
1 
 

Carbon nanotube based composite thin film coatings for stray 

light control space applications 

 

A Thesis submitted  

in partial fulfillment for the Degree of  

 

Doctor of Philosophy  

 

 

By 

Sonia Saini 

SC16D023 

 

 

 

Department of Physics 

Indian Institute of Space Science and Technology  

Thiruvananthapuram, India 

January 2024 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

CERTIFICATE 

 

This is to certify that the thesis entitled Carbon nanotube based composite thin film coatings 

for stray light control space applications submitted by Sonia Saini to the Indian Institute of 

Space Science and Technology Thiruvananthapuram, in partial fulfilment for the award of the 

degree of Doctor of Philosophy is a bona fide record of research work carried out by her under 

my supervision. The contents of this thesis, in full or in parts, have not been submitted to any other 

Institution or University for the award of any degree or diploma. 

 

 

 

Dr. Kuntala Bhattacharjee      Prof. Sudheesh Chethil  

Supervisor        Head of Physics department 

Associate Professor  

Department of Physics 

 

 

 

 

 

 

 

 

 

Place Thiruvanthapuram 

Date January 2024   

 

 

 

 



4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

DECLARATION 

 

I declare that this thesis entitled Carbon nanotube based composite thin film coatings for stray 

light control space applications submitted in partial fulfilment of the degree of Doctor of 

Philosophy is a record of original work carried out by me under the supervision of Dr. Kuntala 

Bhattacharjee, and has not formed the basis for the award of any other degree or diploma, in this 

or any other Institution or University. In keeping with the ethical practice of reporting scientific 

information, due acknowledgments have been made wherever the finding of others have been 

cited. 

 

 

Place Thiruvanthapuram       Sonia Saini 

Date January 2024        SC16D023 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to Lord Shri Krishna for giving me determination and strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Acknowledgement 

As I approach the culmination of my thesis, I want to take a moment to convey my 

deepest appreciation and gratitude to my grandparents (Shri Sadhu Ram ji, Smt. 

Bhagwanti ji), parents (Shri Khem Chand Saini ji and Smt. Sudesh Rani), my brother Mr. 

Sandeep Saini, my sister-in-law Smt. Shashi Saini and the kids Ms. Prisha Saini and Ms. 

Kriva Saini. Their unwavering love, support, and belief in me have been the driving force 

behind my academic journey, and I am eternally thankful for their presence in my life. 

Originating from Kurukshetra (the land of Mahabharata), a land steeped in rich traditions 

and fortified values, they have instilled within me a profound sense of determination and 

resilience. Through their upbringing, I have learned the intrinsic value of hard work, 

perseverance, and the relentless pursuit of knowledge. I am profoundly grateful for the 

sacrifices they have made to provide me with the finest opportunities. Their tireless 

efforts to ensure that I received a quality education have indelibly shaped my academic 

trajectory, opening doors to a world full with endless possibilities. Their untiring faith in 

my abilities has been the motivation, driving my academic achievements. I carry with me 

the invaluable lessons and teachings from Kurukshetra. As I acknowledge Kurukshetra 

as the land of Mahabharata, I am filled with a deep sense of respect for the cultural and 

historical significance it holds. It serves as a constant reminder of the timeless wisdom 

and profound teachings of Gita (the blessed melody performed by Shri Krishna for 

Arjuna) that have shaped my consciousness and continue to resonate with me today. 

I am sincerely grateful to my uncle, Shri Avatar Saini, for his firm support in my decision-

making process and constant encouragement to push my limits. I am thankful to my 

cousins Mr. Rahul Saini and Mr. Bhushan Saini for having strong faith in my academic 

journey. 

From my school days, I want to express my heartfelt gratitude to Mr. Neeraj Taneja (my 

science and mathematics’ teacher) for his guidance and support during my school years.  

I appreciate Mr. Yash Pal Wadhwa for supporting and encouraging to participate in 

various extracurricular activities as well.  



10 
 

I’m thankful to Dr. Jaspal Hooda (my Physics mentor during 12th) whose commitment to 

nurturing young minds and ability to explain complex concepts with clarity have laid a 

strong foundation for my scientific pursuits.  

I want to take a moment to extend my gratitude to Dr. Manju Singh and Mrs. Neelam 

Lamba (my Chemistry professors during B.Sc.) for their invaluable contribution to my 

academic journey. Their commitment to teaching and expertise in the field have been a 

constant source of inspiration. I pay a grateful gesture to Mrs. Renu Mehta and Mrs. 

Meenu Sharma (my Physics professors during B.Sc.) who consistently encouraged me to 

explore beyond the confines of traditional textbook learning and guided me towards 

embracing the challenges and joys of conducting experiments. 

I express my deep appreciation to Dr. Amarjeet Singh, Dr. Vibhav Saraswat, Dr. Vimal 

Vyas and Dr. Saral Kumar Gupta for their unbiased support and guidance during my 

master's program  

I express my heartfelt gratitude to Director IIST, Dr. S. Unnikrishnan Nair, Prof V.K. 

Dhadwal (Former Director), for their invaluable academic support. I extend my sincere 

appreciation to Prof. S Murugesh (Former Head of the Physics department) and Prof. 

Umesh Kadhane (Former Head of the Physics department) for their unwavering support 

and encouragement. I am grateful to the Head of the Physics department, Prof. Sudheesh 

Chethil for providing overall support. 

I would like to extend my gratitude to Dr. Reshmi S., my senior. Her expertise, and 

mentorship have played a crucial role in shaping the trajectory of my research, and I am 

deeply grateful for her presence in my academic life. I am very thankful to Mr. Manu 

Mohan for being a supportive friend. My special thanks to Dr. Preetam Hazra and Mr. 

Dayal G Krishna for supporting during crucial times always. 

I would like to express my sincere appreciation to my IIST friends specially Dr. Mahindra 

Singh Rautela, Dr. Rashi Jain and Mr. Pranav Nath for their friendship. I am honored to 

have such wonderful friends as part of my support system. 

I express gratitude to my beloved brother, Mr. Amit Saini, for his valuable support during 

the challenging academic demands. His profound belief in my journey and unconditional 



11 
 

love have been precious. I extend my thanks to my brother Mahavir Saini and appreciate 

his support. 

I express deep gratitude to Mr. Jiju John and Dr. M S Giridhar, scientists at the Laboratory 

for Electro-Optics Systems (LEOS); Indian Space Research Organization (ISRO), for 

their invaluable support and assistance during the course of my research. Their 

contribution in providing the necessary items and facilities has been instrumental in the 

successful completion of this thesis. I am deeply grateful to Mrs. Ashwini and Dr. Sumesh 

for their outstanding support at LEOS. I am thankful to Ms. Madhu Malthi for her 

courageous presence around. I am incredibly fortunate to have a friend like Ms. 

Debashree Das, who not only understands the challenges of pursuing a Ph.D. but also 

goes above and beyond to offer unwavering support. I want to convey my appreciation 

to my friends at LEOS, especially to Mr. Pratheek T K and Mr. Satish Kumar, for sharing 

wonderful moments of togetherness and genuine expressions of friendship. 

The carbon nanotube based research work was taken up by Dr. Girish Manjunath Gouda, 

Scientist at LEOS-ISRO for the space applications during the year 2016-2017. My PhD 

supervisor Dr. Kuntala Bhattacharjee, advised me to involve in this R & D activity at 

LEOS based on the interactions with Dr. Girish Gouda. The activity was in the initial 

stages of development and I started working on single wall carbon nanotube based 

coatings at LEOS. I heartly thank Dr. Girish Gouda (currently Head of Thin Films 

Division), who helped me throughout the activity at LEOS in terms of arranging the 

required infrastructure, characterization facilities and setting up the laboratory dedicated 

to the activity. His overall support and commitment to fostering research significantly 

enhanced the quality of my work and helped me achieve my research objectives and 

successful completion of this thesis.  

