXS D8 Discover diffractometer attached with Cu Kα radiation). Field Emission 

scanning electron microscopy (FESEM, FEI Quanta operated at 15 kV) and transmission 

electron microscopy (TEM, Technai F30 UHR, 200 kV and FEI Titan 80–300 kV, aberration-

corrected) were used to study the morphology and crystallinity of the Pt-NTd/C nanocrystals. 

X-ray photoelectron spectroscopy (XPS, VG Scientific ESCA LAB V) was employed to study 

the surface properties. The percentages of Pt loading on the carbon support were estimated by 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin−Elmer Optima 

7000 DV). The 
1
H nuclear magnetic resonance (NMR) measurements were carried out with 

NMR (Bruker AV-400) using 10 μL of aliquot in 0.5 mL CDCl3. 

1.2.3.6   Electrochemical Investigations 

The electrocatalytic activities of Pt-NTd/C and the commercial 40% Pt/C (Pt on graphitized 

carbon, Sigma Aldrich) towards oxygen reduction reaction (ORR), methanol oxidation reaction 

(MOR) and formic acid oxidation (FAO) were studied by cyclic voltammetry (CV) and linear 

sweep voltammetry (LSV) techniques. The measurements were done on electrochemical 

workstation (CHI760E and RRDE-3A) using three electrode system – a glassy carbon (GC) 

electrode (3 mm in diameter) as substrate for working electrode, Ag/AgCl (3 M NaCl) as the 

reference electrode and a platinum coil as the counter electrode. The measured potential with 

respect to Ag/AgCl reference electrode were scaled to reversible hydrogen electrode (RHE) by 

using Nernst equation: 

 

𝑉 𝑅𝐻𝐸 = 𝑉 𝐴𝑔 𝐴𝑔𝐶𝑙  + 𝑉° 𝐴𝑔 𝐴𝑔𝐶𝑙  + 0.059 × 𝑝𝐻                      (eq.1.2.1) 

 

For 0.1 M HClO4, pH=1 and V°(Ag/AgCl) (3M NaCl) = 0.209 V at 25 °C.
34

 

Prior to use, the GC electrode was well polished using alumina powders. Catalyst ink 

for the working electrode was prepared by dispersing Pt catalyst in 300 μL of nafion solution (5 

wt% nafion:isopropanol:water = 0.05:1:4 (v/v/v)). 10 μL of this ink was drop-casted on the 
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polished GC and allowed to dry. Pt loading on the GC was estimated to be 0.28 and 0.30 

mg/cm
2
  for Pt-NTd/C and C-Pt/C respectively.  CV was recorded in Ar saturated 0.1 M 

HClO4  (aq. solution) in the potential window of -0.25 V to 0.9 V (vs. Ag/AgCl) at the scan rate 

of 50 mV/s.  

 

Figure 1.2.1. (a, b) TEM images of Pt-NTd/C obtained after 8h using EG, DMF ratio of 4:6. 

(a2) Size and (a3) Shape distribution of the NCs. (c, d, e) HRTEM image and the corresponding 

FT pattern of a Pt particle. (f) SAED pattern of the particle viewed along the [123] zone axis. 

(g) HRTEM image of an edge of a particle and (h) the corresponding model showing atomic 

arrangement of the exposed facet. (i-l) (1)Atomic models (2) TEM images and (3) 

corresponding fast fourier transformed (FFT) patterns of various Pt-tetrahedron nanocrystals 

from different projections. The scale bars in (i-l) TEM images denote 2 nm.  

10 1/nm10 1/nm

111331

[123]

(a1) (b)

(e)(d)

0

30

60

90

T
e
tr

a
h
e
d
ra

C
o

u
n

ts
 (

%
)

T
ru

n
c
a
te

d

O
th

e
rs

(c)

(f)

(g) (h)

2.23 Å

20 nm

2 nm

420

20 nm

(a2)

[001]
200 220

[110]

(i1) (k1)(j1) (l1)

(i2)

(i3)

(j2)

(j3)

(k2)

(k3)

(l2)

(l3)

71o

4 5 6 7 8 9 10

F
re

q
u

e
n

c
y
 (

a
.u

.)

Diameter (nm)
(a3)



                                                                                                                                                 Chapter 1.2   

43 
 

The Electrochemical active surface area of the Pt NS was calculated by the following 

relationship,  

𝐸𝐶𝑆𝐴 =
𝑄𝐻

𝑞𝐻  ∗(𝑚𝑔  𝑃𝑡)
                                   (eq.1.2.2) 

where 𝑞𝐻 is the charge deposited per unit surface area of polycrystalline Pt electrode surface 

due to underpotentially deposited monolayer of hydrogen atom on the Pt surface. 𝑞𝐻  on 0.1 M 

HClO4  is equal to 210 μC/cm
2
. 𝑄𝐻 is the associated with the hydrogen adsorption calculated 

from the recorded CV of the Pt.
35

 

LSV was performed in O2 saturated 0.1 M HClO4  in the potential range of -0.25 V to 

0.9 V and scan rate of 5 mV/s. The stability tests were done by performing accelerated CV 

cycles. For MOR and FAO study, CV profiles were recorded at the scan rate of 20 mV/s in Ar 

saturated 0.1 M HClO4  + 1 M CH3OH  and 0.1 M HClO4  +  1 M HCOOH respectively. For 

MOR and FAO, stability was checked by chronoamperometry measurements. 

  

1.2.4  Results and Discussion 

1.2.4.1 Pt nanotetrahedra 

The tetrahedral NCs were synthesized solvothermally on a functionalized carbon support at 170 

˚C using H2PtCl6.6H2O as the platinum precursor. A mixture of ethyleneglycol (EG) and 

dimethylformamide (DMF) with ratio of 4:6 in presence of KOH were used as solvents as well  

Figure 1.2.2. Powder XRD pattern of Pt-NTd/C obtained at 170 ˚C (8h) using a DMF/EG ratio 

of 6:4. The broad peak centered at 24˚ corresponds to the carbon support.  
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as reducing agent. Figure 1.2.1a, b show overview of TEM images of Pt-NTd/C obtained after 

a period of 8 h. The NCs are uniform, with an average size of 7.1±0.9 nm and well dispersed on 

the carbon support. A careful analysis of the images suggests that about 75% of the NCs are 

tetrahedra, the rest consists of other shapes (Figure 1.2.1a2). The powder X-ray diffraction 

pattern of the Pt-NTd/C confirms that the as-prepared sample is exclusively composed of face-

centered cubic Pt (JCPDS # 65-2868, a= 3.706(1) Å) (Figure 1.2.2).  

A high resolution (HR) TEM image of a tetrahedron and its Fourier transform (FFT) 

pattern are shown in Figure 1.2.1c and d respectively, showing single-crystalline nature.  The 

lattice fringes parallel to the edge measures 2.23 Ǻ corresponding to Pt(111) planes (Figure 

1.2.1e) indicating that the facets at the surface are also {111}. Triangular appearance can also 

arise due to plate-like triangular Pt NCs, covered with {111} and {100} facets, in which case 

the particle is associated with stacking fault along the [111].
36, 37

 Therefore selected area 

electron diffraction (SAED) patterns were recorded from a number of triangular particles 

(Figure 1.2.1f). The absence of the forbidden 1/3{422}s reflection in them confirmed  

Figure 1.2.3. HRTEM images(1), representative atomic models (2) and FT patterns (3) of a 

single crystalline Pt-NTd showing the systematic change in the appearance/morphology and 

corresponding diffraction pattern with change in α tilting of (a) -15ᵒ, (b) –5ᵒ, (c) 0ᵒ, (d) 10ᵒ, (e) 

20ᵒ, (f) 25ᵒ. The HRTEM images were recorded by tilting the particle across [233] zone axis. 

Scale bars in each image correspond to 2 nm. 
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tetrahedron shape of the NCs. Some particles were oriented close to [110] zone axis enabling 

visualization of Pt edge atoms at the junction of two {111} planes (Figure 1.2.1g), closely 

matching the atomic model in Figure 1.2.1h. To examine the shape of non-triangular particles, 

various tilting experiments were carried out during TEM imaging (Figure 1.2.3). Models of Pt-

NTds in different projections along with HRTEM images and FT pattern are shown in Figure 

1.2.1 (i-l).  

Examination of the chemical nature of Pt-NTds by X-ray photoelectron spectroscopy 

(XPS, Figure 1.2.4a) revealed presence of both Pt(0) and Pt(II) species. The strong doublet at 

74.4 and 71.1 eV appears due to the 4f5/2 and 4f7/2 states of Pt(0), corresponding to ~80 mass%. 

The peaks centered at 78 and 72 eV suggests the presence of Pt(II), possibly originating from 

surface Pt-O species or interaction of Pt NCs with the functional groups of the support. The 

Pt(0)/Pt(II) ratio is much higher than commercial Pt/C and other Pt NCs with {111} facets.
38, 39

  

Figure 1.2.4. (a) XPS spectra of Pt-NTd/C corresponding to Pt and N elements. (b) A plot 

depicting increase in Pt loading on carbon support with increasing reaction time. TEM images 

of a Pt-NTd obtained at 170 ᵒC by using a MF/EG ratio of 6:4 after (b) 1 hour reaction time 

showing full and truncated tetrahedra. (c) Formation of small Pt clusters (2-4 nm). (d) SAED 

pattern recorded on the 2-4 nm Pt clusters, which can be indexed on pure Pt. 

 

1.2.4.2 Investigation of the Reaction Mechanism  

Several control-experiments were performed to gain insight into the growth mechanism. The 

reaction proceeds with progressively slow kinetics until completion in 12 h. Pt contents on 
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carbon support were estimated to be 9.7, 23, 28 and 30 wt%, after 2, 4, 8 and 12 h of reaction 

time respectively (Figure 1.2.4b). The Pt-NTds appear as early as 1 h  (Figure 1.2.4c, 1.2.5a). 

In addition, the carbon support contained large number of 2-4 nm Pt clusters initially (Figure 

1.2.4d, e), which disappeared after 4 h along with increase in the number of tetrahedral 

morphology (Figure 1.2.5b). With increasing reaction time, the Pt on the carbon support 

significantly increased in the early stage of the reaction, before slowing down.  

Figure 1.2.5. TEM images of a Pt-NTd obtained at 170 ᵒC by using a DMF/EG ratio of 6:4 

after (a) 1 hour and (b) 4 hours reaction time, and after 8 hours using (c) only DMF and (d) 

only EG respectively. (e) FESEM image of the product obtained in absence of carbon support 

in similar experimental condition. (f) HRTEM image of a single nanowire. 
 

In order to obtain the Pt-NTds, two factors were found to be crucial: (i) use of EG and 

DMF simultaneously in the reaction, which yield amine molecules in-situ and (ii) the carbon 

support to arrest association of the incipient NTds. When the synthesis is carried out in EG or 

in DMF alone, the NCs develop irregular shapes (Figure 1.2.5c, d). On the other hand, using a 

mixture of DMF and EG in different proportions invariably led to Pt- NTd/C, though yields are 

high only for certain solvent-ratios. With increasing DMF fraction, the average size of the Pt-

NTds increase initially reaching ~9.7 nm, before reducing again (Figure 1.2.6 a-d), also 

supported by XRD data (Figure 1.2.6e-k). For examining the role of carbon support, the 
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synthesis was carried out without it, keeping the other parameters unaltered. This led to the 

formation of crystalline Pt nanowire-bundles only (Figure 1.2.5e), and no particulates were 

found even in small numbers. Figure 1.2.5f is a high resolution TEM image of such a nanowire 

showing that the lattice fringes of Pt(111) parallel to the nanowire wall. Similar results were 

observed in other studies as well.
39

 Based on these observations, clearly the DMF and EG 

mixture in presence of KOH stabilizes the {111} planes of Pt. Usually, Pt(111) stabilization is 

achieved by using specific reagents such as PVP, peptide or by forming alloys.
25, 31, 32

 Such 

stabilization depends not only upon the interaction-strength of individual functional groups 

with the Pt surface, but also on their packing efficiency on the Pt surface. This is probably the 

reason that different amine species was found to stabilize the {111} sub-facets, Pt(X11), 

X=3,4,5 planes.
20

 Theoretical investigations on the nature of interactions have shown that the 

stability of NH species is more on Pt(111) than that of NH2 on Pt(100).
40

  

Figure 1.2.6. TEM images of the Pt-NTd/C obtained at 170 ˚C after 8 h reaction using 

DMF/EG volume ratios of (a) 8:2, (b) 5:5, (c) 4:6 and (d)  2:8. The histograms for the size 

distribution of Pt NTds are shown in the inset. PXRD  patterns of different Pt nanocrystals 

obtained  at 170 ˚C after 8 h using DMF/EG ratios of 10:0 (e), 8:2 (f), 6:4 (g), 5:5 (h), 4:6 (i), 

2:8 (j) and 0:10 (k). All patterns represent pure Pt samples. The peak centred at ~39.4⁰ 

corresponding to Pt(111) plane represents the changes in the particle size with changing 

solvent ratios. The calculated particle sizes from FWHM using Scherrer formula are mentioned 

in each plot, showing that the largest Pt-NTds are obtained with a solvent ratio of 4:6. 
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Figure 1.2.7. (a) NMR spectrum of the reaction mixture after 8 h solvothermal treatment at 170 

˚C.(b, c) TEM images of products obtained from control experiments using only EG as 

reducing agent in presence of diethylamine. The formation of NW bundles along with 

nanotetrahedra supports the stabilization of Pt(111) plane by 2˚ amine species. 
 

 

In present solvothermal conditions, a secondary amine is generated from the oxidation 

of DMF, as described below: 

This was earlier observed in the case of  reduction of Ag
+
 salt.

41
 Reduction of Pt

4+
 by DMF  in 

presence of KOH lead to formation of carbamic acid intermediate which in presence of protic 

solvent degrades to dimethylamine and CO2 at high temperature. Examination of our reaction 

mixture, which has strong ammonia like pungent odor, was performed by nuclear magnetic 

resonance (NMR) spectroscopy (Figure 1.2.7a). A singlet peak at 2.33 ppm for two methyl (

CH3) groups and multiplet at 0.843 ppm for N-H proton (the ratio of peak areas corresponding 

to the two methyl (CH3) groups to that for the N-H proton, ICH3/INH = 5.908/1.056 = 5.6 ~6) 

correspond to dimethylamine.
42

 To be conclusive, a control synthesis was performed in 

presence of dielthylamine (DEA) using EG as solvent. The reaction product contained Pt-NTds 

anchored on carbon support as well as free-standing nanowires that arise due to solution phase 

nucleation and oriented attachment of NCs (Figure 1.2.7 b and c). These observations confirm 
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the role of amine, and also point to the fact that in-situ generation of amine is necessary for 

high yield generation of NTds. The activated carbon contains high surface area and a large 

number of surface functionalization (Figure 1.2.8). This increases the adsorption of Pt 

precursor  and provides a large number of nucleation sites for growth of Pt-NTds.
43

 Throughout 

the TEM grid, all Pt-NTds were found to be attached to the carbon support indicating that the 

NCs grew only on the support. We believe that unlike the free-floating NCs solution, these 

anchored Pt-NTds cannot migrate and attach with each other to form nanowires by oriented 

attachment mechanism.
39

  

Figure 1.2.8. (a) Brunauer–Emmett–Teller (BET) plot of treated and untreated carbon for N2 

adsorption at 77 K. The surface area in treated carbon (497.76 m²/g) was found to be 

increased compared to the starting carbon (265.52 m²/g). (b) XPS spectra of C 1s region of 

washed Pt-NTd/C obtained at 170 ᵒC after 8 hours using DMF: EG ratio 6:4.  

 

Based on these observations, we propose a growth mechanism for the Pt-NTd/C 

(Figure 1.2.9). Nucleation of the Pt-NTds first takes place of the carbon support. The in-situ 

generated DMA stabilizes the Pt(111) facet, leading to formation of Pt tetrahedra NCs. 

Importantly we found that the amine molecules can be easily removed from the Pt sample by 

repeated washing with water-ethanol mixture (absence of nitrogen is seen in XPS spectra in 

Figure 1.2.4a). Since DMA is the most strongly interacting molecule with Pt-NTds in the 

reaction mixture, its removal suggests that Pt(111) facets are free and exposed. 

0

100

200

300

400

500

0.0 0.3 0.6 0.9

V
o
lu

m
e
 (

c
c
/g

)

 Ctreated

Relative pressure 

 Cuntreated

296 292 288 284 280

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)

 Exp.

 Fitted

 C 1s

 C-O

(b)(a)



Rare sub-10 nm Pt tetrahedral nanocrystals  

50 
 

Figure 1.2.9. Schematic illustration of synthesis of Pt-NTd/C. 

 

1.2.4.2 Electrocatalytic Performance of Bare Pt-NTds  

The presence of strongly attached surface stabilizing agents may suppress the catalytic activity 

of nanoparticles of a noble metal, whose efficiencies are otherwise good.
44-46

 Since in this case, 

the surface stabilizing agents for the formation of Pt-NTd can be easily removed, the catalytic 

performance is expected to be high and true to the particular crystal-facet for electron transfer 

reactions. We have therefore examined the activity and stability of the Pt-NTds toward fuel cell 

reduction as well as oxidation reactions such as ORR, MOR and FAO. The electrocatalytic 

efficiency and long-term stability of the Pt-NTds were investigated using a three electrode 

system with Ag/AgCl (3M NaCl) as reference electrode. Cyclic voltammograms (CV) were 

recorded with a sweep rate of 50 mV/s at 27 ˚C. For comparison, the performances of 

commercial carbon supported Pt NCs (C-Pt/C) were evaluated under identical conditions. 

Figure 1.2.10a shows CV plots for the Pt-NTd/C before and after recycling for 1000, 3000 and 

5000 cycles. It nearly maintained the distinct hydrogen adsorption/desorption peaks (0.05 

<V<0.4 V vs. RHE) even after 5000 cycles, accompanied with minimal decrease in the peak-

current. It is important to note  that the distinct butterfly-like shape of the CV is characteristic 

to the Pts(111) surface and further establishes our TEM observations.
30

 C-Pt/C was distinctly 

different, as these peaks diminished quickly, exhibiting a gradual decrease in peak current 

(Figure 1.2.10b). The initial electrochemically active surface area (ECSA) for the Pt-NTd/C 

and C-Pt/C were comparable (19.22 and 17.62 m
2
/g Pt respectively). The ECSA for the Pt-

NTd/C is maintained at ~90% even after 5000 cycles. On the other hand, ECSA of the C-Pt/C 

reduced to 49.5% after 5000 cycles (Figure 1.2.10c). Their high durability compared to many 
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other shapes,
35, 39, 47

 is due to structural stability attributed to higher cohesive energy of surface 

Pt atoms on {111} planes. Moreover, due to strong attachment to the carbon support, these NCs 

might avoid gradual agglomeration and Ostwald ripening.
35, 48

 

 Figure 1.2.10. CV of (a) Pt-NTd/C and (b) commercial Pt/C before and after stability test (in 

Ar saturated 0.1 M HClO4 solution with 50 mV/s scan rate). (b) Surface areas of Pt-NTd/C 

(red) and C-Pt/C (cyan).  

 

The ORR activities of the Pt-NTd/C were investigated by recording polarization curves 

and calculating the kinetic current densities using the Koutecký−Levich equation  (Figure 

1.2.11a - d). 

1 𝐼 = 1 𝐼𝑘 + 1 𝐼𝑑                                  (eq.1.2.3) 

Here I, Ik and Id are measured, kinetic and diffusion limited currents respectively. The Pt-

NTd/C exhibited a good onset potential of +1.011 V (vs. RHE) as compared to +0.951 V 

recorded for the commercial catalyst. The corresponding half-wave potentials (E1/2) show a 

significant positive shift of 102 mV (0.873 and 0.771 V for Pt- NTd/C and C-Pt/C respectively) 
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Figure 1.2.11. (a) Comparison of LSV of Pt NW with Pt-NTd/C and C-Pt/C, performed in O2 

saturated 0.1 M HClO4 solution at 5 mV/sec scan rate. LSV of (b) Pt NW and (c) C-Pt/C 

recorded  at different  rotation speed performed using RDE in similar condition. Koutecky-

Levich plot for (d) Pt-NTd/C and (e) C-Pt/C.  (f) Comparison of mass and specific activities of 

Pt-NTd/C and commercial one at 0.9 V. LSV of (g) Pt-NTd/C and (h) commercial Pt/C before 

and after stability tests, performed in O2 saturated 0.1 M HClO4 solution at 5 mV/sec scan rate. 

 

indicating much improved ORR kinetics. We also compared the ORR activities of the Pt 

nanowires obtained in absence of the carbon support. The nanowires exhibited an ORR onset 

and half-wave potential of +0.968 and +0.796 V respectively (Figure 1.2.11a). Such superior 

ORR activity of Pt-NTd/C can be attributed to the presence of bare Pt(111) facets and 111/111 

edges which allow easy electron transfer from catalyst to adsorbed oxygen
28

 whereas in case of 

Pt NW, along with exposure of Pt(111) facets in certain places, the oriented attachment 

mechanism may give rise to many defect sites giving rise to comparatively sluggish reduction 

kinetics. Mass activity of the Pt-NTd/C at 0.9 V (and at 0.85 V) is 22.8 A/g (104.6 A/g), which 
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is 6.76 times higher than the C-Pt/C (Figure 12.11 f). Mass-activity of the Pt-nanowires at 0.85 

V was estimated to be 24.5 A/g. The E1/2 values recorded for these Pt-NTd/C are comparable to 

or better than most state of the art Pt electrocatalysts reported recently.
3, 28, 39, 49-51

 A summary 

of the ORR activities of Pt-NTd/C with Pt nanowire and commercial Pt/C is given in Table 

1.2.1.  

 

Table 1.2.1. Comparison of  onset potential, E1/2, involved electron number in ORR and mass 

activity at 0.85 V for Pt-NTd/C, Pt NW and C-Pt/C. 

 

Furthermore, we compared the stability of the Pt-NTds with that for C-Pt/C (Figure 

1.2.11g and h). After 5000 cycles, the Pt-NTd/C showed nearly the same onset potential and a 

minimal 47 mV decrease in E1/2. In comparison, C-Pt/C recorded a substantial decrease on 

onset and E1/2 values by 130 mV respectively.  

We have further studied the electrochemical oxidation of small organic fuel molecules 

such as methanol and formic acid (MOR and FAO respectively). The CV (Figure 1.1.12a) 

shows two distinct anodic current peaks typical of methanol oxidation in the forward and 

backward sweeps in the cyclic voltammogram. The corresponding mass and specific activities 

are compared with those of C-Pt/C in Figure 1.1.12a, b. Initially, the mass and specific 

activities of Pt-NTd/C for MOR were 201.35 A/g and 23.56 A/m
2
 respectively, much higher 

than 148.68 A/g and 8.38 A/m
2
 respectively recorded for C-Pt/C and comparable to most state 

of the art catalyst systems.
39, 52, 53

 The ratio of the forward and backward peak current (If/Ib) 

measured 1.39 indicating high relative oxidation of fuel molecules in the forward scan as 

compared to many recently developed catalytic particles.
52, 54-56

 A recent study by Tong and 

coworkers pointed out that oxidation of methanol takes place in both forward and reverse 

scans, contrary to a belief that the reverse peak is due to oxidation of residual carbon species.
57

 

Material Onset  (V vs. 

RHE) 

E1/2 (V vs. RHE) Electron no (n) Mass Activity@0.85 

V 

Pt-NTd/C 1.011 0.873 3.74 104.6 A/g 

Pt-NW 0.968 0.796 3.67 24.5 A/g 

Commercial 

Pt/C 

0.951 0.771 3.46 17.1 A/g 
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Figure 1.2.12. Cyclic voltammograms of Pt-NTd/C and commercial Pt/C before and after 

stability test for (a) MOR recorded in 0.1 M HClO4  + 1 M CH3OH and (d) FAO  recorded in 

0.1 M HClO4  +  1 M HCOOH at scan rate 20 mV/s. Mass and specific activities of Pt-NTd/C 

and commercial Pt/C for (b, c) MOR and (e, f) FAO  respectively before and after 

chronoamperometric stability test. 

 

We further examined the catalytic performance of these particles after 4000 s by 

employing chronoamperometry. Pt-NTd/C retained a high 52% of initial activity, while the 

deactivation of C-Pt/C was far rapid.
43, 52, 58

 Interestingly in case of FAO too, as during MOR, 

If/Ib ratio for Pt-NTd/C was found to be very small (0.73) as compared to most other efficient Pt 

nanocrystals reported earlier (Figure 1.1.12d).
10, 59, 60

 Pt-NTd/C has shown mass and specific 

activities of 312.65 A/g and 17.59 A/m
2
 respectively which decreased by 31% after 3000 s, 

whereas the corresponding activity loss for the C-Pt/C was recorded as 54% (Figure 1.1.12e, 

f). In both cases, the high stability of Pt-NTd/C during electrochemical process can be 

attributed to the highest cohesive energy of surface atoms on exposed Pt<111> planes giving 

rise to lowest electrochemical leaching probability.
27

 The ORR, MOR and FAO studies clearly 

show that the Pt-NTds/C not only exhibit impressive electrocatalytic efficiency, but also high 

stability under corrosive conditions. 
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1.2.5 Conclusion 

Sub-10 nm Pt tetrahedral NCs were synthesized by a facile hydrothermal method, in absence of 

any external stabilizing agents. We establish that amine species generated in-situ from the 

reaction of EG and DMF in presence of KOH at elevated temperature and the nucleation 

induced by the carbon support is responsible for generating such shape. The role of the carbon 

support is crucial in this synthesis as it anchors the Pt NTds during the nucleation and growth 

stages, thereby inhibiting the possibility of nanowire formation by the easy association of the 

bare NCs. The Pt(111) stabilizer, dimethylamine, can be easily removed from the NC surface, 

leaving its surface entirely exposed. We found that these Pt-NTd/C exhibits excellent stability 

(~90% activity retention) as compared to the commercially available electrocatalysts under 

harsh reaction conditions. Furthermore, our sample exhibited superior electrocatalytic 

efficiencies towards both fuel cell oxidation and reduction reactions. The onset potential of 

1.01 V (vs. RHE) for ORR is higher than other known carbon supported Pt NCs.  
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CHAPTER 1.3 

Mechanochemical Synthesis of Free-standing Pt 

Nanosheets‡ 

 

Summary 

Even though the 2D nanostructures of inorganic compounds have been widely studied due to 

their fascinating properties, nanosheets of metals are extremely rare and realized only very 

recently. Natural tendency for homogenous growth and inefficiency of surface passivating 

agents to act in longer length-scales make the preparation of metal nanosheets, in comparison 

the 0D and 1D nanocrystals, an important synthetic challenge. Herein a mechanochemical 

synthesis of robust, free-standing platinum nanosheets has been demonstrated by using Te 

nanorods as template. The 26 nm thick nanosheets are obtained by opening up of 220 nm 

nanorods by employing fluid induced shearing force of ~2 N and differential shear-stress of 0.5 

kPa across the nanorod diameter during the replacement of Te atoms by Pt in a galvanic 

displacement mechanism. This synthesis is also one of the few examples of a purposeful 

transformation of 1D nanostructure to a 2D one. Corrugation leads to substantially enhanced 

surface area of these nanosheets and much improved electrocatalytic properties when compared 

with conventional carbon-supported Pt catalysts. 

 

 

‡ Manuscript based on this work has appeared in  Adv. Mater., 2015, 27, 4430  
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1.3.1   Introduction 

Ultrathin two dimensional (2D) nanostructures such as nanosheets (NS) and nanoribbons of a 

variety of inorganic compounds have been widely investigated
1-11

 as a new class of materials 

due to their unique properties, electronic structures
12-14

 as well as diverse potential applications 

including energy harvesting and energy storage,
15-18

 catalysis, biological sensing  and electronic 

devices.
19

 Metal nanostructures, on the other hand, usually form spherical or faceted 

nanocrystals (NC), elongated nanorods (NR) and occasionally even longer nanowires in 

template-assisted wet-chemical processes.
20, 21

 The interesting properties of the metallic 

nanostructures are directly associated with their shape anisotropy, providing a way to enhance 

their efficiencies in many applications simply by tailoring their synthetic conditions.
22

 Such 

possibility has led to a tremendous progress in shape controlled synthesis of 0D and 1D 

metallic nanostructures.
23, 24

 However unlike those inorganic compounds that are intrinsically 

layered in structure and easily form stable nanosheets, 2D metal nanostructures are 

considerably more difficult to obtain due to lack of means to induce such a growth, marking 

their preparation as an important synthetic challenge. And only in the last couple of years, 

researchers have been able to develop few strategies for the synthesis of nanosheets of certain 

metals and examine their properties.
25-33

 These also include assembling lower dimensional 

nanocrystals in a confined 2D space.
34

 Graphene oxide has been used as a template to obtain 

gold nanosheets with an unusual hexagonally close-packed crystal-lattice.
26

 Small adsorbate 

molecules such as CO have also been shown to induce growth of Palladium nanosheets.
33

 More 

recently, lamellar bilayer membranes of surfactants have been used as soft templates for 

producing Au nanosheets with unique plasmonic properties.
31

    

The recent trend in exploring the thickness of a nanosheet can be regulated by 

examining its growth and tuning the synthesis parameters, although controlling their lateral 

dimensions is more difficult and usually leads to large size dispersions. Recently, 1D nanotubes 

of inorganic compounds have been used as templates to obtain nanosheets in an interesting 

approach, wherein vertical unzipping of the nanotubes results in sheets and ribbon-like 

structures with predictable widths as well as thicknesses.
35, 36

 For instance, treating multiwall 

carbon nanotubes with strong acids and oxidizing agents or Ar-plasma produces nanoribbons 

having few graphene layers.
37-39

 Even simple mechanical forces from hypervelocity impact 

have been shown to induce defects and atom evaporation in the nanotubes, leading to their 
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unzipping.
36

 A similar approach for nanosheets is difficult to envision in the case of metal 

nanotubes as they do not form by a rolling up mechanism.  

 

1.3.2   Scope of the present investigation 

Mechanical force has rarely been used for controlling growth of nanostructures, even though a 

greater potential can be envisioned for them.
40-42

  In a typical synthesis of nanocrystal in 

solution, stirring is routinely used for homogenizing the reaction mixture. Therein, mechanical 

forces and shear stress exerted by the reaction medium on the nanostructure can critically 

influence the final morphology. During initial stages of synthesis in particular, as demonstrated 

by El-Sayed and coworkers, mechanical forces can break the growth symmetry of 

nanostructures.
41

 Using experimental tools and theory, they demonstrated that high speed 

stirring of the solution mixture during the reaction has a profound effect in ion transport and 

therefore in shaping of the seed clusters that later govern the asymmetric shape of nanoparticles. 

If a viscous fluid is subjected to a vortex motion by stirring, a shear stress is developed which 

varies linearly with the rate of stirring and the viscosity of the fluid. Furthermore the rotation of 

the solution mixture also creates a centripetal force which tends to keep the nanosolute particles 

in the solution aligned. These effects have been elegantly utilized recently to obtain highly 

elongated TiO2 nanotubes  that are difficult to synthesize otherwise.
40

 In order to reduce shear 

stress, shorter TiO2 nanotubes undergo ‘end to end’ attachments leading to the formation of 

elongated tubes.  

 We have been interested in preparing free-standing Pt nanosheets as platinum is 

considered to be the most important catalyst among all metals used in industrial processes
43, 44

 

Unlike supported nanocrystals, where part of the nanocrystals surface is masked by the support 

material, self-supported nanostructures offer higher accessible surface area and thereby 

promising to show enhanced catalytic efficiencies. In this work, we employed mechanical 

stirring along with galvanic displacement in order to obtain Pt nanosheets from Te nanorods.  

 

1.3.3 Materials and Methods 

1.3.3.1 Chemicals 

Sodium tellurite (Na2TeO3, Sigma-Aldrich), chloroplatinic acid hexahydrate (H2PtCl6.6H2O, 

Sigma-Aldrich, 37.5% Pt basis), poly(vinyl pyrrolidone) (PVP, Sigma-Aldrich, average 
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molecular wieght 10,000), hydrazine hydrate (H4N2.H2O, SDFCL, 99%), aqueous ammonia 

solution (NH3, SDFCL, 30%), and etyleneglycol (EG, SDFCL, 99%) were used without further 

purification. 

1.3.3.2 Syntheses of Te nanorods (NR) 

Te NRs were prepared by using hydrothermal method.
[1]

 In a typical synthesis, 1 g PVP and 

0.0922 g Na2TeO3 (0.416 mmol) were dissolved in 25 mL of DI water under vigorous magnetic 

stirring at room temperature to form a homogenous solution. Next, 1.65 mL of hydrazine 

hydrate (85%, w/w %) and 3.35 mL of aqueous ammonia solution were added to it. This 

mixture was then transferred to a Teflon lined stainless steel autoclave (50 mL) and placed in a 

preheated oven at 180 ºC for 4 hour. The sample was then allowed to cool to room temperature 

under ambient atmospheric conditions. Te NRs were precipitated by adding 90 ml acetone to 

the reaction mixture and collected by centrifugation (10,000 rpm, 10 min). The Te NRs were 

washed several times with double-distilled water and absolute ethanol before further 

characterization. 

1.3.3.3 Syntheses of Pt nanosheets (Pt NS) 

Te nanorods 12.76 mg (0.1 mmol) was dispersed in 20 mL of EG with vigorous magnetic 

stirring at room temperature and then 63 mg H2PtCl6.6H2O (0.12 mmol Pt) was added to it. The 

mixed solution was then magnetically stirred at 900 rpm for 15 h at 50
˚
C. The products were 

collected by centrifugation (10,000 rpm, 15 min) and washed several times with double-

distilled water and absolute ethanol. Additional control experiments were carried out where (i) 

the amount of Pt precursor was reduced and (ii) reaction intermediates were collected at 2 h 

intervals during the Pt NS growth and (iii) by varying the stirring rate at 0, 300, 600, 900, 1200 

and 1500 rpm. 

1.3.3.4 Material Characterization  

Powder X-ray diffraction (XRD) patterns of the reaction products were recorded using a Bruker 

Diffractometer with Cu Kα radiation (D8 Advance X-ray diffractometer, Cu Kα, λ= 1.5406 Å, 

40 kV, and 30 mA). Field-emission scanning electron microscopy measurements were carried 

out using FEI Quanta FESEM equipped with energy-dispersive X-ray spectroscopy (EDX), 

under 10 kV accelerating voltage and 10 microsecond accumulation time. Inductively coupled 

plasma mass spectrometry (ICP-OES, Perkin Elmer Optima, 7000DV) was used to determine 

the atomic ratios of Te and Pt in various reaction products. Transmission electron microscopy 
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(TEM, JEOL-3010, 200 kV and FEI Titan 80–300 kV, aberration-corrected) were used to study 

the morphology and crystallinity of the Pt nanosheets. 

1.3.3.5 Electrochemical Investigation 

The electrocatalytic activity of Pt NS and the commercial 20% Pt/C (C-Pt/C, Sainergy Fuel 

Cell India Pvt. Ltd.) for methanol oxidation reaction (MOR) and formic acid oxidation (FAO) 

was studied by cyclic voltametry (CV) technique. The measurements were recorded on 

electrochemical workstation (CHI760E and RRDE-3A) using three electrode system: a glassy 

carbon (GC) electrode (3 mm in diameter) as working electrode, Ag/AgCl (3M NaCl) as the 

reference electrode and a platinum coil as the counter electrode. Prior to use, the GC electrode 

was well polished sequentially using 1.0 micron, 0.3 micron and 0.05 micron alumina powder 

on the polishing pads until mirror shiny surface was obtained. Catalyst ink for the working 

electrode was prepared by dispersing 1.6 mg of the catalyst in 300 μL of Nafion solution (5 

wt% Nafion: isopropanol: water = 0.05:1:4 (v/v/v)) and ultra-sonicating it for 15 minutes. 10 

μL of this ink was drop casted on the polished GC and allowed to dry overnight. Pt loading on 

the GC was calculated accordingly (based on ICP data) for the two catalysts. CV was recorded 

in 0.5 M H2SO4 (aqueous), saturated with UHP Ar gas (99.99%, Chemix specialty gasses and 

equipments, Bangalore, India) purged for 15 minutes and in the potential range of -0.25 V to 1 

V at the scan rate of 50 mV/s. For MOR and FAO study, CV profiles were recorded at the scan 

rate of 20 mV/s in Ar saturated 0.5 M H2SO4 + 1 M CH3OH  and 0.5 M H2SO4 +  1 M HCOOH  

respectively. The accelerated stability test of catalyst was checked by the CVs recorded 

between 0.4-0.9 V, scan rate of 0.1 V/s.  

         The Electrochemical active surface area (ECSA) of the Pt NS was calculated by the 

following relationship:  

𝐸𝐶𝑆𝐴 =
𝑄𝐻

𝑞𝐻  ∗(𝑚𝑔  𝑃𝑡)
    (eq.1.3.1) 

where 𝑞𝐻 is the charge deposited per unit surface area of polycrystalline Pt electrode surface 

due to underpotentially deposited monolayer of hydrogen atoms on the Pt surface. 𝑞𝐻  on 0.5 M 

H2SO4  is equal to 230 μC/cm
2
.  𝑄𝐻  is the charge associated with the hydrogen adsorption 

calculated from the recorded CV of the Pt NS in Ar saturated 0.5 M H2SO4 in the potential 

range of -0.25 V to – 0.18 V vs. Ag/AgCl. 
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Figure 1.3.1. (a) Schematic depiction of the mechanochemical transformation of Te 

nanorods  subjected to shear stress, when Te is being galvanically displaced by Pt. (b) FESEM 

images of various nanostructures associated with the different stages shown in Schematic (a): 

precursor Te nanorods, nanotubular Pt obtained at 0 rpm and the Pt nanosheets obtained at 

900 rpm. (c, d) Low magnification TEM images of Pt NS. (e) Average thickness of the 

nanosheets. (f) Indexed SAED pattern acquired from single Pt NS. (g-j) Typical lattice resolved 

TEM images of Pt nanosheets showing the association of its constituting nanocrystals with the 

neighboring ones. It can be seen that at times, the nanocrystals have different orientations and 

distinct crystal boundaries while in other instances, the same set of lattice planes run though 

more than one nanocrystal, indicating an oriented attachment. 
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1.3.4 Results and Discussion 

1.3.4.1 Pt nanosheets 

Pt nanostructures were obtained by adopting galvanic displacement (GD) method using Te 

nanorods (NR) as sacrificial templates. This method has remarkable advantages because Te 

nanostructures can be easily obtained in a controlled manner, forming a variety of unique 

morphologies in sub-micrometer size-range that are not natural to Pt.
45-47

 Te has a lower 

reduction potential than Pt and therefore in presence of a Pt salt, Te oxidizes and begin to leach 

out of the nanostructures as its oxide, accompanied by the deposition of metallic Pt. At the end 

of the displacement, the Te nanostructure transforms in to a Pt based nanostructure nearly 

maintaining original morphology.
48, 49

 Due to the smaller atomic size of Pt and effect of surface 

diffusion, a NR of Te usually converts to form a Pt nanotube (NT), somewhat similar to 

Kirkendall effect.
50

 In this study, Te nanorods with average diameter of ~220 nm and length of 

4 µm were used as templates (Figures 1.3.1a1, b1 and 1.3.2). These nanorods were synthesized 

by a hydrothermal method at 180 ºC using Na2TeO3 as the Te precursor and hydrazine hydrate 

as reducing agent.
51

 The Te NRs were further used for galvanic displacement using H2PtCl6 as 

Pt precursor in ethylene glycol medium. The displacement was performed at 50 °C for 15 h. As 

the reaction mixture was kept undisturbed, 1D Pt nanostructures containing mostly nanotubes 

were obtained as the reaction product (Figures 1.3.1a2, b2). However when the reaction 

mixture was subjected to constant stirring at different rates, we observed that the morphology 

of the product began to change gradually, opening up the tube like structures. In a typical 

synthesis, when the stirring rate was adjusted to 900 rotations per minute (rpm) for 15 h, the 

reaction product mainly consisted of free-standing Pt NS (Figures 1.3.1a3, b3 and 1.3.2). 

These nanosheets appear flat, about 4-10 times longer than their width and semi-transparent in 

TEM suggesting their small thickness (Figures 1.3.1c, d). From the analysis of a large number 

of SEM and TEM images, the mean thickness of the sheets were estimated to be 26.8±4 nm 

(Figure 1.3.1e). The ring SAED patterns acquired on these films indicated that the nanosheets 

are polycrystalline in nature (Figure 1.3.1f). No diffraction spot was observed corresponding to 

Te suggesting complete replacement of Te by Pt in those nanostructures.  

A high resolution TEM examination of the sample shows that the nanosheets are made 

of 4-10 nm Pt nanocrystals. Each of these nanoparticles is attached to few others surrounding it 

(Figures 1.3.1g-j) forming a network of nanocrystals that stabilizes the nanosheet. There are 
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usually two types of neighboring nanocrystals: ones that are attached to it without any 

crystallographic orientation, while the others that contain at least one set of crystal planes that 

are common to both nanocrystals, akin to the ones observed in oriented attachment 

mechanism.
21

 It may be presumed that the second type of nanocrystals lend extra stability to the 

nanosheets (Figures 1.3.1h-j). Interestingly, the Pt NS do not have as smooth surface as that of 

precursor Te NRs, which results in a larger surface area than expected. According to the 

Brunauer–Emmett–Teller (BET) surface area measurement (Figures 1.3.3), the Pt NS has a 

surface area of 15.8 m
2
/g. This corresponds to a 4.23 times increase in surface area, if one 

considers that on an average, each Te NR with a diameter of 220 nm opens up to produce a 27 

nm thick Pt NS (calculated surface area =3.733 m
2
/g.). As will be discussed later, a larger and 

rough surface is beneficial in many applications since otherwise, stacking of sheets with 

smooth surfaces when deposited on a working platform leads to enormous loss of exposed 

surface area.
52

 

 

Figure 1.3.2. PXRD pattern of (a) Pt nanosheets (red bar shows Pt, 41525-ICSD) and (b) Te 

nanorods (blue bar shows Te, 23058-ICSD).  

 

Careful analysis of elemental composition of the reaction products at intermediate 

stages as well as at the end of the reaction showed that a tiny fraction of the Te precursor 

remains unreacted, despite diffraction studies suggesting otherwise. The composition of these 

NS was examined by ICP and EDAX measurements (Figures 1.3.4 inset). The Pt NS obtained 

after 15 h of reaction was found to compose of ~93±0.8% Pt and rest amount of unreacted Te, 
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which must be amorphous in nature as it could not be detected by XRD or SAED. A similar 

trend was observation for other samples too, where the amount of Pt in the reaction product 

was found to be slightly less (estimated to be 45%, 26% and 8%) than the intended ones (for 

50%, 30% and 10% substitution respectively). This is probably caused by the decrease in the 

driving force of GD process with progress of reaction either due to alloying of Pt and Te atoms 

in the template or extremely slow reaction kinetics due to lower concentration of the Pt 

precursor.
53

 

 

Figure 1.3.3. BET adsorption isotherms of Te NRs and Pt NS. The corresponding FESEM 

images of the rough Pt NS surface and smooth Te NR surface are also shown alongside. 

 

1.3.4.2 Investigation on the mechanism of unzipping 

In order to monitor the progress of the reaction and evolution of nanosheet morphology, we 

collected reaction products at different time intervals and studied by FESEM and ICP (Figure 

1.3.4). It was found that after 2 hours of reaction, surface of the nanorods (Figure 1.3.4a) were 

partially replaced (~30%) by Pt particles. At 4 and 6 hours of reaction time, products consisting 

of increasing number of nanotubes of PtTe (34:66 and 45:55 in Te:Pt composition respectively) 

were obtained (Figures 1.3.4b, c). These nanotubes then begin to open up in 8-10 hours of 

reaction (Figures 1.3.4d, e), when more than 50% of Te has been displaced. Their 

transformation to Pt NS take place in 12–15 hours (Figures 1.3.4f, g) and the extent of 

nanotube opening slowly increases with time. After 15 hours, the reaction completely stops as 
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indicated by the ICP study. The product collected at 24 hours had the same composition (Pt:Te 

= 93:7) as that of the final product obtained after 15 hours.  

 

Figure 1.3.4.  Kinetic study of the GD reaction during Pt NS formation at 900 rpm: gradual 

change in the Te content with time (at 2h intervals). FESEM images corresponding to each 

fraction of the reaction intermediate is also seen, representing the gradual transformation of 

nanostructur morphology. Inset is a plot showing expected and obtained composition of the 

reaction product, when different fractions of Te was galvanically displaced with Pt. 
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it did not lead to any change in morphology even after prolonged treatment, confirming that 1D 

structures are forced open only when the GD reaction is in progress. This is very similar to the 

observations of El-Sayed and co-workers that mechanical forces promote evolution of 

strikingly different nanocrystal-morphologies only when applied during their growth.
41

 It may 

here be pointed out that even though mechanical forces were not considered before, the 

combination of GD with other processes have already been shown to impact morphology of 

nanostructures.
54-56

 In order to discern the events associated with the nanosheet formation, we 

first have to consider the influence of one process on the other. The efficacy of the GD process 

is dependent upon several parameters including:
57-59

 (i) stress or presence of defects in the Te 

nanorods and (ii) the rates of ionic diffusion to the nanorod surface which may undergo 

changes due to external factors. Diffusion of ions, for instance, is affected by viscosity of 

medium or mechanical turbulences, such as stirring or shaking that changes convective 

transport of ions and other reacting species.  

 

1.3.4.2.1 Forces involved in the nanosheet formation 

Here, we have invoked a simple model mimicking our experiments to understand the effect of 

magnetic stirring and estimate typical forces working on a Te nanorod under GD (Figure 

1.3.5a). Stirring imparts a continuous rotational motion to the nanorod solution leading to the 

generation of centripetal forces (Fc), which keeps it moving in a circular path. It also 

experiences shear stress (τ), arising out of velocity gradient the fluid experiences as the distance 

from the rotation centre increases. The factors responsible for creating this deforming stress in 

the nanotube are discussed below. 

Role of Centripetal force    

The rotating motion of the reaction solution creates centripetal force on a nanostructure. Force, 

F on any mass ‘m’ and moving with acceleration of ‘a’ is equal to, 

F  =  ma    (eq.1.3.2) 

If a body is subjected to a circular motion with an angular acceleration of  ‘ar’  

ar  =  ω
2
r    (eq.1.3.3) 

 where  r is the radius of circular motion and  ω is the angular velocity 

In that case, the resulting centripetal force can be expressed as, 

    Fc = m ω
2
r    (eq.1.3.4) 
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Figure 1.3.5. (a) Schematic of a Te nanorod in a solution with a circular motion due to stirring, 

undergoing a galvanic displacement reaction with Pt simultaneously. (b) The difference of 

centripetal force across a Te nanorod at different rotation speed and (c) shear forces 

experienced by it at various distances from the rotation center under our experimental 

conditions. (d) Schematic of the proposed opening mechanism to form a nanosheet due to 

difference in shear stress across the nanotube. Estimated shear stress difference  during Pt NS 

synthesis at 900 rpm is depicted in (e). (f-j) Various model structures and the respective SEM 

images showing the possible stages of formation of a Pt nanosheet. 
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or, Fc = mr4π
2
n

2
, (as ω = 2πn) (eq.1.3.5) 

where  n is the stirring rate (rotations per second, rps, or rotation per minute, rpm). 

Therefore, the centripetal force varies as a square of the rotation rate (per second) at a definite 

distance away from the axis of the rotating fluid.  It is independnent of the fluid used and the 

chemical interactions. So at distance of r and (r+dr) from the axis of rotation the centripetal 

force would be, 

F1 = m1r4π
2
n

2 
      (eq.1.3.6) 

F2 = m2(r+dr)4π
2
n

2 
      (eq.1.3.7)      

In case of an object with diameter dr, the object will experience different centripetal force near 

and away from the axis or rotation. The difference in centripetal force, 

ΔFc=   F2 – F1   = m 4π
2
n

2 
dr    (eq.1.3.8) 

While the centripetal force induces circular motion, this difference in force on either side of the 

object forces it to maintain a steady orientation with respect to the rotation centre. For an 

individual Te nanorods with 200 nm diameter, (considering mass of 1 unit cell of Pt = 6.64 * 

10
-24

g) 

                                                      dr  = 200 nm 

                                                      m  =  ρ * V 

                                                           = ρ * (πr
2
 L) 

                                                           = 6.24*2*3.14*100*100*4410 g cm
-3 

nm
3 

                                                                                          
= 6.3 * 10

-16 
 kg 

Thus difference in centripetal force is,  

ΔFc = 6.3 * 10
-16 

* 4*3.14*3.14*200*10
-9

 *n
2  

 (N) 

= 4.9 * 10
-21 

* n
2
 (N) 

From Figure 1.3.5b, it can be noticed that ΔFc is of the order of attoN (10
-18

 N), independent 

of the distance from the rotation centre, but increases significantly as the rotation speed 

increases. This increase is significant because when at higher rotation speed, external 

turbulences cannot easily deflect the nanorods from circular path and hence the (reactive) 

environment around it remains same. 
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Figure 1.3.6. (a) Variation of velocity as a function of ‘r’ in a fluid subjected to vortex motion. 

(b) Rotating fluid in beaker. (c) A cross-sectional view of the fluid flow showing the direction of 

motion of fluid during the vortex motion. (d) Three components of fluid velocity in the above 

mention model of fluid flow. 

 

Forces acting on a continuously rotating viscous fluid: Velocity gradient in a real fluid 

subjected to stirring 60, 61 

When a viscous fluid is subjected to a vortex flow, velocity of the fluid layers follows the 

following equation. 

v  ∝   𝑟 , for (𝑟 ≤ 𝑐)  (eq.1.3.9) 

      ∝ 
1

𝑟
 ,  for (𝑟 > 𝑐)   (eq.1.3.10) 

where r is the distance from the central axis of  rotation,  c is a critical distance (Figure 1.3.6a) 

However in a beaker, the situation is more complex as the vortex flow is confined 

within walls, and a near understanding of the fluid flow can be achieved by estimating a fluid 

flow model as shown in Figure 1.3.5a and 1.3.6b, c, d. The fluid has three velocity 

components- tangential (𝑣𝑡), axial (𝑣𝑟 ) and vertical (𝑣𝑧). At a particular rotation rate of the fluid 

in a container, the three components are62 

𝑣𝑟 =
2𝜂

c2 𝑟             (eq.1.3.11) 

𝑣𝑡 =
𝐶

𝑟
 1 − 𝑒−𝑟

2/𝑐2
          (eq.1.3.12) 

𝑣𝑧 =
4𝜂

𝑐2 𝑧             (eq.1.3.13) 

And     𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑣𝑡 + 𝑣𝑟 + 𝑣𝑧         (eq.1.3.14) 

Vtotal varies at different positions within a beaker, and at a particular position, Vtotal varies with 

the rate of rotation of the fluid. 

𝑉 ∝ 𝑟𝑝𝑚(𝜔)       (eq.1.3.15) 

∝ r ∝ 1/r
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‘C’ in vt (eq. 1.3.12) is the vortex strength and is given by, C=Aω  where A is a constant and ~1 

for the present system and ω (in rps) is the rotation rate. Among the various components, vt  has 

the strongest contribution (Figure 1.3.8b, for instance, for each complete rotation with respect 

to vt, the displacement along vr and vz is much smaller. Moreover not only the magnitude of vz 

and vr are small, vz changes its sign and vr becomes zero near the wall and at the beaker centre).  

Therefore consideration of vt alone will provide a good approximation for the force arising out 

of fluid motion. In this experiment, we have used a beaker with a diameter of 4.02 cm. Figure 

1.3.7 depicts how vt changes at various distances from the centre of the beaker and at different 

values of rps. 

Figure 1.3.7. Variation of velocity as a function of (a) different distances from the centre and 

(b) different rotation rates in our reaction vessel (diameter is 4.02 cm). 

 

Role of Shear forces 

The magnetic stirring gives rise to a velocity gradient in a fluid as depicted in Figure 1.3.8a. 

Considering a non-newtonian viscous fluid, the force exerted by the magnetic stirrer is not 

transferred to the nanorods by mechanical means alone, and chemical interactions (effective 

viscosity) also plays a crucial role in determining shear forces generated in the fluid due to 

rotation. The shear stress on long thin cylinder suspended in a continuously rotating viscous 

fluid is given by, 
62

 

                                        𝜏 = 𝜇
𝑑𝑣𝑡

𝑑𝑟
                   ( eq.1.3.15) 

where τ is the shear stress, μ is the dynamic viscosity of the fluid and vt is the tangential 
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velocity of the fluid element. The shear force, on the other hand, acting on the imaginary 

cylindrical portion of the fluid column is given by, 

 

                            𝐹 =  𝜏  2𝜋𝑟 𝑑𝑟          (eq.1.3.16) 

          = 2𝜋𝜇𝜔   𝑟  −
1

𝑟2
+

2𝑒−𝑟
2/𝑐2

𝑟2
+

 𝑒−𝑟
2/𝑐2

 

𝑟2
 𝑑𝑟    (eq.1.3.17) 

          = 2𝜋𝜇𝜔  
𝐸𝑖 

−𝑟2

𝑐2  

2
−  𝑒−𝑟

2/𝑐2
−  log 𝑟  .    (eq.1.3.19) 

Here, the viscosity of the reaction mixture was estimated to be 0.0161 Ns/m
2
. Figure 1.3.8b,c 

show how shear forces within the beaker in our experimental conditions 

 

Figure 1.3.8. (a) Shear stress at 0.1 cm and 0.5 cm as a function of rotation rate. Plot of shear 

force (b) at different rotation rates and (c) at different distances from the central axis of 

rotation. The length of the magnetic stirring bar is 1.52 cm. 
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In brief, our estimation indicates that regular bench-top stirring leads to a difference in 

Fc across the nanorod, which of the order of 1 aN (on two Pt unit cells located across the 

diameter of a 220 nm thick nanorod rotating at 900 rpm. The rod is considered in a lying down 

position as depicted in the schematic, Figure 1.3.5). This keeps the nanorods floating, prevents 

large-scale agglomeration and drives their flow in a circular path about the rotation centre 

allowing the τ and GD to act upon simultaneously and uniformly. Nanorods experience more 

shear force when positioned away from the rotation axis (Figure 1.3.5c, d). During our Pt NS 

synthesis at 900 rpm, shear force and  reach up to ~1.8 N and ~2.4 x10
4
 Pa respectively 

(Figure 1.3.8), comparable to the ones during shear induced protein agglomeration and TiO2 

nanotube fusion.
40, 63

 

The importance of shear force on chemical deformation was first demonstrated in 

1935.
64

 Strain generated by shear forces leads to the elongation of chemical bonds and often 

rupture them.
65, 66

 We believe that contribution of shear force is crucial for the synthesis of Pt 

NS too. During the GD process, small Pt nanoparticles deposit on the Te NR initially. On the 

other hand, the template becomes increasingly fragile as more and more of Te leaches out. 

When nearly 50-60% of Te is displaced, and the cohesive energy between neighboring Pt NCs 

are not yet sufficiently strong, the nanosheets begin to appear (Figure 1.3.4). In such an 

instance, a larger shear stress on one side of the fragile Te-Pt structure than the other (Figures 

1.3.5d, e) leads to its opening, gradual unzipping and finally to the formation of nanosheet. The 

various possible intermediates formed during the generation of a nanosheet are shown in 

(Figures 1.3.5f-i).Therefore as stated earlier, when we subjected to stirring a preformed Pt 

nanostructure where the Pt NCs had been already strongly attached to each other; no change in 

morphology was observed.  

To further understand the effect of mechanical stirring, we systematically varied the 

rotation rate of the reaction mixture keeping other conditions identical. Absence of stirring 

leads to the formation of only Pt nanotubes. At 300 and 600 rpm, the nanostructures begin to 

open gradually, though they still look like 1D nanostructures or their agglomerate, and not like 

the free-standing sheets obtained at 900 rpm (Figure 1.3.9a). Increasing in rotation rate beyond 

900 does not affect the morphology any more. Since the nanosheets do not form at 600 rpm, 

probably a shear force greater than 1N is a necessity. From Figure 1.3.8b, it can be estimated 

that nearly 60-70% of nanostructures will be exposed to such force at 900 rpm. The fraction of 



Mechanochemical synthesis of free-standing Pt nanosheets  

76 
 

such nanostructures will be larger at higher rotation speed. Next, we altered the viscosity of the 

reaction mixture by introducing water into the medium,
67

 expecting that lower viscosity would 

lead to enhanced ionic diffusion and accelerated GD kinetics. We found that as the proportion 

of EG decreased, the reaction finished faster and instead of a uniform distribution, cluster of Pt 

nanoparticles formed surrounding the Te nanorod (Figure 1.3.9b-f). This observation led us to 

believe that the GD process should be slow enough so that shear forces can act upon for a 

sufficiently long time to yield the nanosheets.  

Figure 1.3.9. (a) FESEM images of the Pt nanostructures obtained at 600 rpm, where the 1D 

structures are fused and do not appear to be free-standing. FESEM images of the products 

obtained by introducing H2O into the reaction mixture. (b) 0 ml, (c) 3 ml, (d) 5 ml, (e) 10 ml, (f) 

20 ml. The total volume of the reaction mixture was always kept as 20 ml. 

 

1.3.4.3 Electrocatalytic performance of Pt nanosheets 

Due to many possible advantages associated with the Pt nanosheets, we explored their catalytic 

efficiencies towards methanol and formic acid oxidation reaction (MOR and FAO respectively). 

Even though the sheets consist of nanocrystals without any predominant crystal facet, their 

freestanding nature should provide much higher electrochemically active surface area (ECSA) 

and better efficiency for the following reasons. 1) Usually catalyst nanocrystals are anchored 

onto conducting supports such as graphene, RGO or amorphous carbon in order to reduce their 
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Figure 1.3.10. (a) CV corresponding to Pt NS and commercial Pt/C (in Ar saturated 

0.5M H2SO4 solution with 50 mV/s scan rate). (b) Gradual change of ECSA recorded for Pt NS 

(red) and C-Pt/C (green). (c) MOR recorded in 0.5M H2SO4 + 1M CH3OH (scan rate 20 

mV/sec) and (d) corresponding mass and specific activity recorded initially and after 5000 

cycles. (e) FAO  recorded in 0.5M H2SO4+ 1M HCOOH at scan rate 20 mV/s and (f) 

corresponding mass and specific activity recorded initially and after 5000 cycles. 
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agglomeration and increase conductivity.
48, 68

 Otherwise the loosely bound nanocrystals within 

agglomerates behave as Schottky contacts leading to higher reaction overpotential. Such effects 

would be minimal in the nanosheets as the constituent nanocrystals are crystallographically 

attached to some of the neighboring nanocrystals. 2) On the other hand, employing catalyst 

support also induces large loss of effective surface area. The supports, during the preparation of 

the working electrode, can deposit as layers one on top of others and sandwich many 

nanocrystals.
69

 This situation may be avoided or minimized in the nanosheets, as we have 

observed during SEM examination of numerous drop-casted samples. Deposition of the 

nanosheets do not lead to their stacking and instead, they intertwine leaving enough space for 

electrolyte and fuel percolation (kinetic diameter for small fuel molecules is ~ 0.38 – 0.54 nm,
70, 

71
 much smaller that the nanosheet dimensions). Therefore almost entire nanosheet-surface 

would be able to participate in catalysis reaction.  

We first evaluated the ECSA and stability of the Pt nanosheets using Ag/AgCl (3M 

NaCl) as the reference electrode and compared the performances with a commercial carbon 

supported Pt NCs (C-Pt/C) catalyst. The cyclic voltamograms (CV) were recorded at 27 
°
C in 

Ar saturated 0.5 M H2SO4 at a scan rate of 50 mV/s. ECSA values were calculated by 

estimating the charge transferred during hydrogen adsorption on the electrode surface using 

double layer corrected CV plots.
72

 Charge transfer across Pt electrode due to underpotentially 

deposited monolayer of hydrogen atom corresponds to 230 µC/cm
2
.
48

 The ECSA value for Pt 

nanosheets was calculated to be 47.37 m
2
/g which is ~200% higher that of C-Pt/C (23.70 m

2
/g, 

Figure 1.3.10a) indicating highly exposed facets of the nanosheets. In addition, their CV plots 

also exhibit two distinct hydrogen adsorption peaks characteristic of relatively more stable low 

index Pt facets.
73

 The stability of the nanosheets in absence of conducting carbon support is 

comparable to the commercial catalyst. ECSA for the Pt NS remained high with continued use 

and was found to be 2.09 times higher than that of C-Pt/C after 5000 catalysts’ cycles (Figure 

1.3.10b).  

We evaluated the MOR and FAO activities of the Pt nanosheets using Ar saturated 0.5 

M H2SO4 + 1 M MeOH and 0.5 M H2SO4 + 1 M HCOOH solutions respectively. Figure 

1.3.10c is the MOR CV plots of Pt nanosheets (scan rate of 20mV/s) showing a peak current 

density of 269.6 mA/mg. This represents a remarkably facile oxidation reaction, yielding 2.93 

times higher anodic current than that for C-Pt/C (91.6 mA/mg) (Figure 1.3.10d). The rate of 
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methanol oxidation on the nanosheets is even higher than that expected on the basis of the 

ECSA values, suggesting that all surface sites of the commercial catalysts may not be available 

for methanol oxidation due to its larger molecular size as compared to hydrogen. Additionally, 

the nanosheets also exhibit superior resistance to catalyst poisoning by carbonaceous reaction 

intermediates, indicated by the ratio of the cathodic peak to anodic peak current density 

(If/Ib).
74-76

 The (If/Ib) ratio was recorded as 1.91 for the Pt nanosheets, which is better than that 

of C-Pt/C (0.67). Figure 1.3.10e shows the CV plots corresponding to FAO with the Pt 

nanosheets and C-Pt/C. The mass current density of Pt nanosheets is 1.4 times that of the 

commercial catalyst. The mass activity and the specific activity of the two catalysts for MOR 

and FAO are listed in Figures 1.3.10d and 1.3.10f respectively. In addition, even after 5000 

catalytic cycles in the case of MOR, the loss in the mass activity of Pt NS is only 26.4% as 

compared to 38.5% for C-Pt/C. Enhanced estimated ECSA, larger mass activity and greater 

poisoning tolerance of Pt NS can be attributed to their easily accessible surfaces due to unique 

2D morphology and absence of carbon based catalyst supports that can contribute towards 

poisoning.
77, 78

 

 

1.3.5 Conclusion 

We have demonstrated the successful synthesis of free-standing Pt nanosheets for the first time, 

which would be an important addition to just a few recently realized noble metal nanosheets. 

This was achieved by adopting a simple mechanical force driven morphology control approach 

wherein stirring induced shear force was employed to deform an incipient Pt nanostructure 

which otherwise would be form a nanotube. The nanosheets have a thickness of ~27 nm and 

uneven surfaces giving rise to high catalytically active surface area. In addition, its constituent 

nanoparticles are crystallographically attached to their neighbors, lending further structural 

stability. We show that these nanosheets exhibit remarkable efficiency towards electrocatalytic 

oxidation of small fuel molecules when compared with commercial Pt catalysts. Our results 

demonstrate that mechanical forces generated in simple experimental set up can be effectively 

used to tailor morphology of nanomaterials at a length-scale far beyond what is experimentally 

demonstrated so far, particularly when they are used during transformation of one material to 

another.  
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CHAPTER 1.4 

Free Standing PdPt Nanowire Membranes‡ 

 

 

 

Summary 

 In a facile approach, Pd73Pt27 alloy nanowires (NWs) with large aspect ratios were synthesized 

in high yield by using sacrificial templates. Unlike majority of processes, this synthesis was 

carried out in aqueous solution with no intermittent separating stages for the products, while 

maintaining the NW morphology up to ~30% of Pt. Upon evaporation of their dispersion, the 

NWs transform into a stable porous membrane due to self-entanglement and can be directly 

lifted and employed for electrocatalytic applications without external catalyst supports. The 

NW membranes exhibited efficient electrocatalytic performance for methanol oxidation 

reaction (MOR) with 10 times higher mass activity and 4.4 times higher specific activity in 

acidic media as compared to commercial Pt/C catalysts with retention of ~70% mass-activity 

after 4000 potential cycles. Since Pd was found to be inert towards MOR in acidic medium, this 

investigation provides a direct estimate of synergistic enhancement of efficiency. Over 10 times 

increment of mass activity appears to be significantly higher than previous investigations in 

various other reaction media. 

 

‡ Manuscript based on this work has been appeared in  J. Colloid Interface Sci., 2016, 463, 99  
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1.4.1 Introduction 

Continued depletion of fossil fuels and the increasing environmental pollution has inspired 

intense research efforts towards developing alternative energy strategies. Fuel cells such as the 

direct methanol oxidation fuel cells (DMFCs) are very promising among them as they can 

convert chemical energy stored in molecules into electrical energy with much higher 

efficiencies than the conventional combustion engines governed by carnot cycle limitations.
1
 

Methanol has high energy density and can be stored and transported easily. Pt-based 

nanocrystals have been widely investigated as the electrode materials in DMFCs due to their 

efficient electrocatalytic properties towards fuel oxidation reactions.
2-5

 The catalyst 

nanoparticles are usually anchored onto conducting carbon supports such as Vulcan-XC72 or 

Ketjen EC 300J for avoiding catalyst agglomeration on electrode surface.
6, 7

 However 

commercialization of fuel cells has faced several challenges that arise due to the less abundance 

and expensive nature of Pt as well as enhanced deactivation of the supported-catalyst materials. 

In particular, carbon-supported nanocatalysts suffer from a number of problems such as poor 

and inhomogeneous loading, and aggregation/Ostwald ripening under harsh electrochemical 

environment.
8, 9

 Attachment of the nanocrystals with support also leads to decrease in their 

active surface area as a fraction of the nanocrystals get buried and inaccessible to the 

reactants.
10, 11

 On the other hand, strong CO affinity of the carbon support and sometimes, 

generation of CO by degradation of the support itself creates a CO rich environment around the 

supported nanocrystals, leading to rapid poisoning of the catalyst surface.
10, 12

 As a result, 

DMFCs give rise to generation of low power density and catalyst degradation over time. 

Employing suitable bimetallic catalysts such as Pt-Pd nanocrystals are advantageous in such a 

situation as they exhibit not only superior CO tolerance and higher catalytic activity, but also 

help in developing economically more affordable materials.
13-15

 This, however, does not 

alleviate the disadvantages associated with the use of catalyst supports, and the instances of 

higher loading in particular leads to large loss of mass-activity due to excessive agglomeration, 

catalyst screening and burial inside the support layers.
16

 A self-supported electrocatalyst 

membrane without its support is highly desirable that can directly be loaded onto electrode 

systems without compromising the catalytic activity and stability. 1D nanostructures such as 

nanowires or nanotubes with high aspect ratios are promising components in order to make 

such self-supported, robust membranes as a result of their network formation upon deposition 
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due to random entanglement of these structures.
17-19

 Such 2D membranes have been studied 

extensively as the combination robustness with flexibility makes them promising candidates for 

a number of applications such as nanoelectronics, sensing, and catalysis.
20-22

A mess of 

nanostructures created thus leaves behind interconnected pores with sufficiently large sizes so 

that the fuel molecules can percolate and access interior catalyst surfaces. Therefore, creating 

Pt based nanostructure having 1D morphology and high aspect ratio, low Pt content is 

promising for affordable fuel cells, and also to many other applications including electronics 

and photonics.
23

Spherical or shape controlled catalyst nanocrystals without a carbon-support, 

on the other hand, stack themselves forming impenetrable agglomerates upon deposition. 

Notably, dendrite structures have been used for support-less electrocatalysis, though their 

resilience to external forces are expected to be inferior.
24

 

1.4.2 Scope of the present investigation 

Among the different Pt based materials, nanocrystals of Pt-Pd have exhibited extremely 

promising electrocatalytic performance towards fuel oxidation.
25-27

 It may be noted that other 

Pt based materials such as Pt-Ru alloy also exhibit excellent efficiencies,
28

 though these are 

rarely considered industrially viable due to the scarcity of Ru reserve. However, due to intrinsic 

isotropy of their crystals, growing Pt, Pd or PdPt nanomaterials directly into one-dimensional 

(1D) structures is difficult as compared to their 0D nanocrystals, which led to the development 

of a number of assisted processes using hard or soft templates.
19, 29-31

 Recent investigations 

have shown that Te nanowires are versatile templates for obtaining 1D metallic structures due 

to ease of their synthesis, usability across a number of solvents unlike the soft templates as well 

as favorable reduction potential to undergo galvanic displacement (GD) by many catalytically 

active metals.
32, 33

 For instance, Liang et al. and Li et al. reported facile synthesis of Pt and 

PtPdTe nanowires using Te NW as template.
11, 32

 The Te template approach has certain 

disadvantages. (i) The displacement reaction of Te with Pt has a high rate constant leading to 

destruction of the 1D shape.
11, 34

 Therefore the reaction is usually slowed down using a viscous 

solvent.
35

 However, these require several additional processing steps leading to intermittent 

mass-loss. (ii) Displacement in a viscous medium seems to interfere with atomic diffusions, 

leaving behind unreacted Te in the nanostructures,
11, 32

 which dissolve out within the fuel cell 

operating potential windows (>0.46 V vs. RHE at pH =1).
36

 (iii) Even though it is expected that 
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nanostructures by GD process may lead to different microstructure, their performance in acidic 

medium towards methanol oxidation reaction (MOR) has never been examined. This work is 

aimed at synthesis of PdPt alloy nanowires with long enough aspect ratio to make a free-

standing membrane using Te nanowires as template. Due to inactivity of Pd towards MOR in 

acidic condition, this material offers a direct estimation of synergistic enhancement in MOR 

activity on PdPt alloy surface. 
31, 35

 

1.4.3  Materials and methods 

1.4.3.1 Chemicals 

Sodium tellurite (Na2TeO3, Sigma-Aldrich, 99.9%), palladium (II) Chloride (PdCl2, Sigma-

Aldrich, 99.9% Pd basis), chloroplatinic acid hexahydrate (H2PtCl6.6H2O, Sigma-Aldrich, 

37.5% Pt basis), polyvinylpyrrolidone (PVP mol wt.: 30,000, SDFCL), hydrazine hydrate 

(H4N2.H2O, SDFCL, 99%), aqueous ammonia solution (NH3, SDFCL, 30%) were used without 

further purification. 

1.4.3.2 Syntheses of Te nanowires 

 Te nanowires (NWs) were prepared by using a hydrothermal method.
31, 32

 Briefly, 1 g PVP 

(mol. wt: 30,000) and 0.0922 g Na2TeO3 (0.416 mmol) were dissolved in 35mL of DI Water to 

form a homogenous solution kept under vigorous magnetic stirring at room temperature. To 

that 1.65 mL of hydrazine hydrate (85%, w/w %) and 3.35 mL of aqueous ammonia solution 

were added. The mixture was transferred to a Teflon vessel held in a stainless steel vessel (45 

mL in total volume), which was closed and placed in a preheated oven at 180°C for 4 h, and 

then the sample was allowed to cool to room temperature. A dark-blue coloured solution 

containing Te nanowires was collected in a beaker, diluted appropriately and used as precursors 

for galvanic displacement reaction.  

1.4.3.3 Syntheses of PdPt nanostructures 

20 ml fractions of the above mentioned solution containing 16 mg Te NWs (0.125 mmol) was 

used for preparing different Pt- Pd nanostructures. Aqueous solutions of PdCl2 (35 mg, 0.2 

mmol, dissolved in 0.4 mL conc. HCl followed by dilution with water) and H2PtCl6 (30 mg, 
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0.05 mmol) in appropriate quantities (for obtaining Pd73Pt27 NWs for instance) were added to 

the Te solution (at 25 °C) at a slow rate of 1.5 ml/hr, and kept for another 48 h to ensure 

complete reaction. Note that the total moles of Pt and Pd precursors added were kept slightly in 

excess of Te precursors (~10% excess of Te) to ensure complete reaction. Finally, 20 ml of 

acetone was added to each reaction mixture. The products were collected by centrifugation and 

washed with water and ethanol.  

1.4.3.4 Material Characterization 

Powder X-ray diffraction (XRD) patterns of different nanostructures were recorded using a 

Bruker diffractometer with Cu Kα radiation (D8 Advance X-ray diffractometer, Cu Kα, λ = 

1.5406 Å, 40 kV, and 30 mA. Field-emission scanning electron microscopy (FESEM, FEI 

Quanta) images were recorded under 10 kV accelerating voltage. Energy-dispersive X-ray 

spectroscopy (EDS) was used to analyze the elemental composition of the samples. The 

transmission electron microscopy (TEM) imaging was recorded in an aberration corrected FEI 

TITAN3TM 80-300 kV TEM. HRTEM imaging was performed under negative Cs (3
rd

 order 

aberration correction value of ~ 35 µm) and a positive defocus (~8 nm) that gives white atom 

contrast. Nano-beam (electron beam width of 1.5 Ǻ, much smaller than the sample particle 

size) was used to collect spot EDS spectra from various regions of a nanostructure. Inductively 

coupled plasma mass spectrometry (ICP-OES, Perkin Elmer 700DV) was used to estimate the 

amounts of various metals and Te in the nanostructures. UV–Vis absorption spectra were 

recorded using a UV-Perkin Elmer UV/Vis/NIR spectrometer.  

1.4.3.5 Electrochemical Characterization 

 The electrocatalytic activity and efficiency of Pd73Pt27 nanowires and commercial 20% Pt/C 

(Platinum on graphitized carbon, Sigma Aldrich) towards MOR was studied by cyclic 

voltammetry (CV) technique. The measurements were done on an electrochemical workstation 

(CHI760E and RRDE-3A) using three electrode system – A glassy carbon electrode (GCE, 3 

mm in diameter) as substrate for working electrode, Ag/AgCl (3M NaCl) as the reference 

electrode and a platinum coil as the counter electrode. Prior to use, the GCE was polished with 

1.0, 0.3 and 0.05 micrometer alumina powder until shiny surface was obtained. For the working 

electrode, catalyst ink was prepared by dispersing 1 mg of Pd73Pt27 NWs in 300 μL of nafion 
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solution (5 wt% nafion:isopropanol:water = 0.05:1:4 (v/v/v)) and ultra-sonicating it for 15 

minutes. 10 μL of this ink was drop-casted on the polished GCE and allowed to dry under 

ambient condition. The catalyst loading on the GC was estimated to be 0.03 mg. CV was 

recorded in 0.5 M H2SO4 aq. solution saturated with UHP Ar, in the potential range of -0.25 V 

to 0.9 V at a scan rate of 50 mV/s. We calculated the electrochemical surface area (ECSA) of 

each sample using Equation:
37

 

 ECSA = QH / (0.21 × [Pt])                           (eq. 1.4.1) 

 in which [Pt] represents the platinum loading (mg) on the electrode and QH the amount of 

charge exchanged during the adsorption of hydrogen atoms on Pt (mC.cm
-2

) the correlation 

constant of 0.21 (mC) represents the charge required to oxidize a monolayer of H2 on Pt 

electrodes. For MOR study, CV profiles were recorded at the potential range of 0 V to 1.0 V 

and scan rate of 20 mV/s in Argon saturated 0.5 M H2SO4 + 1 M CH3OH. The accelerated 

durability test of catalyst for MOR was studied by CV measurement in Ar atmosphere in the 

potential range of 0.3 V to 0.9 V and at a scan rate 100 mV/s. 

1.4.4 Results and discussion 

1.4.4.1  PdPt alloy nanowires 

The Te NWs were synthesized by using Na2TeO3 as Te precursor, hydrazine hydrate as 

reducing agent and PVP as capping agent.
32

 Aqueous ammonia solution was further added to 

adjust the reduction potential and the rate of formation of Te NWs. The nanowires so obtained 

in presence of PVP (molecular weight: 30,000) are uniform in size (diameter ~ 26±8 nm) with a 

high aspect ratio (>500) and disperse for several hours in the mother liquor (Figure 1.4.1a). 

The XRD of Te NWs showed the formation of pure trigonal phase without any impurity 

(ICSD=23058, Figure 1.4.1d). The Te NWs were obtained as a stable dispersion in the mother 

liquor and directly used them as templates for the synthesis of Pd, Pt or PdPt nanostructures 

with different compositions by employing galvanic displacement mechanism, as described by 

the following reactions: 
32

 

PdCl2 + Te + 3H2O                   2Pd + TeO3
2-

 + 4Cl
-
 + 6H

+        
(eq. 1.4.2) 

PtCl6
2-

+ Te + 3H2O                    Pt + TeO3
2-

 + 6Cl
-
 + 6H

+          
(eq. 1.4.3) 
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Figure 1.4.1. Representative FESEM images of (a) Te NWs synthesized by using PVP (mol wt. 

30,000), (b) Te nanorods synthesized by using PVP (mol wt. 10,000), (c) Pd73Pt27NWs obtained 

in aqueous medium using the Te NWs seen in (a) as sacrificial templates. XRD pattern of (c)Te 

nanowires and (d) Pd73Pt27 NWs.  

Aqueous solutions of Pt and Pd precursors, mixed in appropriate quantities, were very 

slowly added (1.5 ml/ h) to dispersed Te NWs in a stoichiometric manner and the mixture was 

further aged for another 48 hours to ensure complete reaction. In Figure 1.4.1c, we show SEM 

image of  PdPt NWs obtained by using the corresponding precursors in 4:1 ratio, having 

uniform diameter of 27.5±7 nm, and lengths comparable to the Te NWs (<10 µm). The 

composition of the NWs was examined by ICP-OES and found to be 73:27 (also supported by 

EDS as described below, and called as Pd73Pt27 hereafter). Along with Pd73Pt27 NWs, a tiny 

fraction of the product also contained nanoparticles (NP) having diameters of 25-30 nm. The 

phase purity of the Pd73Pt27 NWs were examined by X-ray diffraction (Figure 1.4.1e), which 

confirmed the absence of precursor Te in the reaction product. The XRD pattern contains well-

defined and broad peaks at 2θ of 40.4°, 46.7°, 68.3°, 82.2° and 86.8° which correspond to 

(111), (200), (220) and (311) planes of face centered cubic Pt-Pd alloy structure respectively. 

These alloy NWs also remain as a stable dispersion due to the presence of residual PVP from 
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the Te NW dispersion. Importantly, we observed that these NWs can be easily arranged into a 

free-standing membrane, by drop-casting the NW-dispersion on a Teflon substrate (Figure 

1.4.2a) and allowing to dry in ambient atmosphere. The paper-like NW membrane-assembly 

was easily separable from the substrate and stable without any support (Figure 1.4.2c). A 

careful examination of the membrane shows that due to their curved nature, drying leads to 

entanglement of the nanowires that lent mechanical stability to this membrane. Importantly, the 

membrane also contains large and interconnected pores (Figure 1.4.2b) in order to pass and at 

the same time, expose almost the entire surface of the NWs to reactants, which would be 

beneficial for many catalytic applications. 

Figure 1.4.2. (a) Photograph of a simple cast-processed formation of a Pd73Pt27 NW membrane 

on a Teflon substrate. (b)High magnification SEM image of free-standing Pd73Pt27 NW 

membrane displaying the entangled NWs and the porous nature of the membrane. (c) 

Photograph of free-standing, self-supported membrane of Pd73Pt27 NWs lifted with laboratory 

forceps. Inset: Low magnification FESEM image of the membrane. 