I am grateful to Mr. Ajit Kumar (former Head of Thin Film Division), Mr. Viswanathan 

(former Group Director, TMDG-LEOS), Mr. A S Lakshmiprasad (former Director 

LEOS) and Dr. K V Sriram (Director of LEOS), for allowing my research activity at 

LEOS. 



12 
 

I would like to express my heartfelt appreciation to my Ph.D. guide, Dr. Kuntala 

Bhattacharjee, for her invaluable guidance throughout the duration of my doctoral 

research. Her expertise, dedication, and mentorship have been instrumental in shaping 

my academic and research journey. I am truly grateful to Dr. Kuntala Bhattacharjee for 

her profound knowledge, insightful feedback, and constructive criticism that have 

consistently pushed me to reach new heights in my research endeavors. Her commitment 

to excellence and passion for the subject matter have been a constant source of 

inspiration. I am indebted to her for her patience, encouragement, and belief in my 

abilities, which have provided me with the confidence to overcome challenges and 

persevere in the face of obstacles. Her mentorship has not only enhanced my research 

skills but also nurtured my personal and professional growth.  

I am grateful to Prof. Shikha Varma and all other doctoral committee members for 

investing their valuable time and providing constructive remarks. 

I express heartfelt gratitude to Prof. Karuna Kar Nanda, Director of Institute of Physics 

(IOP) for all the essential support. My special thanks to authorities of IOP to provide 

hostel accommodation and research environment. I genuinely value the presence of Prof. 

Sudipto Mukherji for the delightful and joyous moments at IOP. I am thankful to Prof 

Biju Raja Sekhar for interactive sessions. I appreciate Scientist Asst. Ms. Ajita K Kujur 

for consistently supporting me during library study hours and throughout campus life 

with care. 

Lastly, I would like to express my deepest appreciation to my advisors, mentors, 

colleagues, and friends, whose guidance and encouragement have been indispensable 

throughout this endeavor. 

           

Sonia Saini 

 

 

 



13 
 

Contents 

List of figures          17 

List of tables          21 

Abstract           22 

Chapter 1 Introduction         23 

1.1. Overview of literature       24 

1.2. Structure         26 

1.2.1. Graphene         26 

1.2.2. CNTs          29  

1.2.2.1. SWCNTs        29 

1.2.2.2. MWCNTs        31 

1.2.3. CNS          33 

1.2.4. Junctions         34 

1.2.5. Twisted CNTs        35 

1.3. Properties of carbon nanomaterials     35 

1.3.1. Graphene and CNTs       35 

1.3.1.1. Chemical properties      36 

1.3.1.2. Thermal properties      37 

1.3.1.3. Mechanical properties      37 

1.3.1.4. Electrical properties      39 

1.3.1.5. Optical properties      39 

Absorption        40 

Reflection        42 

Transmission       43 

Scattering        43 

Photoluminescence      44 

1.3.2. CNS, Junctions and other twisted structures   45 

1.4. Importance of carbon nanomaterials for space research and 

applications         46 

1.5. Conclusion         47 

 

Chapter 2 Experimental methods      48 



14 
 

2.1. Introduction        49 

2.2. HiPCO technique of SWCNT production    50 

2.2.1. Merits of HiPCO       51 

2.2.1.1. Purity       51 

2.2.1.2. Yield       51 

2.2.1.3. Length and diameter control   52 

2.2.1.4. Catalyst versatility     52 

2.2.1.5. Scalability      52 

2.2.1.6. Compatibility with functionalization  52 

2.2.1.7. Aspect ratio      53 

2.3. Purification         53 

2.3.1. Importance of purification     53 

2.3.2. Different approaches of purification    54 

2.3.2.1. Purification process for HiPCO SWCNTs 55 

2.4. Functionalization        56 

2.4.1. Different functionalization processes   58 

2.4.1.1. Covalent       59 

2.4.1.2. Non-covalent      61 

Endohedral filling     62 

Intercalation by ions     62 

2.5. Fabrication of thin films       64 

2.5.1. Grafting of polymer as binder     64 

2.6. Conclusion         65 

 

Chapter 3. Brief introduction to the different characterization techniques 

3.1. Introduction         67 

3.1.1. Chemical environmental study    67 

3.1.2. Morphology study      67 

3.1.3. Optical absorption      68 

3.1.4. Space environmental simulation tests (SESTs)  69 

3.2. General introduction to the characterizations    69 

3.2.1. FTIR         69 

3.2.2. XPS         71 

3.2.3. RAMAN        72 



15 
 

3.2.4. XRD         74 

3.2.5. SEM         75 

3.2.6. AFM         77 

3.2.7. HRTEM        78 

3.2.8. UV-Vis-NIR absorption      79 

3.2.8.1. Measuring solid sample reflectance  80 

3.2.8.2. Calculating solid sample absorbance  81 

3.3. Conclusion         82 

 

Chapter 4 Methodology         83 

4.1. Introduction        84 

4.2. Purification         84 

4.3. Functionalization        86 

4.4. Spray coating        86 

4.5. Characterizations        87 

4.6. Conclusion         89 

 

Chapter 5 Chemical, structural and vibrational spectroscopy study of carbon 

nanomaterials 

5.1. Introduction        91 

5.2. Results and discussion       91 

5.2.1. FTIR        91 

5.2.2. XPS        94 

5.2.3. XRD        95 

5.2.4. RAMAN spectroscopy     97 

5.3. Conclusion         107 

 

Chapter 6 Emergence of structural derivatives of carbon from SWCNTs 

6.1. Introduction        109 

6.2. Disintegration of SWCNTs      109 

6.2.1. GS and MWCNTs     109 

6.2.2. CNS        111 



16 
 

6.3. Electron microscopy investigation results    113 

6.3.1. As-prepared       113 

6.3.2. Purified        114 

6.3.3. Functionalized       120 

6.3.4. Coated film       123 

6.4. Discussion         124 

6.5. Conclusion         128 

 

Chapter 7 Morphology study of CNT based black absorber thin films 

7.1. Introduction        131 

7.2. Microstructure and elemental analysis    131 

7.3. Spectral reflectance measurement     133 

7.4. Implementations of black absorber thin film coatings  136 

7.5. Adhesion test        137 

7.6. SESTs study        138 

7.7. Prototype application of vanes coated with the carbon composite 

thin films          140 

7.8. Conclusion         140 

 

Chapter 8 Conclusion and future perspective     142 

8.1. Conclusion          143 

8.2. Future perspective       145 

 

References          146 

List of publications         164 

Conference proceedings        164 

Award           166 

Conferences          166 

 

 

 



17 
 

List of Figures 
 

1.1. Schematic representation of CNTs emerging from graphite (a) graphite comprised of two layers 

of graphene, (b) single layer graphene, (c) SWCNT, and (d) MWCNT. 

 

1.2. Graphene lattice structure with vectors a1 and a2 representing the unit cell. Two carbon atoms in 

the unit cell are represented as A and B. (recreated from [16]). 

 

1.3. The representation of the graphitic lattice vectors a1 and a2 in a graphene sheet, denoting various 

rolling planes that form specific types of SWCNTs. (recreated from [16]). 