The structural features as well as composition of the Pd73Pt27 NWs were further 

investigated by TEM (Figure 1.4.3a) and EDS. Fig. 1.4.3b & c display a typical high 

resolution TEM (HRTEM) image and the corresponding fast fourier transformed (FFT) pattern 

of a nanowire indicating that the Pd73Pt27 NWs are polycrystalline in nature. On the other hand, 

the particles are usually single-crystalline. A HRTEM image acquired from a particle (Figure 

1.4.3d, e) exhibit clear lattice fringes with a spacing of 1.9 Å corresponding to (200) plane of 

the PdPt crystal lattice. In the HRTEM image, we also observed contrast modulation among 

different atoms, which may be attributed to the difference in the electronic configuration of Pd 

and Pt. The corresponding FFT pattern (oriented along [01-3] zone axis, Figure 1.4.3f) 

confirms single crystallinity of the NP. EDS spectra were recorded at different regions of the 

NWs to confirm the composition and homogeniety. Two of such EDS spectra, seen in  

1 mm

(c)

1 mm

(a) (b)
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Figure 1.4.3. (a) TEM image of Pd73Pt27 NWs. (b) HRTEM images and (c) FFT pattern 

corresponding to a Pd73Pt27 NW. (d) TEM, (e) HRTEM and (f) FFT pattern corresponding to a 

single-crystalline Pt-Pd particle. EDS spectra corresponding to (g) a Pd73Pt27 NW and (h) a 

PdPt particle. 

Figure 1.4.3g & h were acquired on a nanowire and a nanoparticle respectively. It was 

observed that many NWs contain small amount of Te, often <7%. However absence of any 

signature of the template trigonal Te phase in XRD as well as FFT patterns indicates the 

possibility of presence of very small quantity of amorphous Te in the Pd73Pt27 NWs. Such 

observation was also reported by Huang et al. during the synthesis of Pt3Te/C, which may 

occur due to incomplete replacement in the inaccessible places of the template nanowires.
34, 38

 

A careful consideration of the atomic ratios of Pd and Pt in the NWs reveal that their relative 

values vary in the range of 60-80% of Pd and 17-40% of Pt respectively. We believe this is 

possible due to the comparable atomic radii and lattice parameters, PdPt alloy can form in any 

ratio.
39

 EDS spectra acquired on the nanoparticles, however showed no signature of Te and the 

ratio of Pd and Pt was found to be 3:1 in all instances (Figure 1.4.3h). 
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Figure 1.4.4. Schematic illustration depicting the stepwise conversion of Te template NWs to 

Pt-Pd NWs. 

1.4.4.2  Mechanistic investigation 

 Based on the galvanic reactions described in equations (2) and (3), conversion of Te 

NWs to 1D PdPt NWs can be depicted in Scheme 1. Successive displacement of the Te atoms 

by Pt and Pd initially leads to deposition of their clusters on Te NW. Under suitable 

experimental conditions, the entire Te is slowly replaced by Pt and Pd maintaining the 1D  

Figure 1.4.5. (a, b) SEM images of pristine Pd NWs obtained by galvanic displacement of Te 

NWs. (c) XRD pattern of Pd NWs obtained by galvanic displacement of Te NWs by Pd-salts. All 

peaks in the pattern can be indexed on pure Pd phase. 
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morphology. For the successful synthesis of Pd73Pt27 NWs and their membrane, we found the 

following indispensable factors: (i) use of PVP (mol. wt. 30,000) during synthesis of Te NWs, 

(ii) addition rate of metal precursors and (iii) relative concentration of Pd and Pt precursors. 

When synthesis of Te was carried out by using smaller PVP (mol. wt. 10,000), Te nanorods 

with wider size distribution formed (Figure 1.4.1b), which do not lead to stable membrane due 

to less effective entanglement. Besides, it is also important not to remove PVP from the Te NW 

dispersion and rather use it as obtained. This not only avoids additional processing steps, but 

also keeps the Te NWs dispersed for longer time to expose their entire surface uniformly and 

allow complete galvanic displacement. Second, we found that faster addition rate of metal  

precursor, and higher displacement temperature leads to incomplete displacement reaction. This 

probably occurs due to quick formation of a Pt skin blocking the access of  core Te NWs to the 

reactants.
34, 40

 While such a speculation requires further experimental verification, it is possible 

that slow addition allows sufficient time for migration of depositing Pt atoms on Te surface 

forming bigger Pt clusters and continuously exposing the depleting Te NW to the reactants. 

Third, it is important not to use large proportions of Pt precursor to obtain NWs. We obtained 

different product morphologies by varying the ratio of metal precursors in our experiments. In 

total, we used the following PdPt precursor rations: 100:0, 80:20, 50:50. 25:75 and 0:100. 

When the galvanic displacement is carried out using only the Pd precursor, entire Te NWs 

convert to Pd nanowires (Figure 1.4.5). The PdPt precursor ratio of 80:20 yielded the Pd73Pt27 

NWs, as described earlier. However using larger proportions of Pt precursors than was used for 

Pd73Pt27 NWs increases the formation of particles (Figure 1.4.6). When about 75% of Pt is 

used, the product mainly consists of particles. Similarly, reaction of Pt-precursor alone, with  

Figure 1.4.6. FESEM images of (a) Pd50Pt50 and (b) Pd33Pt67 nanostructures. 
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the Te NWs also led to the formation of particles. It is possible that the binding energy (BE) 

between metal atoms is responsible for such observation, since they would impact on surface 

diffusion.
41

 It may be noted that the Pt-Pt BE (307 KJ mol
-1

) is higher than that for Pd-Pd (100 

kJmol
-1

) and PdPt (191 kJmol
-1

).
33, 41

 Therefore as the concentration of Pt precursor increases in 

the reaction mixture, the reaction rate also increases and the final product consists mostly of 

segregated Pt-Pd NPs. Hence an optimal maximum concentration of Pt precursor can only be 

present for the successful formation of PdPt NWs, which in our case is 30%. By further 

reducing the diameter of the Te NWs,
17, 31

 it may become possible to increase the fraction of Pt 

in the alloy NWs, though it will also modify the strength of the membranes.  

Figure 1.4.7. CV plots for Pd NWs (a) in Ar-saturated 0.5 M H2SO4 and (b) under MOR conditions 

(scan rates of 20 mV/s). 

1.4.4.3  Electrocatalytic activity of PdPt nanowiress 

Inspired by the formation of stable porous membrane upon deposition Pd73Pt27 NWs on a 

smooth surface and the possibility of high Pt-mass activity due to Pd substitution as well as 

absence of catalyst support, their electrocatalytic activities towards methanol oxidation reaction 

(MOR) was investigated using a three electrode system and further compared with commercial 

Pt/C catalyst (C-Pt/C, 20% loading). MOR can take place in acidic, basic or in neutral reaction 

media. Here we choose to use acidic media because (i) it has never been done for PdPt alloy 

nanowires before and (ii) since Pd is found to be inactive in acidic media (Figure 1.4.7),
24

 we 

may directly estimate the synergistic enhancement in efficiency due to alloy formation. The 

cyclic voltammograms (CV) corresponding to the Pd73Pt27 NWs and C-Pt/C were recorded in 

Ar-saturated 0.5 M H2SO4 solution at 50 mV/s at room temperature (Figure 1.4.8a and b). The 
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current-peaks in the potential region of −0.25 to +0.1 V of the CV arise due to the characteristic 

under potential deposition of hydrogen adsorption and desorption. The double layer corrected 

electrochemical surface area (ECSA) were estimated from these peaks and found to be 37.7 

m
2
/gPt for the Pd73Pt27 NWs, which is over 2.2 times larger than that for C-Pt/C (16.6 m

2
/gPt). 

Subsequently, the electrochemical stability of these materials was checked by accelerated 

durability test (scan rate: 100 mV/s), which showed that our catalyst NWs have considerably 

high electrochemical stability as compared to the commercial catalyst. As seen in Figure 

1.4.8c, the NWs retain 82.6 % of the initial ECSA value even after 4000 potential-cycles, while 

ECSA for C-Pt/C has reduced by 43.8%.  

Figure 1.4.8. CVs of (a) Pd73Pt27NWs and (b) C-Pt/C acquired in Ar-saturated 0.5 M H2SO4 

solution at scan rates of 20 mV/s. ECSA of (c) Pd73Pt27 NWs (red) and C-Pt/C (black) estimated 

initially and with increasing potential cycles. 
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Figure 1.4.9. MOR-CV plots for initial and after 1000, 2000, 3000 and 4000 potential cycles 

recorded in Ar-saturated 0.5 M H2SO4 + 0.1 CH3OH solution at scan rates of 20 mV/s: (a) 

Pd73Pt27 NWs and (b) C-Pt/C. (c) MOR onsets exhibited by Pd73Pt27 NWs (red) and C-Pt/C 

(black). (d) Comparative mass activity of the Pd73Pt27 NWs (red) and C-Pt/C (black) recorded 

for methanol oxidation. The Pt loading amounts in case of Pd73Pt27 and C-Pt/C were 0.127 and 

1.423 mg/cm
2
 respectively. 

In Figure 1.4.9a and b, typical MOR-CV plots are shown, obtained using the Pd73Pt27 

NW and C-Pt/C in acidic medium respectively. The measurements were carried out at room 

temperature in Ar saturated 0.5 M H2SO4 + 1 M CH3OH solution at a scan rate of 20 mV/s. Our 

NWs exhibited very high oxidation current, with mass activity of 532.5 mA/mgPt which is 

nearly 10 times higher than the commercial Pt/C (mass activity: 53.4 mA/mgPt). On the other 

hand, the specific activity of Pd73Pt27 NWs (1.41 mA/cm
2
) is 4.37 times higher than C-Pt/C 

(0.322 mA/cm
2
). In addition, the Pd73Pt27 has shown a notable negative potential shift in 

oxidative mass-current density compared to C-Pt/C. (Figure 1.4.9c), inferring more efficient 

oxidation of MeOH on Pd73Pt27 surface when compared to pure Pt surface. We also examined 

the ratio of forward current (If) to backward current (Ib), which indicates the efficiency of the 
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catalyst against poisoning by residual carbonaceous species.
42

 A higher (If/Ib) ratio specifies 

more effective removal of the poisoning species from catalyst surface. The If/Ib ratio for 

Pd73Pt27 NW was found to be 1.22, which is higher than C-Pt/C (If/Ib = 0.75). However, a new 

study by Tong and coworkers indicates that oxidation of methanol takes place in both forward 

and reverse scans, contrary to a belief that the reverse peak is due to oxidation of residual 

carbon species.
43

 

Comparison of the present results with the literature reports point to an important 

realization. In acidic media, previous investigations were carried out with Pt-Pd nanostructures 

mounted on a carbon support.
44-46

 Therefore the higher mass and specific efficiency shown by 

our catalyst is somewhat expected. However, when we compare our results in acidic media 

with other Pt-Pd nanowires (with or without a carbon support) in various reaction media, we 

found that enhancement in mass activity (~10 times) and specific activity (~4.4 times) towards 

MOR is much higher, indicating possibly towards a considerably superior synergistic effect in 

our nanostructures. For instance, Dong and coworkers reported only ~4.5 times enhancement in 

mass activity of MOR in basic medium using similar PtPd nanowires.
35

 On the other hand in 

acidic medium, nanoporous PdPt alloys with similar composition as that of ours has shown 

only ~7 times enhancement in MOR mass activity,
25

 whereas carbon supported PdPt 

nanoparticles exhibited ~4.5 times increase over commercial Pt/C.
47

 In general, alloying leads 

to enhancements in mass activities in the range of 1.4-6.7 times in acidic media and 3.3-6.6 

times in basic media. In the present case, the exceptionally high increment in activity may be 

attributed to two factors. (i) In absence of any kind of catalyst support, the surface of this 

nanowires are exposed methanol, leading to a higher electrochemically active area and (ii)  

dilution of Pt surface with Pd assists a favorable MOR pathway compared to pure Pt surface in 

acidic media. In a pure Pt surface, three neighboring Pt atoms are required to stabilize 

(COH)ads, generated as an MOR intermediate, whereas two Pt atoms can stabilize (CO)ads 

intermediate.
48

 Since Pd do not adsorb methanol in acidic media and inactive towards MOR; 

dilution of pure Pt surface by Pd would lead to a decrease in stabilization of such poisonous 

intermediates and increased concentration of adsorbed OH surrounding them, which may lead 

to more facile MOR pathway. However, further analysis is required to establish that the 

nanostructure surface indeed is consistent with the proposed stoichiometry. 
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Table 1.4.1. The electrocatalytic properties of representative anode catalysts with different 

compositions developed recently toward methanol oxidation reactions. The ECSA values are 

given wherever provided. 

 

Sr. no.      Catalysts 

ECSA 

m
2
/ g  

Potential 

E (V) 

Mass 

Activity @ 

E 

mA/mgPt 

Scan 

rate  

mV/s 

Ref. 

electrode 

 

Reference 

1. Pd73Pt27  NWs 37.7 0.75  

0.7 

532.5 

488.4  

20  

 

Ag/AgCl This work 

Unsupported Pt 

2.  Pt hollow cubes 50 0.7 240 50 Ag/AgCl 
49

 

3. SP-Pt NTs - 0.7  260 50 Ag/AgCl 
50

 

4. Pt-on-Pd NWs 90.7 0.68 540 50 Ag/AgCl 
51

 

5. Pt-nanodendrite 77 0.7  124.7 50 Ag/AgCl 
52

 

Supported Pt  

6. Pt NTd/C - 0.9  201.35 20 RHE 
53

 

7. 40 wt% Pt NWs/C 61.4 0.6  386.3 50 SCE 
54

 

8.  Pt/MC 27 0.7 250  50 Ag/AgCl 
55

 

9.  Pt/CNF/graphene 34.8 0.78 468 50 SCE 
56

 

10. Pt/C –STNS-600 - 0.17  480 50 Hg/Hg2SO4 
57

 

Unsupported PtX 

11.  Pt23Pd21Te56 NWs - 0.63 337 50 Ag/AgCl 
58

 

12. PtPd NCs 12.1 0.65  98 50 Ag/AgCl 
59

 

13. Ru19Pt81 - 0.54 120 50 Ag/AgCl 
60

 

14.  Pt-on-Pd NDs 48 0.7 490 50 Ag/AgCl 
14

 

15. Au-Pt5 NDs 35.2 0.69  450 50 Ag/AgCl 
61

 

Supported PtX 

16. N-GA/PtRu - 0.44 306.3 20 Ag/AgCl 
62

 

17. PtRu/ETEK - 0.56 130.4  20 Ag/AgCl 
62

 

18. Comm. Rh50Pt50/C - 0.57 100 50 Ag/AgCl 
60
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Finally, we investigated the stability of the NWs under MOR conditions by performing 

accelerated durability test. The NWs initially showed decrease in activity and after 1000 

potential cycles, it retained 69% (368 mA/mgPt) of its initial mass activity. Thereafter however, 

it remained unchanged until 4000 potential cycles with a value of 365.3 mA/mgPt (68.5%, 

Figure 1.4.9d). Similar tests on C-Pt/C showed continuous degradation in performance and 

after 4000 potential cycles, a mass activity of 37.1 mA/mgPt was only retained. Thus, on 

accounts of MOR onset potential, mass activity, poison tolerance, as well as high 

electrochemical surface area, the Pd73Pt27 NWs has shown significantly high efficiency in 

acidic media as compared to commercial Pt catalysts, and even other important state-of–the-art 

catalysts (see Table 1.4.1). 

1.4.5  Conclusion 

In conclusion, Pd73Pt27 alloy NWs were synthesized in aqueous medium with aspect ratio >500 

using Te NWs as sacrificial templates by a galvanic displacement mechanism. These NWs have 

shown notably good electrocatalytic activity for MOR without the use of any catalyst 

supporting acidic media. The mass activity and specific activity of the materials was found to 

be 10 and 4.4 times respectively higher than that of the commercial Pt/C. Importantly, 

synergistic enhancement of efficiency of the Pt-Pd alloys towards MOR appears to be 

significantly higher in our nanostructures when compared with similar nanostructures. These 

NWs are capable of self-supported membrane formation, promising for various catalytic 

applications. 

19. PtRu/C - 0.7 325  20 Ag/AgCl 
63

 

20. Pt Ru/C (E-TEK) - 0.68 375 50 Ag/AgCl 
64

 

21.  Pt Ru/CMK-8 - 0.77 487.8 50 Ag/AgCl 
64

 

22. Pt-MoO3/C - 0.7 490  20 Ag/AgCl 
63

 

23.  C–PtPd–RGO 31.7 0.6 381 50 SCE 
65

 

24.  Fe28Pt38Pd34 

NW/C 

- 0.7 488              50 Ag/AgCl 
66

 

25. PtPd NC/RGO 19.7 0.62  255 50 Ag/AgCl 
59

 

26. NiPt/C 30.3 0.66 486.7 100 Ag/AgCl 
67
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CHAPTER 1.5 

Metal-free Biomass Derived N- Doped 

Amorphous Carbon‡ 

 

 

 

 

Summary 

Doped carbon allotropes are promising materials for use in a range of applications in energy 

harvesting and gas adsorption. Synthesis of multifunctional C is however challenging as it 

requires simultaneous control over surface area, conductivity, chemical nature and loading of 

heteroatoms in the carbon matrix, usually yielding a material at a time that favours a single 

application. pyridinic-N on C-surface facilitates oxygen reduction (ORR) and CO2 capture, 

whereas more heteroatom enhances capacitance. Here we have demonstrated on soya derived 

N-doped carbon having high surface area (>1000 m
2
/g) exhibiting superior performance for all 

these applications. Supercapacitors made of this material is operable in a wide potential 

window of 1.5 V and possesses specific energy density of 24.3 Wh/kg with excellent 93% 

capacitive retention beyond 10,000 charge-discharge cycles at a high 10 A/g discharge rate. It 

also exhibits one of the best performances among bio-derived materials towards ORR with half 

wave potential of -0.211 V (vs. SCE) in alkaline solution that involve facile multi-electron 

transfer at rate determining step. Further at 1 bar pressure, it captures an appreciable 14 wt.% 

CO2 at 298 K and 57.7 wt.% at 195 K, which is 40% more than commercial high surface area 

carbon. 

 

‡ Manuscripts based on this work have appeared in Sci. Technol. Adv. Mater. 2015, 16, 014803 and 

Carbon 2017, 114, 679. 
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1.5.1  Introduction  

Increasing global energy demand and continued depletion of fossil fuel has led to the 

development of a number of highly promising alternative energy strategies. Among them, fuel 

cells are important due to potential generation of very high power-density and green operating 

conditions. Even though the performance of polymer electrolyte membrane fuel cell (PEMFC) 

has improved in recent times, it is of paramount importance to develop better catalyst to 

counter the sluggish kinetics of oxygen reduction reaction at the cathode.
1
 Usually the noble 

metal based electrocatalysts are considered to be the best catalyst for oxygen reduction reaction 

(ORR) in fuel cells.
2-5

 However high cost and less abundance limit their utilization.
6
 

Furthermore, these materials also suffer from continuous degradation in performance due to 

surface-poisoning such as CO deactivation, alcohol cross-over and often have short term 

stability in electrochemical harsh condition.
7-9

 On the other hand, non-metallic catalysts such 

carbon materials do not have such disadvantages and large efforts have recently been made to 

match their performance with Pt based catalysts.
10

 It is found that doping of heteroatoms such 

as nitrogen, phosphorus, sulphur and boron into the carbon skeleton 
11-13

 assist oxygen 

adsorption and reduction by changing the polarity of neighbouring carbon atoms; thereby 

enhancing ORR activity.
14

  From theoretical studies it has been found that in doped carbons, 

the catalytically active sites are the carbon atoms next to heteroatoms which show excellent 

bonding ability to adsorb OOH, thus aid the easy formation of H2O2 which improve their 

catalytic activity.
15

 Along with ORR,
16-18

 they show also excellent performances as electrode 

materials for batteries,
19

 supercapacitors,
20-23

 capacitive deionization
24

 etc. making them 

suitable candidates for some of the most important components of hybrid power storage 

systems.
4
 They are promising for contamination removal as well as greenhouse gas capture and 

storage applications too.
25-27

 In these respects, doped carbon (C) allotropes such as graphene, 

carbon nanotubes and amorphous carbon have emerged as multifunctional materials for being 

inexpensive, relatively easy to synthesize, chemically stable and well understood physical 

properties.
28-32

 Doped amorphous carbons are widely used as they can be easily obtained from a 

large number of precursors, and can be tailored to have extremely high surface area. From the 

recent studies, one could comfortably infer that suitable processing of various biomasses, which 

are rich in protein containing inbuilt C-N entities, leads to high surface area N-doped 

amorphous carbon.
33-37

 This is particularly important since the standard N-doping protocols 
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involve large excess of nitrogen precursors that are irrecoverable. Depending on the nature of 

biomass and processing conditions involving disruption of lamellar structure and 

graphitization, these processes can give rise to different types of carbon materials with varying 

doping content, porosity and surface area. 

1.5.2 Scope of the present investigation 

In order to use a doped carbon material in multiple applications having sufficiently high 

efficiencies simultaneously, it is important to maintain a suitable balance of several major 

parameters such as (i) the content of heteroatoms, as these induce surface polarization, thereby 

favouring adsorption of atoms and ions. N doping also enhances to pseudocapacitance as it can 

reversibly change oxidation state. Besides,  presence of nitrogen in the C framework can 

increase the carrier concentration by orders of magnitude when compared to undoped carbon,
38

 

though over-doping interrupts the conjugation within the C network lowering conductivity.
39

 

(ii) Extent of graphitization: Electrical conductivity improves manifold at high annealing 

temperatures due to enhanced graphitization by “self-healing” of graphite lattice.
40, 41

 Due to 

self-reduction on the other hand, high temperature treatment results in evaporation of N 

moieties, leading to relatively depleted heteroatom content on surface, reducing carrier 

concentration. Evaporation of N in the pyridinic and pyrollic form is much more facile than in 

graphitic form.
42

 (iii) Surface area: high temperature leads to evaporation of carbonaceous 

species also, yielding enhanced porosity and surface area, which controls exposure of material 

to the interacting species.
43

 (iv) Apart from total heteroatom content, a relatively high surface 

concentration of heteroatom is necessary to enhance certain efficiencies due to the involvement 

of surface active sites alone with external entities. For this reason, even though CO2 capture 

capability of carbon is expected to increase with higher N content (N being active sites for CO2 

adsorption), so far this has not been established with experimental findings.  Kemp et al. and Li 

et al. in separate studies, carried out under similar adsorption conditions, found that a carbon 

sample with 3.9 % N-doping and 980 m
2
/g surface area absorbs nearly same amount of CO2 as 

another sample with 14.45 wt% N doping  and 683 m
2
/g surface area.

44,45
 (v) The bonding 

environment around N is another factor dictating efficiency towards a particular application. In 

carbon network nitrogen moieties can be present in graphitic or pyridinic or pyrollic form. In 

case of ORR, recent experimental studies reveal that the reduction of O2 is more favoured at 

positively polarized C sites next to N atoms incorporated in the carbon framework.
46, 47
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Pyridinic-N sites with stronger Lewis basicity can more effectively adsorb CO2, a Lewis acid.
48

 

Besides ORR is a multi-step process where electron transfer kinetics to the intermediate states 

are important while CO2 capture is primarily a physisorption process.  For these reasons, a 

material with high CO2 capture ability may not necessarily show low ORR overpotential when 

compared with another, designed for ORR. Thus in order to achieve multifunctional behaviour, 

there has to be an accurate balance of a large number of parameters, which occurs to be 

extremely challenging.   

Different chemical strategies were used for the synthesis of doped and high surface area 

porous carbon;
49, 50

 these are based on treatment with a precursor of heteroatom in pure carbon 

based materials like graphene
51, 52

 and carbon nanotubes
53

. Such chemical processes involve 

multiple processing steps, are relatively expensive and difficult to scale up for industrial 

applications. Moreover, these approaches may not lead to homogeneous doping of heteroatoms 

in carbon matrix.
54

 On the other hand, the synthesis of such doped carbon network could be 

much easier when the synthesis is performed using a precursor having an inbuilt homogeneous 

source of heteroatoms. Using this concept, N-doped carbon materials have been synthesized 

from egg protein and other animal sources
55

.
 56, 57, 58, 59, 60

 Chaudhari et al. have shown that 

using human hair, an efficient carbon catalyst was obtained which was simultaneously doped 

with two heteroatoms, nitrogen and sulphur.
61

 Recently, it was found that phosphorus co-

doping of a carbon network can further promote ORR activity.
62-64

 Based on these 

observations, one may envision that a plant source for obtaining co-doped carbon catalysts 

would be highly advantageous as they are easily grown in large quantities and can be 

genetically modified to control the doping contents.
37, 65

 However to the best of our knowledge, 

there is no such study for co-doping of nitrogen, sulphur and phosphorus all together in one 

material using biomass as a precursor.   

Soya (Glycine max) is used as food ingredient, widely available as less-expensive 

processed food with high protein content (>50%, carbohydrate content ~30%). Its constituent 

molecules, such as cystine and methionine contain sulphur while lycine, threonine, leucine, 

isoleucine, valine, tryptophan, phenylalanine and arginine contain nitrogen bonded to a carbon 

atom (Figure 1.5.1). It is also rich in phytic acid with high phosphorus content. Therefore it can 

be presumed that pyrolysis of soya chunks would lead to a conducting carbon network doped 

with essential heteroatoms. This work is aimed to demonstrate that soya derived N-doped 
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amorphous C with high surface area and adequate doping of heteroatoms is suitable for 

multiple applications in CO2 adsorption, electrocatalytic ORR and supercapacitor applications 

with very high efficiencies. 

Figure 1.5.1. Structure of molecules as heteroatoms sources in Glycine max: (a) arginine, (b) 

leucine, (c) lysine, (d) phenylalanine and (e) tryptophan as N sources. (f) cystine, (g) 

methionine as S sources and (h) phytic acid as P source . 

 

1.5.3 Materials and Methods 

1.5.3.1 Chemicals 

Glycine (soya) chunks (bought from local supermarket), NaOH (98.0%, SDFCL) and HCl 

(35.4%, SDFCL) were used as received. Aqueous solutions were prepared using ultrapure 

water (>18.2 MΩ cm, Milli-Q Plus system, Millipore).  

1.5.3.2 Syntheses 

 Conversion of soya to an efficient ORR catalyst involves multiple steps which can be broadly 

divided into three parts as described below. The process is summarized in Figure 1.5.2. 
 

Pre-carbonization   

Soya chunk (SC) was powdered and transferred to alumina boat. It was placed at the centre of 

the quartz tube furnace (Elite THS/15/50/180-2416 CG). Ar was allowed to flow for half an 

hour before increasing the temperature in order to maintain an inert atmosphere, and the 



Metal-free biomass derived N- doped amorphous carbon          

108 
 

furnace was heated to 300
˚
C for 3 hours to produce partially carbonized substance, mentioned 

as char hereafter. 

Figure 1.5.2. Outline of synthesis procedure adopted for generating high surface area 

heteroatom doped carbon from soya chunks. 

 

Activation with NaOH 

Char was grounded into fine powder and mixed with NaOH in 1:3 ratio (char: NaOH, wt/wt) 

for the activation. The obtained mixture was then transferred to alumina crucible and placed at 

the centre of tube furnace for in Ar atmosphere. Activation was done at 600
°
C with a heating 

rate of 10
°
C/min and the holding time of 1 hour under continuous Ar flow. The obtained 

product was allowed to cool naturally and treated with 1.0 M HCl and deionized water to 

neutralize excess NaOH as well as other naturally occurring metal precursors. It was washed 

several times with deionized water followed by ethanol and dried in vacuum oven maintained 

at 70 
˚
C. Large amount of sample was collected by executing the same approach. This activated 

carbon (SC-600) was used as precursor material for further experimentation.  

Graphitization  

The dried SC-600 was graphitized at different temperatures ranging from 700
˚
C to 1000

˚
C in 

Ar atmosphere for two hours. The obtained samples were thus named as SC-T where T stands 

for graphitization temperature.  

700-
1000 °C

Glycine (soya) chunk Char Ground
glycine chunk

Activated charWashed productGraphitized product

300 °C

NaOH,
600 °C

Acid wash
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1.5.3.3 Material  Characterization 

The structural features of the as-prepared samples were investigated by scanning electron 

microscopy (SEM) using FEI Quanta 3D FEG instrument. Energy-dispersive X-ray 

spectroscopy (EDAX) analysis was performed on an Apollo XL instrument, fitted with a 

Quanta 3D-5 Microscope (Port: EDAX). Transmission electron microscopy (TEM) was 

performed using JEOL, JEM 3010 instrument (300 kV) fitted with a GATAN CCD camera. The 

powder X-Ray diffraction (PXRD) patterns were recorded on Bruker AXS, D8 Discover X-ray 

diffractometer using Cu Kα irradiation (λ = 1.54187 Å) in 2θ range from 15 to 90°. TGA 850C, 

Mettler Toledo thermogravimetric analyzer was used to evaluate weight loss on heating . ten mg 

of sample was heat treated in a ceramic crucible from 30 to 900 ̊C at a constant heating rate of 

5 ̊ C /min under N2 atmosphere (flow rate 40 mL/min). To study surface properties, X-ray 

photoelectron spectroscopy (XPS, VG Scientific ESCA LAB V) was used. Raman spectroscopy 

was performed at different locations of the sample using Jobin Yvon LabRam HR spectrometer 

with 514.5 nm Ar laser. N2 and O2 adsorption studies were performed at 77 K temperature 

using a QUANTACHROME QUADRASORB SI analyzer and an AUTOSORB IQ2 

instrument. Prior to the adsorption studies , all the samples were kept at 200 ̊C under high 

vacuum for 12 hours. N2 sorption studies were performed at -196 C and CO2 sorption studies 

were performed at -78 and 25C at 1 atmosphere pressure. Pore size and total pore volume 

were calculated by implementing nonlocal density functional theory (NLDFT) calculation on 

N2 adsorption isotherm. The adsorption affinity of the material towards CO2 was calculated by 

employing Dubinin−Radushkevich (DR) equation on respective CO2 adsorption profile (vide 

infra). 
 

1.5.3.4 Electrochemical Investigations 

The electrochemical activities of the soya derived doped carbon towards oxygen reduction 

reaction (ORR) and supercapacitor were studied using a three electrode system. Cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), galvanostatic charge-discharge (CD), 

electrochemical impedance spectroscopy measurements were carried out using CHI 760E, 

RRDE -3A and Bio-logic, SP-300.  

For evaluating the oxygen reduction performances of final pyrolized samples, rotating 

disk electrode (RDE) technique was used. A mixture of 3 mg sample, 0.5 mL Millipore water, 

0.5 mL ethanol and 25µL nafion (5%) was sonicated for half an hour and used as catalyst ink. 
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10µL of this catalyst ink was drop cast on glassy carbon electrode. Electrode was dried 

overnight in ambient atmosphere. 0.1 mol L
-1 

KOH solution was used as electrolyte. The 

counter and reference electrodes were platinum coil and a saturated calomel electrode (SCE) 

respectively. The measured potential with respect to SCE (ESCE) was scaled to reversible 

hydrogen electrode (ERHE) using Nernst equation: 

𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 𝐸˚
𝑆𝐶𝐸 + 0.059 𝑋 𝑝𝐻     (eq.1.5.1) 

where E
˚
SCE is 0.240 V and pH of 0.1 M KOH was found to be 13 at 25 ˚C. 

All electrochemical measurements were recorded on electrochemical workstation 

(CHI760E and RRDE-3A). Linear sweep voltammetry (LSV) measurements were recorded at 

rotating speed of 400, 600, 900, 1200, 1600 and 2000 rpm in O2 saturated electrolyte at a sweep 

rate of 5 mV s
-1

. The electrode was then scanned in Ar saturated electrolyte in similar 

conditions to determine the background current. The number of electrons involved in the 

reduction process was calculated by Koutecký–Levich equation.  

1/I = 1/ Ik +1/Id                                                        (eq.1.5.2) 

Here I, Ik and Id are measured, kinetic and diffusion limited current respectively. The 

dependence of Id on rotation speed can be expressed as 

Id = 0.62nFAD
2/3

 ν 
-1/6 

ω 
1/2

CO2                (eq. 1.5.3) 

where n is number of electrons involved in reaction, F is Faraday's constant (96,485 C mol
-1

), A 

is area of the electrode (0.0707 cm
2
), D is diffusion coefficient of O2 in electrolyte (1.93 x10

-5
 

cm
2
 s

-1
), ν is kinematic viscosity of the electrolyte (1.01 x 10

-2 
cm

2
 s

 -1
), ω is angular frequency 

in rpm of RDE, CO2 is concentration of O2 in electrolyte (1.26 x 10
-6

 mol cm
-3

).
66 The stability 

of the samples were checked by performing chronoamperometry at a constant voltage of -0.4 V 

and electrode rotation rate of 1600 rpm. Methanol tolerance of the samples was obtained by 

chronoamperometry, by adding 4 mL methanol at 200 seconds. 

The capacitive behavior of these materials was explored in half cell as well as full cell 

configuration in 1.0 M H2SO4. The working electrodes were fabricated by pressing a mixture 

(~2 mg) of the activated soya carbon electrode, carbon super-P and PTFE (75:20:5) over 

stainless steel mesh current collector. SCE and a Pt foil were used as a reference electrode and a 

counter electrode, respectively. CV and CD measurements were carried out in half-cell 

measurements at different scan rates (5 to 50 mV/s) and current densities (0.5 to 20 A/g). EIS 
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was performed at frequency ranging from 0.001 Hz to 10 kHz with a 5 mV bias voltage. The 

specific capacitance (Csp) of the three electrode system was calculated from the discharge 

profile using following formula: 

𝐶𝑠𝑝 =
𝐼∆𝑡

𝑚∆𝑉
 (𝐹/g)    (eq. 1.5.4) 

where I is constant discharge current (A), t is discharge time (s), m is total active mass of the 

electrode material (g) and V is the potential window during discharge process. For full-cell 

experiments, the specific energy density (E) and specific power density (P) values were 

measured using following formulae: 

𝐸 =
1

2
𝐶𝑠𝑝  ∆𝑉2 (𝑊ℎ/kg)     (eq. 1.5.5) 

𝑃 =
𝐸

∆𝑡
 𝑊/kg      (eq. 1.5.6) 

The stability of the material was analysed by performing galvanostatic charge-discharge (CD) 

measurements for 10,000 cycles followed by EIS measurement of the material to compare with 

its initial pattern. 

 

1.5.4. Results and discussion  

1.5.4.1 Soya derived amorphous carbon 

During pyrolysis of soya chunk at 300 °C, the oil content of soya first evaporated and got 

deposited as reddish-yellow slurry on the furnace tube, leaving behind primarily the protein and 

carbohydrate part. Thermogravimetric analysis (TGA, Figure 1.5.3a) of the soya chunks 

exhibited a continuous weight loss of ~ 68% with a sharp drop around 300 °C, which can be 

attributed to the removal of oils and other small molecules. The char so obtained at 300 °C 

maintained chunk-like morphology almost without any noticeable features such as surface-

porosity (Figures 1.5.3c & d). In order to instil pore-like features for increasing surface area, 

activation of this char was carried out at high temperature (at 600˚ C) by NaOH etching. During 

etching, NaOH reacts with carbon precursors leading to the development of functional groups 

such as –ONa. Due to the formation of such -ONa bonds in char, oxidation of cross linking 

carbon atoms in the adjoining lamella takes place resulting in rupture of cross-linking between 

neighbouring lamella. As the lamellae are disturbed from their usual configuration into slightly 

wrinkled form, they are unable to regain original non porous state upon cooling leading to 

interlayer voids and producing porosity and high surface area carbon.
67, 68

 In Figure 1.5.3e and 
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f, the SEM images of the etched materials clearly demonstrate the porosity and the effect of 

chemical etching. However, no transparent sheet-like features, observed for graphene-based 

materials was observed at this stage of treatment.  

Figure 1.5.3. (a) TGA plot of Glycine chunk in Ar atmosphere. (b) EDAX spectrum of Char 

pyrolyzed at 300 ˚C showing the presence of O, N, S and P. FESEM images of (c) glycine 

chunk, (d) char and  (e, f) NaOH activated carbon, SC-600.  

 

SC-600 was further graphitized at higher temperatures (700-1000 ˚C) to obtain 

heteroatom high surface area doped carbon based materials. Depending on the temperature of 

graphitization, the yield of the material was found to vary between 55-70 weight %.  The 

microscopic features of the graphitized samples are shown in Figure 1.5.4a-d, which contained 

porous wrinkled structures that resemble the porous features of the etched materials. However, 

careful observation of the images infers that increase in graphitization degree leads to increase 

in surface roughness and porosity of the material. The sample obtained at 1000 ˚C is highly 

wrinkled and contains sheet-like structures too. TEM investigations on SC-1000 (Figures 

1.5.4e-h) showed transparent wrinkled sheet throughout the sample. Selected area diffraction 

patterns (SAED) were also recorded at various portions of the sample, which confirmed the 

formation of graphitized region across the sample (Figure 1.5.4i). The uneven, wrinkled 
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surface structure of these materials compared to the SC-600 is generated by the evaporation of 

small molecules (including oxides of carbon, as decrease in oxygen content was observed with 

graphitization) at high graphitization temperature. 

  At higher process temperature leads to more evaporation of carbon attached to 

heteroatoms and edges as O, S and P content was found to decreases. This possibly leads to 

higher surface area of the material (this is also supported by XPS and Raman data as described 

later). Due to their different atomic sizes and valences, doping of heteroatoms results in the 

formation of more defect sites including open edges and curvatures.  

Figure 1.5.4. FESEM images of (a) SC-700, (b) SC-800, (c) SC-900 and (d) SC-1000 showing 

formation of porous wrinkled surfaces during high temperature treatment. (e, f, g) TEM images 

of SC-1000 showing formation of transparent sheet-like morphology. (h) HRTEM image of an 

edge showing graphene like features. (i) SAED on doped carbon showing the diffused ring 

patterns generated from a graphene-like region.  (j) N2 adsorption and desorption profile of 

char, SC-900 and SC-1000. (k) NLDFT pore size distribution of SC-900 and SC-1000. The 

narrow peaks centred at ~1.2 nm correspond to uniform nanopores present in both the 

samples. (l) PXRD pattern of SC-1000.  
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Table 1.5.1. Key structural features and ORR, supercapacitance and CO2 adsorption activity 

parameters related to SC-900 and SC-1000.  

 Sample Name  SC-900 SC-1000 

Structural features  

C -content  79.4 % 84 % 

O- content  15.5 % 10.7 % 

N- content  4.3 % 5.3 % 

S-content  0.8 % - 

Surface area  607 m
2
/g 1072 m

2
/g 

ORR  activity  

(vs. SCE) 

Onset potential  -0.091 V -0.045 V 

Half-wave potential  -0.227 V -0.211 V 

Tafel slope 82 mV/dec 79 mV/dec 

No. of e- transfer  3.1 3.7 

Current at -0.4 V  7.48 A/g 8.81 A/g 

Current loss after 3000 s  7.1 % 5.5 % 

Supercapacitance 

Specific capacitance 

(Csp) @ 0.5A/g 

143 F/g 193 F/g 

Charge transfer 

resistance 

2.2  Ω 1.5  Ω 

CO2 adsorption 

@ -78 ˚C 12.7 mmol/g 13.2 mmol/g 

@ 25 ˚C 2.7 mmol/g 3.2 mmol/g 

 

Due to the porous appearance of the materials and need for high surface area for 

efficient ORR, the surface area (s.a.) of the important samples (SC-900 and SC-1000) were 

subsequently analyzed. Significant change in the Brunauer–Emmett–Teller (BET) surface area 

(s.a.) was observed upon activation as well as increase in graphitization temperature (Figure 

1.5.4j). In comparison to the char (s.a. ~25 m
2
/g), SC-900 exhibited high surface area of 607 

m
2
/g. The s. a. further increased to a 1072 m

2
/g when the graphitization temperature was 1000 

°C, which is much higher than that of commercial electrocatalyst carbon support (Vulcan 

XC72, ~600 m
2
/g) and comparable to many state of the art carbon-based catalysts (as shown in 

Table 1.5.1). Using nonlocal density functional theory (NLDFT) calculation to analyze the 

adsorption isotherm, the presence of pores in these samples with a narrow diameter distribution 

(1.2 nm for both samples) was observed. The calculated pore volumes using N2 as a probe 

(Kinetic diameter ~ 3.64 Å) in NLDFT method were found to be 0.303 and 0.455 cm
3
/g for SC-
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900 and SC-1000 respectively. PXRD pattern of SC-1000 shows (Figure 1.5.4l) two broad 

peaks centred at 23.8˚ and 43.6˚ corresponds to (002) and (100) lattice planes of graphitized 

carbon respectively.
69

  

Figure 1.5.5. XPS spectra of (a) SC-900 and (b) SC-1000. High resolution XPS spectra of (c) 

SC-900 and (d) SC-1000 corresponding to N-1s transition, where contributions of graphitic-N 

(orange), pyridinic-N (maroon), pyrolic-N (green) and pyridinic N-oxide (cyan) are 

deconvoluted. (e) A schematic representation of graphitized region of amorphous carbon 

composed of different N sites and defects.  