 

1.4. Various possible (n, m) values result in different forms of SWCNTs. 

 

1.5. A (9,9) armchair SWCNT structure with representation of the chiral vector (Ch) and translation 

vector (T) [16]. 

 

1.6. (a) Representation of Russian Doll and (b) Scroll / Parchment MWCNTs [22]. 

 

1.7. CNS-model system with highlighting the two curved graphene layers (image courtesy: Benjamin 

et. al. [25]). 

 

1.8. Schematic representation of Y and T junctions [25]. 

 

1.9. Twisted CNT formation [33]. 

 

1.10. Different ways of interaction of photon with CNT. 

 

1.11. Dispersion relation for the 1D electronic energy band structure of (a) a metallic CNT, and (b) a 

semiconducting CNT. At Fermi level, there is a nonzero DOS for metallic CNTs, however, 

undoped semiconducting CNTs exhibit a band gap, resulting in a vanishing DOS near the Fermi 

energy (𝐸𝐹). 

 

1.12. Schematic of DOS in (a) a metallic CNT, (b) a semiconducting SWCNT: sharp maxima as VHS 

and dominant optical absorption/emission indicated by arrows. 

 

2.1.HiPCO process diagram depicting inside chamber reaction. 

 

2.2.Pictorial representation a purification process involving basic steps. 

 

2.3.Flowchart depicting several significant aspects of the functionalization process. 

 

2.4.Pictorial representation of different methods of functionalization. 



18 
 

2.5.Fullerene cap removal and defect generation for an ideal SWCNT during functionalization 

process. 

 

2.6.(a) Covalent and non-covalent functionalization processes description. (b) Absorption via 

covalent and (c) Adsorption via non-covalent bonding mechanism. 

 

2.7.CNT bundle acid treatment (a) Intratube MWCNT depletion by ions (b) Intertube intercalation 

process into bundles leading to graphitic sheets oxidation by axial and longitudinal tearing. 

 

2.8.Molecular pictorial diagram of functionalization and polymer grafting processes of fullerene 

capped ideal SWCNT. 

 

3.1.Configuration of the FTIR spectroscopy instrument (image courtesy: https://www.jasco-

global.com). 

 

3.2.(a) Depicts the XPS experimental setup configuration (image courtesy: https://grimmgroup.net/), 

(b) Presents a fundamental diagram illustrating the principle of XPS (image courtesy: 

https://www.ifw-dresden.de/). 

 

3.3.(a) Illustrates the configuration of the Raman experimental setup 

(imagecourtesy:https://chem.libretexts.org/), while (b) Provides a basic diagram explaining the 

principle of Raman spectroscopy (imagecourtesy:non-invasive glucose sensing with Raman 

spectroscopy, Wei-Chuan Shih et al.). 

 

3.4.(a) Setup configuration for XRD experiment (image courtesy: X-ray diffraction (XRD) of 

nanoencapsulated food ingredients, Seid Reza Falsafi et al.), while (b) Fundamental diagram 

elucidating the principle of XRD (image courtesy: https://wiki.anton-paar.com/). 

 

3.5.Schematic of a typical SEM set up (image courtesy: https://www.technoorg.hu/). 

 

3.6.Experimental configuration for conducting AFM experiment (image courtesy: https://lnf-

wiki.eecs.umich.edu/). 

 

3.7.A schematic representation of the experimental setup of HRTEM with an ion gun (image 

courtesy: in situ transmission electron microscope observation of the formation of fuzzy 

structures on tungsten, M Miyamoto et al.). 

 

3.8.Design of a 150 mm integrating sphere for optical measurements. (image courtesy: 

https://www.mri.psu.edu/). 

 

4.1.Schematic of the purification process. (a) Flow chart depicting the process step by step, and (b) 

pictorial presentation of the oxidative attachment of the functional groups on the side walls of the 

CNTs and the related chemical equations involved during the purification process. 

https://www.jasco-global.com/
https://www.jasco-global.com/
https://www.ifw-dresden.de/
https://wiki.anton-paar.com/
https://www.technoorg.hu/
https://lnf-wiki.eecs.umich.edu/
https://lnf-wiki.eecs.umich.edu/
https://www.mri.psu.edu/


19 
 

4.2.Schematic of cracking of carbon shell surrounding FeNPs by wet oxidation and removal of FeNPs 

and amorphous carbon transforming into a soluble ferric salt after 𝐻𝐶𝑙 treatment. 

 

4.3.Schematic representation of the functionalization and polymer grafting processes. The attachment 

of carboxyl group (−𝐶𝑂𝑂𝐻) after the functionalization, is followed by polymer grafting process 

with hydrocarbon chains, −(𝑀−𝑀)𝑛. 

 

4.4.Schematic representing of different stages of coating process and (b) image of in-situ hand spray 

coating process. 

 

4.5.Flow chart of the work methodology followed in the study. 

 

5.1.FTIR spectra of purified and functionalized samples. Both the spectra are normalized w.r.t. the 

maximum intensity of the purified sample data. 

 

5.2.High resolution XPS spectra (a) 𝐶1𝑠 and (b) 𝑂1𝑠 for purified sample. (c) 𝐶1𝑠, (d) 𝑂1𝑠 for the 

functionalized sample. 

 

5.3.XRD spectrum of the as-prepared sample. 

 

5.4.XRD data of (a) purified, (b) functionalized and (c) coated film. 

 

5.5.Raman spectra of as-prepared HiPCO SWCNT sample representing prominent characteristics of 

RBM and 𝐺 peaks along with low peak feature of 𝐷 band. 

 

5.6.Raman spectra of (a) purified (b) functionalized and (c) coated film. The spectra are normalized 

with respect to the 𝐺 peak of the purified data shown in (a). 

 

5.7.(a) RBM vibrations directed radially outwards and (b) in-plane vibrations of 𝐺-band in SWCNTs. 

 

5.8.𝐷 and 𝐺 mode vibrations in (a) purified, (b) functionalized and (c) coated samples. The intensity 

of the spectra was normalized with respect to the 𝐺 peak of the purified data shown in (a). 

 

5.9.Peak fit of Raman 𝐷 and 𝐺 band of purified, functionalized and coated SWCNT film using 

Lorentz profiles. The intensity of the spectra is normalized w.r.t. the 𝐺 peak of the purified data. 

 

5.10. Peak fit of Raman 𝐷 and 𝐺 band of purified, functionalized and coated film using a 

combination of Lorentz and 𝐵𝑊𝐹 line shapes. The intensity of the spectra is normalized w.r.t. the 

𝐺 peak of the purified data. 

5.11. Lorentz approximated Raman 2𝐷 band of purified, functionalized and coated film. The 

intensity of the spectra is normalized w.r.t. the 𝐺 peak of the purified data. 

 



20 
 

5.12. Low-frequency Raman spectra from (a) functionalized and (b) coated samples. The intensity 

of both spectra was normalized with respect to the 𝐺 peak of the purified data. 

 

6.1.TEM micrographs obtained from the as-prepared SWCNT sample. (a) Shows the large area image 

with bundled networks of SWCNTs. Amorphous carbonaceous particles are marked in (a) using 

arrows. (b) (c) and (d) show clear evidence of SWCNTs (marked with white arrows) within the 

bundled network. Presence of metal nanoparticles are observed as dark spots in (b-d). 

 

6.2.(a) TEM image showing SWCNT strands of varying diameters in purified sample. The regions 

of different diameter periodicities are marked using white rectangles on the image. (b) Shows the 

line profiles taken across each such rectangular region. Diameter periodicity of the SWCNT 

bundles within the rectangles is marked in the profiles. (c) Evidence of SWCNTs in the bundles 

and (d) FFT of the SWCNT bundle shows the hexagonal symmetry of the sp2 hybridized carbon 

atoms. 

 

6.3.TEM investigations of the purified sample. (a) Large-scale image showing sparse bundle network 

of SW and MW CNTs with rare presence of impurity particles. (b) MWCNTs from the marked 

area in (a). (c) Presence of MWCNTs with varying diameters (marked within black squares). (e) 

High-resolution TEM image of an MWCNT with graphitic (002) plane stacking. The (002) layer 

spacing of ~0.34 nm is marked in (e). Inset of (e) is the FFT from the selected area [marked as a 

rectangle in the image]. 

 

6.4.TEM investigations of the purified sample. Gross reduction in catalytic metal nanoparticles after 

a systematic purification process is observed. (a) and (b) Catalytic tearing induced by metal 

nanoparticles in the SWCNT bundles shown by white arrows; (c) curling of SWCNTs; and (d) 

evidence of ring formation. 

 

6.5.(a)–(c) TEM micrographs depicting formation of CNS from GS. (d) Cross-sectional view of CNS 

revealing rolling of GS inside. 

 

6.6.(a and b) Catalyst metal nanoparticle induced axial tearing of CNS. (c) Stress and strain induced 

tearing of CNS. 

 

6.7.(a)-(c) TEM images of merging of SWCNT bundles. (d) Periodicities of the merged SWCNTs. 

 

6.8.The presence of SWCNT bundles (a, b) and MWCNTs (c, d) in the functionalized data. Twisted 

SWCNT bundles can be seen in (a). SWCNTs with enlarged diameter (b). Attachment of 

functional groups is visible as protrusions on the walls of the nanotubes [marked by arrows, (c), 

(d)]. 

 

6.9.TEM micrographs of the functionalized sample. (a) Evidence of GS and CNS. (b) MWCNTs with 

amorphous side walls. (c) Longitudinal exfoliation of SWCNT bundles and formation of `Y’ like 

junctions. (d, e) Nanoscrolls which are short after conducting the functionalization process and 



21 
 

with open-ends [marked with arrow]. Inset in (d) is the FFT of the CNS revealing amorphous 

crystallinity. (f) Twisted MWCNT with a periodicity 25±5 nm. Right panel of (f) shows ‘CNO’ 

like nodes of the twisted structures with a graphitic (002) layer spacing. (g) Statistical weightage 

of different structural components presents in the sample. 

 

6.10. TEM investigations on the coated film. (a) SWCNTs (marked with arrows). (b) Graphitic 

plane stacking in the MWCNTs present in the sample. (c) Large-area image showing the entwined 

MWCNT structures. (d) Formation of CNS from the carbon sheets. 

 

6.11. Pictorial cross-sectional depiction of merging process of the SWCNT bundles during 

purification process. 

 

6.12. Stepwise axial unzipping of CNTs leading to formation of opened GS and rolled CNS 

structures. 
 

7.1.SEM micrographs of purified (a-c), functionalized (d-f) and coated (g-i) samples. The unfused 

edges and open ends of the CNS are marked by arrows in (b) and (c) respectively. A cross-

sectional view of the coated film on the Al substrate is shown in (g) with the thickness marked. 

The cavities formed on the coated film are shown by circles in (i). 

 

7.2.AFM micrographs of the coated film surface. (a, c) show the surface morphology with 

microcavities/holes. (b) 3D projection of surface (a). 

 

7.3.(a) Optical reflectance studies on the as-prepared coated film as well as after subjecting to various 

SEST. (b) The standard deviation of the mean reflectance values after performing SEST w.r.t. the 

as-prepared film. 

 

7.4.Sequential depiction of adhesion test performed on the coated film by using a scotch tape. 

 

7.5.Final assembly of coated vanes for the actual prototype of spacecraft for stray light control 

application. 

 

List of Tables 

7.1.SEST and the spectral properties of the spray-coated sample. Average reflectance values after 

performing SEST remain within the error limit w.r.t. the as-prepared coated film (*). 

 

 

 



22 
 

Abstract 

Research on carbon materials such as carbon nanoscrolls (CNS), graphitic sheets (GS), carbon 

nanotubes (CNTs) etc. based thin films with low light reflectance has received paramount 

importance in order to have high absorber coatings for stray light control applications. CNS, a 

one dimensional (1D) helical form of carbon has received enormous attention recently due to 

their unique structure, superior properties and potential applications. In this work, radial merging 

of high pressure carbon monoxide (HiPCO) single-walled carbon nanotube (SWCNT) bundles 

and emergence of CNS are reported following a reflux action involving wet oxidation, 𝐻𝐶𝑙 wash 

and annealing at 900℃. We also report a successful demonstration of developing stable thin films 

comprised of carbon nanomaterials on the aluminium (Al) substrate which exhibits low 

reflectance of the order of 2-3% in the visible and near-infrared (NIR) spectral band. Changes in 

structural and chemical compositions to the originally procured SWCNT samples have been 

analyzed after each subsequent processing step. Spectroscopy, microscopy and microstructural 

studies demonstrate the emergence of CNS and multi-walled carbon nanotubes (MWCNTs) in 

the samples due to the sequential chemical processing of the sample. Here, a simple solution 

based oxidative route for successful merging and exfoliation of SWCNT bundles and subsequent 

formation of CNS are demonstrated and discussed in view of Fourier transform infrared (FTIR) 

spectroscopy, X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy 

(TEM) studies. TEM and scanning electron microscopy (SEM) studies reveal the formation of 

CNS via curling and folding of the graphene sheets. Microstructural investigations like SEM and 

atomic force microscopy (AFM) confirm the evidence of microcavities and pores on the film 

surface. These cavities and pores contribute significantly to the observed low reflectance value 

of the CNT, CNS compound films by trapping the incident light. Fundamental space 

environmental simulation tests (SEST) performed on the coated films show promising results 

with reflectance values almost unaltered in the visible and NIR spectral band which demonstrate 

the durability of these films as potential candidates to be used in extreme space environmental 

conditions. The paper describes the preparation, characterization, and testing of the blended CNT 

and CNS coatings for low-light scatter applications. Direct evidence of emergence of CNS from 

SWCNTs via synthesis of GS through a simple oxidative is reported for the first time. 
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CHAPTER 1 

 

INTRODUCTION 
 

This chapter discusses the importance of the carbon nanotubes (CNTs) and other low 

dimensional structural derivatives of carbon and provides an overview of the work 

carried out in this thesis. Exceptional properties of carbon nanomaterials which make 

them highly promising for a diverse array of technological applications including stray 

light control space research is addressed. 
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1.1. Overview of literature 

Invention of carbon nanotubes (CNTs) by S. Iijima [1] is one of the most important 

experimental events that has changed the dynamics of the nanomaterials research 

completely, both in fundamental and applied fronts. Currently, CNTs serve human kind 

by providing a range of applications in different fields including biomedical to energy 

storage [2–4]. The first evidence of the existence of CNTs was noticed in 1952, when 

two Russian scientists, L. V. Radushkevich and V. M. Lukyanovich observed clear 

images of carbon nanofilaments of 50 nm diameter [5]. However, this discovery went 

unnoticed as it was published in Russian in a journal with limited circulation. Similar 

studies were also carried out by Bacon et al. [6,7], Howard G. Tennent et al. [8]. In 1991, 

the experimental evidence of multi walled carbon nanotubes (MWCNTs) was observed 

by Japanese scientist, S. Iijima, during his transmission electron microscopy (TEM) 

studies [1]. He defined them as allotropes of carbon with a hollow cylindrical-tube-

shaped structure. Later on, during 1993, Iijima et al. [9], and Bethune et al. [10] 

independently detected single walled carbon nanotubes (SWCNTs). The helical 

arrangement of carbon hexagons in CNTs was studied using electron diffraction by Iijima 

et al. [11]. P. M. Ajayan et al. [12] focused on purification methods of the CNTs and 

introduced various oxidation techniques to make these inert one-dimensional (1D) 

structures active and applicable. Fully collapsed CNTs as ribbons or flatten tubes were 

observed due to localized stress and strain resulting into kinked or twisted structures 

under external mechanical forces [13]. 