 

The surface-compositions of SC-900 and SC-1000 were analyzed by XPS. As 

anticipated, on the basis of the composition of soya precursor, in the survey spectra both the 

samples show predominant presence of carbon (1s, 284.6 eV) along with heteroatoms, O (1s, 

532 eV) and N (1s, 399.5 eV) in them (Figures 1.5.5a and b).
70

 High resolution XPS spectra 

were further collected to quantify the doping amounts of the heteroatoms in the carbon 

framework (Figures 1.5.5c, d and 1.5.6a-c). The relative ratios of atoms are tabulated in Table 

1.5.1. It revealed that as the graphitization temperature increases, the oxygen quantity gradually 

decreases. On the other hand, the N content remains unaltered at this temperature range. In both 
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the cases the N-1s peak can be deconvoluted into 4 peaks: pyridinic-N (398.15 eV± 0.2), 

pyrrolic –N (399.55 eV± 0.2), graphitic-N (401.1 eV± 0.2) and pyridinic oxide-N (403.3 eV± 

0.2).
71

 The atomic percentages of each type of these N are 1.51, 0.9, 0.71 and 1.2 % for SC-900 

and 2.2, 0.47, 1.75, 0.85 % for SC-1000. Similarly, S content also decreases with increasing 

temperature and no S was detected in case of SC-1000. Peak corresponding to sulphur (2p, 

164.2 eV) was observed only in case of SC-900, which can be deconvoluted to two peaks 

corresponding to the 2p1/2 (163.9 eV) and 2p3/2 (164.8 eV) transitions.
11

 However, 

notwithstanding our expectations of P doping due to its presence in the precursor, no signal 

pertaining to P in the XPS spectra was detected. Small quantity of this was however, observed 

very rarely in EDAX measurements. It is possible that P might have been removed in one of the 

processing steps as phosphate ions. Another possibility is the evaporation of phytic acid (flash  

Figure 1.5.6.  High resolution XPS spectra of (a) SC-900 and (b) SC-1000 corresponding to O-

1s transition, where contributions of C=O (blue), C-O (purple) and O=C-O (green) are 

deconvoluted. (c) High resolution XPS spectrum for S 2p transition of SC-900. (d) Raman 

spectra of the graphitized samples.  
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point 674 °C) at high reaction temperatures. Unlike O, S and N atoms which are connected to a 

C atom in the precursor, P atoms are not directly connected to C and instead connected to four 

oxygen atoms as a phosphate ion. This situation may not offer an opportunity for P to get 

incorporated into the carbon framework in our reaction condition, though phosphates are 

preferred precursor for P-doping  in carbon.
62, 64

 

Further insight into the effect of doping and the nature of graphitization in the different 

carbon samples were obtained by using Raman spectroscopy. Figure 1.5.6d shows the Raman 

spectra of SC-700, SC-800, SC-900 and SC-1000 depicting the characteristic D and G bands of 

graphitic carbon, which appear at 1350 cm
-1

 and 1580 cm
-1

 respectively. The G band is 

generated from Raman active E2g mode of graphitic environment (sp
2
 carbon). D band, on the 

other hand, is generated from the zone-edge A1g mode which appears due to presence of 

disorder arising out of defects or heteroatoms (such as O, N, S, P) and unfavourable carbon 

hybridization (such as sp
3
 carbon).

72, 73
 Higher degree of disorder leads to broader and more 

intense D band. As can be clearly observed from the spectra, disorder in the carbon framework 

is much higher when the graphitization temperature is low. This also indicates, in support of the 

XPS investigations, the decrease in the heteroatoms content and higher-degree of graphitization 

at high treatment temperatures.  

Figure 1.5.7. (a)Linear sweep voltammograms (LSV) of different graphitized samples and their 

comparison with commercial Pt/C and amorphous carbon (Vulcan XC72), performed in O2 

saturated 0.1 M KOH solution at 1600 rpm and scan rate of 5 mV/s. (b)Tafel plot for SC-800, 

SC-900 and SC-1000. The tafel slopes were found to be 90, 82 and 79 mV/dec for SC-800, SC-

900 and SC-1000 respectively. 
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1.5.4.2 Electrocatalytic Oxygen Reduction Activity 

Based on the above observations, we found that, with increasing processing 

temperature, graphitization of soya leads to the following: (1) increase in the extent of 

graphitization, (2) alters the extent of heteroatom doping (3) increase in surface area. It is 

possible that due to these factors, conductivity of the samples also changes with processing 

temperature. Even though it is difficult to envision the contribution of each factor towards 

electrocatalytic ORR activities of these materials, certainly some of them ought to outweigh the 

others in favour of higher efficiency. The electrocatalytic activities of these pyrolyzed samples 

were investigated for ORR by RDE using in a three-electrode electrochemical system in Ar and 

O2 saturated 0.1 M KOH solution respectively. In order to compare their performance with a 

standard catalyst, performance of a commercially available Pt-loaded carbon was further 

estimated. Figure 1.5.7a shows the linear sweep voltammograms of all the samples in O2 

saturated 0.1 M KOH solution, collected using a scan rate of 5 mV/s at 1600 rpm. It was found 

that the catalyst parameters steadily improve with increased processing temperature. For SC-

1000, the onset and half wave (E1/2) potentials were recorded as -0.045 V and -0.211 V 

respectively. Performance of SC-900 is somewhat poorer (onset -0.091 V and E1/2= -0.227 V 

respectively. In particular, the onset potentials of these two samples are comparable to that of 

C-Pt/C (onset -0.021 V, E1/2= -0.172 V). SC-800 and SC-700 have shown comparatively 

suppressed ORR activity with onset and half wave potentials of -0.129 V, -0.271V and -0.144 

V, -0.413 V respectively. Even though the onset potentials of SC-1000 and 900 are almost 

same, the E1/2 as well as saturation currents for SC-1000 are superior to SC-900. Considering 

the composition and structural features of both the samples, we believe that the lower onset 

potential of SC-900 is due to the higher heteroatom content. On the other hand, high pyrolysis 

temperature for SC-1000 causes better graphitization (as evident from Raman spectra) which in 

turn may increase the conductivity of the sample and consequently E1/2. The higher saturation 

current for SC-1000 is due to its higher surface area in comparison to SC-900. In order to 

evaluate the effect of heteroatom doping, we have also performed ORR using commercially 

available amorphous carbon, Vulcan XC72 (with a BET surface area of 265 m
2
/g) under 

identical conditions. As seen in Figure 1.5.7a, it has exhibited negligible ORR activity with an 

onset of -0.212 V and very little saturation current.  
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The ORR rate determining step in SC-1000 was investigated based on Tafel analysis. 

An associative mechanism involving 2e- in the rate determining step is desirable as it is more 

efficient pathway compared to the dissociative pathway involving a single electron in the rate 

determining step. Figure 1.5.7b shows the iR corrected Tafel plot of these materials at 

diffusion region. As seen in these plots, a clear increasing trend in ORR overpotential is 

reflected in the order of SC-1000 < SC-900 < SC-800. One may also note the nonlinear nature 

of the plots, which is expected to arise due to a continuous change in reaction order and local 

pH near to the electrical double layers with increasing applied potential.
74

 Tafel slopes of 90, 82 

and 79 mV/decade were observed for SC-800, SC-900 and SC-1000 respectively in 

overpotential window of 0.46 to 0.49 V. This confirms that rate determining step involves 

multiple electron transfer (for pseudo 2 electron transfer a slope of 60 mV/dec should be  

 

Figure 1.5.8. (a,c) LSV plots obtained with different rotation rates in the range of 400-2000 

rpm (scan rate 5 mV/s) and (b, d) the corresponding K-L plot for (a, b) SC-900 and (c,d) SC-

1000. (e) Chronoamperomteric current-time (I/t) response of SC-900, SC-1000 and commercial 

Pt/C -performed at a voltage of -0.4 V (vs. SCE) at 1600 rpm. (f) Chronoamperometric 

response of SC-900, SC-1000 and commercial Pt/C at -0.4 V, 1600 rpm for estimation of 

methanol tolerance (added after 200 s). All measurements were performed in O2 saturated 0.1 

M KOH solution.  
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observed) to adsorbed oxygen via associative mechanism.
75-78

 A lower slope of SC-1000, 

which is comparable to Pt in alkaline media (estimated to be 64 mV/dec in our case), supports a 

facile rate determining step over other samples. 

The LSV for SC-1000 and SC-900 were collected at different rotation rate to estimate 

the number of electrons (n) transferred per oxygen molecule during reduction of oxygen and 

the corresponding ORR efficiency by employing Koutecky- Levich equation (Figure 1.5.8a-d). 

n for SC-900 and SC-1000 were found to be 3.1 and 3.7 respectively, indicating nearly 

complete reduction of oxygen by SC-1000. On the other hand, we believe that considerable 

amount of H2O2 is generated while using SC-900. It may be noted that it is the graphitic N in a 

carbon framework that favours the 4 e- reduction process while the pyridinic N leads to the 2e- 

reduction process leading to H2O2 production.
10, 70, 71

 From the XPS investigations of these 

samples, since SC-1000 contains higher content of graphitic N (1.75 atomic %, compared to 

0.71 % for SC-900), it has exhibited higher number of electron transfer. Further to check the 

stabilities of these samples, chronoamperometry was performed at a constant potential of-0.4 

V, where the reduction current nearly saturates, for 3000 s at 1600 rpm (Figure 1.5.8e). The 

decrease in the reduction currents were found to be 5.48, 7.1 and 13.9 % for samples of SC-

1000, 900 and commercial Pt/C respectively. Finally, methanol tolerance for these catalysts 

were checked, since methanol is a common catalyst-poison for noble metal catalysts in direct 

methanol fuel cell. 4 mL methanol was added in 80 mL electrolyte at 200 s while performing 

chronoamperometry at -0.4 V at 1600 rpm. As can be seen for our samples in Figure 1.5.8f, no 

significant change in reduction current was observed before and after addition of methanol 

whereas due to oxidation of methanol on Pt/C, its catalytic activity decreased abruptly post 

methanol addition. Based on these performance parameters including onset and half wave 

potential, electron transfer number and stability, SC-1000 is the best performing catalyst among 

all our samples.  We therefore compared its performance with other recently reported important 

carbon based catalyst systems. As seen from Table 1.5.2, SC-1000 represents one of the best 

carbon-based ORR catalyst reported with very high onset and half-wave potential. 

 

 

 

 



                                                                                                                                                              Chapter 1.5             

121 
 

Table 1.5.2. Comparison of the performance of SC-100 towards ORR with other state-of-the-

art carbon-based electrocatalysts. (*For easy comparison, we have converted the reported 

values of potentials with respect to reversible hydrogen electrode (RHE) using the Nernst 

equation.) 

S. No. Material  Surface 

area         

( m
2
/g) 

N content 

(atomic %) 

Onset 

potential* 

(V) 

E1/2 * (V) References 

1.  Soya derived 

heteroatom doped 

carbon 

1062 5.3  0.96  0.79  This work 

2.  N and S co-doped 

graphene 

- 5  0.908  0.708  
79

 

3.  N and P dual-doped 

porous carbon foams 

755.7 3.7  0.947  0.777  
80

 

4.  N-doped porous carbon 

nanopolyhedra 

932 4.8  0.95  0.779  
81

 

5.  N-doped carbon sheets 

derived from gelatine 

933.9 1.41  0.95  0.75  
82

 

6.  Co-N-C hybrid using    

Soya  milk 

- 0.85  0.807  0.717  
65

 

7.  N-doped graphene - 4  0.822  0.672 
83

 

8.  P-doped ordered 

mesoporous carbons 

930 - 0.854  0.774  
84

 

9.  N-doped graphene - 8.3 0.842   0.632  
85

 

10.  nanoporous N-doped 

graphene 

1000 4.9  0.892  0.672  
86

 

11.  Chicken bone derived 

N- doped porous 

carbon 

769 - 0.914   0.784  
87

 

12.  Hair derived N, S 

doped carbon 

1548.46 3.8  0.956  0.825  
61

 

13.  N-doped multilayer 

graphene from milk 

powder with melamine 

- 7.41  0.879  0.749  
54

 

14.  N-doped carbon using  

pulse flour 

750 1 0.949 0.7 
37
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Figure 1.5.9. (a) Cyclic voltammetry at a scan rate of 50 mV/s, (b) charge-discharge profile at 

a current density of 0.5 A/g, (c) specific capacitance as a function of current density. (d) 

Nyquist plot for SC-800, SC-900 and SC -1000. A magnified view at higher frequency region of 

Nyquist plot is shown in inset. A smaller half circle diameter of SC-1000 indicates its high 

charge transfer ability to electrolyte. All measurements were performed in 1 M H2SO4 using a 

three electrode system.  

 

1.5.4.3 Supercapacitance properties 

 The supercapacitive performances of these N-doped carbons were initially investigated using a 

three electrode system in 1 M H2SO4 solution. CVs of SC-800, SC-900 and SC-1000 acquired 

at a scan rate of 50 mV/s are shown in Figure 1.5.9a. The nearly rectangular shape of the CV 

for SC-1000 and its high enclosure area as compared to SC-900 and SC-800 indicates that the 

higher temperature treated sample has relatively much larger specific surface area contributing 

to high electrical double layer capacitance (EDLC). In addition, one can also notice from the 

figure the broad redox peaks positioned between 200 to 400 mV, originating from reversible 
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oxidation and reduction of the heteroatoms
88, 89

 which are electrochemically active and show 

strong pseudocapacitive behaviour according to the following chemical conversion.
88, 90

 

−𝐶 = 𝑁 − 𝐶 + 2𝑒− + 2𝐻+    =  −𝐶𝐻 − 𝑁𝐻 − 𝐶           (eq. 1.5.7) 

−𝐶 = 0 + 2𝑒− + 2𝐻+    =  −𝐶𝐻 − 𝑂𝐻                        (eq. 1.5.8) 

More prominent redox peaks in SC-1000 can be attributed to higher doping of heteroatoms 

(mostly pyridinic N and quinone O).
91, 92

 We thereafter recorded the galvanostatic charge-

discharge behaviour of SC-1000, SC-900 and SC-800 as seen in Figure 1.5.9b and calculated 

the specific capacitance of these samples as 193, 143 and 135 F/g respectively at a current 

density of 0.5 A/g. Herein also, a slightly distorted triangular shape of the CD profiles confirms 

the presence of pseudocapacitance behaviour, in addition to EDLC. With increase in current 

density up to 20 A/g, retention of Cs for SC-1000 was 62% of initial value whereas for SC-900 

and SC-800, these values decrease to 34% and 0.1% respectively (Figure 1.5.9c). The 

electrochemical stability of SC-1000 electrode was studied for continuous 5,000 charge- 

Figure 1.5.10. Charge-discharge cycling performance of SC-1000 electrode for 5000 cycles at 

a current density of 20 A/g. The inset demonstrates the first and last ten successive 

chargedischarge profiles useing the SC-1000 electrode. The specific capacitance of the 

electrode slightly increases initially with increasing cycle number and it retained 103.9% after 

5000 consecutive charge-discharge cycles. 
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discharge cycles at high current density of 20 A/g
 
(Figure 1.5.10). The specific capacitance, at 

initial stage, slightly improved with cycling and it remained so even after 5000 consecutive 

charge-discharge cycles. To examine the electrode-electrolyte interface, the electrochemical 

impedance spectroscopy (EIS) was carried out in the 0.01 Hz to 100 KHz frequency window. 

From resultant Nyquist plot (Figure 1.5.9d), we found that SC-1000 has the lowest interfacial  

charge transfer resistance (Rct) of 1.52 Ω when compared with that of SC-900 (2.18 Ω) and SC-

800 (2.41Ω), suggesting that SC-1000 is the most suitable candidate for promoted charge 

transfer. (Table 1.5.1) At low frequency region, nearly vertical nature of SC-1000 curve 

originated from the rapid ion transport
93

 and further supports an ideal supercapacitive 

behaviour. 

Figure 1.5.11. (a) CV curve of SC-1000 electrodes at 25 mV/s scan rate in different potential 

window.The specific capacitances of this device in different potential windows are found to be 

122, 125, 130, 135, 140 and 155 F/g at 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 V respectively when 

current density was maintained at 1 A/g.(b) Galvanostatic charge-discharge profile of SC- 

1000 electrode at 1 A/g in different potential window 

 

Due to superior Cs and Rct, we investigated the capability of SC-1000 as conventional 

symmetric supercapacitor device in two electrode configuration. As the working potential of a 

supercapacitor determines the energy density of the device (E ν
2
), we systematically 

increased the cell voltage up to 1.5 V (Figure 1.5.11a) in order to achieve the optimum cell 

voltage for a symmetric cell. The highest possible potential window as a supercapacitor was 

found to be 0-1.5 V (Figure 1.5.11b) which is, however importantly, higher than the theoretical 

value of water decomposition potential (1.23 V). We found that there was no gas evolution on  
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Figure 1.5.12. (a) Galvanostatic charge-discharge profile of SC-1000 electrode at current 

densities of 1, 2.5, 5 and 10 A/g in symmetric supercapacitor configuration. (b) Stability study 

on SC-1000 using charge-discharge cyclic performance for 10,000 cycles at current density of 

10 A g
-1

. First and last successive ten charge-discharge cycles are shown in inset. (c) Nyquist 

plot of SC-1000 before and after 10,000 charge-discharge cycles. The corresponding 

equivalent circuit for Nyquist plot is shown in inset. (d) Typical Ragone plot of SC-1000 

symmetric supercapacitor cell. The specific energy and specific power is 24.3 Wh kg
-1

 and 750 

W kg
-1

 at 1 A g
-1

 current density, respectively. At high current density of 10A g
-1

 the calculated 

specific energy and specific power is 12.3 Wh kg
-1

 and 7721 W kg
-1

 respectively. 

 

the electrode surface up to 1.5 V, which can be attributed to the high overpotential of water 

splitting on our materials. As pointed out by Jurcakova and his group, phosphorus or nitrogen 

doped carbon exhibits a similar wide potential window (>1.5 V) without any gas evolution.
94-96

 

Using charge-discharge profiles of SC-1000 at 1, 2.5, 5 and 10 A/g
 
current densities the 

specific capacitance values of 155, 127, 105 and 78 F/g
 
were calculated respectively (Figure 

1.5.12a) for individual electrode. The electrochemical stability of SC-1000 electrode was 
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studied for continuous 10,000 charge-discharge cycles at high discharge rate of 10 A/g (Figure 

1.5.12b). Surprisingly, it has shown outstanding stability with 93% retention of its initial 

specific capacitance. To the best of our knowledge, this is the highest stability reported at such 

a high discharge rate when compared to other bio-derived nitrogen, phosphorus or sulphur 

doped carbon materials (Table 1.5.3). The retention of capacity of our material is also superior 

to many carbon based composite materials containing inorganic counterparts, those mostly 

 

Table 1.5.3. Comparison of stability in charge-discharge cycle of SC-1000 with reported 

carbon materials. 

 

Sr. 

no. 

Sample Discharge 

rate 

ΔE No. of C.D. 

cycles 

Retention 

of Csp 

Ref. 

1. Soya derived doped carbon 10 A/g 1.5 V 10,000 93 % This work 

2. S and P doped porous 

graphene aerogels 

1 A/g - 10,000 87.2 % 
93

 

3. Coffee bean derived P rich 

carbon 

5 A/g 1.5 V 10,000 82 % 
97

 

4. N-doped porous carbon 

nanofibers 

5 A/g    1.0 V 10,000 86% 
98

 

5. S-doped graphene 10 A/g 0.5 V 10,000 86% 
99

 

6. P-doped carbon–carbon 

nanotube hierarchical 

monoliths 

2.5 A/g 1.5 V 10,000 83 % 
95

 

7. Willow catkins derived 

porous carbon 

1 A/g 2.8 V 4,000 90.6 % 
100

 

8. N-doped RGO aerogel 

coated on carboxyl 

modified carbon fiber paper 

- 4.0 V 3,000 85.6 % 
101

 

9. Nanocellulose-derived 

porous carbon aerogels 

1 A/g 1.0 V 4,000 93 % 
102

 

       

10. Shrimp shell derived N-

doped carbon 

1A/g 0.8 V 1,000 93.6 % 
103
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facing the problem of irreversible redox reactions of the active sites during charge-discharge 

process, leading to a decrease in pseudocapacitance contribution.
35, 104, 105

 The Nyquist plot of 

SC-1000 symmetric cell before and after 10,000 cycles along with fitted equivalent circuit 

models (inset) are shown in Figure 1.5.12c. The solution resistance, Rs (0.8 Ω) and charge 

transfer resistance, Rct (9.1 Ω) values remain unchanged before and after 10,000 cycling except 

a slight change in the diffusion resistance (W) due to the shear active surface areas of active 

materials during long cycling. The low Rct value indicates that the SC-1000 has good electrical 

conductivity. The typical Ragone plot for SC-1000 symmetric supercapacitor cells are shown in 

Figure 1.5.12d. The specific energy and specific power were estimated to be 24.3 Wh/kg and 

750 W/kg at 1 A/g current density, respectively which varies to 12.3 Wh/kg and 7721 W/kg 

respectively at high current density of 10 A/g. The energy and power density of SC-1000 

values are higher than the recently reported heteroatom doped carbon based symmetric 

supercapacitor devices. Wang et al. reported N doped activated carbon sheets which 

exhibited  energy density of 20.2 Wh/kg at a power density of 448 W/kg.
34

 Wen et al. reported 

P doped graphene based supercapacitors that exhibited energy and power densities of 11.6 

Wh/kg
 
and 831 W/kg respectively.

96
 Wang et al. prepared N and P codoped porous carbon that 

has shown energy density of 11.8 Wh/kg at a relatively low power density of 85 W/kg.
36

 The 

high specific capacitance, rate capability and good electrode stability make the SC-1000 sample 

promising for electrochemical energy storage application. 

 

1.5.4.4 CO2 capture properties 

 High surface area and adequate N-doping of these carbon materials motivated us to explore 

their potential towards aerial CO2 capture. We performed CO2 adsorption at -78 and 25 ˚C 

under atmospheric pressure. As shown in Figure 1.5.13a, at -78 ˚C the adsorption isotherms of 

both SC-900 and SC-1000 nearly overlap amounting to the adsorption of 12.7 mmol/g (55.6 

wt.%) and 13.2 mmol/g (57.7 wt.%) CO2  respectively. The CO2 adsorption isotherms are type-I 

and reversible in nature. Interestingly, at room temperature (25 ˚C) and ambient pressure SC-

1000 adsorbs 3.2 mmol/g CO2 (14 wt.%) which is 1.2 times higher than 2.7 mmol/g adsorbed 

by SC-900 (Figure 1.5.13b). To compare their CO2 adsorption capacity with undoped carbon, 

we studied the same with commercially available activated carbon and electrochemically active 

Vulcan XC-72, which absorbed only 2.3 and 0.46 mmol/g CO2 respectively. Considering the  
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Figure 1.5.13. (a) CO2 adsorption and desorption profiles of SC-900 and SC-1000 at -78 ˚C (b) 

CO2 adsorption and desorption profile of SC-900, SC-1000, activated charcoal and Vulcan XC-

72 at 25 ˚C where p0= 1.0 bar.  

kinetic diameter of CO2 as 1.65 Ǻ, the surface coverage of CO2 is estimated to be 63.5% and 

15.4% of the overall surface area at-78 ˚C and 25 ˚C respectively for SC-1000. We estimated 

the adsorption affinity CO2 of these materials by employing Dubinin−Radushkevich (DR) 

equation (equation 9) on their adsorption profiles.
106

 

𝑎 =  
𝑊0

ν  exp −𝐵𝑒0
𝑇2

β2  𝑙𝑜𝑔 
𝑝0

𝑝   
2

                        (eq. 1.5.9) 

where a is adsorption density, W0 is limiting volume of adsorption space, ν is the volume of 1 

mmol condensed vapour, Be0 is the isosteric heat of adsorption, T is the temperature, β is the 

affinity coefficient, p/p0 is the partial pressure. The isosteric heat of adsorption was calculated 

to be around 33 kJ/mole at -78 ˚C and 32 kJ/mole at 25 ˚C, which suggests significant 

adsorption interaction of CO2 with the material surface, also observed in porous materials 

having N as active sites.
107, 108

 The CO2 adsorption ability of our material is superior to many 

recently developed porous materials such as supramolecular organic frameworks (2.4-3 

mmol/g),
108-110

 zeolite imidazolium frameworks (ZIF) (36-40 v/v),
111

 carbon based materials 

(7-8 wt.%) 
25, 112

 and similar to metal organic frameworks.
113

  Such superior CO2 capture and 

storage capability of our materials can be attributed to doping content and chemical 

environment around them. A detailed discussion on the influence of each factor is described in 

the following section. We believe that due to presence of heteroatom doping and high CO2 
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uptake, this material can be promising for preferential capture of CO2 over other homoatomic 

gases at atmospheric as well as under high pressure conditions. 

1.5.4.5 Discussion 

 The notable performances for ORR, supercapacitance and CO2 capture of the materials 

obtained at different processing temperatures is believed to be related to the surface content of 

heteroatom and the chemical nature of nitrogen. Figure 1.5.5c, d depicts the XPS spectra of 

SC-900 and SC-1000 showing the presence of different types of N atoms (schematically shown 

in Figure 1.5.5e) attached to a C network. Presence of pyridinic-N in carbon network facilitates 

O2 adsorption over pyrollic and graphitic ones as it induces highest spin density and largest 

positive polarization at the neighbouring carbon sites.
114

  Recently Guo et al. and Xing et al. 

have experimentally shown that pyridinic-N accelerates the ORR kinetics.
46, 47

 Contrary, it also 

has been shown that the C sites adjacent to graphitic-N facilitate 4e- process in ORR over 

pyridinic sites that favour 2e- process.
47, 115

 Arenas et al. also observed that the adsorption of 

oxygen on any polarized carbon sites, attached to a central graphitic nitrogen significantly 

reduces the energy barrier of the reduction kinetics.
116

 In our case, due to coexistence of 

graphitic and pyridinic-N in the samples, it is difficult to ascertain their effect on ORR activity. 

Superior ORR activity of our SC-1000 when compared with the other samples obtained at 

lower temperatures however seems to be related to its higher N-content (from XPS 

measurements, the respective contents of pyridinic and graphitic-N are 2.2 and 1.75 at.% for 

SC-1000 over 1.51 and 0.71 at.% for SC-900 of respectively, Table 1.5.1). Additionally, 

electrical conductivity of the material also has a crucial contribution towards ORR activity, as it 

determines efficient conduction of electrons across the catalyst. As we found from EIS (Figure 

1.5.9d), SC-1000 has charge transfer resistance of ~1.5 Ω as compared to ~2.2 Ω for SC-900, 

suggesting excellent electrical conductivity of SC-1000. Thus, higher annealing temperature 

increases the extent of graphitization (sp
2
 C) in the sample as also confirmed from Raman 

spectra, thereby increasing conductivity of the material. In regards to CO2 adsorption on the 

other hand, pyridinic N-sites with stronger Lewis basicity electrostatically stabilise CO2 better 

than other types of N atoms in a carbon network.
117-119

 A relatively higher CO2 adsorption 

capability of SC-1000 than SC-900 at room temperature may have contributions from 

temperature dependence of Lewis basicity of N-sites.
120

 Importantly, when compared to the 
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performance of other recently developed N-doped amorphous carbons with similar or even 

higher N content, adsorption capacity of our material is higher.
45, 121-124

 These properties are 

attributed to the following. XPS analysis showed that increase in pyrolysis temperature results 

in not only greater mass loss, but also decrease of O content. Therefore, even though more 

experimentation is required to ascertain, we propose that: (i) the atoms at surfaces and edges 

that contain maximum O moieties must have evaporated easily; and (ii) owing to the nature of 

the precursor as well as influence of synthetic procedure, materials in this study has a carbon 

network having relatively higher ratio of heteroatom (N) on the surface to that of total N 

content than those previously reported, which has led to their superior performances. Unlike 

ORR and gas adsorption however, we did not observe any noticeable trends in the nature of N 

or its content associated to measured supercapacitance values. Rather, our study shows that the 

specific capacitance of these materials nearly scales with material surface area. As discussed 

earlier, it is well established that presence of heteroatoms enhances the charge storage property 

in doped carbon by adopting a pseudocapacitive mechanism, in which case the dopant atoms 

beneath the surface are also expected to contribute. Double layer capacitance however would 

increase with surface area and if this be the major contributor, minute variation due to 

pseudocapacitance contribution may not be noticeable. Finally, we note that due to high 

electrical conductivity and CO2 adsorption efficacy of these materials, it would be worthwhile 

to examine their catalytic properties for electrochemical CO2 reduction. 

1.5.4. Conclusion 

In conclusion, we have synthesized high surface area N-doped amorphous carbon using 

a protein rich bio-mass which simultaneously exhibited excellent capability towards room 

temperature CO2 adsorption, oxygen reduction reaction and supercapacitor. At high processing 

temperature, a huge increment in surface area without the loss of N-heteroatom doping was 

observed. The polarized sites generated from doping are the active sites for adsorption, 

stabilization and reduction of small molecules and ions. Our synthesis approach provides some 

handles to tailor the heteroatom doping amount simultaneously with the overall surface area. 

Increasing amount of heteroatom doping was found to show pronounced effect on enhancing 

their performance. Investigations on the relation of their efficiency to varying heteroatom 

content revealed that an optimization between surface area, graphitic and pyridinic-N is 
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necessary for efficient multifunctional behaviour. Low over-potential for ORR, high amount of 

CO2 storage at room temperature and excellent stability and rate capability as supercapacitor 

electrode makes the soya derived doped carbon an attractive candidate for these applications.  
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CHAPTER 1.6 

Conclusions and future directions 

 

Conclusions 

The cornerstone for the commercialization of the fuel cell is the development of economically 

affordable, efficient and robust materials. There are mainly two strategies to address this issue: 

(i) engineering the electronic structure of existing materials to enhance their performance, and 

(ii) developing new materials with desirable adsorption of reaction intermediates. Considering 

the high efficiency of noble metals towards the electrochemical oxidation and reduction of fuel 

molecules, chapter 1.2 to 1.4 are focused on development of noble metal based materials. In 

order to enhance their efficiencies over commercial Pt/C catalyst, strategies based on the 

synthesis of shape controlled and free-standing nanostructures were explored. An approach to 

develop metal-free catalyst has been discussed in chapter 1.5. The key findings of the first part 

of this thesis are summarized below. 

Chapter 1.2 describes a surfactant-free facile strategy for the high yield synthesis of 

carbon supported sub-10 nm Pt tetrahedral nanocrystals (Pt-NTd/C) surrounded by Pt(111) 

planes which are thermodynamically challenging to synthesize, yet most efficient for electron 

transfer reactions. By performing many control experiments we established that an in-situ 

generated 2˚ amine from the reaction of ethyleneglycol and dimethylformamide stabilizes 

Pt(111) planes. The easy removal of dimethylamine molecules from Pt(111) surface resulted in 

bare nanotetrahedra. These Pt-NTd/C exhibits excenllent stability and electrocatalytic 

efficiencies as compared to the commercial Pt/C towards both fuel cell oxidation and reduction 

reactions. The onset potential of 1.01 V for electrochemical oxygen reduction was observed, 

which is higher than state-of-the-art Pt catalysts. The mass activities of this material were found 

to be 6.7 and 1.4 times higher compared to the commercial Pt/C for electrocatalytic oxygen 

reduction and methanol oxidation reactions respectively. 

Chapter 1.3 decribes  the successful synthesis of free-standing Pt nanosheets for the first 

time by a mechanochemical route using Te nanorods as template. The control in morphology is 

dictated by stirring induced shear force along with galvanic displacement to deform an 
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incipient Pt nanostructure which otherwise would be form a nanotube. The free-standing 

nanosheets have an average thickness of ~27 nm extending over hundreds of square nanometre 

area and corrugated surfaces, which gave rise to high catalytically active surface area (> 10 

times of their geometric surface area). The mechanically stable Pt nanosheets exhibited 2.9 and 

1.3 times higher efficiency towards electrocatalytic oxidation of methanol and formic acid 

respectively when compared with commercial Pt catalysts.  

Chapter 1.4 narrates a green synthesis route to Pd73Pt27 alloy nanowires in aqueous 

medium using Te NWs as sacrificial templates by a galvanic displacement mechanism. Due to 

their high aspect ratio (>500), upon drop casting, the Pd73Pt27 nanowires easily entangled to 

make self-supported membrane. These nanowires have shown promising catalytic activity for 

electrochemical methanol oxidation in acidic media. Even though Pd is inactive for methanol 

oxidation in acidic medium, the mass and specific activities for methanol oxidation were found 

to be 10 and 4.4 times higher respectively than that of the commercial Pt/C. Such synergistic 

enhancement in methanol oxidation activity was found to be originated from the alloy surface 

and high exposure of catalytically active surface area. 

Chapter 1.5 describes synthesis of high surface area N-doped amorphous carbon using 

protein-rich soya as natural precursor. It has been found that surface area, heteroatom doping 

concentration and the degree of graphitization can be tailored choosing the appropriate 

processing parameters. The polarized sites generated from heteroatom doping are the active 

sites for adsorption, stabilization and reduction of small molecules and ions which gave rise to 

excellent activity of these materials towards room temperature CO2 adsorption, oxygen 

reduction reaction and supercapacitor. The material prepared at 1000 °C offers the best 

performance towards ORR, which is comparable to commercially available Pt catalyst. 

Investigations on the relation of their efficiency to varying heteroatom content revealed that an 

optimization between surface area, graphitic and pyridinic-N is necessary for efficient 

multifunctional behaviour. Low over-potential for oxygen reduction, high amount of CO2 

storage at room temperature and excellent stability and rate capability as supercapacitor 

electrode makes the soya derived doped carbon an attractive multifunctional material.  
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Future directions 

For the development of efficient noble metal based electrocatalyst for fuel cell reactions the 

most reliable approach will be to develop performance oriented catalyst design strategy from 

the view point of fundamental understanding. In this regard, combining theoretical 

understanding with in-situ experimental studies can accelerates the development of the 

electrocatalysts. Theoretical investigations on the oxygen reduction activity of Pt based 

intermetallics and alloys have triggered development of metal based nanocatalysts with 

promising activities.
1
 However, high cost, the difficulties in synthetic reproducibility, poor 

stability of these materials retards there adequate use in electrodes. Therefore, developing 

robust intermetallic and alloy nanostructures can be promising for these electrocatalysis. For 

the synthesis of free-standing alloy nanostructures, galvanic displacement is beneficial as it 

offers to have control over the composition as well as morphology of the materials. In presence 

of mechanical forces, one also can develop free-standing alloy nanosheets that can be of great 

advantage due to high catalytic surface area.  

Apart from their usage in fuel cell reactions, these rare Pt nanostructures, developed by 

us, particularly the sub-10 nm Pt nanotetrahedra with Pt(111) facets can be promising for 

heterogeneous catalysis reactions such as nitrophenol reduction,
2, 3

 hydrogenation of saturated 

bonds,
4, 5

 cis-trans isomerisation
6-8

 etc. 

Even though for the fuel (methanol, formic acid) oxidation reactions, use of noble 

metals is inevitable, for oxygen reduction reaction a vast range of materials including metal 

oxides, metal chalcogenides, metal carbides, metal nitrides, M-N-C, and heteroatom-doped 

carbons have shown promising activities. The successful utilization of these materials in fuel 

cell requires further improvement in terms of: 

i) intrinsic turnover frequency per active site, which is low for these materials 

compared to Pt 

ii) catalytically active site density, which influences the volumetric current density 

iii) stability of the catalyst under harsh condition 

For heteroatom doped carbon materials, improvising on these parameters requires development 

of synthetic methodology to achieve stable materials with high concentration of catalytically 
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active sites. While synthesizing the heteroatom doped carbon materials from biomass, we found 

a strong dependence of heteroatom concentration and graphitization on processing 

methodology such as the nature of the activating reagent, pyrolysis time and temperature etc. 

Since the nature of heteroatoms and their concentration play a key role in determining the 

efficiency of these materials towards electrocatalytic oxygen reduction, it will be highly 

beneficial to explore other processing parameters as well as various protein rich biomasses as 

precursors for the synthesis efficient catalysts. 
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CHAPTER 2.1 

Introduction 

2.1.1 Fullerenes 

Among the different carbon allotropes, fullerenes are considered as the wonder molecules 

which have attracted much attention due to their unique properties to render wide range of 

applications from medicine to electronics. These are stable hollow molecules made up of 

carbon having spherical or ellipsoid structure. During the investigations on the form of carbon 

in outer space, fullerene was discovered by mass spectroscopy in 1985.
1
 The first of the 

fullerene molecules containing 60 carbon atoms (Figure 2.1.1a), C60 was discovered by Robert 

Curl, Harold Kroto and Richard Smalley, for which they were awarded the Noble Prize in 

1996. The name was given after Buckminster Fuller, an engineer, as the shape of this molecule 

resembles the geodesic dome designed by him and “ene” refers to the unsaturated nature of the 

carbon atoms. It is to be noted that the presence of fullerene was also observed in small 

quantity in earth crust, carbon soots as well as in a cloud of cosmic dust surrounding a distant 

star 6500 light years away. However, the opportunity of their usage flourished after Krätschmer 

and Huffman developed route to efficiently synthesize and separate C60 from its other isomers.
2, 

3
 The homologous series of fullerenes were further extended to molecules with minimum of 20 

to hundreds (upto 540) of carbon atoms. As shown theoretically by Arndt et al., C60 is one of 

the largest molecules to show measurable wave particle duality.
4
 The structural relationship of 

fullerenes with graphene, subsequently triggered the synthesis of many new fullerene-like 

molecules from other layered materials such as boron nitrides,
5
 dichalcogenides of 

molybdenum, tungsten.
6, 7

 Interesting electronic property and the possibility of tuning its 

electronic and chemical behaviour by controlled functionalization made these molecules a 

subject of intense interest in material science, electronics as well as medicinal chemistry.
8-10

 

Considering the highest abundance and usage of C60 over other fullerene molecules, the second 

part of the thesis is aimed at investigations on the self-assembly of C60.  

At room temperature C60 appears to be crystalline black solid (Figure 2.1.1c). It is 

stable at high temperature and pressure and sublimes at ~600 ˚C under atmospheric pressure. 
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Pristine C60 crystallizes in a face centered cubic lattice with lattice dimension of 1.415 nm and 

spacegroup of Fm 3̅m (Figure 2.1.1b).
2
 At room temperature, the molecules undergo 

spontaneous three dimensional free rotation in the lattice, but this fridges down to only one 

dimensional at ~ -20 ˚C.
11

 Such a change in rotation leads to decrease in the lattice constant 

from 1.4154 to 1.411 nm following a first order phase transition.
12

 Due to presence of curvature 

in all directions, unlike graphene and carbon nanotubes, fullerenes do not stack to each other 

and interacts mostly by van der Waals force, which makes them the only soluble ones among 8 

carbon allotropes (Figure 2.1.1d). 

Figure 2.1.1. (a) Molecular structure of fullerene, C60. (b) Face centered cubic crystal 

structure of C60. (c) Optical image of pristine C60. (d) Solution of C60 in toluene. 

The fullerenes are consisted of interconnected six member hexagonal carbon moieties 

and five membered pentagonal rings. The most stable fullerene allotropes follow the “isolated 

pentagonal rule” (IPR), according to which all pentagons should be isolated by hexagonal 

rings. The fused pentagonal rings induce local strain and thereby destabilize the fullerene 

structure.
13, 14

 The most abundant fullerene is consisting of 60 carbon atoms where 20 hexagons 

are connected by 12 pentagons. The geometry of the C60 molecule is truncated icosahedron and 

having molecular symmetry of Ih. The average bond length was found to be 1.14 Å. The bonds 

at the junction of two adjacent hexagonal rings ([6, 6]-bonds) are shorter than that of adjacent 

pentagonal and hexagonal rings ([5, 6]-bonds) due to more double bonding character of the [6, 

6]-bonds. Even though all carbon atoms are conjugated in nature, the number of π electrons 

does not satisfy Hückel's rule of spherical aromaticity (2(N+1)
2
, N=integer).

15, 16
 The electrons 

at the hexagonal rings cannot delocalize over the whole molecule, hence C60 cannot be 

(a) (b) (c)

(d)
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considered as a super-aromatic molecule. However, due to its convex shape, the planarity of 

carbon is not maintained and faces angle strain, which deviates from the basic requirement for 

the geometry of sp
2
 carbons. Using theoretical models, it has been found that the electron cloud 

in the pi orbital of each carbon is directed more outwards, thereby admixing some sp
3
 character 

which results hybridization of 2.27 for each of them in C60.
17

 The diameter of the carbon 

framework (nucleus to nucleus) in C60 is 7.1 Å, and the van der Waals diameter is 10.1 Å. 

Due to presence of triply degenerate LUMO, C60 can accept up to 6 electrons and make 

fulleride ions, [C60]
n−

. The low HOMO-LUMO gap suggests facile reduction of C60, which is 

reversible in nature, whereas oxidation is irreversible. The standard potential for the first 

electron transfer is −0.169 V. Having high electron affinity, C60 behaves as electron deficient 

alkene and reacts readily with electron donating molecules. It also forms charge transfer 

complexes with electron rich organic molecules such as tetrakis(dimethylamino)ethylene as 

well as alkali metal atoms, mostly forming trianion, [C60]
3−

.
18

 Interestingly, the alkali metal 

salts of fullerenes, M3C60 (M = Na, K, Rb) have shown superconducting behaviour.
19, 20

 

 

2.1.2 Properties of C60 

Fullerene molecules self-assemble to crystals by vapour deposition as well as solution 

evaporation methods. The crystals obtained by vapour deposition, can have face centered cubic 

structure or hexagonal close packed structure.
21

 These can also be obtained by solution 

processing where it forms either pristine FCC or can incorporate solvent molecules in the 

crystal structure, which are termed as “solvate”s. Depending on the crystallization conditions 

and solvents used, the morphology of these solvates vary from one dimensional rods to three 

dimensional faceted crystals, as will be discussed in detail subsequently. To study the self-

assembly of C60 by solution processing, it is important to have knowledge on the solubility of 

C60. C60 is soluble in most of the nonpolar aromatic solvents as well as carbon disulphide, 

carbon tetrachloride etc.
22

 With the change in number of carbon atoms present in fullerene, 

their solubility varies drastically in a particular solvent, which make their separation feasible. 

As for example, at 25 ˚C the solubility of C60 in toluene is 2.7 mg/mL, whereas the same for 

C70 is 1.4 mg/mL.
23

 Unlike other organic solutes in organic solvents where the solubility 

increases on warming, C60 shows anomalous solubility in hexane, toluene and CS2 with a 
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solubility maxima around 280 K.
24

 Fullerene also shows considerable solubility in long chain 

aliphatic molecules which allows them to be soluble in naturally occurring oils and opens up 

possibilities for health care and related applications.
25, 26

 Fullerenes are sparingly soluble in 

organic polar solvents such as alcohols, enols etc.  

 As mentioned earlier, while crystallizing out from these solvents C60 can form solvates. 

As for example, while crystallizing out from toluene at room temperature it forms nanorods 

with FCC structure whereas when precipitates out from benzene, C60 forms triclinic crystals 

having composition of C60.4 C6H6 where as with m-xylene it forms hexagonal lattice with 

composition of C60. C6H10.
27, 28

 In solvates, the solvent molecules interact with C60 mostly by 

weak supramolecular interactions, such as van der Waals forces, CH∙∙∙π or, π - π interactions. 

Due to highly symmetric molecular structure and their inherent free rotation in the crystal 

lattice, many optical transitions are forbidden. In presence of solvent molecules in the solvate 

crystal, due to vibronic coupling many of such transitions become allowed and thereby can 

potentially improve their optoelectronic properties compared to the pristine C60. As for 

example, C60 solvate with m-xylene have shown two orders of magnitude higher 

photoluminescence and electron mobility compared to pristine C60.
29-31

 When used in 

transistors, these solvates have shown a record high electron mobility of 11 cm
2
V

–1
s

–1
 

compared to 0.1 cm
2
V

–1
s

–1
 of pristine C60 as well as other organic semiconducting materials.

31
 
 

This solvate also exhibited interesting mechanical properties as observed by Wang et al.
32

 

Under 32 GPa pressure, when C60.m-xylene solvate is pressed between two diamond anvil 

cells, it created ring crack indentations on the diamond anvils and converted to an amorphous 

materials but having long range orders.  

 Even though the solvates show superior optoelectronic properties compared to pristine 

C60, these are related to the molecular behaviour of fullerene in solid. Such enhancement in 

optoelectronic properties is originated from the divergence of the electronic structure due to 

solvent-C60 interaction compared to pristine C60. Therefore in order to investigate the superior 

optoelectronic properties of C60 solvates, it is important to understand their origin in pristine 

form.  
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Figure 2.1.2. Calculated electronic structure of (a) an isolated C60 molecule and (b) FCC solid 

C60 where the direct band gap at the X-point is calculated to be 1.5 eV. Adapted with 

permission from [33]. 

2.1.2.1   Electronic properties 

According to molecular orbital approach, the orbitals for the electronic valence and conduction 

state are constructed by the π electrons of the C60 molecules. The low lying σ orbitals are 

generally not probed for the optical studies. The 60 π electrons completely occupy up to the hu 

(HOMO) levels (Figure 2.1.2), which specifies its symmetry in icosahedral group (Ih) over the 

spherical one. In pristine C60, individual molecules interact with each other by van der Waals 

forces retaining their molecular nature. Therefore, the electronic structure of single C60 should 

be closely related to its solid form. Each carbon atom in C60 has two single bonds which are 

part of adjacent bonds in a pentagon and a double bond between two adjoining hexagons. Due 

to the deviation of sp
2
 character in the curved surface, the shortening of double bonds and 

lengthening of single bonds in the Kekule arrangement strongly influence the electronic 

structure of C60. As shown in Figure 2.1.2, the band structure of C60 consists of non-

overlapping molecular orbitals with broadening of 0.4-0.6 eV, which was derived by total 

energy calculations using norm-conserving pseudopotentials, a local density approximation in 

density functional theory, and a Gaussian orbital basis set.
33

 In molecular C60, the five-fold 

degenerate highest occupied molecular orbital (HOMO, hu) is separated from triply degenerate 

lowest occupied molecular (LUMO, tu) by 1.5 eV (Figure 2.1.3a). In lattice also the band gap 
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remain 1.5 eV at the X point of the Brillouin zone. Due to the odd parity of HOMO and LUMO 

in molecular C60, electric dipole transitions between these levels are symmetry forbidden. The 

allowed transitions are shown by arrow for isolated C60 molecule in Figure 2.1.3b. When 

packed in FCC lattice, transitions between the direct bandgap states at Г and X points of 

Brillouin zone are symmetry forbidden, but are allowed at the lower symmetry points.  

Figure 2.1.3. (a) Molecular orbital diagram of C60. (b) Schematic diagram of the excitonic 

vibronic transitions in C60 between hu
10

 (S0) ground state and hu
9
fu

1
 (S1) excited state. The solid 

horizontal lines correspond to singlet or triplet excitonic levels and the dashed horizontal lines 

stand for the corresponding vibronic states. Adapted with permission from [34]. 

2.1.2.2    Optical Properties 

As the direct electron transition from HOMO to LUMO of C60 is symmetry forbidden, its solid 

state absorptivity is very low, which makes the experimental as well as theoretical  

investigations of its adsorption edge quite challenging. On the other hand, in order to achieve 

stronger absorption edge, when C60 is exposed to  highly intense light, due to its photosensivity, 

it undergoes irreversible photochemical reactions which lead to polymerization.
35

 Hence it has 

taken long time to understand the optical property of fullerenes. An important feature of C60 

optical property is the large energy difference between the lowest energy adsorption edge and 

the lowest energy luminescence edge,
36, 37

 which was explained on the basis of the excitonic 

model. In organic solvents dissolved C60 shows characteristic purple colour, which is used to 

identify and purify fullerenes. In the absorption spectra of the C60 solutions (Figure 2.1.4), a 

(a) (b)

E
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strong absorption band <400 nm or >2.9 eV is observed which can be attributed to electric 

dipole allowed transition from occupied bonding orbital and empty antibonding molecular 

orbitals, designated by either hu→t1g (or f1g) or, hg→ t1u (f1u) (Figure 2.1.2a). Relatively weaker 

adsorption feature is observed in wavelength range of 490-640 nm (2.5-1.9 eV) which can 

assigned to the electric dipole forbidden transitions between the one-electron HOMO level with 

Hu symmetry and the one-electron LUMO level with F1u(T1u) symmetry. 

Figure 2.1.4.  UV spectrum of C60 in hexane. Adapted with permission from  [38]. 

The transitions at lower energy, where the optical transitions are parity forbidden, can 

be better explained by many electron molecular approach.
39

 In this case, the fully occupied 

HOMO is designated as singlet S0 state with Ag symmetry (also expressed as 
1
Ag) and the 

empty LUMO as F1u (or T1u) and the lowest parity forbidden optical transition is expressed as 

hu
10

 → hu
9
f1u

1 
(Figure 2.1.3a). Therefore, in excited state there is one electron at f1u and one 

hole at hu, having individual spin of ½. These spins can be either for a singlet Si state (S=0) or a 

triplet Ti state (S=1). Due to very weak spin-orbit interaction of carbon, the transition obeys 

spin selection rule of ΔS=0 which opens up consideration of orbital selection rule. To fulfil the 

electric dipole selection rule, appropriate vibrational modes should be combined with initial 

and final electronic states. Therefore, the weak adsorption between 490-640 nm in Figure 2.1.4 

can be assigned to the optical transitions between the singlet ground state, S0 and the lowest 

excited singlet state Si (here 
1
F2g), activated by vibronic coupling.

36
 From molecular orbital 

calculations the energy gap between the HOMO and LUMO of C60 were found to be in the 

range of 1.8-1.9 eV,
40-42

 which is in good agreement with the solution spectra. In solvate 
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crystals, the interaction between solvent and C60 gives rise to stronger vibronic coupling which 

results in stronger absorption features. As a result, the C60 solvates show superior 

photoluminescence compared to pristine C60.
29

   

Figure 2.1.5. Optical emission (1.35-1.80 eV) and absorption (>1.8 eV) spectra of C60–thin 

film. Adapted with permission from [ 38]. 

The emission spectrum of C60 in organic solvent lies at energy of 1.7 eV, lower than its 

absorption spectra, which is supposedly generated from the fluorescence phenomena from the 

S1 level of C60.  However, in solid state the luminescence peak broadens to 1.4-1.75 eV due to 

the dispersion of the electronic levels in the solid state (Figure 2.1.5). It is to be noted that the 

absorption spectra involve vibronic final states associated with the S1 singlet state, while the 

emission spectra involve vibronic final states associated with the S0 singlet state, which resulted 

in the similar spectral pattern with energy shift due to odd parity vibrations that satisfy the 

selection rules between the vibronic states. No emission corresponding to the phosphorescence 

phenomenon is observed in both solid and solution form due to efficient nonradiative relaxation 

from the metastable T1 state to the S0 ground state.
38 
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2.1.3 Self-assembly of C60 

  The shape and size of the nanostructures play an important role in the efficient 

utilizations of C60 based materials, particularly when used in devices. Therefore, it is important 

to design materials with suitable properties and sizes for the construction of devices and 

functional systems. During self-assembly of C60 from a solution, the shape, composition and 

crystallinity of the products is highly dependent on the crystallization conditions, such as 

solvent used, temperature, crystallization kinetics etc. Based on the dimensions of 

nanostructures, they can be classified into three types: one dimensional, two dimensional and 

three dimensional which are built from the self-assembly of zero dimensional building blocks. 

Having perfect 0D molecular shape, C60 can be considered as an ideal building block for 

nanoarchitechtonics. Many methods have been employed to control the shape of the C60 

nanocrystals; templating methods using anodic alumina membrane, slow evaporation, vapour-

solid methods and liquid-liquid interfacial precipitation (LLIP) methods etc. Among the 

existing methods of nanostructure engineering, the LLIP method is the most promising as it 

offers many parameters to control the size and shape of the crystal. The crystallization is driven 

by the supersaturation, owing to the low solubility of C60 in polar solvents.  In this method, C60 

is dissolved in a good solvent (mostly aromatic /nonpolar solvent). A poor solvent (mostly 

alcohols/ polar solvent), miscible to the good solvent, is added to the C60 solution, which leads 

to decrease of solubility product of C60 in the resultant solution and reprecipitation of C60 takes 

place. Therefore, in order to control the architecture of the material, the parameters such as the 

relative solubility of C60 in solvent and antisolvent, concentration of C60, temperature of 

reprecipitation, rate of antisolvent addition can be tuned. Miyazawa and co-workers first 

prepared C60 nanorods or needles by using the LLIP process at the interface between a 

saturated solution of C60 in toluene and isopropyl alcohol (IPA).
43

 Diameter of these 1D 

structures varies from hundreds of nanometers to several microns with length of hundreds of 

microns. Using LLIP method they also prepared microporous nanowhiskers and, also extended 

to synthesize 2D hexagonal nanosheets, tubular and rodlike nanostructures.
44, 45

 Masuhara and 

co-workers have developed a similar method, named as reprecipitation, to produce C60 

nanocrystals with tunable shape and size by varying the solvent to antisolvent ratio and the 

reaction temperature.
46, 47

 Jeong et al. reported the synthesis and characterization of C60 

microcrystals with various morphology using alcohols as antisolvents by employing 
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“drowning-out” method.
48

 Similar to the nanostructuring strategies of other inorganic materials, 

the self-assembly of C60 is also greatly influenced by the presence of surfactant as these 

amphiphilic molecules influences the interfacial tension of the liquids as well as the surface 

energy of growing C60 nanostructure. Using diglycerol monolaurate in antisolvent, 3D 

flowerlike microcrystals were synthesized by Shrestha et al.
49

 Such modification may be a new 

approach for the production of new materials for applications in fullerene chemistry.  A 

description on the self-assembly of C60 to 1D, 2D and 3D nanoarchitechtures of fullerene, 

obtained by different routes are given in the following section. 

 

Figure. 2.1.6. SEM images of C60 rods prepared by using the solvent-induced surfactant-

assisted methods at different C60 concentrations in m-xylene: (a) 0.75, (b) 1.0, and (c) 1.2 

mg/ mL by keeping the volume ratio of isopropanol to m-xylene as 1:1.(d) High resolution 

FESEM image of (c) showing the hexagonal cross-section of the nanorods. SEM images of C60 

nanotubes obtained by the same method at C60 concentrations of (e) 1.0 and (f) 1.2 mL by 

keeping the volume ratio of isopropanol to m-xylene as 1:2. Adapted with permission from 

[50]. 

2.1.3.1    1D C60 structures: nanowires, nanorods, nanotubes 

Self-assembled quasi 1D structures, such as needle-like crystals were extensively studied 

due to their usability in device fabrication. In general, these structures can be obtained using 

solution methods. Controlled slow evaporation of C60 solution with particular organic solvents 
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including toluene, m-xylene, CH2Cl2 and hexane were found to produce C60 crystals with 1D 

morphology. Initially, polycrystalline or amorphous needle-like structures with dimension of 

micrometer to millimetre were observed. Later on, evidence has also been found for single-

crystalline needle-like C60 structures.
29, 44

  Using precipitation and interfacial precipitation 

methods 1D crystals with a large range of aspect ratios were obtained by varying the 

concentration of C60 as well as the ratio of m-xylene to isopropanol (antisolvent). Ji et al. have 

shown that at a constant ratio of solvent to antisolvent with increasing concentration of C60 in 

m-xylene (0.75, 1, and 1.2 mg/mL), the aspect ratio decreases (55.92, 24.3, and 7.4 

respectively) where their diameter remain almost constant (406-447 nm) (Figure 2.1.6a-d).
50

 

On the other hand, at increase in the  volume of antisolvent (solvent:antisolvent=1:2) leads to 

substantial decrease in the aspect ratio with change in their morphology from nanorod to 

nanotubes (Figure 2.1.6e, f). 

 Using the holes of a porous alumina membrane template, Liu et al. synthesized 

polycrystalline C60 nanotubes.
51

  Since then, C60 nanotubes have mostly been produced by 

using precipitation or interfacial precipitation methods. In these methods, the tubular structure 

formation depends on the choice of solvent- antisolvent pair as well as their ratio of mixing. 

Notably, 1D C60 nano/microcrystals exhibit two types of hollow (tubular) structures (i) a 

hollow structure is only partially present at the ends of the rods, and (ii) the hollow structure 

with a tubular cavity, present from one end of the rod to the other. Tan et al. synthesized partial 

hollow structures of C60.m-xylene by using reprecipitation method with m-xylene and IPA as 

good and poor solvents, respectively.
46, 47

 Soon after nucleation, a difference in the crystal-

growth rates between the edges and centers of the surface of C60 seed crystals was thought to be 

responsible for such structure formation. Completely hollow structures of C60.m-xylene were 

synthesized by Masuhara et al. upon injecting at least 300 μL of C60.m-xylene solution (2 mM) 

into IPA (10 mL).
39

 If less than 300 mL of the C60 solution was injected, solid C60 rods were 

obtained.  

 Vertically aligned fullerene microtubes on porous alumina membranes have been 

fabricated by slowly injecting IPA into a saturated solution of C60 in toluene 

through an alumina membrane (Figure 2.1.7).
52

 Highly oriented microtubes with uniform 

hexagonal cross-section over a large area could be obtained by this method. The length of the 
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C60 microtubes reached about 500 μm and their planar density and diameter could be controlled 

by changing the growth conditions, such as the injection rate of IPA and the amount of C60 

solution. 

Figure 2.1.7. (a) Schematic representation of apparatus used to prepare vertically grown C60 

microtube arrays and the substrates used for the growth microtubes. FESEM images of 

vertically grown C60 microtube arrays from (b) side and (c) top of the substrate. The inset in (b) 

shows a the hexagonal egde of C60 microtube. Adapted with permission from  [52]. 

It is observed that the C60 1D structures are usually synthesized from the solvents that 

can form solvate. Having FCC structure, it is difficult for C60 to spontaneously grow into 1D 

structure without any shape directing agent. On the other hand, the C60 solvates are mostly 

having anisotropic crystal structure, which can virtually grow into 1D structures.  

 

 

 

(a)
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2.1.3.2      2D C60 nanosheets 

Even though the 2D structures of C60 offer huge practical advantages both in terms of device 

fabrication and of inherent interest in new architectures with unique properties, there are only a 

few reports on the production of single-crystalline 2D structures of C60. Using vapour 

evaporation method Bao and co-workers synthesized 2D hexagonal-shaped C60 disks.
53

  

Figure 2.1.8. Schematic of the vapor/solid deposition of C60 in a tube furnace which resulted in 

C60 disks, a film on a HOPG substrate, and 3D crystals on Si and SiO2 substrates. SEM images 

of (b) the C60 disks and (c) films on HOPG and (d) 3D crystals on Si wafer. Adapted with 

permission from  [54]. 

However, these disks were formed along with irregular shaped 3D crystals and were not 

suitable for applications in which only 2D shapes are required. Shin et al. reported highly 

selective synthesis of disk-shaped 2D single-crystalline C60 by vapor/solid process and 

addressed the effect of the substrate on the selectivity of the formation of C60 disks.
54

 A change 

in the inert gas flow rate as well the choice of substrate leads to crystals with irregular shapes. 

(a)

(b) (c) (d)
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The best sample was prepared by the sublimation of C60 powder (purity>99.9%) in a horizontal 

furnace under controlled inert gas flow, where a highly oriented pyrolytic graphite (HOPG) 

substrate that was supported on a Si wafer was placed near the end zone of the furnace (Figure 

2.1.8). Hexagonal shaped C60 microcrystals with FCC crystal structure were obtained (Figure 

2.1.8a). The growth direction was found to be (1-10). These disks showed enhanced 

photoluminescence properties compared to pristine C60, demonstrating their potential use in the 

fabrication of optoelectronic devices.  

Figure 2.1.9. Schematic representation of the LLIP method for the preparation of 2D 

nanosheets of different shapes by using different antisolvent/solvent pairs. SEM images of 2D 

C60 microstructures synthesized at (b) TBA/toluene, (c) IPA/CCl4, and (d) TBA/benzene 

interfaces. Adapted with permission from [ 45]. 

 Using LLIP method Satish et al. synthesized thin hexagonal-shaped C60 nanosheets at 

IPA/carbon tetrachloride (CCl4) interface.
55

 The size of the nanosheets was tailored by varying 

the alcohol content. Hexagonal nanosheets with average size of 7.5 μm, 2.5 μm and 500 nm 

were observed when the IPA, ethanol and methanol were used as the antisolvents respectively. 

However, irrespective of the alcohol used, the thickness of the hexagonal nanosheets remained 

(a)

(b) (c) (d)
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almost uniform. Figure 2.1.9 shows the FESEM images of crystalline C60 nanosheets. Under 

identical experimental conditions, when longer-chain-length alcohols such as n-butanol, 2-

butanol, n-pentanol, etc. were used as anti solvent, no hexagonal nanosheets were observed. 

These observations infer that the number of carbon atoms and the polarity of the alcohol are 

crucial parameters for controlling particle size and the antisolvent polarity should be high 

enough to form the hexagonal nanosheets.  Sathish et al. also reported preparation of 2D 

crystals with hexagonal, rhombic, three and eight polygonal shapes by LLIP method.
45, 55

 

Uniformly shaped hexagons and rhombi were obtained at the TBA/toluene and IPA/CCl4 

interfaces, respectively, whilst polygon mixtures (Figure 2.1.9d) were collected from the 

TBA/benzene interface. Here also the 2D nanostructures were prepared as C60.CCl4 solvate. 

Figure 2.1.10. (a,b) FESEM images of the assemblies of C60 tubes/rods to a 3D flower-like 

structure, obtained by using the LLIP method. Adapted with permission from [
49

]. (c) SEM 

image of C60{AgNO3}v5 crystals. Insets show an optical and an SEM image of a single cube. (d) 

SEM and (e) optical micrograph images of “bucky cubes” after a single washing with 1-

butanol.(f) SEM of a cube after double washings with 1-butanol. Adapted with permission from  

[56].  

(a) (b)

(c) (d)

(e) (f)
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2.1.3.3    3D C60 nanostructures 

Fabrication of three dimensional C60 nanostructure have rarely been reported in contrast to 1D 

nanowires and 2D plate like structures. The existing 3D assemblies are mostly super structures 

made up of aligned agglomeration of lower dimensional nanostructures. As for example, Jeong 

et al. reported the assembly of 1D rods or tubes of C60 into 3D aggregate structure.
48

 These 3D 

C60 microcrystals were synthesized by using alcohols as antisolvents through drowning-out 

crystallization method. Here also, the morphology of the microcrystals was found to be highly 

dependent on the type of antisolvent and the size is dependent on the concentration of C60 and 

on the volume ratio of the solvents. The 3D aggregates of the rod-like crystals were only 

obtained when a solution of C60 in toluene was added to 1-butanol. Both the length and 

diameter of the rods in the aggregate structure increased with decreasing drawing-out ratio. 3D 

assemblies of 1D microstructures were also synthesized by surfactant assisted LLIP method by 

Shrestha et al.
49

 As shown in Figure 2.1.10a, b, the 3D flower shaped crystals were obtained 

by reprecipitating C60 from saturated benzene solution by 0.01% diglycerol monolaurate and 

0.01% solution of cetyltriethylammonium chloride solution in 1-butanol at 15 ˚C. These 

microstructures have shown superior photoluminescence compared to pristine C60. Cubic shape 

C60.{AgNO3}5 superstructures were prepared from by reprecipitating C60 by AgNO3 solution in 

ethanol,
56

 which consists of perpendicularly well oriented C60.AgNO3 1D heterostructures 

(Figure 2.1.10 c, d). Upon washing with small aliphatic alcohols, the smooth cubic crystals 

transformed to cube shaped interpenetrated network, composed of pristine C60, termed as 

“bucky cubes” (Figure 2.1.10 e,f). 

2.1.4.    Applications 

Recent researches on self-assembled fullerene have unravelled many useful applications 

including optoelectronic devices, diagnostics, pharmaceuticals, environmental and energy 

industries.
57

 Along with the pristine C60 assemblies, it is also of intense interest to explore the 

applicability of functionalized fullerenes. The most attractive property of fullerene that 

triggered its production and usage is its n-type semiconducting nature with capability of 

accepting upto 6 electrons. Under illumination condition of suitable wavelength and in 

presence of a p-type semiconductor, fullerene can efficiently accept electrons and hence 

promising as the active material for heterojunction solar cells. In bulk heterojunction solar  
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Figure 2.1.11. (a) SEM image of a typical C60 nanorod photoconductor fabricated by 

depositing C60 nanorods on pre-patterned interdigitated Au electrodes. Inset shows 

C60 nanorods bridging interdigitated electrodes of width 10 µm with an inter-electrode spacing 

of 10 µm. (b) Schematic diagram of a the planar photoconductor device architecture and 

connected electrical circuit to characterize the device. (c) Photograph of two typical 

C60 nanorod photoconductor devices with active area of 5 × 5 mm, fabricated on a flexible 

polyethylene-2,6-naphthalate (PEN) substrate. Adapted with permission from  [58]. 

cells, the interpenetrating network of electron donor and acceptor domains to separate excitons 

has created huge impact on solar energy harvesting efficiency compared to the bilayer device 

with limiting exciton diffusion length. The process of energy harvesting involves two major 

steps: (i) dissociation of the excitons at the interface and (ii) carrier transport to the respective 

electrodes.
59

 In this case, the nanoscale morphology, crystallinity and ordering of each domain 

through heat treatment play important role in governing the performance. Due to inherent 

nature of high crystallinity, fullerenes fulfil the above criteria to efficiently carry the electrons 

to the electrode. Moreover the solubility of fullerenes allows facile solution based device 

fabrication, which is also tuned by functionalization.
60, 61

 The generation of photocarrier under 

light irradiation in C60 self-assembled structure, offers opportunity to use them as optical 

sensors.
62

 Recently Saran et al. has shown remarkable activity of C60 nanorods in large area 

flexible photoconductor devices which can be further implemented to complementary metal-

oxide-semiconductor (CMOS) technology (Figure 2.1.11).
58

 The shape controlled 

nanostructures of fullerene solvates have shown stronger luminescence property, high electron 

mobility compared to their pristine form, which triggered their usage in devices such as field-

effect transistors, large area flexible photoconductors.
63

 Unlike other organic semiconductor, 
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due to its capability of coherent spin transport at distances above a few nm and spin 

manipulation during charge transfer at room temperature, C60 films are promising for two 

terminal molecular memory devices,
64

 spin valves, spin transistors etc. Having unique surface 

structure compared to other carbon allotropes, C60 have shown notable activity as catalysts for 

electrochemical oxygen reduction reaction, organic transformations as well as electrochemical 

sensing of physiologically important molecules. The donor-acceptor self-assembly of C60 with 

Zn-porphyrin has been used in the preparation and light energy conversion device.
65

 Under 

physiological conditions, C60 was found to block the active site of HIV-1 protease protein
66, 67

 

and also worked as an active antioxidant when supplied with olive oil.
68

 C60 attached to silica 

nanoparticles also has shown capability of targeting cancer stem cells.
69

 Recently, Ariga and 

coworkers have used one dimensional fullerene nanostructures as growth directing template for 

tissue engineering.
70, 71

 

2.1.5. Scope of the work 

Development of self-assembled C60 nanostructures has opened up opportunities for their 

applications in optoelectronics, semiconductor devices as well as health care. Particularly, 

when formed as solvates these C60 nanostructures have shown superior properties compared to 

its pristine form. From the recent studies, it was found that the solvate formation by interfacial 

precipitation depends upon the choice of solvent-antisolvent pair, temperature etc. However, 

tuning the size and shape of these nanocrystals the solvent engineering process are still 

unpredictable and carried out in a trial and error based strategy. Therefore, studying the self-

assembly process of fullerene can be helpful to understand the basis of C60 solvate formation in 

terms of selection of a solvent. Along with that, being a zero dimensional molecule, C60 can be 

considered as the ideal building block for studying the self-assembly process.  Such 

understanding will be helpful to design new C60 architecture too. 

 Among the various morphologies of C60, the 1D structures have gained significant 

attention for device applications. These structures are obtained by solution routes using 

solvents like toluene, m-xylene etc. Depending on the solvent of choice, these 1D structures 

have FCC or hexagonal structure. Having isotropic crystal structure, it is unlikely for C60 to 

grow in 1D structure, in absence of any shape directing agent. On the other hand, only few 

aromatic solvents are known to produce 1D structures. Considering their importance, it is 
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crucial to understand the factors which influence the formation of 1D structures and develop 

strategies for synthesis of new C60 solvates. 

 To find the applicability of these solvates in optoelectronic devices, the solvates should 

have sufficient thermal stability, for which the interactions involved between the solvent 

molecules and C60 plays crucial role to determine that. Even though there are plenty of reports 

on the interactions of C60-solvents in the solution state, the nature of interactions involved in 

the solid solvates have rarely been studied, where solvent molecules are surrounded by C60-π 

cloud. Besides, studying the nature of interaction is beneficial to understand the origin of 

superior physical properties of the C60 solvates.  It will also provide an idea on how one can 

modulate the physical properties of these solvates by altering the solvent used during its self-

assembly. 

 The self-assembly process of C60 so far has been employed only to prepare the active 

layers in semiconductor based devices due to their suitable optoelectronic properties. Since 

these properties are modulated when present as complexes with prophyrin, cubane etc., the 

supramolecular complexation of C60 flourished as a promising strategy to develop new 

materials for device applications. Therefore, in order to expand the versatile usage of C60, it 

will be advantageous to explore the utility of these materials in chemical applications.  

2.1.6. Concluding remarks 

 Considering the potential applications of C60 nanostructures in various application, in this part 

of the thesis we aim to study fullerene self-assembly to various nanostructures and explore their 

properties. Such understanding can be employed to engineer novel solvates and their 

nanostructures with fascinating properties. This apart, synthesis of orientated structures of C60 

can offer unique surface with carbon hybridization of sp
2.27

, which can be useful for 

fundamental studies. Being a nanometre size molecule, fullerenes are considered to be the 

missing link between the molecules and colloidal nanostructures.
72-74

 Thus, understanding the 

self-assembly process of fullerene and the involved interactions therein, is not only important 

for its device applications but also fundamentally promising to provide the bridging 

information between the self-assembly process in atomic level and long range interactions of 

colloidal superstructures. Such insight and novel applications arising out of the same will be 

presented in this part of the thesis. 
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CHAPTER 2.2 

Investigations on the effect of CH∙∙∙π interaction on 
physical properties of C60 solvate nanocrystals 

 

 Summary 

A systematic study on C60 self-assembly at liquid-liquid interfaces has been carried out by 

systematic methyl substitution on the benzene ring and crystallization temperature to 

understand the dependence of C60-solvate formation on the geometry of the solvent. We found 

that, an angle of 120˚ between two neighboring substituents of the aromatic solvent (e.g. 

toluene, m-xylene and mesitylene) is crucial for the formation of hexagonally close packed 

(HCP) C60 solvates. With increase in the number of methyl substitution, notable enhancements 

in thermal stability, optical absorption, photoluminescence of these HCP C60 solvates were 

observed. Theoretical investigations and FTIR studies revealed that the incorporated solvent 

molecules interact with C60 by CH∙∙∙π interactions. The varying number of methyl substituents 

in the solvate attunes the vibrational modes to different extent compared to that of free solvent, 

which offers a unique opportunity to study the effect of a single methyl substituent or CH∙∙∙π 

bond in identical chemical environment on various physical properties of these solvates. 

Further, employing the chloro-methyl exchange rule, a new supramolecular HCP cocrystal of 

C60 with 1,3,5-trichlorobenzene was developed, which exhibited thermal stability up to 150 ˚C 

and an enhancement of 562% in photoluminescence with uniform luminescence throughout the 

nanostructures. 

 

‡ Manuscript based on this work has appeared in Carbon 2014, 74, 44. 
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2.2.1 Introduction  

The fullerene (C60) solvates and their nanostructures are fast emerging as a new class of 

functional materials due to their interesting mechanical, optical and transport properties.
1-5

 The 

ease of solution processibility has lead to diverse forms of C60-solvate nanostructures,
6-11

 which 

can easily release the solvent molecules to yield highly crystalline C60 nanostructures.
12

 The 

possibility of spin-coherent transport has been recently demonstrated.
13

 Mostly aromatic 

solvents are used for such processing that has led to the formation of supramolecular crystals 

with orthorhombic, hexagonal, triclinic and face centered crystal structure.
14-19

 Among them, 

hexagonal close packed (HCP) phase is the most interesting one because of its ability to form 

nanowires effortlessly and high conductivity as well as stability under pressure.
20

 Wang et al. 

have discovered that some HCP solvates become ultra-incompressible under high pressure with 

an ability to indent diamond.
4
 The nanowires of HCP C60.m-xylene exhibit an electron mobility 

of 11 cm
2
V

-1
s

-1
,
21

 which is much higher than that of 0.1 cm
2
V

-1
s

-1 
in

 
pristine C60 and 

comparable to common high-mobility organic semiconductors.
21, 22

 It has also been reported 

that solvent incorporation enhances the excitonic recombination rates and luminescence in HCP 

solvates manifold, although investigation on their optical properties is quite limited.
20

   

Designing a new solvate using a different solvent system is quite challenging due to the 

complicated nature of their formation, which depends on a number of weak interactions 

involving several molecules in solution and also due to lack of understanding on conformity of 

the interacting groups inside a crystal. Examination of the crystal structure of m-xylene-C60 

HCP solvate reveals that the solvent molecules occupy the cavities having a threefold 

symmetry (Figure 2.2.1).
23

 The methyl groups of m-xylene are entirely disordered in the three 

allowed directions about the symmetry axis, which leads us to hypothesize that toluene as well 

as mesitylene too should form these important HCP solvates. Toluene, interestingly is known to 

form monoclinic solvates while mesitylene tends to forms orthorhombic solvates.
6, 24

 Their 

HCP solvates have not been found, except for one instance, wherein a transiently stable toluene 

compound was observed.
25

 On the other hand, other methyl substituted aromatic isomers, such 

as o- and p-xylene are not known to form any solvate structure and the reasons remain blurred.  
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Figure 2.2.1. (a) The crystal structure of C60.m-xylene solvate along c axis: the solvent 

molecules, represented by blue and red colours posses site symmetry of C3 and 63 respectively. 

(b) A 3-dimensional view of the 63 solvent site and orientation of C60 molecules around it. Here, 

red and green colours correspond to the position of molecules at Z = ¼ and ¾ respectively. (c) 

HCP crystal structure viewed perpendicular to c axis showing the solvent molecules at C3 

position (blue) are confined at a trigonal prismatic cavity, created by C60 layers. 

2.2.2   Scope of the present investigation 

The exploration of these interesting properties is particularly hindered due to the lack of a 

variety of solvates within the HCP family. Only few mono or disubstituted benzene solvents 

i.e. m-xylene, m-dichlorobenzene were known to form stable HCP solvates.
26

 The 

supramolecular interactions between the methyl groups of xylene and C60 probably stabilizes 

the molecular arrangement in the crystal.
27

 m-Dichlorobenzene also forms HCP solvates due to 

similarity in the size of the functional groups
28

 Taking the importance of these HCP family of 

solvates into account, this work is aimed at understanding the formation of HCP solvate which 

is necessary to increase the possibility of obtaining new solvates. This will also offer an 

opportunity to investigate their stability, crucial for their existence. Here we also investigated 
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the role of solvent–C60 interactions on the nature and the origin of absorption processes, 

photoluminescence, excitonic carrier lifetime as well as electronic conductivity of these 

solvates.  

While the exploration of new HCP solvates and their properties is necessary, an 

interesting strategy to obtain C60 cosolvate can be envisioned while pondering upon the 

instability of the toluene solvates. Unstable solvates are usually stored in the mother liquor, 

since it suppresses their decomposition due to a dynamic equilibrium between the solvate and 

the mother liquid.
29

 Such equilibrium leads to anomalous solubility of C60 in toluene.
30, 31

 The 

equilibrium constant will be larger for less stable solvates. Therefore, if a batch of unstable 

toluene solvates is placed in surrogate mother liquor which contains structurally similar second 

solvent, there exists a distinct possibility of replacement of some solvent molecules from the 

initial solvate crystal. The resulting cosolvate would therefore have two different solvent 

molecules occupying an identical crystallographic position within the crystal. To the best of our 

knowledge, such cosolvates are not known in the case of C60 and due to phase separation 

cannot be obtained by conventional precipitation methods due to phase separation.  

2.2.3   Materials and methods  

2.2.3.1  Materials 

Fullerene (C60, 99.5%), toluene (99.8%), m-xylene (≥99%), mesitylene (>98%) and isopropanol 

(IPA, ≥99.5%), 1,3,5-trichlorobenzene (TCB, 99%), 1, 2-dichlorobenzene (DCB, 99%),  were 

purchased from Sigma-Aldrich and were used without further purification. 
 

2.2.3.2 Preparation of self-assembled C60 microstructures 

All 1D microstructures were synthesized by dissolution of C60 in aromatic solvent followed by 

antisolvent assisted reprecipitation. We used C60 concentration of 0.9 mg/ml and dissolved it in 

2 ml of aromatic solvent. The reprecipitation was performed by liquid-liquid interfacial 

precipitation (LLIP) method. Prior to the addition of IPA (antisolvent) in C60 solution, all the 

liquids were kept at 5 ˚C inside an incubator for 1 hour. The volume ratio of C60 solution and 

IPA were always kept as 1:4. In LLIP, C60 solution was taken in a 15 mL bottle and IPA was 
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added slowly using syringe pump with a rate of 2.5 ml/minute and the capped bottles were kept 

inside the incubator at the same temperature.  

 

 

 Figure 2.2.2. Schematic representation of synthesis procedures for 1D C60 structures by LLIP 

method. Here, IPA is slowly added to C60-toluene solution, which undergoes slow diffusion 

leading to product formation.  

 

For the synthesis of C60.1,3,5-TCB cocrystal, C60 (8 mg) and 1, 3, 5-TCB (11 mg) were 

dissolved in 2 mL o-dichlorobenze (DCB) by ultrasonication to get a dark purple clear solution. 

This solution was transferred to a 15 mL glass vial, 8 mL IPA (antisolvent) was added to it by 

LLIP method using a syringe pump with a dispense rate of 2.5 mL/min. The bottle was left 

undisturbed at 25 ˚C for 76 hours. After complete decolouration of the solution, the excess 

1,3,5-TCB was removed by washing 2 times with IPA (each time 8 mL) and the brown colour 

product was separated by centrifugation.  

 2.2.3.3 Material Characterization 

The morphologies of these products were characterized by Field Emission Scanning Electron 

Microscopy (FESEM, FEI Quanta) and transmission electron microscopy (TEM,JEOL, JEM 

3010, 300 kV fitted with a GATAN CCD camera). Powder X-Ray Diffraction (PXRD) was 

done using CuKα irradiation (λ = 1.54187 Å) in Bruker AXS, D8 Discover X-ray 

diffractometer in 2 theta range 3˚-30˚ with a step size of 0.02˚ at room temperature. Fourier 

Transform Infrared (FT-IR) spectra of the microstructures were recorded using Bruker IFS 

66V/S spectrometer in a frequency range 3500-500 cm
-1

 with 2 cm
-1

 resolution and 100 scans. 