Iijima's groundbreaking discovery [1] holds immense significance, as it brought CNTs to 

the forefront of the entire scientific community's attention. Since then, research on CNTs 

has accelerated and have been investigated in diverse fields and areas. The uniqueness of 

these materials resides in their structure-dependent properties, which can be adjusted by 

altering and controlling the architecture either during the synthesis process or through 

post-synthesis methods, depending on specific needs and applications. 
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CNTs, classified in two different forms as single walled (SW) and multi walled (MW), 

are rolled graphene structures comprised of sp2 hybridized hexagonal carbon atom lattice 

known for its significant surface area and very large diameter-to-length aspect ratio [14]. 

 

 

Figure 1.1: Schematic representation of CNTs emerging from graphite (a) graphite comprised of 

two layers of graphene, (b) single layer graphene, (c) SWCNT, and (d) MWCNT. 

 

A SWCNT is a hollow long cylinder of a graphite sheet, whereas a MWCNT is a group 

of coaxial SWCNTs shown in Figure 1.1 [15]. However, in reality, a perfectly formed 

nanotube composed of solely a hexagonal network is unattainable due to the presence of 

pentagonal and heptagonal structures at the points of curvature and bends in the atomic 

arrangement of carbon atoms. The hexagonal network of a nanotube typically consists of 

both three σ and one π orbital structures within the plane [16]. The curvature or turning 

points in the nanotube's configuration cause a redistribution of π-electrons, which 

promotes the rehybridization of σ-π bonds [16]. This, in turn, causes a slight shift of the 

mixed electron cloud out-of-plane, resulting in greater electron delocalization. This 

curvature effect leads to quantum confinement and the formation of capped structures 

over the ends of CNTs, which incorporate topological irregularities like pentagons and 

heptagons within the hexagonal lattice [16]. These enclosed structures confer greater 

mechanical strength and heightened electrical, thermal, chemical, and biological 

reactivity when compared to graphite [15], [17]. 

One of the most coveted applications of CNTs and other graphitic materials is their utility 

as black absorber coatings for stray light mitigation in baffles/vanes, and as traps to 
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blackbodies and thermal detectors. The parasitic background signal, coming from 

numerous sources in any optical devices affects the proper functioning of the component. 

The CNTs and other low dimensional structural hybrids of carbon that are characterized 

by uniform low reflectance over a broad spectral range are considered the best suitable 

candidates for stray light control applications. The nature of the blackest coatings relies 

not only on the intrinsic properties of these structures but also on the morphology, light-

trapping ability, density, thickness and disorder in the coated films. The physics of such 

coatings can be well described by considering a medium with an index near unity so that 

incoming light is not immediately reflected and there is sufficient depth for light photons 

to be absorbed eventually.  

The work presented in this thesis addresses the optical nature of the stable thin film 

coatings comprised of random network of functionalized low dimensional structural 

derivatives of carbon and polymer conjugate for stray light control space applications. 

The optical nature of CNTs and graphene is well studied, however, for sustainable stray 

light control space applications, we required a facile, cost-effective technique to fabricate 

carbon thin film coatings. This was performed by considering high pressure carbon 

monoxide (HiPCO) SWCNTs as a building block to synthesize different carbon 

nanomaterials such as MWCNTs, graphene sheets (GS), carbon nanoscrolls (CNS), 

twisted CNTs and `Y’ and `T’ junctions. We chose SWCNTs over MWCNTs due to the 

fact that SWCNTs consist of just one layer of graphene sheets that is easier for chemical 

modifications and tailoring the properties. MWCNTs with their multiple walls, exhibit 

greater structural stability and as a result, functionalization becomes comparatively 

difficult. Intercalation is mostly employed to bind the functional groups into the 

MWCNTs [18], [19]. That is why we preferred to work with SWCNTs. 

Structure and properties of different carbon nanomaterials are briefly discussed below. 

1.2. Structure 

1.2.1. Graphene 
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Graphene is typically perceived as a two-dimensional (2D) nanostructure, characterized 

by a flat sheet composed of carbon atoms arranged in a hexagonal or honeycomb lattice. 

It serves as the fundamental building block for a range of other carbon allotropes of zero, 

one, and three dimensional (0D, 1D, and 3D). To illustrate, it can be folded into spherical 

fullerenes (0D), rolled into cylindrical CNTs and CNS (1D), or layered to form graphite 

(3D). The molecular arrangement of graphite involves multiple layers of graphene, each 

of which is made up of a hexagonal lattice of sp2 hybridized carbon atoms that are firmly 

bonded together by covalent bonds [16]. The bonds connecting the layers are 

characterized by weak van der Waals (vdWs) forces [16]. 

 

 

Figure 1.2: Graphene lattice structure with vectors a1 and a2 representing the unit cell. Two 

carbon atoms in the unit cell are represented as A and B. (recreated from [16]). 

 

 

The primitive unit cell of graphene consists of two atoms labeled as A and B [Figure 1.2]. 

The lattice vectors of monolayer graphene are defined as the vectors that connect 

equivalent points in neighboring unit cells [16]. Equation 1.1 gives these 2D lattice 

vectors, in terms of the sp2 𝐶 − 𝐶 bond length in graphene 𝑎0 [16]: 

Mathematically, graphene lattice vectors can be defined as  
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𝑎1 = (

√3𝑎

2
𝑎

2

);  𝑎2 = (

√3𝑎

2

−
𝑎

2

)    where     |𝑎1| = |𝑎2| = 𝑎 = √3𝑎0.  (1.1) 

 

The accepted values for the bond length and lattice constant are 𝑎0 = 1.42 Å and 𝑎 =

2.46 Å [16].  

 

 

Figure 1.3: The representation of the graphitic lattice vectors a1 and a2 in a graphene sheet, 

denoting various rolling planes that form specific types of SWCNTs. (recreated from [16]). 

 

 

The reciprocal lattice of a crystalline material can be obtained by taking the Fourier 

transform of its real space lattice [3]. The real space lattice is characterized by its 

periodicity, which is determined by the lattice vectors 𝑎1 and 𝑎2 [Figure 1.3]. On the 

other hand, the reciprocal lattice is characterized by its periodicity, which is determined 

by the reciprocal lattice vectors 𝑏1and 𝑏2 [Equation 1.2], and is expressed in units of 

wave vector 𝑘 [16]. The reciprocal lattice plays a crucial role in dictating the manner in 

which waves and particles with wave-particle duality characteristics propagate through 

materials [16]. 