Note that less pulverization with KBr lead to the IR spectra with interference pattern due to 

C60
Anti-

solvent

Slow 

diffusion
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uneven distribution of sample throughout the pellet. Hence the air dried microstructures were 

cast on single sodium chloride windows (thickness ~5mm) without further pulverization. Pure 

solvent were placed between a pair of NaCl windows and used for IR measurements. Raman 

spectra of the samples were collected by placing sample on a glass substrate. The spectra were 

accumulated at different locations using Jobin Yvon LabRam HR spectrometer with 532 nm Ar 

laser. Thermogravimetric analysis (TGA, Mettler Toledo 850C) was used to evaluate thermal 

stability of these C60 solvates. ~5 mg of sample was treated in a temperature range of 25-900 ˚C 

at heating rate of 5 ˚C /min under N2 atmosphere (flow rate 40 mL/min). Optical absorption of 

these solid solvates were measured in reflectance mode in Perkin-Elmer Lamda 900 UV/Vis/IR 

spectrometer in the energy range of 1.4 -2.4 eV. To ensure no signal from background source 

of solid sample holder, Teflon (no characteristic absorption within the measurement range) was 

used as background. Photoluminescence (PL) spectra of the solid samples were collected using 

450 Watt Xenon lamp as light source (FLSP920 spectrometer, Edinburgh Instruments). A 

quartz plate was used as sample holder. Since C60 is known to be photosensitive, after PL 

measurement, all the samples were checked by Raman spectroscopy to assure the samples were 

not polymerized. The luminescence lifetime measurements of these samples were done using 

an EPL-405 picosecond laser. Cathodoluminescence (CL) measurement was performed using 

MonoCL4, GATAN-UK with instrument spectral resolution of  <0.5 nm. 

2.2.3.4   Analysis of bond distance and angles 

The bond distances and angles of C-H···π were calculated using mercury 3.7 software. Energy 

optimized structures were used for these calculations. Since C60 is not static at room 

temperature in the HCP structure, C-H distances were calculated from the centroid of each C60. 

The assumption is based on the possibility of C-H interaction to the π cloud of C60 rather than 

directing to an atom or aromatic bond. The radius of C60 (3.55 Å) was deducted from this value 

to obtain C-H···π distance (d).  The angle α designates angle between the C-H bond and the 

H···π connection. Here the aromatic hydrogen atoms are labelled as Har1, Har2, Har3 and three 

aliphatic hydrogen atoms a methyl group was represented as Hal1, Hal2, Hal3. Since the 

environment around each methyl group (bond distance and angles) is identical, description of a 

single methyl group holds forth for the entire molecule. 
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2.2.3.5 Theoretical investigations 

Periodic geometry optimization of three solvates, each containing C60 molecules and toluene or 

m-xylene or mesitylene molecules, were carried out using both classical and density functional 

theory (DFT) methods. Initial coordinates were taken from the crystallographic information file 

from experiments. The ratio of C60 to the solvent molecules is 1:1. Since the atomic positions of 

solvent molecules are highly disordered (especially methyl positions), the coordinates are 

manually added. Then, using simulated annealing technique, its atomic positions and cell 

parameters are iteratively optimized until a minimum energy structure was found. During the 

optimization, each molecule is considered to be rigid. The intermolecular interactions between 

C60 and solvent molecules were modelled using 12-6 Lennard-Jones (LJ) potential within a 

spherical cut off of 10 Å. The LJ constants ‘ǫ’ and ‘σ’ were taken from the OPLS force field.
32-

34
  

Periodic DFT calculations were carried out using QUICKSTEP module of CP2K 

software.
35

 It uses a mixed Gaussian and plane-wave basis set which allows efficient and 

accurate DFT calculations of large systems up to 3000 atoms. The Kohn-Sham orbitals are 

expanded by a linear combination of atom centered Gaussian basis set while the electron charge 

density are described with an auxiliary plane wave basis set. All valance electrons were treated 

with double-zeta single polarized basis set. The electron charge density was described by plane 

waves with an energy cut-off of 280 Ry. An exchange-correlation functional of Perdew, Burke, 

and Ernzerhof (PBE) was used.
36

 Norm-conserving pseudopotentials of Goedecker-Teter-

Hutter were used to represent the combined effect of the core electrons and the nuclei.
37

 We use 

Grimme’s dispersion corrections of type D3 to improve the accuracy of potential energy 

surface calculated within DFT.
38

  Initial coordinates for this set of calculations were taken from 

classical simulations. Similarly to the above, iterative optimization of atomic coordinates and 

cell parameters were done until both the forces and the energies are converged. 

Vibrational spectrum was obtained by calculating the Hessian matrix and then, it was 

diagonalized to get frequencies and normal modes. It is possible to compute the vibrational 

spectrum of solvent molecules alone inside a crystal that reduces the computational cost 

tremendously. So, we kept all C60 molecules frozen during vibrational analyses. It is to be 

noted that the calculated peak positions corresponding to solvent molecules remain same 

even if all C60 molecules are considered flexible. 
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Figure 2.2.3. FESEM images of the products obtained by LLIP method at 5˚C using (a) 

toluene, (b) m-xylene and (c) mesitylene as solvent. (d) PXRD patterns of the products obtained 

under the same condition using (i) toluene, (ii) m-xylene and (iii) mesitylene as solvent. The 

grey bars correspond to the simulated PXRD pattern of the HCP crystal structure of C60. m-

xylene solvate. (e) A plot showing the variation of the LLIP precipitation time (blue), diameter 

(green) and length (maroon) of the HCP 1D structures with increasing number of methyl 

substituents in the solvent. 

2.2.4   Results and Discussion 

2.2.4.1   Morphology, Crystal structure and Stability 

Self-assembled C60 structures were obtained using the LLIP method where C60 was 

reprecipitated from methyl substituted aromatic solvents by the addition of isopropyl alcohol. 

The reprecipitation was carried out under vibration free condition. In order to examine the 

dependence of the solvent shape and size on the morphology of reprecipitated C60 crystals, the 

aromatic solvents were chosen with varying number and position of methyl groups, such as 

toluene, o, m,  p-xylene, mesitylene etc. The complete precipitation of C60 from the solution 

was monitored by the decolouration of the solvent mixture. The products obtained using 

toluene, m-xylene and mesitylene as solvents for C60 resulted in rod like 1D structures (Figure 
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2.2.3a-c) having a HCP crystal structure as that of C60.m-xylene.
 20

  A comparison of the PXRD 

patterns of as-synthesized solvates and simulated pattern based on the m-xylene solvate 

structure (Figure 2.2.3d) revealed that the PXRD patterns can be indexed on a space group P63 

with lattice parameters of a = 2.34 nm and c = 1.00 nm.
20, 23, 25

 In this crystal structure (Figure 

2.2.1), fullerenes with mirror symmetry are arranged in hexagonal layers along the c-axis, 

creating two distinct cites to be occupied by the solvent molecules. A thermally disordered 

solvent molecule occupies trigonal prismatic cavities (site 1, Figure 2.2.1a: blue coloured 

molecules) between layers with a 3-fold symmetry while heavily disordered solvent molecules 

reside along a 63 screw axis (site 2, Figure 2.2.1a: red coloured molecules).
23

 The orientation 

of C60 and solvent molecules around 63 axis is shown in Figure 2.2.1b.  

Figure 2.2.4. (a) PXRD patterns of the products obtained using (i) o-xylene and (ii) p-xylene as 

solvents. The vertical blue bars correspond to simulated PXRD pattern of FCC C60 crystal 

structure. FESEM images of the faceted C60 microcrystals obtained by LLIP method using (b) 

o-xylene and (c) p-xylene as solvent. 

Unlike toluene, m-xylene and mesitylene, the products obtained from o-xylene and p-

xylene were found to have face centered cubic (FCC) crystal as that of pristine C60 (Figure 

2.2.4a). The C60 crystals reprecipitated from o-xylene and p-xylene have faceted three 

dimensional (Figure 2.2.4b) and hexagonal two dimensional sheet-like morphologies (Figure 

2.2.4c) respectively. Therefore, the structure and composition of self-assembled C60 structure is 

highly dependent on the shape and size of the solvent molecules. Particularly, for the formation 

of HCP C60 solvate structure, the solvent molecule should have shape and size compatibility to 

fit in the trigonal prismatic C3 solvent site as evidenced from the HCP product formation by 
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toluene, m-xylene and mesitylene. Since the shape of o-xylene and p-xylene do not match the 

cavity shape, these solvents are unable to stabilize the HCP structure and lead to formation of 

FCC crystal as that of pristine C60. It is interesting to note that all HCP solvates has formed one 

dimensional structures with varying aspect ratios whereas the crystals with FCC structures have 

faceted three dimensional structures. 

Figure 2.2.5. FESEM images of 1D C60 solvates synthesized from LLIP method using 

toluene/IPA system with C60 concentrations in toluene (a) 1.8 mg/ml, (b) 0.9 mg/ml, (c) 0.45 

mg/ml. Inset images show the characteristic features of the tip of the corresponding 1D 

structures. (d) a plot showing distribution of diameter and aspect ratio of 1D structures 

obtained with different C60 concentration in toluene. 

 

Even though toluene, m-xylene and mesitylene formed 1D products with the same HCP 

crystal structure, under identical experimental conditions the aspect ratio of these products and 

the kinetics of the product formation were found to be distinctly different. Increasing  number 

of methyl groups on the aromatic moiety from 1 to 3 resulted in notable decrease in diameter of 

the 1D structures from ~10 um to ~200 nm as well as increase in length from <500 um to 

>1mm (Figure 2.2.3e). On the other hand, from C60- mesitylene solution, the precipitation of 
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C60 started during addition of antisolvent, whereas from its toluene and m-xylene solutions, the 

precipitation started after 72 and 12 hours respectively. A faster precipitation kinetics with 

increasing number of methyl substituent can be attributed either to the solubility of fullerene in 

these solvents (mesitylene: 0.99 mg/mL, m-xylene: 1.9 mg/mL, toluene: 2.7 mg/mL),
39

 or, to 

the enhanced C60- solvent interaction with increasing number of methyl groups, which can 

facilitate the solvate formation. In order to deconvolute the effect of these two factors, we 

performed controlled experiments by varying C60 concentration (0.45, 0.9 and 1.8 mg/mL) in 

toluene, which in turn will influence the supersaturation condition during antisolvent addition. 

We observed that 2-6 days are required to form the nanowires, where higher concentration of 

C60 leads to faster rates. Under all conditions, the solvates are generated in a one dimensional 

(1D) rod-like form. In Figure 2.2.5a, an FESEM image of the C60 solvate is shown, obtained 

after 3 days by using 1.8 mg/ml of C60 obtained at 5 ˚C.  As seen, the elongated and straight 

solvate wires have blunt tips with a diameter of ~ 0.9-1.5 µm and high aspect ratios of ~ 450. 

The morphology of the solvates was greatly influenced by the concentration of the precursor 

C60 and hence the kinetics. Their length was marginally reduced when 0.9 mg/ml of C60 was 

used (Figure 2.2.5b). When we further reduced the concentration to 0.45 mg/ml, the reaction 

was much slower and the precipitation completed only after 6 days, yielding 1D microstructure, 

having much larger diameter and uniquely appearing tubular on one side and a sharp edge on 

the other side (Figure 2.2.5c). In Figure 2.2.5d, the average diameters and aspect ratios for 

these products are shown, establishing that the effect of concentration on diameter is more 

pronounced than on length. Diameter concurrently reduces with the increase in C60 

concentrations, which reaches supersaturation earlier compared to the C60 solutions with lower 

concentrations, reaching ~600 nm at the highest C60 concentrations. Hence, observation of 

similar trends in the diameter and aspect ratio distribution of C60 HCP solvate 1D structures of 

toluene, m-xylene and mesitylene (Figure 2.2.3e) may also be attributed to the variation of C60 

solubility in these solvents. 

    In order to investigate the growth direction of these 1D structures, detailed transmission 

electron microscopy analysis of the solvate nanowires was performed. Figure 2.2.6a shows a 

typical TEM image of a nanowire. All nanowires have uniform diameter and density 

throughout, as inferred from uniform colour contrasts. A high-resolution energy filtered TEM 

image of the structure is shown in Figure 2.2.6b. Fourier transform analysis of HRTEM 
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images reveals the (100), (001), (101) planes with lattice spacing of 20.26, 10.18, and 9.2 Å 

respectively. The SAED pattern (Figure 2.2.6c) recorded at the middle of the structure reveals 

the single-crystalline nature of the wire. All diffraction spots can be indexed on a HCP unit cell. 

Based on SAED and HRTEM analysis of various nanowires, we determined their growth 

direction to be along the [001]. A model of a nanowire is shown in Figure 2.2.6d. The toluene 

molecules in site 1 as well as in site 2 stand perpendicular to the growth direction forming 1D 

channels along the nanowires. 

 

Figure 2.2.6. (a) Low resolution TEM image of C60 nanorod synthesized by LLIP method. (b) 

Energy filtered HRTEM image of the selected region of the nanorod as shown in 2.2.6a. The 

growth direction was determined to be along [001] (c) SAED pattern of the nanorod. (d) A 

model of the nanowire showing the molecular orientation of C60 (blue) and solvent molecules 

(red and green) along the growth direction (001). The red and green colours correspond to the 

1D solvent channels with 63 and C3 site symmetry respectively. 
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 Figure 2.2.7. FESEM images of products synthesized by LLIP method at (a) 25 ˚C and (b)  45 

˚C using C60 concentration in toluene of 0.9 mg/ml. (c) PXRD patterns of the products obtained 

at 25˚C (black ) and 15 ˚C (blue). FESEM images (d, e, g and h) of the products obtained by 

LLIP method using m-xylene (d and g) and mesitylene (e and h) as C60-solvent at 25˚C (d and 

e) and 45 ˚C (g and h). (f) PXRD patterns of the products obtained at 25 ˚C using m-xylene 

(maroon) and mesitylene (grey) as C60-solvents. (i) PXRD patterns of the products obtained at 

45°C using m-xylene (green) and mesitylene (purple) as C60-solvents. 

The success in the synthesis of HCP C60 solvate-crystal is dependent on the diffusion 

dynamics and the solvation properties of C60 in solution, which is influenced by the reaction 

temperature. When we carried out the reaction at 25 ˚C and 45 ˚C, C60 precipitated in the 

pristine FCC crystal-structure with octahedron and trigonal prismatic morphology (Figure 

2.2.7a and b). At 15 ˚C, the precipitated product contained a mixture of both FCC and HCP 
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phases (Figure 2.2.7c). Pure solvates with an HCP phase was obtained only at 5 ˚C. The 

formation of such supramolecular assemblies is a complex process with delicate balance of 

diverse weak intermolecular forces. Each C60 is solvated by the toluene molecules in solution 

due to the week polar interactions.
40

 However when IPA is added to C60 solution, this 

molecular network changes due to homogenous mixing and induces precipitation of C60. Each 

C60 molecule must associate itself with the solvent molecules prior to precipitation, the nature 

of which determines the precipitated product. We believe that an adduct of C60-solvent 

(toluene/m-xylene/ mesitylene) pair is the possible precursor building block for the HCP 

solvate phase, while individual C60 molecules nucleate to the FCC phase. Unlike toluene, when 

the reprecipitation was performed at higher temperature (25 and 45 ˚C) using m-xylene and 

mesitylene as solvent, the products were found to be nanowires with higher aspect ratio 

(Figure 2.2.7d, e and g, h) and HCP crystal structure (Figure 2.2.7f and i).  Since the weak 

interactions between the solvent molecules and C60 are temperature sensitive and depend on the 

number of interacting functional groups, toluene with only one methyl substituent form solvate 

only at lower temperatures whereas m-xylene and mesitylene having higher number of methyl 

substituents can spontaneously form HCP solvate even at 45 ˚C. 

Figure 2.2.8. Thermogravimetric profiles of C60 solvates with toluene (blue), m-xylene (red) 

and mesitylene (black).  
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Further information on the interactions between the solvent molecules and C60 was 

obtained by monitoring the thermal stability of these materials at inert atmosphere (Figure 

2.2.8). We found that the C60 solvates with toluene, m-xylene and mesitylene start releasing the 

solvent molecules at 59, 72 and 115 ˚C respectively, showing respective weight-loss of 9.4, 

10.2 and 11.3%. The weight losses correspond to C60: solvent molecular ratios of 1: 0.81, 1: 

0.77 and 1: 0.76 for toluene, m-xylene and mesitylene respectively, which are marginally 

substoichoimetric from an optimum value of 1. A lowering in the ratio of solvent to C60 with 

increasing solvent size has been observed. The lowest decomposition temperature of 

C60.toluene solvate infers the weakest interaction between toluene and C60 in HCP family of 

solvates. Increasing number of methyl groups on the aromatic moiety has lead to an increase in 

the decomposition temperature of the solvates. This can be attributed to the enhanced solvent-

C60 interaction. Such interactions are well investigated in solution phase as well as in other C60 

cocrystal systems.
41-43

 Depending on the functional groups present in the foreign molecules, 

fullerenes interact by charge transfer, π stacking and weak dispersive forces.
44-46

 In order to 

realize the origin of thermal stability in HCP solvates and the effect of solvent-C60 on various 

physical properties, understanding the nature of interaction is highly crucial. 

 

2.2.4.2 Solvent-C60 interactions 

The enhancement in the solvent –C60 interaction energy due to presence of additional methyl 

group at two different solvent sites was estimated by using density functional theory (DFT). 

Using energy minimized structures of the HCP solvates (Figure 2.2.7a-c), the binding energies 

of the solvent molecules at two solvent sites were estimated using the following expression: 

∆E = E(C60 + nX) - E(C60 + (n - 1)X) - E(X)    (eq.2.2.1) 

where ‘X’ represents the solvent molecule, E(C60+nX) is the energy of the solvate, E(C60+(n-

1)X) is the energy of the solvate with one solvent molecule removed, and E(X) represents the 

energy of the solvent molecule alone. As shown in Table 2.2.1, addition of single methyl 

substituent on the aromatic moiety stabilizes the solvent molecule at C3 site by average of ~5 

kcal/mol due to enhanced C60- solvent interaction, whereas the same causes distabilization at 63 

site by ~6 kcal/mol, may be generated from the enhanced steric hindrance with increasing 

number of methyl groups at the 1D solvent channel. We propose that such enhancement in 

steric hindrance has led to the lower solvent content (C60: solvent) in C60.mesitylene (1: 0.76) 
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compared to C60.toluene (1:0.81) as obtained from TGA analysis. On the other hand, our 

experimental observation of enhanced thermal stability with increasing number of methyl 

groups on aromatic moiety matches the trend of solvent binding energies at the C3 site, which 

affirms that the C3 solvent site not only decide upon the choice of solvent for the formation of 

HCP solvate, but also have major contribution toward the stability. 

 

Table 2.2.1. Binding energies of the solvents present at C3 and 63 sites of C60 HCP lattice using 

DFT methods.  

Solvent  Binding Energy (kCal/mole) 

 @ C3 site @ 63 site 

Toluene  -23.97 -20.39 

m-xylene  -28.86 -13.14 

mesitylene  -34.43 -7.70 

 

 

From Table 2.2.1 it is seen that an increase in methyl group stabilizes the C3 site by ~ 5 

kCal/mole, which is in a range of weak supramolecular forces.
47-49

  Analysing the crystal 

structures of fullerene based supramolecular complexes from Cambridge Structural Database, 

Nishio and co-workers observed the presence of C-H···π interactions between aliphatic as well 

as aromatic C-H with the curved π cloud of C60.
50

 In this study, the cut-off angle ‘C–

H···fullerene’ was restricted to be larger than 110˚ and the distance ‘H···fullerene’ to be lower 

than 3.05 Å. In order to understand the nature of solvent-C60 interaction in HCP solvates we 

calculated the angles and distances of C-H bond to fullerene π cloud (Figure 2.2.9c). Due to 

presence of disorder in the experimentally obtained crystal structural, the measurement of these 

angles and distances is complicated. Hence, here we  have used the energy minimized crystal 

structure of the C60 HCP solvates of toluene, m-xylene and mesitylene (Figure 2.2.9a-c).
50

  

Due to higher disorder of solvent molecules at 63 site, the solvent molecules in C3 sites were 

only considered for measurement. The angles and distances of the aromatic and aliphatic 

hydrogens from nearest C60 molecules are shown in Figure 2.2.9e and f and corresponding 

distances and angles are tabulated in Table 2.2.2 and 2.2.3 respectively. Our analysis reveals   
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that the aromatic as well as aliphatic hydrogens of the solvent molecule can interact with C60 by 

C-H···π interaction. At each C3 site, the aromatic hydrogens can stabilize the structure by six 

C-H···π and the aliphatic hydrogens at each methyl group can contribute to atleast three more 

C-H···π interactions. It is to be noted that, presence of additional methyl substituent enhances 

the solvent-C60 interaction by atleast 3 additional C-H···π interactions.  

 

 

Figure 2.2.9. Energy minimized HCP crystal structure of (a) C60.toluene, (b)C60.m-xylene and 

(c) C60. mesitylene. (d) The strategy to measure the distance and angles between the C-H bond 

and the π cloud of C60. To measure the distance of H from the π cloud of C60, the radius of C60 

(3.77 Å) was deducted from the distance of H to the centroid of C60. (e) The trigonal prismatic 

solvent cite of HCP solvate lattice along c-direction and (f) perpendicular to c-direction. The 

green dots (marked as C1, C2, C3, C4, C5 and C6) in the figure (d-f) represent the centroid of 

individual C60 molecules around the solvent. 
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Table 2.2.2. Analysis of bond lengths and bond angles for aromatic hydrogen atoms of 

mesitylene present at C3 position of HCP lattice (Figure 2.2.9e). 

Atom  Connected to Bond length (d, Å) Bond angle (α) 

Har1  C1 2.47 125.44⁰ 

Har1  C4 2.48 120.29⁰ 

Har2  C2 2.51 124.13⁰ 

Har2  C5 2.52 123.17⁰ 

Har3  C3 2.44 122.6⁰ 

Har3  C6 2.50 122.9⁰ 

 

Table 2.2.3. Analysis of bond lengths and bond angles for aliphatic hydrogen atoms of a methyl 

substituent in mesitylene present at C3 position of HCP lattice (Figure 2.2.9f). 

Atom  Connected to Bond length (d, Å) Bond angle (α) 

Hal1  C1 2.85 146.41⁰ 

Hal2  C2 2.65 124.13⁰ 

Hal2  C5 2.75 123.17⁰ 

Hal3  C4 2.68 145.9⁰ 

 

The prediction on the presence of C-H···π interaction between the solvent molecules 

and C60 from structural analysis of the solvates was experimentally confirmed by using the 

vibrational spectroscopy taking into account the C-H out of plane (OOP) vibrational modes of 

the solvent molecules in the solvate. In Figure 2.2.10a, we have compared the FTIR spectra of 

the HCP C60 solvates with the corresponding pure solvents. In these spectra with four 

characteristic peaks of C60 at 526 cm
-1 

(T1u(1)), 576 cm
-1 

(T1u(2)), 1182 cm
-1 

(T1u(3)), 1428 

cm
-1 

(T1u(4)) and other peaks of the solvent molecules were observed.
51

  No change in the 

frequency of T1u(4) band confirms absence of charge transfer interaction between solvent 

molecule and C60 molecules.
52

 The signature of the presence of solvent molecules in the solvate 

were observed at the C-H OOP bending region (600-1000 cm
-1

) and the C-H stretching region  
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Figure 2.2.10. (a) FTIR spectra of (i) pristine C60, (ii) toluene, (iii) C60.toluene, (iv) m-xylene, 

(v) C60.m-xylene, (vi) mesitylene and (vii) C60.mesitylene. (b) An enlarged view of the spectra of 

(a-i) to (a-vii) in the frequency range of 600-900 cm
-1

 showing the shift in the out of plane 

bending modes of the solvent peaks in their C60 solvate compared to the pristine solvents. 

 

(2900-3050 cm
-1

). The C-H stretching frequencies are broadened and experienced red shifts. 

The lowering of stretching frequencies were found to be nearly same (40-60 cm
-1

) for all the 

solvates.  Pure toluene, m-xylene and mesitylene show two characteristic well separated C-H 

OOP bending peaks in the region 600-900 cm
-1 

(Figure 2.2.10 b-ii, iv and vi respectively). In 

all C60-solvates, these two peaks were prominent and experienced blue shift compared to the 

pure solvents. The shift is negligible for toluene whereas for m-xylene and mesitylene, about 6 

and 10 cm
-1

 of blue shifts were observed respectively. The increase in the blue shift in the C-H 

OOP bending modes of the incorporated solvent molecules with increasing number of methyl 

groups on the solvent can be attributed to the increasing solvent – C60 interactions, which can 

partially restrict the C-H OOP bending of the C-H bonds due to its stronger binding with C60 π-

electron cloud. 
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Figure 2.2.11. Comparison of simulated FTIR spectrum of C60.mesitylene with the simulated 

spectrum of mesitylene monomer and the experimentally obtained spectrum of C60.mesitylene. 

The various C-H OOP bending modes of mesitylene in the HCP solvate structure are 

pictorially shown by arrows.  

 

Interestingly, we also found that the C-H OOP bending modes of the aromatic solvents 

are splitted into two overlapping peaks in the C60 solvate; the feature is more prominent in case 

of C60.mesitylene solvate. To understand the origin of such splitting in C-H OOP bending 

modes we simulated the FTIR spectra of the incorporated solvent molecules in solvates and 

compared them with the simulated monomer spectra (Figure 2.2.11 and 2.2.12). The OOP 

bending modes of the solvated mesitylene molecules are shown in Figure 2.2.11. The 

simulated patterns of the solvate also show splitting of the C-H OOP bending modes into two 

distinct ones, generated from the solvents present at two crystallographically different sites in 

the HCP structure (C3 and 63). The C-H OOP bending originated from the solvent molecules at 

63 site shows comparatively less blue shift over the molecules at C3 site, which can be 

attributed to the disordered nature of the solvent in the 1D channel. Unlike the isolated solvent 

molecule at the C3 site, being surrounded by more analogous molecules, the solvent molecules 

at 63 site, one in proximity of other solvent molecules and therefore they behave more like the 

pure solvent molecules. Higher blue shift in C-H OOP bending modes of mesitylene molecule 

Wave number (cm-1)
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over m-xylene can be attributed to stronger binding C60 to mesitylene by C-H···π interactions, 

which can cause difficulty in the C-H OOP bending of the solvents compared to its pristine 

form. Therefore, it can be inferred that the C3 solvent site in HCP structure is not only 

responsible for the shape recognition of the solvent molecules but also contributes more to the 

structural stability of the solvates. Therefore, an enhancement of 43 ˚C in the decomposition 

temperature of C60.mesitylene solvate over C60.m-xylene solvate can be attributed to the extra 

stabilization induced by the additional C-Hmethyl···π(C60) interactions and a denser crystal 

packing due to presence of additional methyl group.
53, 54

 

Figure 2.2.12. Comparison of simulated FTIR spectra of (a) C60.toluene and (b) C60.m-xylene 

with the simulated spectra of monomers and the experimentally obtained spectra of 

corresponding HCP solvates. 

2.2.4.3 Optical properties 

The C60 solvate crystals provide an interesting system to investigate optoelectronic properties 

because the C60-solvent interactions are substantially modified due to the loss of their 

translational motion, unlike in a solution. The optical properties of solid C60 is closely related 

though to its solutions due to the molecular nature of solids.
55

 C60 molecules form a face 

centered cubic close packing system in pristine C60, interacting through van der Waals forces; 

whereas in solution, each C60 molecule is surrounded by solvent molecules alone. In this 

solvate structure, the distance between adjacent C60 molecules increases due to the presence of 

solvent molecules. Here the interaction between solvent and C60 molecule is weak C-H⋯ in 

addition to the van der Waals interactions between adjacent C60 layers. Hence, these changes in 

symmetry as well as interactions make the optical properties of the solvates system more 

interesting. Few studies were done to explore the optical absorption (OA) and  

(a) (b)
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Figure 2.2.13. (a) Absorption spectra of C60 dissolved in toluene, C60-toluene solvate nanorods 

and pristine C60 in the wave length range 500 nm to 800 nm.  (b)  Raman spectra of pristine C60 

(black) and C60 toluene solvate (red) after optical measurements, showing no change in the 

position of pentagonal pinch mode. (c) A schematic energy level diagram depicting the HT 

transitions in these samples.  

photoluminescence (PL) properties of the solid solvates.
20, 56

 Their absorption edges in 

particular, which lie in the visible spectrum of light and potentially useful for chemical 

interactions has not been investigated so far.
57-59

 Herein these weak transitions are  first 

considered which are forbidden in nature due to the icosahedral symmetry of C60 and 

commences only due to the Herzberg-Teller vibronic coupling between the ground and excited 

electronic states.
60

 These transitions are prominent only when C60 is in a solution, but feeble 

and structureless in a solid C60 crystal.
55

 Remarkably in the case of these HCP solvates, we 

found that the OA spectra retain the features of a C60 solution. 

By taking C60-toluene system as the representative case, we compared the OA spectra of 

the as synthesized C60.toluene solvate nanorods with its solution form in the range of 500 to 

800 nm (Figure 2.2.13a). The solvate spectrum exhibits a structured absorbance with an onset 

of absorption at 730 nm, followed by six well-resolved optical transitions. The C60 solution in 

toluene exhibits a similar OA spectrum, but is blue shifted by about 17 nm (Figure 2.2.13a). In 

contrast, the OA spectrum of pristine C60 is relatively featureless and red-shifted to 751 nm and 

linearly increases until 600 nm. A comparison of these three OA spectra suggests that the 

absorbance of the solvate nanostructures is (i) somewhat equally but oppositely shifted from 
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that of the pristine and C60 solutions and (ii) the vibronic coupling behavior of C60 molecules is 

similar in the solvates and in solution. We further recorded the Raman spectra of the solvates 

after the absorbance and luminescence studies to ascertain that the observed shifts are intrinsic 

to the solvate and not due to photopolymerization of C60 (Figure 2.2.13c).
61-63

 No shift of the 

Ag(2) pentagonal pinch mode at 1467 cm
-1 

was observed, and the novel optical properties of the 

C60 solvates can therefore be ascribed to the C60-solvent interactions within the crystal.
64

  

Figure 2.2.14. Tauc plots for (i) pristine C60, (ii) C60.toluene, (iii) C60.m-xylene and (iv) 

C60.mesitylene HCP solvates. 

Due to the similarity of the electronic structure of the solvate C60 and isolated C60 

molecules in solution, we classify the energy levels of the solvate C60 by the same irreducible 

representations of the group Ih. The lowest electronic excited state of molecular C60 has an 

electronic configuration of hu
9
f1u

1 
and can be singlet or triplet in nature.

65
 The triplet state has a 

lower energy and much lower transition probability and therefore transitions observed in the 

absorption edge involve SS transitions. The OA spectrum of the C60 solvate crystals exhibits 

six distinct transitions at 673, 642, 611, 588, 564 and 516 nm respectively (star marked in 

Figure 2.2.13a). In spite of the obvious shifts, this is quite similar to that of the OA spectra of 

C60 solution in toluene and solid C60 at low temperature.
55

 We therefore index the peaks at 642 
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and 611 nm to symmetry equivalent transitions involving singlet 
1
Ag ground state and 

1
F1g 

excited state (Figure 2.2.13c). The peaks observed at 588 nm and 564 nm arises out overtone 

and combination bands.
66, 67

 Interestingly, we also observe a prominent low energy electronic 

transition at 673 nm which is absent in the spectra of both in solid C60 as well as in solution 

phase. Such a peak has not been observed before for C60 related materials. Singlet-triplet 

transitions are expected to appear at lower energies as compared to singlet-singlet transitions. 

However they should be further red-shifted up to 681 nm at least and much lower in intensity 

unlike in the present case.
68

 Since assignment of this peak is more complicated due to the 

degeneracy associated with a number of HT transitions and additional vibronic features may 

arise due to the restricted translational motion of the molecules in the crystal-solvate, further 

investigations are required to ascertain the origin of this new peak. 

   We estimated the optical band-gap of the C60 HCP solvates from the absorbance spectrum 

using the Tauc equation [44]  

 𝛼ℎ𝜗 = 𝐶(ℎ𝜗 − 𝐸gap)                      (eq. 2.2.2) 

where Egap corresponds to the Tauc gap of the material.
69

 As seen in Figure 2.2.14, the HCP 

C60 solvates exhibit band-gap of ~1.67 eV, which is 0.06 eV blue-shifted with respect to the 

precursor pristine C60 band-gap of 1.61 eV. The red-shift observed in both the OA spectrum of 

the solvates and pristine C60 in comparison to C60 solution (Figure 2.2.13a) could be caused by 

the same factors. The shifts to lower energy in C60 crystal originates from the C60-C60 

interactions due to close proximity, which results in broader electronic band structures and 

decrease in the band-gap.
55

 A similar change in band-gap was recently shown from first  

principle investigation electronic structure calculations in the case of C60-cubane cocrystals 

also.
70

 The nearest distances between two C60 centers in a FCC crystal and in our solvates are 

about 9.9 nm and 10.0 nm respectively. Thus the lowest unoccupied molecular orbital energy 

level of HCP C60 solvates should lie within that of solid C60 and isolated molecules in solution, 

as described schematically in Figure 2.2.13c. Alternatively the solvates behave as an extended 

C60 crystal, moderately expanded by an interpenetrating matrix of solvent molecules.  
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Figure 2.2.15. (a) Normalized photoluminescence spectra of (i) pristine C60, (ii) C60.toluene, 

(iii) C60.m-xyelne and (iv) C60.mesitylene HCP solvates. (b) Representative lifetime decay plot 

for C60-toluene solvate nanorods. The experimental lifetime data can be fitted with a single 

exponential decay with time constant of 1.2 nanoseconds. 

The PL spectra of the HCP C60 solvates acquired using an excitation wavelength of 600 

nm is shown in Figure 2.2.15a. Since the photoluminescence counts of these kind of materials 

depend on amount of material used for such measurement, their morphology as well as the their 

distribution at the measuring spot, we have normalized the absolute PL intensity of the solvates 

with respect to pristine C60 by annealing at 200 ˚C in an inert atmosphere, which was used as 

internal standard to compare the enhancement in the luminescence property. We observed 

notable enhancement of 400 and 620 % in PL intensity of the HCP C60 solvates with m-xylene 

and mesitylene respectively compared to their annealed analogues. The strongest luminescence 

of C60.mesitylene solvates can be attributed to the C-H···π interactions between three methyl 

groups and C60 giving rise to solvent-C60 interactions. Such strong C60-solvent interactions can 

partially freeze the free rotation of C60 in the HCP lattice, creating a similar situation as that of 

pristine C60 in low temperature, which also shows stronger luminescence compared to C60 at 

room temperature.
71

  The luminescence peaks of these solvates consist of two major emission 

peaks centered at 720-730 with prominent shoulder feature ~760 nm. The peaks at 720-730 nm 

of the solvates are slightly blue shifted when compared with the PL spectra of pristine C60 

crystals (Pristine C60- 731 nm, C60.toluene- 728 nm, C60.m-xylene- 725 nm, C60.mesitylene- 

721 nm).
72

  We first exclude the possibility of photopolymerization due to irradiation from 
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Raman measurements. The emission band observed at 760 nm is attributed to zero-phonon line 

(ZPL), originated from the direct excitons-polaron recombination from S1 (hu
9
fu

1
) to S0 (hu

10
).

60
 

The new emission band centered at 728 nm is specific to these HCP solvates and not reported 

for C60 based crystals or C60-solutions. This emission possibly originates from a state unique to 

the solvates because PL is associated with electrons in the LUMO level where Jahn-Teller 

distortions are non-negligible. The electronic transitions bands in UV and PL spectra of C60 are 

related by mirror symmetry.
55

 Even though it is not clear at present, it is probable that the new 

absorbance band observed at 670 nm (Figure 2.2.13a) and this PL band are related.  

In C60 based systems, such as supramolecular assemblies with Zn-porphyrin,
73

 the 

fluorescence lifetime () are significantly altered due to the stronger interactions. Since the 

interaction between solvent and C60 is responsible for the existence of the HCP solvate phase, it 

may also influence excitonic recombination properties. In the absence of such report on any C60 

solvate, we carried out  measurements using time resolved PL measurements near 760 nm and 

compared with the conventional C60 based chromophores. Figure 2.2.15b shows the decay 

profiles for the solvate material which was fitted by a single exponential decay with a constant 

of 1.2 ns. This is in good agreement with the same for recombination of self trapped excitons 

and shows that exciton life time remain unaffected due to interaction with solvent molecules. 

.
60, 72

 In comparison, C60 Zn-porphyrin monomers exhibit slower  values of 2.2 ns, which when 

converted to nanorods and nanotubes becomes much faster of 0.18 ns (85% decay) and 0.39 ns 

(65% decay) respectively.      

2.2.4.4  Co-solvate nanostructures by topotactic exchange of the solvent molecules 

It would be interesting to utilize the weak stability of the toluene solvates as an advantage. 

Even though the solvate nanocrystals are unstable at room temperature and decompose easily 

when left dry by the continuous release of the solvent molecules, these remain extremely stable 

even for months when kept in the mother liquor. This happens because the solvent molecules 

are constantly being released and reabsorbed by the solvate crystals in the mother liquid. As a 

result, there is a dynamic equilibrium between the solvent molecules in the mother liquid and 

within the solvate-crystals. We have taken advantage of the fact that some solvates are less 

stable than the others, therefore must have a higher equilibrium constant and faster rate of 
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solvent absorption and desorption in mother liquor. Therefore if the solvent molecules in the 

mother liquor are replaced by a suitable molecule, this would lead to substitution of the solvent 

molecules in the solvate crystal. Since the toluene molecules in the solvate crystal have a three 

-fold symmetry, thus we demonstrate by using mesitylene Figure 2.2.16a, this topotactic 

exchange would lead to core-shell solvate structures, wherein shell is rich in the second solvent. 

This success is remarkable because synthesis of C60-solvates with more than one solvent of 

similar nature has remained impossible. Based on a number of controlled experiments we 

realized that it is so because the precipitation rate and associated nucleation phenomena in two 

solvents are distinct. More interestingly, the solvate crystals obtained after topotactic exchange 

shows an exceptional enhancement of stability from a few minutes to over a month.   

Figure 2.2.16. (a) A schematic depicting cross section of a nanorod undergoing topotactic 

exchange of solvent molecules on its surface leading to a core shell structure. FTIR spectra of 

the nanorods (b) before and (c) after topotactic exchange. The peaks corresponding to toluene 

and mesitylene are indicated by open and filled circles respectively. 
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The solvent occupation sites in the C60-toluene solvates are associated with C3 

symmetry wherein methyl substituent of toluene is distributed over the three symmetry 

equivalent positions (Figure 2.2.1a). We have therefore chosen mesitylene to exchange toluene 

since the threefold symmetry should allow it to effortlessly fit in these C60 intermolecular sites 

(Figure 2.2.16a). Besides we have chosen the less stable nanorods since these may have higher 

exchange rates. The topotactic exchange was carried out at 25 ºC for 1 hour by dispersing the 

solvate nanorods in mother liquor consisting of isopropanol mixture of mesitylene instead of 

toluene. To ascertain the presence of mesitylene in the nanorods, we recorded infrared spectra 

(IR) before and after exchange (Figure 2.2.16b & c). The peak observed at 729 cm
-1

 in the 

pure unsubstituted nanorods is ascribed to the C-H OOP bending mode of toluene.
74

 The C-H 

OOP bending vibration in pure mesitylene appears at 841 and 680 cm
-1

 (Figure 2.2.10a-vi). 

After topotactic exchange, these peaks are shifted to 830 and 882 cm
-1 

respectively, similar to 

pure C60.mesitylene solvate, which establish the presence of both the toluene and mesitylene in 

the crystal nanorods.  

Figure 2.2.17. PXRD patterns of samples showing the effect of solvent exchange on their 

stability. (a) as prepared sample, (b) the sample after one day exhibiting partial decomposition. 

(c) PXRD pattern of the sample after solvent exchange, recorded after one month and showing 

no sign of decomposition.  
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The formation of the mesitylene shell enhances the stability of the solvate nanorods 

over 1000 fold. Figure 2.2.17 shows the contrasting stability of the solvate and the co-solvate 

nanorods. The solvate nanorods begin to decompose soon after their removal from the mother 

liquor and a noticeable FCC diffraction peak at 10.8
°
 appears after 1 hour in the PXRD pattern. 

On the other hand, the nanorods obtained post topotactic-exchange reactions are extremely 

stable. We have examined the PXRD pattern of the nanorods kept dry in air after one month of 

their preparation which revealed that they are still resistant to decomposition. The enhanced 

stability should result from the stronger interactions in co-solvates.  Since mesitylene has three 

–CH3 groups, all close to the neighbouring C60 molecules in the solvate crystal, the associated 

C-H⋯ interactions are stronger in comparison to that in the toluene case with only one –CH3 

group.  

Figure 2.2.18. (a) FESEM image C60.1,3,5-TCB cocrystal nanowires. (b) Indexed PXRD 

pattern of the C60.1,3,5-TCB cocrystal. The vertical green bars correspond to the simulated 

PXRD pattern of C60.m-xylene HCP solvate. (c), (d) TEM images of the nanowires showing 

characteristic smooth surface and blunt tip. (e) HRTEM image and (f) SAED pattern of the 

nanowire, acquired at the marked region (white square) showing single crystalline nature of 

the nanowire.  
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2.2.4.5  Synthesis of C60. 1,3,5-TCB cocrystal 

Our investigations on the formation of HCP solvates of C60 revealed requirements of shape and 

size compatibility of the solvent to fit in the trigonal prismatic C3 cavity in the structure 

(Figure 2.2.1b). So far, we could synthesize HCP solvates with toluene, m-xylene, mesitylene, 

which have only carbon in the solvate structure. Considering the similarity of size and electron 

atmosphere between chloro and methyl group, known as chloro-methyl exchange rule the 

probability of HCP crystal formation with family of chloro substituted benzene molecules can 

be proposed.
75

 According to this rule, in presence of dispersive or repulsive force exchange of 

methyl group by chloro group can lead to stabilization of isostructural crystals. However, 

directional force or weak bonds may cause violation of this rule. Based on our understanding 

on the C60-solvent interactions and their effect on the physical properties of the solvates, 

synthesis of a C60 HCP structure containing 1,3,5-trichlorobenzene (TCB) may be promising to 

give rise high stability as well as high luminescence property.  

To synthesize C60.1,3,5-TCB cocrystal, C60 was reprecipitated by LLIP method from 

1,3,5-TCB solution in o-dichlorobenzene. The addition of antisolvent (IPA) to the C60.1,3,5-

TCB solution leads to instantaneous formation of brown product at the interface which 

continued up to 72 hours for complete precipitation. The brown coloured material was found to 

be ultra long nanowires with diameter 440±60 nm and ~ 50 µm length with smooth surface and 

blunt tip (Figure 2.2.18a, c, d). The purity of the material and crystal structure of the 

confirmed obtaining PXRD pattern, which exactly matches the calculated pattern of the C60. m-

xylene HCP crystal structure (Figure 2.2.18b). Thereby the C60 HCP solvate family was further 

extended to HCP cocrystal. The high resolution TEM image of the selected area in Figure 

2.2.18d is shown in Figure 2.2.18e. The lattice fringes with separation distance of 9.4 Å along 

the length correspond to (200) plane which infers that the growth direction of the nanowire is 

perpendicular to <100>. The SAED pattern confirms that the nanowires are single crystalline in 

nature.  

Presence of 1,3,5-TCB in the nanowires were confirmed by performing FT-IR 

spectroscopy. Figure 2.2.19a shows the FTIR spectra of pure 1,3,5-TCB and nanowire 

cocrystal. The absorption peaks indicated by four red dots (1427, 1382, 574 and 525 cm
-1

) in 

FTIR spectrum of nanowires, correspond to C60 IR active vibrational modes, appears same as 
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that of pristine C60.  The presence of additional peaks in the range of 950-1220 cm
-1

 is due to 

presence of 1,3,5-TCB in the HCP system. The shift of these peaks from the pure compound 

can be attributed to the guest –C60 interactions in the cocrystal.  

Figure 2.2.19.  (a) FTIR spectra of (i) pristine 1,3,5-TCB and (ii) C60.1,3,5-TCB. The red dots 

indicate the peaks corresponding to C60. (b) Thermogravimetric profile of C60.1,3,5-TCB. (c) 

Temperature dependent PXRD of C60.1,3,5-TCB showing presence of HCP phase upto 150 ˚C. 

In order to explore the thermal stability of the material, TGA and temperature 

dependent PXRD measurement were performed. Figure 2.2.19b shows the thermogravimetric 

profile of C60.1, 3, 5-TCB cocrystal. Unlike our previous observation on thermal stability of C60 

HCP solvates with toluene and m-xylene, a two step mass loss was observed. The onset 

temperatures of first and second mass loss are 80 and 150 ˚C with total weight loss of 11 

weight% which correspond to C60:1,3,5-TCB molar ratio of 1: 0.57. To understand such two 
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step weight loss under annealing condition further, temperature dependent PXRD was 

performed. As shown in Figure 2.2.19c, up to 150 ˚C, there is no change in the intensity as 

well as the shape of peaks. After 150 °C the intensities of HCP peaks start decreasing with the 

evolution of FCC peaks.  At 445 ˚C no signature HCP peak was observed, after cooling the 

annealed material to room temperature the PXRD pattern did not change compared to annealed 

one, conferring the formation of stable FCC phase after complete evaporation of 1,3,5-TCB 

from the cocrystal. This observation indicates that the mass loss in the 1
st
 step does not affect 

the HCP structure of the material. The reason behind such observation may be attributed to the 

partial evaporation of 1,3,5-TCB molecules from more disordered 63 site in the HCP crystal, 

however further investigation is required.  

Figure 2.2.20.  (a) Tauc plot of C60.1,3,5-TCB cocrystals. (b) PL spectra of (i) C60.1,3,5-TCB 

cocrystals and (ii) annealed C60, obtained from the cocrystals. (c)FESEM image and (d) 

cathodoluminescence (CL) image of a portion of nanowire cocrystal. (e) CL spectra on the 

marked positions in (c) showing uniform luminescence of the nanowire. 
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The high stability of C60.1,3,5-TCB motivated us to explore its optical properties of this 

cocrystal. From the Tauc plot of the cocrystal the band gap was estimated to be 1.64 eV 

(Figure 2.2.20a). This blue shift in the band gap with respect to pristine C60 can be attributed to 

the reduced C60-C60 interactions, due to decrease in the neighbouring C60 proximity for the 

incorporation of 1,3,5-TCB. A comparison of steady state luminescence spectra of as prepared 

material (red) with the annealed one (black, heated at 200 °C in an inert atmosphere) is shown 

in figure 2.2.20b. Notably, an enhancement of 562% in PL intensity of was observed over the 

pristine form of C60.  

 An important criterion for such semiconducting highly luminescence material to be 

used in optoelectronic devices is a uniform luminescence throughout the nanostructure. So far, 

there is no report showing the uniformity of photoluminescence in such C60 based 

nanostructures. We performed cathodoluminescence (CL) on a single nanowire. Figure 2.2.20c 

and d show the FESEM and CL image of a portion of nanowire. Due to their strong 

luminescence, it was possible to acquire the CL image of a single nanowire. As can be seen 

from Figure 2.2.20d, the luminescence is highly uniform throughout the nanowire. We also 

acquired CL spectra at several points (Figure 2.2.20e) on the same nanostructures as indicated 

in figure 2.2.20c. The shape of the spectra and absolute intensity at various wavelengths 

remain same at different positions, supporting the possibility of these materials for single 

nanowire based optoelectronic device fabrication. 

2.2.5 Conclusion  

In conclusion, the roles of shape and size of the solvent molecules for the formation of self-

assembled C60 HCP solvate crystals were investigated. Among methyl substituted aromatic 

isomers, only toluene, m-xylene and mesitylene were found to form the HCP solvates. The 

interactions between solvent and C60 are C-H⋯ in nature. With increasing number of methyl 

groups in the solvent, the enhanced C60-solvent interactions intensely influence the thermal 

stability as well as the optoelectronic properties of these solvates. Due to the incorporation of 

solvent molecules, in spite a pronounced red shift, absorbance spectra of the solvate-crystals 

are quite similar in appearance to that of C60 in solution. Unlike the featureless spectrum of 

pristine C60, these exhibit a stepwise absorption in the visible spectrum of light arising out of 

the forbidden singlet to singlet transitions. Incorporation of m-xylene and mesitylene in the C60 
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crystal increased the luminescence property by 400 and 620 % respectively compared to 

pristine C60, whereas the C60-toluene solvate did not show such enhancement. The excitonic 

lifetime of these C60 solvates is measured for the first time, which for the emission band at 760 

nm is comparable to pure C60 and measures ~1.2 ns.  

Based on our understanding on the formation of HCP solvates (i) we have designed a 

scheme to utilize the labile nature of the toluene molecules in the unstable HCP solvates. 

Therein we have exchanged and incorporated a second type of solvent molecule by a topotactic 

exchange mechanism. This is the first example where a C60-cosolvate has been obtained as 

designed. The exchange of toluene with mesitylene is expected to take place near the surface of 

the solvate nanowires forming a core-shell structure. This led to almost complete suppression 

of their decomposition at ambient conditions without changing molecular arrangements. 

Notably, this is  the first example to exhibit molecular topotactic exchange, i. e. exchange of a 

moiety by another in a crystalline system maintaining the surrounding exactly the same, just 

like the well-known ionic compounds
76

 exhibiting the same, which is unlikely in 

supramolecular systems.
77, 78

 Further (ii) we have designed a new HCP cocrystal of C60 with 

1,3,5-TCB by employing the chloro-methyl exchange rule. This HCP cocrystal has the highest 

thermal stability up to 150 ˚C and have shown an enhancement of 562% in photolumenecence 

compared to pristine C60. Finally, using cathodoluminescence on a single cocrystal nanowire 

the uniform luminescence throughout the structure was demonstrated, which makes this 

semiconducting materials promising for single nanowire based optoelectronic devices. 
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CHAPTER 2.3 

C60 Solvate Based Molecular Shape Sorting: 
Separation and Purification of Geometric Isomers‡ 

 

 

 

Summary 

We have developed a supramolecular-crystallization based approach for shape dependent 

separation of geometrical isomers at near-ambient conditions. Difficulties in separating such 

isomers arise due their very similar physical properties. The present approach relies on the 

ability of C60 to preferentially form solvate-crystals with molecules of specific geometry. 

Subsequently, these molecules are released upon mild heating to regenerate pure C60. By taking 

isomers of xylene and trimethylbenzene (TMB) as examples, we show that one of the isomers 

can be extracted from the rest with very high purity. Separation of TMB isomers required 

developing a new C60.1,3,5-TMB solvate and led to an isomer purities >99.95%. Versatility, 

low operating temperature ~100 ˚C, separation efficiency of >10 weight% of C60 per cycle and 

reagent recyclability makes this a promising molecular shape shoring approach. 

 

‡ Manuscript based on this work has appeared in Angew. Chem. Int. Ed. 2014, 53, 13523. 
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2.3.1 Introduction 

The separation of geometrically different isomers of small organic compounds is an expensive 

and difficult process, constituting a major industrial challenge. Such difficulty arises due to 

their similar physical properties such as molecular weight, phase transition temperatures, 

dielectric constant etc.
1-4

 This inspired extensive investigations leading to the discovery of 

several separation approaches such as the chromatographic techniques using extended porous 

solids.
5-8

 Tuning the chemical interactions within these pores is challenging in order to achieve 

isomer separation with sufficiently high resolution.
9-12

 Chemical complexing or crystallization 

is one of the oldest separation approach that employ clathrates, calixarenes and others 

complexing reagent.
13-15

 Despite associated with many problems, it remains a commercially 

viable approach even today. Complexation occurs due to interactions between complementary 

chemical groups  and because of this reason, it is rather difficult to design suitable reagents for 

multiple sets of isomers.
16

 An impressive approach was developed recently by Mitra et al., that, 

rather than relying on host-guest interactions, created molecular organic cages having 

geometries that are suitable for certain shapes only.
17

 Customized cages permit design 

flexibility and exceptionally high separation specificity, since cage uptake concerns 

complementary shapes only.  

2.3.2 Scope of the present investigation 

Among the industrially important compounds, isomers of xylene and trimethylbenzene (TMB) 

has been extensively investigated.
10, 16, 18-22

 These are usually extracted as two different 

fractions during petroleum refining. Xylenes are obtained as a mixture of ortho (o-), para (p-) 

and meta (m-) isomers. Each pure isomer is an important building block for different 

commercial products, such as polyethylene terephthalate (PET).
19

 The TMB fraction consists of 

mostly 1,2,4 and 1,3,5 isomers and used as scintillators and colourants respectively.
18

 

Separation of these isomers involves a combination of techniques including fractional 

distillation, complexation and absorption in nanoscale pores. Only o-xylene is separated by 

distillation, despite a poor efficiency. Separating p- and m- isomers are more difficult due to the 

formation of eutectic mixture and requires complex formation with highly toxic HF-BF3.
23

 

Separation of the TMB isomers is usually carried out employing azeotropic distillation 

process.
24

 Their chromatographic separation techniques are environmentally benign, despite 
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requiring large eluents quantities and having poor pore filling fractions.
21

 Enclathration has 

been the most promising separation method for these compounds. However, isomer recovery 

usually leads to byproduct formation.
25

 In this regard, Barbour and coworkers have recently 

shown that a single Ni-based clathrate may be used for neatly separating the xylenes, in vapour 

phase.
26

  

Table 2.3.1. A typical comparison of the prices of C8 and C9 isomers having different purity. 

Purification at low impurity concentrations becomes increasingly difficult leading to steep 

price-rise for small improvement in purity. (The data acquired from Sigma-Aldrich Indian 

website for 2013-2014 product range where prices are mentioned in Indian currency)   

 

 

Fullerenes are the only soluble allotrope of carbon, enabling their simple processing for 

the applications including electronic devices, energy harvesting and biomedical research.
27-31

 

C60 has the special ability to form crystals with solvent molecules of appropriate size and 

shapes that exhibit fascinating properties.
32-34

 Solvate-crystals are stabilized by weak 

interactions between solvent and C60 molecules making them stable at ambient conditions.
35

 In 

chapter 2.2, we observed that solvate formation is highly dependent on the shape and size of the 

solvent. Particularly, among xylene isomers, only m-xylene forms HCP solvate with C60 at 

ambient condition, whereas the other two isomers result in formation of pristine FCC crystals. 

Such observation leads us to develop a shape dependent C60 mediated crystallization based 

strategy to separate positional isomers. Employing liquid-liquid interfacial precipitation method 

we found that this method is very efficient even at extremely low isomer concentrations 

allowing us to propose it not only as separation method, but as a potential purification method 

Isomer  Purity Volume Price (US$) 

m-xylene 99% 1L 23.6 

 >99% 1L 93.2 

 >99.5% 5mL 88.2 

1,2,4-trimethylbenzene 98% 500 mL 21.2 

1,3,5-trimethylbenzene 97% 2500 mL 160.5 

1,3,5-trimethylbenzene 98% 2500 mL 284.2 
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also. Notably, such removal of trace quantities in order to attain higher purity of the individual 

isomers is expensive and a progressively difficult process (Table 2.3.1). 

2.3.3 Materials and methods 

2.3.3.1 Chemicals 

 Fullerene (C60, 99.5%), o-xylene (>99%), m-xylene (>99%), p-xylene (>99%), mesitylene 

(98%), 1,2,4-trimethylbenzene (98%), isopropanol (IPA, ≥99.5%), benzene (>99%), toluene 

(>99.5%), ethylbenzene (>99%), o-dichlorobenzene (o-DCB, >99%), m-DCB (>99%), p-DCB 

(>99%), o-nitrotoluene (>99%), n-heptane (>99%) were purchased from Sigma-Aldrich and 

were used without further purification. 

2.3.3.2 Methods 

C60 was dissolved in pure xylene as well as mixture of xylene isomers by ultrasonication 

maintaining a concentration of 0.9 mg/ml. For precipitation of C60 from solvent, an antisolvent 

(IPA, 8mL) was added to the C60 solution (2mL). Two different methods were employed for 

precipitation: 1) liquid-liquid interfacial precipitation (LLIP) method and 2) ultrasonic liquid-

liquid interfacial precipitation (ULLIP) method. All solvents and solutions were kept inside an 

incubator at a predetermined temperature prior to precipitation. In LLIP method, antisolvent 

IPA was added slowly using syringe pump to the C60 solution by maintaining a rate of 2.5 

ml/min and the aliquot was kept inside the incubator under vibration free condition for product 

formation. In case of ULLIP method, a sonicator bath was used for mixing. The C60 solution 

was steadily added drop-wise to IPA while constantly sonicating. The temperature of water in 

the sonicator bath was maintained same as the incubator temperature. 

2.3.3.3 Material Characterization 

The products were characterized by powder X-ray diffraction (PXRD), temperature dependent 

PXRD, Fourier transformed infrared (FT-IR) spectroscopy, Raman spectroscopy, 

thermogravimetric analysis (TGA) and field emission scanning electron microscope (FESEM). 

PXRD measurements were carried out at room temperature (~ 27 
o
C) using CuKα irradiation (λ 

= 1.54187 Å) in Bruker AXS, D8 Discover X-ray diffractometer in 2 theta range 3°-30° with a 

step size of 0.02°.  For collecting temperature dependent PXRD patterns, a special holder 
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attached to a coil heater and a thermocouple was used. For acquiring FT-IR spectra, as prepared 

product was pulverized with spectroscopy grade KBr, and a pellet was made with minimal 

pressure. The spectra were recorded using FT-IR Bruker IFS 66V/S spectrometer in a 

frequency range 3500-500 cm
-1

 with 2 cm
-1

 resolution and 100 scans. Mettler Toledo 

thermogravimetric analyzer, TGA 850C, was employed to examine the thermal retention 

properties of the fullerene solvates. All samples were separated from mother liquor and air 

dried for 30 minutes, existence of pure HCP phase was confirmed by PXRD and used for TG 

analysis. 4.5-5 mg of sample was heat treated in a ceramic crucible from 25 ˚C to 900 ˚C at a 

constant heating rate of 5 ˚C /min under N2 atmosphere (flow rate 40 mL/min). The Raman 

spectra measurements were carried out at different locations using Jobin Yvon LabRam HR 

spectrometer with 532 nm Ar laser. The samples were placed on a glass substrate and used for 

collecting spectra. For FESEM imaging, the samples were air dried on Aluminium substrate 

and the microstructures were characterized by FESEM (FEI Quanta) under 5-20 kV 

accelerating voltage and 10 microsecond accumulation time. 

2.3.3.4 Preparation of Pure Solvates 

To prepare pure C60.m-xylene and C60.mesitylene solvates, C60 was first dissolved in pure m-

xylene and mesitylene. To this, IPA was added following LLIP method at 25 ˚C. The product 

formation started within few minutes of addition and completed in 24 and 4 hours of addition 

respectively for m-xylene and mesitylene, leaving behind a clean colourless solvent-mixture. 

The products so obtained were characterized by PXRD, IR and TGA. Similarly, to induce 

precipitation from o-xylene, p-xylene and 1,2,4-TMB, C60 was dissolved in these solvents and 

steps involved in the LLIP methods were followed.  

2.3.3.5    Effect of Poor-solvent on Solvate Formation 

To examine the effect of antisolvent on solvate formation, we have employed methanol, 

ethanol and n-propanol. It was found that these solvents give rise to either the same crystalline 

products as that of IPA or pure FCC C60 though the time taken for precipitation varies.  
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2.3.3.6    Competition Experiments 

Competition experiments were carried out to examine the efficiency of isomer separation and 

purification.  HCP solvate formation by the LLIP or ULLIP method indicates separation of m-

xylene from the rest of the isomers. Here, instead of using C60 solutions in a pure xylene 

isomer, binary and ternary mixture of xylenes was used which includes m-xylene as a part of it. 

For all competition experiments, the concentration of C60, total volume of C60 solution (2 mL) 

and antisolvent (8 mL) were kept same. The working temperature and the ratio of different 

xylene isomers in the mixture used to prepare C60 solution were systematically varied until the 

m-xylene fraction is extremely small where precipitation leads to crystals of pure FCC C60. 

2.3.3.6     Dilution Experiments 

To find out the lowest concentration of 1,3,5-TMB impurity, present in commercial 1,2,4-TMB 

(~98% pure) that can be separated by C60 mediated precipitation strategy, we performed 

dilution experiments. Here, commercially available 1,2,4-TMB was serially diluted by o-xylene 

and C60 was reprecipitated from this solution using LLIP as well as ULLIP methods. The 

experiments were performed at 5, 15 and 25 ˚C. 

2.3.3.7    Molecular Dynamics Simulations  

The energy minimized structure of C60.m-xylene solvate was first obtained by classical 

molecular dynamics simulations (simulated annealing technique) using the LAMMPS 

software.
36

 Atomic coordinates of the HCP C60.m-xylene solvate, determined by single-crystal 

X-ray diffraction at 20 K
37

 was used as the initial configuration for the simulation studies. The 

unit cell of the HCP lattice contains six C60 and six xylene molecules. Force field reported by 

Rousseau and Petravic et al. were employed for this purpose.
38, 39

 The resulting structure shows 

that the two methyl groups at C3 positions are in between C60 molecules when viewed in c-axis 

direction.  

To estimate the disorder associated with the xylene molecule at higher temperature, 

molecular dynamics simulations were performed for 5 ns with a time step of 0.1 fs in an 

isothermal-isobaric ensemble (NPT) at 300 K by using the energy minimized solvate structure. 

A cut off of 10 Å was used for the nonbonded interactions. We calculated the oscillation 

probability of the methyl group by defining an angle (θ) between the vectors of two points: 
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aromatic geometric centre and methyl carbon and its initial position. VMD software
40

 was used 

to visualize simulation trajectories and to generate some of the figures. 

Figure 2.3.1. PXRD patterns and FESEM images of the products formed using m-xylene (a,d), 

o-xylene (b,e) and p-xylene (c,f) respectively. The vertical black bars (top) and grey bars 

(bottom) correspond the simulated patterns of solvate HCP and pristine FCC C60 crystals. 

2.3.4  Results and discussion 

2.3.4.1  Separation of C8 isomers 

m-Xylene forms solvate-crystals effortlessly with C60 at ambient conditions.
41

 We adopted: 1) 

liquid-liquid interfacial precipitation (LLIP) method, where a poor C60 solvent (e.g. isopropanol, 

IPA) is slowly added to a xylene solution of C60; and 2) ultrasonic liquid–liquid interfacial 

precipitation (ULLIP) method where C60 solution was added to IPA under sonication.
42

 The 

LLIP method takes several hours to yield crystals, while sonication immediately induces 

precipitation in the ULLIP method. Both methods result in solvates having identical crystal-

structure, though morphology of the crystals is different. C60.m-xylene solvates crystallize in a 

hexagonally close packed (HCP) structure with P63 space group (Figure 2.3.1a).
37

 On the other 
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hand, precipitation of C60 from a solution of o- or p-xylene yielded pure C60 powder (Figure 

2.3.1b, c). Variations in experimental conditions did not result in their solvate-crystals. 

Interestingly, in addition to crystal structure, one dimensional rod-shaped morphology of the 

solvate-crystals is even visually distinguishable from the pure C60 crystals (Figure 2.3.1d, e 

and f). The m-xylene solvates are stable at ambient conditions for months, and can release the 

captured solvent molecules upon slight heating up to 70 ˚C (Figure 2.3.2a). The presence of 

only m-xylene in the solvate was also confirmed by fourier transformed infrared (FTIR) 

spectroscopy. The xylene isomers show distinct features at the fingerprint region. The bands at 

794.5 and 742.4 cm
-1

 correspond to aromatic C-H out of plane (OOP) bending of o- and p-

xylene respectively (Figure 2.3.2b-ii and iii repectively), while the same for m-xylene appears 

as two peaks at 769.5 and 690.4 cm
-1

 (Figure 2.3.2b-iv). From Figure 2.3.2b-v, the existence 

of only m-xylene and C60 peaks the HCP solvate is evident. A similar FTIR investigation was 

useful later to infer that when a xylene mixture was separated using C60, only m-xylene was 

included in the HCP solvate. 

Figure 2.3.2. (a) Thermogravimetric analysis of the C60.m-xylene HCP solvate exhibiting 

release of solvent molecules from the crystals, which commences at ~70 °C. FTIR spectra of (b, 

i) m-xylene and (b, ii) its C60-solvate. The two marked peaks originate from m-xylene in the 

solvate-crystal. Crystal structure of HCP C60.m-xylene solvent projected (c) along and (d) 

perpendicular to the c-axis. The disordered m-xylene molecule in C3 site is shown in purple 

colour. 
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Figure 2.3.3. (a) Energy minimized structure of HCP C60.m-xylene solvate along c axis. (b) 

Thermally induced angular distribution (θ) of the methyl group of m-xylene within the [110] 

crystal plane at 300 K. Left inset: representation of q between two xylene configurations (one 

being the energy minimized structure) in the crystal. Right inset: representation of the methyl 

group trajectories at 300 K. The trajectories of other atoms are not shown for clarity. Xylene is 

shown as a stick model, C60 is shown in space-filling representation. 

 

Being confounded by such selectivity in solvate formation and the prospect of 

separating the isomers, we analyzed the single-crystal structure of the C60.m-xylene solvate. 

Figure 2.3.2d & e depicts its single-crystal structure recorded at 20 K.
37

 The fullerene 

molecules are packed in a hexagonal lattice creating two distinct crystallographic sites for the 

solvent molecule with C3 and 63 symmetries. It may be observed that in the C3 site, the methyl 

substituents are disordered about the three fold axis, making m-xylene appear like 1,3,5-TMB. 

This allowed us to hypothesize that other suitable molecules such as toluene
43

 or 1,3,5-TMB 

that fit the cavity should also form similar solvate. On the other hand, such geometric 

considerations rule out inclusion of o- or p-xylene, at least at 20 K. One may however consider 

that, due to the high degree of rotational disorder associated with m-xylene at the C3 site even 

at 20 K, the crystals formed at ambient temperature may not automatically guarantee complete 

exclusion of other isomers. In order to explore the possibility of positioning methyl groups at 

different positions in the benzene ring, we theoretically examined the temperature induced 

deflection of the methyl groups about its mean position within the solvate-crystal at 27 ˚C. First, 

the energy minimized structure for the solvate was estimated using the experimental crystal 
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structure (Figure 2.3.3a).
36, 38, 39

 Subsequently, effect of temperature was examined in a 

molecular dynamics simulations run for 5 ns at 300 K. The thermal fluctuations of the xylene 

methyl groups from mean positions show a maximum deviation of ±13° (Figure 2.3.3b). This 

is much less than 60° required to position an o- or p-xylene in the C3 cavity and therefore rule 

out doping of the m-xylene solvates with any of its isomers.  

 

Figure 2.3.4. PXRD patterns of products obtained using m-xylene as solvent by LLIP method 

at (a) 5 ˚C, (b) 25 ˚C, (c) 45 ˚C and (d) 70 ˚C. 

 

We finally examined the precipitation rate by the LLIP and ULLIP methods at three 

different temperatures i e. 5, 25 and 45 ˚C (Figure 2.3.4a-c). All these experiments resulted in 

HCP C60.m-xylene solvates. However, the precipitation process is considerably faster at high 

temperatures and takes only 4 hours at 45 ˚C as compared to 72 hours at 5 ˚C. We confirmed by 

temperature dependent PXRD that there is no phase transition until 70 ˚C (Figure 2.3.4d) and 

therefore our hypothesis of shape selectivity should be applicable in this entire temperature 

range. 
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Table 1. Results of the competition experiments using LLIP and ULLIP methods. The total 

volume of the xylene mixture and IPA were 2000 and 8000 μL respectively. 

 

Method  Temp.  o-xylene  p-xylene  m-xylene  Product crystal 
structure  

ULLIP  27 °C  97%  0  3%  HCP  

ULLIP  27 °C  97.25%  0  2.75%  HCP+FCC (s)  

ULLIP  27 °C  97.5%  0  2.5%  FCC  

ULLIP   5  °C  98.5%  0  1.5%  HCP  

ULLIP   5  °C  98.75%  0  1.25%  FCC  

ULLIP   1  °C  99.5%  0  0.5%  HCP  

ULLIP   1  °C  99.75%  0  0.25%  HCP+FCC(s)  

ULLIP   1  °C  99.85%  0  0.15%  FCC  

LLIP  27  °C  97.5%  0  2.5%  HCP  

LLIP  27  °C  97.75%  0  2.25%  HCP+FCC (s)  

LLIP  27  °C  98%  0  2%  FCC  

LLIP   5  °C  99.75%  0  0.25%  HCP  

LLIP   5  °C  99.85%  0  0.15%  FCC  

LLIP   0  °C  99.85%  0  0.15%  HCP+FCC (s)  

LLIP  0  °C  99.9%  0  0.1% FCC  

ULLIP  27 °C  0  96.5%  3.5%  HCP  

ULLIP  27 °C  0  96.75%  3.25%  HCP+FCC (s)  

ULLIP  27 °C  0  97%  3%  FCC  

ULLIP   5  °C  0  99%  1%  HCP  

ULLIP   5  °C  0  99.25%  0.75%  HCP(s)+FCC  

ULLIP   5  °C  0  99.5%  0.5%  FCC  

LLIP  27 °C  0  97.5%  2.5%  HCP  

LLIP  27 °C  0  97.75%  2.25%  HCP(s)+FCC  

LLIP  27 °C  0  98%  2%  FCC  

LLIP   5  °C   0  99.6%  0.4%  HCP + FCC(s)  
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LLIP  27 °C  49%  49%  2%  HCP+ FCC  

LLIP  5 °C  49.75%  49.75%  0.5%  HCP  

LLIP  5 °C  49.8%  49.8%  0.4%  HCP+FCC (s)  

Figure 2.3.5. (a) PXRD patterns of products obtained from competition experiments by ULLIP 

method with (i) 99.75% o-xylene at 1 ˚C and (ii) 99% p-xylene method at 5 ˚C. (b) PXRD 

patterns of the products of competition experiments at 5 ˚C with o-, p- xylene mixture (o:p=1:1) 

having an m-xylene fraction of (i) 0.5% (HCP) and (ii) 0.4% (HCP+FCC). The red and blue 

bars at the top and bottom shows the simulated PXRD pattern of FCC and solvate HCP 

crystals  

 

We performed competition experiments at 0, 5, and 27 ˚C by LLIP and ULLIP methods 

to estimate the separation efficiency of different isomers. Mixtures of m-o, m-p as well o-m-p 

xylene were used to dissolve C60, in which the solvent ratios were systematically changed and 

the precipitates were analyzed by PXRD. Formation of an HCP solvate indicates that the 

precipitation brings out m-xylene and the remaining solvent becomes richer in the other isomer. 

We found that both methods are very efficient for m-xylene separation, since HCP solvates 

form easily even when its amount in the mixture is extremely small. The efficiency and 

separation-time is dependent on working temperature. The results of the competition 

experiments in the limiting cases where m-xylene content is very low, but still separable are 

summarized in Table 2.3.1. LLIP methods at low temperatures exhibit the highest separation 

efficiencies. The minimum m-xylene amount needed to be extrenally added to o- or p-isomer in 

order to form HCP solvate is 0.15% and 0.5% respectively, suggesting that the left over xylene 
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fractions are of very high purity (Figure 2.3.5a). In case of the ternary xylene mixture, up to 

0.4% of m-xylene can be separated at 5 ˚C by LLIP method (Figure 2.3.5b). The separation 

efficiency is higher in LLIP method, while ULLIP is much faster. The choice of poor- solvents 

is crucial. Using methanol and ethanol, precipitation at 27 ˚C from a 2.5% m-xylene mixture 

took 16 and 30 h respectively yielding pure C60 (Figure 2.3.6a & b). In case of n-propanol, 

HCP solvates formed after 4 days (Figure 2.3.6c). 

 

Figure 2.3.6. PXRD patterns of products obtained from competition experiments with p-xylene 

using LLIP method and varying the poor solvent (a) methanol, (b) ethanol, (c) n-propanol and 

(d) t-butanol at 27 ˚C at their limiting separation efficiency. The red and blue bars at top and 

bottom correspond to the simulated FCC and HCP solvate PXRD pattern respectively.  

 

The release of entrapped xylene molecules begins at 70 °C accompanied by 10.2% 

weight loss (Figure 2.3.2a), which amounts to one m-xylene molecule per C60. We examined 

the release of m-xylene molecules at 70 °C by monitoring changes in the crystal structure 

(Figure 2.3.7a). The enthalpy change corresponding to the release of m-xylene was estimated 

to be -6.39 kcal/mole (Figure 2.3.2c). The solvates degrade over 120 minutes. This sufficiently 

low-temperature release ensures that the C60 remains pure, unpolymerized (Figure 2.3.7b), and 
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ready for next separation cycle. One may observe that the extraction ability of ~10% i. e. one 

molecule per C60 per cycle is satisfactory when compared with other separation approaches.
4, 6, 

17, 26, 44
     

Figure 2.3.7. (a) Time evolution of the XRD pattern of the m-xylene solvates at 70 ˚C marking 

the release of entrapped molecules. Inset: the complete dissolution of the recycled C60 in 

xylene. (b) Raman spectra of (i) pure C60 and (ii) C60 recovered by heat treatment of C60.m-

xylene solvate at 70 ˚C for 120 minutes. In both the cases, the position of the peak correspond 

to the pentagonal pinch mode of C60  remain unchanged inferring that after heat treatment the 

sample remain unpolymerized.  

Figure 2.3.8. PXRD patterns of the products obtained from preliminary experiments using (a) 

1,3,5-TMB and (b) 1,2,4-TMB as solvents at 27 ˚C. The blue bars at the bottom correspond to 

the simulated pattern of HCP C60.m-xylene solvate  
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Figure 2.3.9. FTIR spectra of (a) 1,3,5-TMB, (b)1,2,4-TMB solvents and products of 

preliminary experiments using (c) 1,3,5-TMB and (d) 1,2,4-TMB as solvents. The black dots 

correspond to presence of characteristic solvent peaks due to presence of only mesitylene in the 

products. PXRD patterns of products obtained from competition experiments using (e) 2 

times,(f) 4 times and (g) 8 times diluted 1,2,4-TMB by o-xylene as solvent.(h) PXRD pattern of 

products from the dilution experiment using 0.15% mesitylene added to 8 times diluted 1,2,4-

TMB (similar condition as that of c) as solvent. The vertical bars at the top (red) and bottom 

(blue) correspond to the simulated PXRD patterns of C60 FCC and solvate HCP crystals. 

 

2.3.3.2  Separation of C9 isomers 

To investigate the generic nature of shape selectivity in this approach, we further considered 

separation of trimethylbenzene (C9) isomers. Employing the LLIP method and using a C60 

solution in 1,3,5-TMB and IPA as poor solvent, we obtained rod  shaped crystals, whose PXRD 

pattern  exactly matches with that of the HCP m-xylene solvate (Figure 2.3.8a). On the other 

hand, precipitation from commercially available 1,2,4-TMB (98% pure) also yielded HCP C60-

solvate (Figure 2.3.8b), as 1,3,5-TMB contamination far exceeds its extraction limit by C60. In 

both cases, uptake of 1,3,5-TMB by C60 is established by FTIR spectra (Figure 2.3.9a). We 

purified 1,2,4-TMB using C60 by performing dilution experiments. First, 1,2,4-TMB was 

systematically diluted with o-xylene to reduce the 1,3,5-TMB impurity, and then employed 

LLIP as well as ULLIP method. It was found that when the dilution reached 8 times, no more 

of HCP solvate formed (Figure 2.3.9g). Assuming entire 2% impurity as 1,3,5-TMB, 8 times 

dilution amounts to 0.25% of impurity level beyond which it can not be extracted at 27 ˚C. 
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However, when we intentionally added 0.15% of 1,3,5-TMB to the 8 times diluted aliquot, 

which equals to maximum 0.4% impurity, the LLIP method yielded only HCP solvate (Figure 

2.3.9h). Therefore the estimated maximum purity of the 1,2,4 TMB obtainable from  the 

separation of its 1,3,5-isomer at 27 ˚C is >99.6%, a  remarkably high value even in comparison 

to the xylene isomers (Table 2.3.1).  

Figure 2.3.10. PXRD patterns of products obtained from dilution experiments performed by (a, 

b) LLIP and (c, d) ULLIP methods at 15 ˚C using diluted 1,2,4-TMB as solvent. The 

percentages of impurities in the the solutions are estimated to be (a) 0.2%, (b) 0.125 %, (c) 

0.15 % and (d) 0.1 %. Green and grey coloured vertical lines correspond to the simulated 

PXRD patterns of pure C60 (FCC) and HCP solvate crystal structures.  

 

The purification efficiency was improved by lowering the operating temperature of 

dilution experiments (Table 2.3.2). At 15 ˚C, the lowest detectable impurity was found to be 

<0.15% by ULLIP method, whereas by LLIP method the same was found to be <0.20% 

(Figure 2.3.10). Further decrease in operating temperature to 5 ˚C resulted in the capture of 

mesitylene up to a minimum level of 0.05% (Figure 2.3.11). Both the reprecipitation methods 

have shown equivalent performances at 5 ˚C. Therefore, employing this shape selective 

strategy, 99.95% pure pseudocumene can be achieved, which is the highest purity reported so 

far and notably far superior to the commercial highest purity (~98%). A comparison of 
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performance and various experimental conditions for precipitation reveals that the ULLIP 

method is more advantageous compared to LLIP method as it requires much lesser time for 

complete reprecipitation, giving rise to comparative or even better separation efficiency. 

 

Figure 2.3.11. (a) PXRD patterns of products obtained from dilution experiments performed by 

(i) LLIP and (ii) ULLIP methods at 5 C using diluted 1,2,4-TMB as solvent. The percentage of 

impurity in the solutions is estimated to be 0.05% in both the cases. Green and grey coloured 

vertical lines correspond to the simulated PXRD patterns of pure C60 (FCC) and HCP solvate 

crystal structures. (b) Raman spectra of (i) C60 and (ii) annealed C60. mesitylene sample.  

 

The entrapped mesitylene molecules in the HCP C60 solvate can be released by heating 

it at 110 °C. As observed from thermogravimetric analysis, weight loss of 11.5 % corresponds 

to release of 3 solvent molecules with respect to four C60 (Figure 2.3.12a). To estimate the 

kinetics of solvent release we performed TGA at 110 ˚C (Figure 2.3.12c) and time dependent 

PXRD at constant temperature (Figure 2.3.12d). From both the experiments, we found that it 

takes ~120 minutes for the HCP C60 solvate to completely release mesitylene, resulting pristine 

C60. Figure 2.3.12d shows the PXRD patterns of C60.mesitylene solvate during solvent release 

when treated at 110 ˚C. The peaks corresponding to HCP solvate (e.g. 7.7˚, 11.7˚) gradually 

decade down, whereas evolution of FCC peaks (10.8˚) are observed. A shoulder-like feature at 

10.2˚ in the annealed C60 can be assigned to formation of metastable HCP crystal of pristine 

C60.
45

 The resulting solid was completely soluble in o-xylene and can be reused without any 

further treatment.  
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Figure 2.3.12.  (a)Thermogravimetric and (b) differential scanning calorimetric profile of C60. 

mesitylene solvate performed under Ar atmosphere  at a heating rate of 5 ˚C/min. (c) ) Weight 

loss profile of C60.mesitylene at a temperature of 110 ˚C. (d) Time dependent PXRD of C60. 

mesitylene solvate when it is heated at 110 C  for 40 mins. The intensity of characteristic 

diffraction peaks of HCP (7.7˚, 11.7˚ etc.) are found to be decreasing with evolution of FCC 

peaks (10.8˚). A shoulder-like feature at 10.2 can be assigned to formation of metastable HCP 

crystal of pristine C60. 