 

The reciprocal lattice vectors 𝑏1and 𝑏2 for the graphene lattice are defined using the 

relations: 

𝑎1. 𝑏1 = 2𝜋,   𝑎1. 𝑏2 = 0 , etc. 
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Mathematical representation of graphene reciprocal lattice vectors is [16]: 

 

𝑏1 = (

2𝜋

√3𝑎
2𝜋

𝑎

);   𝑏2 = (

2𝜋

√3𝑎

−
2𝜋

𝑎

).   (1.2) 

 
 

1.2.2. CNTs 

CNTs are cylindrical nanostructures of rolled-up graphene sheets. CNTs exist in two 

main forms: SWCNTs, composed of a single cylindrical layer, and MWCNTs (as 

mentioned earlier), consisting of multiple concentric layers. CNTs are renowned for their 

exceptional mechanical strength, high electrical conductivity, and outstanding thermal 

properties [19,20]. 

 

1.2.2.1. SWCNTs 

A SWCNT is defined by a chiral vector (𝐶ℎ) that encircles the nanotube once and is 

perpendicular to its axis. It is an important vector to determine key properties and 

structure of a SWCNT [16]. 
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Figure 1.4: Various possible (n, m) values result in different forms of SWCNTs. 

 

For the graphene lattice forming the tube to be continuous, the 𝐶ℎ must consist of integers 

(𝑛, 𝑚) multiples of the graphene lattice vector 𝑎1 and 𝑎2, as given in Equation (1.1). The 

diameter 𝑑𝑡 of SWCNT can also be attained from the chiral vector 𝐶ℎ [16]. 
 

Relation between the 𝐶ℎ and the 𝑑𝑡 of a SWCNT is given by [16]: 

 

𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2 

 

𝑑𝑡 =
|𝐶ℎ|

𝜋
=

𝑎

𝜋
√𝑛2 + 𝑚2 + 𝑛𝑚 

 

𝑐𝑜𝑠 𝜃 =
𝐶ℎ.𝑎1

|𝐶ℎ||𝑎1|
=

2𝑛+𝑚2

2√𝑛2+𝑚2+𝑛𝑚
 ; 

 

where 𝑛 and 𝑚 are constants. 

𝜃 is the angle between 𝑎1 and 𝐶ℎ. 

Different SWCNTs can be classified based on various 𝑛 and 𝑚 values as [Figure 1.4]: 
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a) Armchair: (𝑛, 𝑛). 

b) Zigzag: (𝑛, 0). 

c) Chiral: (𝑛, 𝑚) where (0 < 𝑚 < 𝑛). 

 

Another lattice vector of a SWCNT is the translation vector, 𝑇 [Figure 1.5], which is the 

shortest vector in the axial direction and runs perpendicular to 𝐶ℎ (i.e., parallel to the 

SWCNT axis). 𝑇 begins and ends on a lattice point, which is an integer multiple of the 

graphene lattice vectors [Equation 1.3] [16]. These integers (𝑛, 𝑚) completely describe 

the structure of the SWCNT [16]. 

 

Mathematically, 𝑇 can be written as: 

𝑇 = 𝑡1𝑎1 + 𝑡2𝑎2  (1.3) where 

 

𝑡1 =
2𝑚 + 𝑛

𝑝
, 𝑡2 = −

2𝑛 + 𝑚

𝑝
𝑎𝑛𝑑 

p is the greatest common divisor of  (2𝑚 + 𝑛) and (2𝑛 + 𝑚). 

 

 

Figure 1.5: A (9,9) armchair SWCNT structure with representation of the chiral vector (Ch) and 

translation vector (T) [16]. 
 

 

1.2.2.2. MWCNTs 
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MWCNTs are elongated, hollow cylindrical nanostructures of many rolled graphene 

sheets. Their diameters range in nm, and they can grow to lengths of several cm, resulting 

in aspect ratios that can vary for a large range. The thickness of MWCNT walls remains 

relatively uniform along their axis, giving rise to a straight inner channel [21]. Accessing 

this channel directly from the outside is hindered because pristine MWCNTs have sealed 

ends in the form of half fullerene spheres. Nevertheless, it is possible to reach this inner 

channel by employing techniques such as oxidation, milling, or ion beam treatment to 

open the nanotube [21]. 

 

 

 

Figure 1.6: (a) Representation of Russian Doll and (b) Scroll / Parchment MWCNTs [22]. 

 

 

MWCNTs can be described by two models: the Russian Doll model [22], where sheets 

of graphene are arranged in concentric cylinders within larger-walled nanotubes [Figure 

1.6(a)] and second is the Parchment or Scroll model [22], which resembles rolling a single 

sheet of graphite around itself, much like rolling a sheet of paper [Figure 1.6(b)]. In 

Russian-doll-like structure, each individual SWCNT forms one of the layers of the 

MWCNT. The separation between these layers, or walls, measures approximately 0.34 

nm, which is slightly larger than the spacing between sheets in graphite i.e., 0.335 nm 
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[23]. A key distinction between MWCNTs and SWCNTs lies in their mechanical 

properties: MWCNTs are characterized as stiff and rod-like structures, whereas SWCNTs 

exhibit flexibility [23]. 

 

1.2.3. CNS 

Though, extensive studies on CNTs have delved to understand these structures better, 

however, certain domains within the realm of carbon nanostructures remain ripe for 

significant research endeavors. An illustrative instance is the study of various properties 

of other low dimensional carbon 1D structures beyond CNTs, e.g., CNS that serve as a 

compelling case in point. This material was first discovered in 2004 [24] and the 

formation involves the rolling of a GS into a scroll-shaped structure. 

 

 

Figure 1.7: CNS-model system with highlighting the two curved graphene layers (image 

courtesy: Benjamin et. al. [25]). 

 

\ 

CNS possesses a critical characteristic that its interlayer spacing precisely matches the 

vdWs diameter of carbon [25,26], measuring 0.34 - 0.367 nm [Figure 1.7], [23], while its 

inner diameter must exceed 1 nm to maintain stability [23]. Difference between 
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parchment model of MWCNT and CNS is in the diameter tunability according to the 

requirement. The inner diameter of a stable MWCNT is usually around 0.4 nm to few nm 

and the outer diameter can be several nm (10 - 20 nm [27]) depending on the number of 

walls in the structure. On the other hand, inner diameter of CNS is 1 nm for stable 

configuration and the outer diameter can vary to several µm [25,28]. For the attachment 

of large functional groups, CNS is more preferable than MWCNTs. 

 

1.2.4. Junctions 

The branch heads or the sidewise-heads of the functionalized CNT bundles are known as 

T and Y junctions [Figure 1.8] or interconnects. These junctions can be fabricated 

through multiple means, such as chemical vapor deposition (CVD), fusion of two 

intersecting nanotubes using a high-temperature electron beam, or by applying irradiation 

techniques to convert neighbouring tubes into a Y or T shaped structure [29,30]. 

 

 

Figure 1.8: Schematic representation of Y and T junctions [25]. 

 

They serve as essential building blocks for advanced quantum and nano-electronic 

devices, enhancing the performance by exploring nanoscale quantum phenomena and 

extending their utility beyond electronics [29,30]. They contribute to fundamental 

research by illuminating nanomaterial behavior at junctions and defects, advancing our 
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understanding of CNTs and inspiring innovative applications in emerging technologies 

[29,30]. 

 

1.2.5. Twisted CNTs 
 

Twisted CNTs represent a compelling avenue of research, as their synthesis, often 

achieved through nitrogen doping, introduces a unique structural twist to the traditional 

CNT arrangement. Nitrogen-rich compounds, commonly used as precursors during 

synthesis or functionalization, induce this twisting effect [Figure 1.9], altering both the 

electrical and mechanical properties of the nanotubes [31–33]. The introduction of 

nitrogen atoms creates localized states in the band structure, influencing electrical 

conductivity, while the twisted structure enhances mechanical flexibility and toughness 

[31–33]. These tailored electronic properties are particularly useful in transistors and 

sensors. The ongoing exploration of the twisted CNTs drive advancements in both 

fundamental understanding and practical utilization [31–33]. 

 
 

 

Figure 1.9: A Twisted CNT [33]. 

 

 

1.3. Properties of carbon nanomaterials 

1.3.1 Graphene and CNTs 
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Graphene's covalent bonding mechanism is such that out of a carbon atom's four valence 

electrons, three participate in forming strong σ-bonds with neighboring atoms, while the 

fourth valence electron contributes to the creation of weak π-bonds between neighbouring 

atoms in the graphene layer [16]. The σ-bonds require enormous energy to break 

contributing to remarkable strength of graphene [16], whereas the electrons in the π-

bonds are weakly bound and are highly mobile through the graphene layer [16]. These 

electrons are accountable for the astonishing electrical properties of graphene [16]. 

However, both the σ-bonds and the π-bonds are covalent bonds [34]. 

CNTs being the sp2 hybridized rolled 1D structures of graphene with high aspect ratio 

and flexible σ and π-bonds that exhibit unique mechanical, electrical, optical and 

chemical characteristics have inspired researchers from various fields to undertake 

thorough investigations. We will discuss below various properties of graphene and CNTs 

briefly. 

 

1.3.1.1. Chemical properties 
 

Graphene’s exceptional chemical stability, characterized by robust C-C bonds, imparts 

resistance to most chemical reactions, acids, and bases. While graphene itself is 

chemically inert, its edges and defects can render highly reactive sites through 

functionalization, enabling tailored modifications and facilitating chemical reactions. 

Tailored graphene is sensitive to gases finding applications in gas sensors, serves as an 

excellent catalyst support, interacts with biological molecules for applications in 

biotechnology, and provides corrosion protection, making it a versatile material with 

diverse industrial and scientific uses [31,35]. Chemical properties of CNTs can vary 

depending on their specific structure, surface functionalization, and the presence of 

defects or impurities. The strong covalent C-C bonds in the hexagonal lattice of graphene 

forming CNTs are highly stable and can withstand harsh chemical conditions without 

breaking or undergoing significant degradation. The delocalized π-electrons in CNTs 

make it difficult for external chemical species to interact with and disrupt the electronic 

structure of CNTs. CNTs exhibit remarkable resistance to oxidation due to sp2 hybridized 



37 
 

carbon atoms that have a strong affinity for electrons, making them less susceptible to 

oxidation reactions. Additionally, the tightly packed carbon hexagons in CNTs hinder the 

diffusion of oxygen molecules, further enhancing their resistance to oxidation [36,37]. 

This property makes them useful for applications such as catalyst supports, sensors, and 

electrodes [36,38,39]. However, challenges remain in controlling and manipulating the 

chemical properties of CNTs for practical applications. 

 

1.3.1.2. Thermal properties 
 

Symmetric lattice structure of graphene allows phonons (vibrations of atomic lattice) to 

move efficiently through it with an impressive thermal conductivity even at ambient 

temperature. In presence of imperfections, graphene becomes a promising material for 

thermal management applications in electronics and nanoelectromechanical systems 

(NEMS). Additionally, 2D nature and light weight single-atom thickness of graphene 

contribute to its exceptional heat dissipation properties, which are crucial in the 

development of advanced thermal materials and nanoscale heat spreaders. CNTs possess 

an exceptionally high thermal conductivity, surpassing all known materials. With a low 

thermal expansion coefficient, they resist thermal stress and shock, making them 

desirable for high-temperature applications [37]. The anisotropic thermal conductivity of 

CNTs enables efficient heat conduction in one direction while blocking it in another, 

which is valuable for thermal interface materials. Their significant diameter-to-length 

ratio facilitates absorption and effective storage of thermal energy [28]. CNTs are 

efficient conductors of heat along their length and can display thermal rectification 

behavior. With high thermal stability and unique electronic structure, CNTs act as good 

catalysts for thermal reactions, including energy conversion and storage. They are being 

researched for high-performance thermoelectric devices, converting waste heat into 

electricity, enhancing energy efficiency [40]. 

 

1.3.1.3. Mechanical properties  
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Due to strong C-C bonds, graphene possesses 100 times more tensile strength than steel, 

exceptional mechanical properties, ranking them among the strongest materials. 

Graphene is incredibly stiff and light weight due to its one-atom thick configuration 

which is ideal for strengthening any composites. It also exhibits impressive flexibility 

and elasticity, rebounding after deformation, enabling applications like flexible 

electronics. The Young's modulus of 11 CNTs showed an average value of 1.8 𝑇𝑃𝑎 [32] 

with the lowest value recorded as 0.40 𝑇𝑃𝑎, while the highest value as 4.15 𝑇𝑃𝑎 [32], 

[41]. As a results, the Young's modulus of CNTs is comparable to that of graphite ~ 1 

𝑇𝑃𝑎 and can potentially be even higher, especially for small SWCNTs [42]. CNTs also 

exhibit exceptional resistance to deformation when subjected to an external force with a 

stiffness of ~1 𝑇𝑃𝑎 [41,43,44]. With such high stiffness, CNTs have the ability to undergo 

elastic deformation and return to their original shape once the load is removed. This 

unique property, known as resilience, makes CNTs valuable in applications where 

flexibility and durability are of crucial considerations. CNTs can be incorporated into 

composite materials to enhance their strength, stiffness, and durability. Their exceptional 

stiffness allows for the development of lightweight yet strong structures and their 

resilience ensures that the materials can withstand cyclic loading without compromising 

on performance and ensuring longevity and reliability of the systems. Bending strength 

of MWCNTs with a larger diameter reveals an average value of 14.2 ± 0.8 𝐺𝑃𝑎 

[36,41,45–48] which is considerably higher than the standard bending strength of 1 𝐺𝑃𝑎 

observed in graphite fibers [49]. The remarkable bending strength of CNTs is attributed 

to their exceptional flexibility with useful applications in NEMS [36,43]. Also, high 

fracture toughness can resist crack propagation and fracture, indicating substantial 

enhancements in fracture toughness, ranging from 50% to 200%, when compared to the 

matrix material [36,43]. These improvements are observed for moderate CNT volume 

fractions ranging from 1% to 10% [50] for uses where resistance to impact or mechanical 

damage is important [36,43]. The integration of these mechanical characteristics renders 

CNTs an excellent material choice for high-performance composite applications, energy 

storage devices, and sensors. 



39 
 

1.3.1.4. Electrical properties 
 

Pristine graphene possess efficient electron transport via ballistic phenomena in which 

electrons can travel long distances without scattering. It is due to the absence of 

impurities and the strong C-C bonds in the lattice of graphene [15]. Additionally, 

graphene is a promising candidate for quantum hall conductivity applications. The 

electrical conductivity of CNTs can vary depending on their structure, purity, and 

alignment. Individual CNTs have demonstrated remarkable conductivities, reaching 

levels as high as 108 𝑆/𝑚 [50]. This surpasses the conductivity of standard metallic 

conductors such as copper (𝐶𝑢), which typically has a conductivity of 5.8 ×  107 𝑆/𝑚 

[51]. CNTs can be either metallic or semiconducting depending on their chirality. 