 

For the separation of geometrical isomers of C8 aromatic molecules, the highest absolute 

purity that can be achieved by our method is 99.35% (considering the amount of impurity 

present in commercially available o-xylene) whereas the same for C9 isomer it is 99.95%. Mere 

increase of a single methyl substituent on aromatic moiety in m-xylene led to enormous 

enhancement in the separation efficacy. To estimate, the separation efficacy has been increased 

by 13.5 times (1:154 for m-xylene from C8 isomers and 1:2000 for mesitylene from C9 

isomers) which is generated from the cumulative enhancement in the solvent –C60 interaction 

with the increase in the number of methyl substituent on the aromatic moiety. 
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Table 2.3.2. Results of the dilution experiments using LLIP and ULLIP methods. The total 

volume of the 1,2,4-TMB/o-xylene mixture and IPA were 2000 and 8000 μL respectively. 

Temp.  Method  o-xylene  1,2,4-TMB impurity (includes 

1,3,5-TMB)  

Product Crystal 

structure  

25 ⁰C  LLIP  75 %  25 % 0. 5%  HCP 

25 ⁰C  ULLIP  75 %  25 % 0.5 %  HCP+FCC 

15 ⁰C  LLIP  90 %  10 % 0.2 %  HCP+ FCC 

15 ⁰C  ULLIP  92.5 %  7.5 % 0.15 %  HCP + FCC 

5 ⁰C  LLIP  97.5 %  2.5 % 0.05 %  HCP 

5 ⁰C  ULLIP  97.5 %  2.5 % 0.05 %  HCP +FCC 

 

Figure 2.3.13. Proposed C60 mediated separation cycle of C8 and C9 isomers.  

A fundamentally novel and efficient approach for separation and purification of 

aromatic isomers from its positional isomers can be envisioned on the basis of the current 

findings (Figure 2.3.13). Such a process would involve three primary steps: precipitation and 
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collection of C60 solvate from a mixture of C8 isomers, separation of the poor solvent from the 

remaining geometrical isomer by fractional distillation and finally, recovering C60 by annealing. 

Repetition of the process will improve purity of uncaptured isomers potentially to a very high 

level. Contrary to the distillation and chromatography based techniques, herein, operating 

conditions would be milder and include a highest temperature of 110˚C as well as ambient 

atmosphere. 

 

2.3.5 Conclusion 

In conclusion, our results show that C60 can be efficiently used for separation of positional 

isomers at near-ambient conditions. There are several potential advantages of these approach 

that include i) high purity of extracted product ii) use of small amount of a second solvent, iii) 

good uptake capacity of ~11%, iv) recyclability of C60, v) energy efficient operation condition  

and vi) versatility. The separation efficiency per unit weight is comparable to and sometime 

even better than zeolites, MOF and others reagents.
17, 20

 The solvent-C60 interactions and 

operating temperature were found to play the key role to determine the purification efficiency. 

We presumed that selective, large uptake of molecules and their simple release should make 

C60 an interesting material for shape selective chemical separation. 
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CHAPTER 2.4 

Oriented, free-standing single-crystalline 

fullerene films grown under ambient conditions‡ 

Summary 

The emerging strategies for thin-film formation rely on the bottom-up approaches based on 

gradual assembling the building blocks on a suitable substrate under ultrahigh vacuum at an 

elevated temperature. However such a strategy has not been utilized for obtaining fullerene 

thin-films, which shows remarkable promise as active component in as data storage, energy 

conversion and spintronics devices. The growth of C60 films are substrate dependent, have 

smaller domain size and non-uniform surface. Besides, due to high process temperature, inert 

atmosphere has to be employed, which makes their fabrication tedious. In this chapter, we 

demonstrate that free-standing thin-films of C60, can be obtained in ambient conditions by using 

a solution of C60. Importantly, the films are oriented in a specific crystallographic direction 

(<111>) dictated by water C60 interactions. It is crucial to allow the growth of the films to take 

place on water, where the water-solvent-air interface induces nucleation of the film. Further 

growth occurs on water surface leading to films that are several millimetres in size and few 

hundred nanometers in thickness with a surface roughness of < 5 nm. Since aqueous solubility 

of C60 is extremely poor, water surface acts as a non-crystalline substrate for film growth and 

facilitates movement of growing film fragments. The free-standing and freely floating films can 

be transferred on to any substrate of choice. Subsequently, the thickness of the films can be 

further reduced by controlled dissolution of surface C60 layers. This work demonstrates the use 

of liquid as a possible non-rigid substrate for making high quality thin-films of C60 beyond 

monolayer thickness under friendly ambient conditions.    

 

‡ Manuscript based on this work is under preparation. 

0 cm 4 cmC60 in C6H6

H2O
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2.4.1 Introduction 

Fullerenes, in the form of thin film in particular have attracted tremendous research interest due 

to their distinctive electronic properties and diverse potential applications such as in energy 

harvesting, in miniaturized in the recent years.
1-6

 Its high solubility in a large number of organic 

solvents set it apart from the other carbon allotropes such as carbon nanotube, graphene and 

diamond offering a possibility of solution based patterning, and nanoscale structure formation 

by design.
7, 8

 This has enabled the use of C60 as building blocks to create a number of self-

assembled structures such as one dimensional (1D) nanorods, nanowires, nanotubes and many 

other nanoarchitechtures, with controlled properties across a variety of length scale.
1, 9, 10

 Thin-

films of C60 are particularly interesting for device applications because of controlled transport 

properties and superior tribological properties.
2, 11-13

 Besides, a spin-dependent transport length 

over 100 nm was experimentally demonstrated in C60 thin-film at room temperature, while the 

conventional organic spacers show such behavior over a length of few nm only.
3
 The 

possibility of C60 film based molecular memory device integrating into Si technology has also 

been demonstrated.
1
  In devices of such kind, it has been generally demonstrated that the 

crystallinity of the fullerene layer controls electron mobility and transport properties, therefore 

the control of their crystallinity as well as orientation is a crucial challenge in order to obtain 

high performance devices.
3, 14, 15

 A general strategy widely adopted to obtain C60 films is based 

on high temperature evaporation of C60 onto a substrate which is kept at a high temperature. 

These vapor based processes proceed by an initial physisorption of C60 onto the surface through 

dipole interactions. Subsequently, these weak forces allow movement of the initial adsorbates 

to migrate to small defects, on the surface which then serve as nucleation sites for film growth 

over extended areas.
2, 16-19

 Here the substrate is responsible for developing the 2D morphology 

of fullerene films. Since evaporation requires high temperature, the deposition has to be carried 

out under inert or vacuum condition. The only solution based technique for obtaining 2D C60 

film is based on the Langmuir Blodgett (LB) technique, which provide mechanically unstable 

monolayer, small domained films which are detrimental to the probable applications.
20-25

 

Despite the formation of C60 films with multiple orientations and uncontrolled crystallinity 

which is the usual outcome of most of the popular synthetic strategies, there are a few that 

exceptional circumstances that leads to formation of films which grow only along a particular 

crystallographic direction.
14, 15, 26-29

  These techniques unequivocally rely on the choice of a 
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suitable growth substrate or on the alteration of the surface nature by formation of molecular 

monolayers. Obtaining a large area single crystalline C60 film with controlled thickness under 

ambient condition is yet to be achieved and an important challenge. 

2.4.2.    Scope of the present investigation 

Synthesis of thin-film at liquid interface is limited to LB technique, where the interactions of 

the polar head of amphiphilic molecules with water and the intermolecular interactions among 

non polar tails direct the molecular alignment.
24

 The process was further extended to synthesize 

oriented films of inorganic materials such as NaCl, calcite, aragonite, PbS, PbSe, CdS in 

presence of long chain carboxylic acid, β-pleated proteins, arachidic acid etc.
30-35

 Single 

crystalline thin-films of CuO and CuS were synthesized at immiscible toluene-water interface 

by Gautam et al.
36

 which opened up routes to synthesize thin-films of metals, chalcogenides 

and oxides at liquid-liquid interface.
37

 One may assume that in all these syntheses, water acts 

like a substrate where the film begins to grow and eventually is obtained on a floating state.  

It occurred that the synthesis of thin-films on a liquid surface (water in the above case) 

would be advantageous as unlike the growth of thin-films on the solid substrate by vapour 

deposition, growth on liquid surface is characterized by a weak film-substrate interaction and 

an absence of epitaxial strain. This should therefore potentially lead to high crystallinity of the 

film, with large domain sizes. In water in particular, the high surface tension of 73mN/m make 

the floating of the films easy, and offers the possibility of oriented attachment of incipient small 

film fragments leading large area thin-film.  

The existing strategies to synthesize thin-films of C60 rely on the high temperature 

evaporation techniques. By these methods, so far it has not been possible to achieve ordered 

structures over large area (of millimeter range) due to simultaneous formation and growth of 

multiple nuclei on the substrate, giving rise to small C60 domains (nm range) with many grain 

boundaries and high mosaicness.
15

 Due to the rigid nature of the substrate, the different film 

fragments cannot align themselves during merging or require specialized high temperature 

treatment for alignment.  To the best of our knowledge, there is no report on the synthesis of 

large area oriented C60 thin-film at ambient condition so far.  

This work was aimed at exploring the possibility of synthesizing large area C60 thin-

film under ambient conditions using a liquid as a substrate. In order to achieve so, C60 should 

be sparingly soluble in the liquid. In addition, the liquid should have high surface tension to 
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support floating of the film. If such a free-standing film forms, one could easily mount it on any 

substrate for device fabrication by a simple lift-off process. As water fulfills these criteria, it 

should be suitable to grow C60 thin-film. It also has to be further accounted that if the growth of 

C60 film occurs from a solution, in order to grow pure C60 films, the solvent should be chosen in 

such a way so that it does not form solvate with C60. 

 

2.4.3. Materials & methods 

2.4.3.1 Chemicals 

C60 (>99.5%), benzene (99.9%), toluene (99.9%), o, m, p-xylenes (99.5%), ethylbenzene 

(99.9%), mesitylene (>98%) and dimethylsulphoxide (DMSO, 99.9%) were purchased from 

Sigma –Aldrich and used without further purification. Water was obtained from Merck 

Millipore water purifier system (resistance = 18.2 Ω). 

2.4.3.1 Preparation of oriented C60 film 

Saturated solutions of C60 were prepared by sonicating C60 in different aromatic solvents and 

filtering it to ensure the absence of solid C60 in the saturated solution. In a 25 mL beaker, 15 

mL water was taken and 1.5 mL pure solvent was added to it slowly by the wall of the 

container (to create an interface) followed by the addition of saturated solution of C60 (4 mL). 

The beaker was covered with a watch glass to slow down the evaporation rate of the solvent 

and kept under vibration-free conditions at 25 ˚C until the complete evaporation of C60-

solution. The products, floating on water were carefully mounted on different substrates 

(silicon and quartz) and used for further characterizations. The experimental conditions were 

maintained as as vibration free as possible, such that keeping it away from pumps, loud noise 

etc. The best films were obtained using a vibration free table, when the room temperature was 

close to 25 
˚
C.  

2.4.3.2 Control experiments 

To grow C60 film from various organic solvents, saturated solutions of C60 in toluene, o, m, p-

xylenes, ethylbenzene and mesitylene were allowed to evaporate under aforementioned 

conditions. The growth process of the C60 film was monitored by capturing the picture of the 
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beaker by a 13 megapixel digital camera from top of it while the C60-benzene solution was 

evaporating in open air. In a drop drying experiment, 100 µL of C60 saturated solution was 

added to 15 mL Millipore water in a 25 mL beaker and allowed to evaporate naturally. The 

different stages of product formation during evaporation were captured. The feasibility of film 

formation on different solid substrates was monitored by simple evaporation of C60 saturated 

benzene solution on silicon, zinc plate and aluminium foil at room temperature. 

2.4.3.3 Material Characterization 

The morphology of the products were observed by field-emission scanning electron microscope 

(FESEM, FEI Quanta), optical microscope (Laben, India) and transmission electron 

microscope (TEM, JEOL, JEM 3010 fitted with a GATAN CCD camera). The crystallinity and 

growth direction of the film was observed by selected area electron diffraction (SAED) pattern 

observed under TEM. The crystal-structure of the samples were examined by powder X-ray 

diffraction (PXRD, Bruker AXS D8 Discover) and the crystallinity of the films was scrutinized 

by rocking curve experiment (Cu Kα high resolution X-ray diffraction, Bruker D8 

diffractometer with four-bounce Ge(022) monochromator). Surface texture of a film was 

monitored using a JEOL JSPM-5200 scanning probe microscope using silicon cantilevers 

NSC36-C (Micromash Inc.) in the tapping atomic force microscopy (AFM) mode under 

ambient conditions. Static contact angle measurement experiments were performed using an 

home-built set-up fitted with a Logitech camera for capturing the images. For each static 

measurement of contact angle, 2 μL sessile water droplet was placed on the C60 film and other 

substrates by a micropipette and a minimum of five measurements were performed for 

determining the water contact angle on different substrates.  

2.4.4. Results and discussion 

2.4.4.1 Oriented, free-standing C60 film 

Free-standing C60 films were prepared by slow evaporation of C60 solution in benzene (5.5 mL) 

on water (15 mL) in a vibration-free condition. In order to avoid the instant nucleation of C60 

on water during the addition of C60- saturated solution, prior to its addition, 1.5 mL pure 

benzene was added as a buffer layer. Due to immiscibility of benzene and water, the liquid 

layers remain separated creating a distinct interface (Figure 2.4.1a). The beaker was kept 
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undisturbed for 48 hours, which led to gradual evaporation of the benzene layer and resulted in 

the formation of transparent yellow coloured film-fragments, each measuring few tens of 

square-millimetre area, floating on water. A photograph of such film fragments is shown in 

Figure 2.4.1b. The fragments remain unaltered when kept in open for as long as they are not 

strongly disturbed and mechanically robust enough so that we could mount them onto a glass or 

silicon substrate just by carefully dipping and lifting the substrate out of water. Different film 

fragments thus mounted on various substrates are seen in Figure 2.4.1c, f. The films appeared 

to be smooth, covering over hundreds of micrometers of the substrate (Figure 2.4.1d). When 

the film was grown without covering the beaker with a watch glass, the organic layer 

evaporated much faster (about 4 h) and led to the formation of film with an uneven surface 

(inset in Figure 2.4.1g) unlike the one, grown under by slower evaporation (Figure 2.4.1g). A 

careful look under the SEM showed that the samples often contain fragmented film portions 

 Figure 2.4.1.  Photograph of (a) a beaker containing 5.5 mLC60 solution in benzene over 15 

mL water and (b) the floating C60 films formed after 48 hours. (c) Image of a C60 film mounted 

on a glass substrate. (d, e) FESEM images of C60 films. (f) FESEM images of a film lifted on 

silicon substrate. (g) Optical images of a C60 films, grown in a beaker, covered with a watch 

glass inside an incubator and (inset) in open air at 25 ˚C.  (h, i) FESEM images C60 films 

showing the thickness of the film as 94.6 and 180.5 nm respectively.  
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 too, some of which are positioned perpendicular to the SEM view. From these images of 

broken edges (in addition to the side view of the substrate mounted films) we estimated the 

thickness of the films to be ~100-500 nm (Figure 2.4.1h, i). 

Figure 2.4.2. (a-c) AFM topography image of a C60 film mounted on a silicon substrate 

showing surface roughness of 2.2 nm. (d) PXRD pattern of C60 film showing presence of only 

{111} family of planes. (e) TEM image of a C60 film. Inset shows SAED pattern acquired on the 

C60 thin-film indexed along [111] zone axis. (f) HRTEM image of C60 film showing close 

packing of fullerenes in (111) plane. (g) High-resolution PXRD pattern of (111) plane at 

θ=5.4˚.   

 The surface roughness and topography of the C60 films were examined by acquiring 

tapping mode AFM images. As seen in Figure 2.4.2a-c, we observed the surface roughness of 

the film is ~ 2-4 nm range, when scanned over hundreds of nm distance, indicating corrugation 

generated from only 2-5 molecules of C60 throughout the film. Notably, such high smoothness 

can  be considered an additional advantage of this approach, since C60 films obtained by the 

evaporation based methods often have surface roughness even upto 10 nm.
15, 26, 27

 In order to 

examine the crystal-structure and growth orientation, we performed PXRD measurement on 

film lifted on a glass substrate. As seen in Figure 2.4.2d, we found that the diffraction pattern 

contains only one set of peaks corresponding to {111} family of planes in the pristine face 

centered cubic (FCC) lattice (Fm3̅m, a=1.415 nm) of C60. Absence of any other peak strongly 

indicated that the films are oriented in nature, probably growing perpendicular to the <111> 
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lattice direction. Figure 2.4.2e and its inset show a TEM image of a film fraction and the 

corresponding selected area electron diffraction (SAED) pattern acquired from it. All 

diffraction spots on the SAED pattern can be indexed on C60 FCC structure corresponding to 

the zone axis of [111]. Figure 2.4.2.f presents a high resolution TEM image of the film 

showing clear lattice fringes and hexagonal symmetry. The TEM and diffraction studies 

establishes that the films are single-crystalline in nature and grows perpendicular to the <111> 

lattice direction. 

The crystallinity of the oriented C60 film was estimated by rocking curve experiment on 

a film lifted on a 1x1 cm glass substrate (Figure 2.4.2g). The high resolution diffraction peak 

of C60 (111) at θ=5.4˚ was fitted with Gaussian function. The narrow full width half maxima 

(FWHM) of 0.5˚ (1800 arcsec) of the coherent peak reveals the long range correlations of C60 

molecules in the 300 nm thick film. It has been observed by others that with increasing 

thickness of vapour deposited C60 films, the crystallinity decreases, resulting in a broader 

FWHM of the diffraction peak. As for example, a 250 nm thick film grown on antimony has 

FWHM of 2300 arc sec
38

 whereas a 200 nm film grown on mica has FWHM of 1100 arcsec.
39

 

Stifter et al. demonstrated that the rocking curve of a thicker film shows a complex 

combination of broad base and sharp peak due to variation in the crystallinity between the first 

few layers on substrate, which face high the lattice strain compared to the layers at near to the 

surface.
40

 Such lattice mismatch between C60 and the substrate also causes large dislocation 

density in the structure. In present case, no such feature was observed due to absence of any 

epitaxial strain during the synthesis of the film. Compared to the films with similar thickness, 

the FWHM of the HRXRD peak of our material is lower, indicating high crystallinity of the 

sample.  

2.4.4.2 Mechanistic investigations 

The influence of solvent in the formation of C60 films was first examined. Thus, the possibility 

of obtaining oriented, single crystalline C60 film using other organic solvents was explored by 

evaporating saturated solutions of C60 in toluene, o, m, p-xylenes, ethylbenzene, mesitylene on 

water. The beakers were left undisturbed at 25 ˚C, which required 3-5 days for complete 

evaporation depending on the boiling point of solvents used. Figure 2.4.3 shows FESEM 

images and the corresponding PXRD patterns of the products obtained from these experiments. 
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The products obtained using toluene (Figure 2.4.3a), o-xylene (Figure 2.4.3b), m-xylene 

(Figure 2.4.3c) and ethylbenzene (Figure 2.4.3e) were found to be agglomeration of 

microcrystals, whereas the products obtained using p-xylene (Figure 2.4.3d) and mesitylene 

(Figure 2.4.3f) appeared to be porous film and entangled nanowires respectively. The XRD 

experiments have shown that the nanowires have hexagonal closed packed crystal structure
41

 

while other products have FCC structure just like pristine fullerene powder (see PXRD patterns 

in Figure 2.4.3). The morphology of the products obtained in each case however varied 

significantly. Therefore, it was inferred the solvent plays the central role the formation of the 

film. 

Figure 2.4.3. FESEM images of the products obtained by evaporation of saturated C60 

solutions of (a) toluene,(b) o-xylene, (c) m-xylene, (d) p-xylene, (e) ethylbenzene and (f) 

mesitylene on water at 25 ˚C under vibration free conditions. 

The role of the liquid substrate was explored by replacing water by dimethylsuphoxide 

(DMSO). Careful addition of saturated C60 solution in benzene to DMSO resulted in formation 

of two distinct layers (Figure 2.4.4.a). Benzene evaporated after 12 hours and black coloured 

powder-like product was obtained, as shown in Figure 2.4.4b, whose XRD pattern exactly 

matches with that of pristine C60 (Figure 2.4.4c). The product has fractal like morphology, 

consisting of agglomeration of faceted C60 microcrystals (Figure 2.4.4d, e). In this case, even 
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though the solubility of C60 in DMSO is negligible, due to its miscibility with benzene, after 

addition of C60 solution to DMSO, the liquid layers undergo slow diffusion resulting in 

interfacial precipitation of C60 microcrystals. Therefore we concluded that immiscibility 

between the C60 solution and the liquid substrate is a must for the successful synthesis of free-

floating film. 

Figure 2.4.4. Photograph of a beaker containing (a) 5.5 mL C60 solution in benzene on 15 mL 

dimethylsulphoxide and (b) the products formed after12 hours. (c) PXRD pattern and (d, e) 

FESEM images of the product collected from (b). 

Growth of the film was carefully monitored by allowing the C60-benzene solution to 

evaporate on water in open air. The changes during the evaporation of C60 solution were 

captured from the top of the beaker by a 13 megapixel digital camera. To follow the growth of 

crystals at a particular area, a marked paper with quadrant division was placed at the bottom of 

the beaker. Note that in the absence of a cover on the beaker, the evaporation was faster 

(completed in ~3 hours) compared to the standard conditions that takes about 48 h and 

therefore led to formation of smaller films fragments. We hypothesized that examining 

formation of these smaller fragments is sufficient to elucidate a gross growth mechanism.  
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 Figure 2.4.5. Photographs showing various stages during evaporation of C60-benzene solution 

on water, captured at (a1, a2) 2h 15 min, (b1, b2) 2 h 27 min, (c1, c2) 2 h 34 min, (d1, d2) 2 h 

41 min, (e1, e2) 2 h 51 min, (f1, f2) 2 h 55 min, (g1, g2)  2 h 59 min, (h1, h2) 3 h 4 min and (i1, 

i2) 3 h 9 min after addition of C60 solution to water. The formation of a film at air-benzene-

water interface is seen after 2h and 15 min, indicated with an arrow in (a2). (j) A plot showing 

the area of the growing film fragment (shown by black arrow in (a-g)2) with respect to 

evaporation time of C60-benzene layer. 
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We observed that in first 2 hours and 15 minutes, the evaporation of organic layer 

resulted in the formation of very dark reddish or black coloured products at the wall of the 

beaker. These products deposited away from the interface and continued to form at the air-

benzene-beaker wall interface concurred with the receding solvent front. After about 2 hours 

and 15 minutes, as the organic layer evaporated down to a such level that the water layer 

became visible at places from top, brownish-yellow coloured product began to appear at the 

air-benzene-water interface (as shown by arrow in Figure 2.4.5a1, a2), away from the beaker 

wall, which would eventually turn into films. This suggests that the nucleation of C60 films 

takes place at the air-benzene-water interface. Note that the solids appearing with an apparent 

attachment to the beaker-wall never gets converted into a film.  The subsequent changes 

observed during evaporation of the remaining benzene layer with time are shown in Figure 

2.4.5(a-i)1,  along with the corresponding enlarged views (Figure 2.4.5(a-i)2) of the regions of 

interest. There was no apparent change in the colour of the film indicating that the film 

thickness remains same throughout. 

With continuous evaporation of the organic layer, the brownish-yellow colour products 

formed at the air-benzene-water interface slowly grew larger, extending towards the centre of 

the beaker and finally appearing as a film. We monitored the increase in the area of an isolated 

film- fragment (shown by the black arrows in Figure 2.4.5(a-i)2) with respect to time and 

estimated the growth rate of the film. As can be seen from Figure 2.4.5j, the growth rate of the 

film is monotonous (0.017 cm
2
/min) initially until about 170 min and then increases sharply 

(0.031 cm
2
/min). The enhanced growth rate at the end can probably be attributed to the faster 

evaporation of hydrophobic benzene molecules in the proximity of the water layer (as the 

volume of benzene layer decreases with evaporation, the surface benzene molecules of organic 

layer come closer to the water layer and hydrophobic interaction induces a faster evaporation 

rate).  The growth of the film ceases with complete evaporation of benzene after 190 minutes 

due to lack of precursor. 
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Figure 2.4.6. Products obtained by evaporation of C60-benzene solution on (a) zinc plate, (b) 

aluminium foil and (c) silicon substrate. 

Unlike on liquid substrate, the evaporation of C60-benzene solution on solid substrates 

such as silicon, zinc plate, aluminium foil resulted in the formation of segregated crystals of 

irregular shapes and very large sizes. Based on PXRD measurements, we observed no 

particular orientation (Figure 2.4.6) associated with these crystals. This can be attributed to the 

formation of multiple nuclei on the solid substrates which gets attached to the surface and 

cannot move around unlike on water substrate and therefore lead to localized growth of C60 

clusters. On the contrary, it can be believed that such nuclei form on the water surface also, but 

they cannot get attached to the water surface and rather float around and gets attached to each 

other when met in the appropriate orientation (akin to oriented attachment mechanism).
42

  

Even though more experiments needed to be done, we propose the following 

mechanism for the growth of the C60 films based on the above mentioned observations. The 

evaporation of high-energy benzene molecules from benzene-air interface leads to transient 

lowering of average kinetic energy or local temperature (kinetic energy = KBT) at the surface, 

thereby creating a temperature gradient in the C60 solution. Similar evaporation of benzene 

molecules is likely to be even more from the air-benzene-water interface in comparison to the 

air-benzene interface due to hydrophobic interactions. Therefore air-benzene-water interface 

leads to faster supersaturation of the C60 solution leading to formation of C60 clusters that work 

as nuclei for film growth. In the same vein, cooling at the three-way-interface will be stronger. 

We further confirmed this from the drop drying experiment where a drop C60 saturated benzene 

(100 μL) was allowed to evaporate under ambient conditions on water surface (Figure 2.4.7a). 

The formation of the products along the air-benzene-water interface confirms that nucleation of 

the films indeed begins there. 
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Figure 2.4.7. (a) Photographs captured during the drop-drying experiment showing that the 

product formation starts at the air-benzene-water interface. (b) A schematic of the air-organic 

layer-water interface showing generation of temperature gradient (cold-green, warm-orange) 

in the organic medium and the direction of convection current (shown by arrows) due to 

Maragoni flow. 

 

The growing clusters of C60 at the air-benzene-water interface will experience a shear 

stress at benzene-water interface due to Maragoni flow generated from convection current of 

the solvent molecules due to temperature gradient (Figure 2.4.7b) and the continuous 

shrinkage of benzene-water interface area due to evaporation of benzene (as also evidenced 

from the drop drying experiment, Figure 2.4.7a).
43-45

 Therein, the possibility of single 

crystalline film formation will depend on a competition between the growth rate of C60 film and 

the shear stress at the liquid-liquid interface, since a high shear stress can break the film in 

smaller fragments. Such competition would be dependent on certain parameters such as the 

density and boiling point of the evaporating liquid, temperature, presence of miscible vapour in 
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the surroundings, solubility of C60 in the organic layer.
46

 Regarding boiling point for example, 

Xu et al. reported that an enhanced gradient of surface tension in an evaporating droplet can 

give rise to Maragoni flow, which is difficult to generate in high boiling liquids.
47

 Majumdar et 

al. demonstrated low boiling solvent vapour induced Maragoni flow in water droplet, that 

resulted in uniform deposition of particles over the coffee strain phenomena in pure water 

droplet.
46

 In our case, the convection current will be faster for benzene due to its lower boiling 

point compared to others (toluene, o, m, p-xylene, ethylbenzene and mesitylene). On the other 

hand, a faster evaporation rate of benzene helps in the faster growth of a single crystalline film, 

where the large size may provide sufficient mechanical strength to the film to withstand any 

damage due to the convection current. It can be anticipated that all nuclei that formed at the air-

benzene-water may not grow as films and could be flowed away by the convection current to 

the centre of the beaker, where they will grow further to form a black product, seen in Figure 

2.4.1a and 2.4.5i1.  

After realizing the growth of single crystalline C60 films at benzene-water interface, we 

inquired about the reasons for their orientated nature of growth perpendicular to the (111) 

direction. We first presumed that due to the hydrophobic nature of their interactions, C60 films 

would grow in a manner so as to minimize the contact area with water.
48

 Importantly, it should 

be pointed out that when different C60 lattice planes in a FCC crystal is considered, the 

arrangement of C60 in them leaves behind inter fullerene spaces, which at times are large 

enough to allow water to penetrate through and touch the second fullerene layer. Therefore, for 

a given geometric area in a crystal facet, the actual contact area with water may significantly 

vary leading to different water-film interaction. To estimate exposure of the films to water, we 

calculated the exposed area for the close-packed crystal planes, (100), (110) and (111) in FCC 

C60 lattice. The outermost layers of all these planes will naturally be in direct contact with 

water (light blue C60 molecules in Figure 2.4.8). Additionally, in the case of (100) and (110) 

planes, the inter C60 distance (0.412 nm) is large when compared to the kinetic diameter of 
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Figure 2.4.8. A bar diagram showing the estimated actual exposed area of C60 (to water) 

against unit geometric area for films grown perpendicular to (100), (110) and (111) directions. 

 

water (0.26 nm), and therefore it should be possible for water molecules to percolate through 

and interact with the next C60 layer (dark blue C60 molecules in Figure 2.4.8). The gap among 

surface fullerene molecules in (111) facet is too small to allow water molecules to pass through. 

On the other hand, water can never reach the third fullerene layer in all these facets since the 

cavities between the first and the second layers is surrounded by (111) facets that doesnot allow 

further water percolation. With these assumptions, total exposure of fullerene layers to water 

molecules with respect to unit geometric area on each plane was calculated purely on the basis 

of geometrical considerations. A plot of the same is shown in Figure 2.4.8 which reveals that 

the water exposure area follows an order of (111) < (110) <(100). Since water exposure to C60 

(111) lattice plane is the least, therefore we propose that a spontaneous self-assembly of C60 

molecules into a thin film with an FCC lattice prefers to grow with an orientation perpendicular 

to (111) lattice direction. 
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Figure 2.4.9.  FESEM images of the side view of an oriented C60 thin-film acquired at the same 

place (a) before and (b) after its controlled dissolution in benzene/IPA solution for 4 hours. The 

dissolution of C60 in the solution can be observed by monitoring (c) the UV spectra of the 

solution during the process. Evolution of the peak at 330 nm indicates the dissolution of C60 

film. 

2.4.4.3 Thinning of C60 film 

The thickness of the C60 film by our method was found to vary between 100-400 nm, 

which can be mounted on any substrate of choice for various applications. However, it is 

difficult to choose a film of particular thickness before mounting it onto the substrate. In order 

to obtain films of desired thickness, we developed novel dissolution based top-down approach, 

Herein, the thickness of the C60 film could be reduced by exposing the film to a suitable solvent 

that dissolves the top C60 layers of the film extremely slowly. We hypothesized that a poor C60 

solvent (hereafter called as etching solvent) has to be used for this purpose as faster dissolution 

can create cracks, defects or inhomogeneity in the film. The solubility of C60 in the etching 

solvent was adjusted by mixing benzene with isopropanol (in ¼ ratio, vol/vol). A C60 film with 

the thickness of 358 nm was mounted on a Si substrate (Figure 2.4.9a) and was dipped into the 

etching solution. It was found that with passage of time, the film began to dissolve slowly 

reducing its thickness by 50 nm (Figure 2.4.9b) in 4 h.  The dissolution of the film was 

monitored by UV-Vis spectroscopy by following the gradual evolution of the peak at 330 nm 

with passing time, arising out of the dissolved C60 (Figure 2.4.9c). These results demonstrate 

that depending on the nature of the C60 film, a suitable solvent mixture can be developed and, 

in principle, can be used to reduce the thickness of the C60 films to a desired value in a 

controllable manner. 
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Figure 2.4.10. Photographs showing a 2 μL water-droplet on (a) HOPG, (b) <111> oriented 

C60 film and (c) diamond with estimated contact angles of   94˚, 74˚ and 46˚ respectively. 

 

2.4.4.4  Determination of contact angle of water on carbon sp
2.27

 

 The interaction between C60 and water has been thoroughly investigated and the 

presence of hydrophobic interactions were established, evidenced from its sparing solubility in 

water.
48, 49

 On the other hand, C60 can form stable colloid solutions of individual C60 as well as 

its clusters in water when subjected to extended mixing or sonication.
50-53

 Such unusual high 

stability of C60 dispersion has either been attributed to formation of a network of water 

molecules around C60 clusters stabilized simultaneously by H-bonding between the water 

molecules and charge-transfer from water to C60 
49, 54

 or to the surface hydroxylation of C60 

during sonication, which enables dissolution of C60 in water.
52

 Unlike the other allotropes of 

carbon, such as graphite and diamond, information on the interaction of water with fullerene 

surface at macroscopic scale remain unavailable due to difficulty in achieving the sufficiently 

large area of uniform single crystalline C60 surface. We have utilized the opportunity of 

accessing large and smooth, single crystalline C60 surface to measure the contact angle of water 

for the first time, which can provide an insight into the interaction of water with a carbon 

surface having hybridization of sp
2.27

. We performed static contact angle measurements on C60 

film and compared it with the contact angles of water on highly-oriented pyrolytic graphite 

(HOPG, hybridization of surface carbon is sp
2
) and diamond (hybridization of surface carbon is 

sp
3
). The contact angles were estimated to be 96˚, 74˚ and 46˚, for HOPG, C60 film and 

diamond respectively (Figure 2.4.10). The contact angles of water on diamond obtained by us 

is found to be similar to the reports by Zhuang et al, although this angle can significantly vary 

depending on the end functional groups in carbon.
55, 56

  From our study it appears that with 

Θc = 94 Θc = 74 Θc = 46 

(b)(a) (c)
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increasing p-character in surface carbon atoms, the contact angle of water decreases. The high 

wettability of water on our oriented C60 surface can be attributed to its large area of interaction 

as well as smooth surface topology. Unlike the previous literature reports on the C60-water 

interaction, our observation on surface wetting is interesting and can potentially be useful to 

study the carbon-water interaction at a macroscopic level. 

2.4.5 Conclusion 

                   In conclusion, we show that by using water as a growth substrate, free-standing C60 

thin-films extending up to one centimeter can be obtained, starting with its solution under 

ambient conditions. The films are oriented along the (111) direction of cubic C60 crystal and 

can be transferred on to any substrate. The films are up to few hundreds of nanometer thick, 

which can be further reduced by controlled dissolution. On investigating the growth mechanism 

of these films, it was found that the choice of the appropriate solvent is crucial because of two 

reasons. First, during nucleation period no solvate should form. And second, the rate of 

nucleation at the air-water-solvent interface should be higher than the air-solvent interface. A 

balance between the Maragoni effect and growth of C60 nucleus at air-water- solvent interface 

gives rise formation of such oriented highly-crystalline C60 film. Due to smooth surface and 

extended crystalline area, these films are the closest to an ideal fullerene constituted flat 

surface, which has provided with an unique opportunity of measuring contact angle of water on 

carbon surface with an average hybridization on C atoms as sp
2.27

. 
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CHAPTER 2.5 

Conclusions and Future directions 

 

 

Conclusions 

The self-assembly of fullerenes is gaining increasing attention due to their tunable physical 

properties as well as facile synthesis of shape controlled nanoarchitecture, promising for  

optoelectronic devices and solar energy harvesting. Therefore understanding self-assembly of 

C60 is crucial to improvise on their physical properties as well as to realize the structure - 

property relationship in these materials. The second part of the thesis is aimed to understand 

self-assembly of C60 at liquid-liquid interface and employ this understanding to develop new 

self-assembled structures and explore their usage for novel chemical applications.  

In chapter 2.2, the dependence of C60 to form hexagonally close packed (HCP) solvate 

on the shape and size of the solvent molecules were investigated and the criteria to form so 

were found to be (i) the angular distance of 120˚ between the nearest substituent in the 

solvent and (ii) the size compatibility of the solvent with triangular prismatic solvent cavity 

created by C60 in the HCP structure. Using infrared spectroscopy and theoretical 

investigations, the interactions between the solvent and C60 were found to be C-H⋯ in 

nature. An increase in the number of C-H⋯ interactions with increasing number of methyl 

substituent in the incorporated solvent in HCP structure profoundly improved the thermal 

stability and photoluminescence of these materials. Presence of m-xylene and mesitylene in 

the C60 HCP crystal increased luminescence by 400 and 620 % respectively compared to 

pristine C60. The understanding on the HCP solvate formation were utilized  

(i) to develope cosolvate of C60 with core-shell nanostructures by employing topotactic 

exchange on the labile C60.toluene solvates, which is the first example of molecular 

topotactic exchange, otherwise feasible for ionic compounds. 

(ii) to synthesize new HCP cocrystal of C60.1,3,5-trichlorobenzene with high thermal 

stability upto 150 ˚C and enhanced luminescence of 520% compared to pristine C60. 
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Chapter 2.3 describes a C60 based efficient separation strategy for positional aromatic 

isomers which relies on shape selective HCP solvates formation. The process was employed 

to separate isomers of methyl substituted C8 (xylene) and C9 (trimethylbenzene) aromatic 

isomers. The highest purity obtained for C8 and C9 positional aromatic isomers by this 

method were 99.85 and 99.95% respectively. The separation efficiency per unit weight is 

comparable to and sometime even better than zeolites, MOF and others reagents.
1, 2

 The 

potentials advantages of this approach include i) high purity of extracted product ii) good 

uptake capacity of ~11%, iii) recyclability of C60 and iv) versatility. 

Chapter 2.4 demonstrates a new method to synthesize free-standing, oriented, single 

crystalline, large area C60 thin films under ambient conditions using water as a growth 

substrate. The films are oriented along the <111> direction of pristine cubic C60 crystal and 

can be transferred onto any substrate of choice. Investigation on the growth mechanism of 

these films reveals that the nucleation of C60 starts at air-water-solvent interface. The choice 

of the appropriate solvent is crucial for single crystalline film formation as the process relies 

on a balance between the growth kinetics of the film and Maragoni effect, generated from 

convection in the C60 solution due to solvent evaporation. The thickness (upto 400 nm) of the 

film could be reduced down by controlled dissolution.  

 

Future directions 

Understanding the self-assembly process of C60 has opened up opportunity to develop 

novel C60 based materials and expand their chemical applications. Since the interactions of 

the incorporated solvent with C60 can tune the optoelectronic properties of these solvates, 

exploring the possibilities of cosolvate formation with different solvent pairs can result in 

tailored optoelectronic behavior. Along with studying luminescence properties of these 

materials, the effects of various solvent incorporations on conductivity and photoresponse of 

these semiconducting solvates can be beneficial to evaluate their efficacy for device 

applications. One also can explore the self-assembly of C70, which can open up opportunities 

for their use. 

The shape selective solvate formation strategy using C60 can be further implimentated to 

other chemical feed stocks by designing appropriate C60 solvate. However, one may also 

envision many future challenges of this separation strategy. In addition to high specificity for 

instance, high recovery amount per cycle is essential for sustainable applications. The 

solubility of C60 is usually not very high in many solvents, for which suitable chemical 
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modifications might be helpful.
3, 4

 We have recently inferred that excess solvate in contact 

with its solution may maintain dynamic equilibrium of continuous dissolution and 

reprecipitation,
5
 suggesting that an excess of solid C60 in contact with a chemical feed-stock 

may spontaneously convert to a solvate. Investigations on the possibility of isomer-separation 

beyond the C60 solubility limits are currently ongoing. Our preliminary results show that the 

current method can be extended to separate other isomers, structural analogues, aromatic-

aliphatic compounds and even ternary mixtures.
6
 I believe this method is an interesting 

addition to a large number of potential applications of fullerenes and should stimulate further 

investigations on solvates for molecular separation. 

 It will be of great advantage to extend our approach of oriented single crystalline film 

formation to fullerene derivatives as well as small organic molecules. In order to execute so, 

understanding the role of various parameters during the film growth is necessary. For 

example, we found that the thermal convection current plays an important role during the 

growth of the film, which is related to the boiling point and surface tension of the liquid. 

Rather than qualitative investigations, quantifying the parameters related to the film growth 

by theoretical studies can be beneficial to explore the versatility of this method. 
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