Semiconducting nanotubes have a bandgap that allows them to act as electronic switches 

[51], similar to the behavior of conventional semiconductor materials such as silicon. The 

electrical conductivity of SWCNTs ranges from 102 to 106 𝑆/𝑐𝑚, while MWCNTs 

typically exhibit conductivities of 103 to 105 𝑆/𝑐𝑚 [52]. Electrical conductance of CNTs 

can be altered by defects or impurities, doping (intentional introduction of foreign atoms), 

and the degree of CNT bundling and temperature, with CNTs often exhibiting lower 

conductivity at higher temperatures due to increased thermal vibrations. 

Overall, graphene and CNTs possess excellent electrical properties, and their unique 

combination of high conductivity, mechanical strength, and low weight makes them 

promising materials for various electronic and electrical applications such as electrostatic 

discharge [53], electromagnetic interference prevention [40], transistors, interconnects 

and sensors etc. [54–57]. However, challenges remain in scaling up the production of 

graphene and CNTs and integrating them into practical electronic devices. 

 

1.3.1.5. Optical properties 
 

Optical properties of graphene are exceptional owing to 2D hexagonal lattice structure. 

It is almost completely transparent, absorbing only about 2.3% of visible (Vis) light, 

remaining highly transparent in the Vis spectrum. However, it is a strong absorber of light 
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in the ultraviolet (UV) and near-infrared (NIR) regions. This tunable absorption across a 

wide range of wavelengths makes graphene valuable for applications like photodetectors 

and modulators. 

 

 

Figure 1.10: Different ways of interaction of photon with CNT. 

 

Moreover, graphene exhibits a pronounced optical 𝐾𝑒𝑟𝑟 effect, which means it can alter 

the refractive index of a material in response to intense light, enabling applications in 

nonlinear optics for signal processing and ultrafast laser technologies. When a photon 

interacts with a CNT, several processes can occur e.g., absorption, reflection, 

transmission, scattering, radiative and non-radiative processes [Figure 1.10] etc., 

however, it's essential to acknowledge that the particular interaction of photons with 

CNTs may differ based on their structure, diameter, chirality, and the energy of the 

incident photons. Experimental techniques and theoretical models are used to study and 

characterize these interactions in detail.  

 

Absorption 

If the energy of the incoming photon aligns with the energy gap between electronic 

energy levels within the CNT, absorption can occur, causing an electron transition from 

a lower energy state to a higher one. The dispersion relation [Figure 1.11] plays a crucial 
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role in understanding the absorption properties of CNTs by determining the allowed 

transitions between the valence and conduction bands [58] which is influenced by the 

chirality indices (n, m) and the related electronic properties [58]. 

 
 

 

 

Figure 1.11: Dispersion relation for the 1D electronic energy band structure of (a) a metallic 

CNT, and (b) a semiconducting CNT. At Fermi level, there is a nonzero DOS for metallic CNTs, 

however, undoped semiconducting CNTs exhibit a band gap, resulting in a vanishing DOS near 

the Fermi energy (𝐸𝐹). 

 

 

Metallic CNTs exhibit a linear dispersion relation near the Fermi level, while 

semiconducting CNTs have a finite bandgap [Figure 1.11(a, b)]. Absorption spectra in 

CNTs can be tailored by selecting the appropriate chirality (n, m) and bandgap [58], as 

well as the wavelength of the incident light. Presence of Van Hove singularities (VHS) 

arising from the quantized energy levels of electrons and holes in the density of states 

(DOS) of 1D CNTs enhance the absorption of photons at specific energies [58]. CNTs 

can absorb light across a wide spectral range, from UV-Vis-NIR and different electronic 

transitions can be possible according to the selection rule [59,60] depending on the 

chirality indices (n, m) of the nanotube. The key selection rule for CNTs is the 

conservation of the axial momentum component, ∆𝑘 = 𝑘 − 𝑘′, where 𝑘 and 𝑘′ are the 
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wave vectors of the initial and final states, respectively [59,60]. The transitions that 

satisfy this momentum conservation are only allowed. 

 

 

 

Figure 1.12: Schematic of DOS in (a) a metallic CNT, (b) a semiconducting SWCNT: sharp 

maxima as VHS and dominant optical absorption/emission indicated by arrows. 

 

 

Figure 1.12 illustrates the potential electronic transitions from the valence band to the 

conduction band, along with the corresponding energy level assignments. For example, 

the transition from the valence band (v1) to the conduction band (c1) is represented by 

E11. Similarly, E22 and E33 indicate the second and third level electronic transitions, 

respectively. Also, doping or functionalization of the CNTs affect the absorption 

properties by altering the electronic structure and energy levels [58]. This has 

implications for various applications, including photovoltaics, photodetectors, and 

optical sensors [59–63]. Understanding and controlling the absorption properties of CNTs 

are crucial for harnessing their potential in various optoelectronic applications. 

 

Reflection 
 

CNTs can exhibit both specular and diffuse reflection depending on incident angle, 

wavelength of light, and surface characteristics of the nanotubes. In general, CNTs have 

a low reflectance in the Vis and near NIR regions due to their high absorption coefficient 
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[64]. The reflection behavior of CNTs can be further influenced by their alignment and 

orientation. Aligned arrays of vertically aligned CNTs, for example, tend to exhibit low 

reflectance due to enhanced light trapping and multiple scattering within the nanotube 

forest structure [65]. Additionally, surface modifications by introducing functional 

groups or coatings onto the CNT surface can alter the surface roughness and refractive 

index, leading to changes in the reflection characteristics. The presence of defects, 

impurities, or structural disorders within the nanotubes introduce scattering, potentially 

influencing the reflectance behavior of CNTs. For stray light control light applications, 

it is desirable to make CNT based films with high absorbance i.e., low reflectance. 

 

Transmission  
 

Depending on the wavelength and energy of the incident photons, some photons can pass 

through the CNTs and emerge on the other side when the photon energy is below the 

bandgap of the nanotube. CNTs can be transparent to light from Vis to NIR regions. The 

transparency is particularly prominent for SWCNTs with small diameters [58] owing to 

their larger energy gap between the electronic energy levels [58]. As the diameter 

increases, the energy gap decreases, leading to reduced transparency and increased 

absorption. Longer and aligned CNT arrays can enhance the optical transmission 

properties [65] by providing a larger path length for light transmission and reducing the 

chance of absorption or scattering. Aligned arrays can facilitate the transmission of light 

through the ordered nanotube structure, minimizing the scattering and maximizing the 

transmission efficiency [65]. The optical transmission of CNTs can be modified by 

defects, surface coatings or functionalization. Coatings or functional groups can alter the 

refractive index or surface roughness, influencing the transmission properties [65]. 

Additionally, presence of defects and functionalization can introduce absorption or 

scattering centers that can affect the overall transmission behavior. 
 

 

Scattering 
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Scattering in CNTs refers to the process by which incident photons or other particles 

interact with the nanotubes and undergo a change in direction, energy, or momentum. 

Scattering phenomena in CNTs play a significant role in determining their optical, 

electrical, and thermal properties. Rayleigh scattering occurs when incident photons 

interact with CNTs and scatter without a change in wavelength. It is the predominant 

scattering mechanism in CNTs for photons with energies much lower than the electronic 

bandgap. Rayleigh scattering is responsible for the weak scattering of Vis and NIR light 

in CNTs. Raman scattering serves as a potent spectroscopic approach utilized for the 

examination of vibrational modes and structural properties of CNTs [54]. When photons 

interact with CNTs, they induce Raman scattering, resulting in the emission of photons 

with different energies (wavelengths). Phonon scattering involves the interaction of 

incident particles, such as electrons or photons, with phonons (vibrational modes) in 

CNTs [54]. Phonon scattering determines the thermal conductivity of CNTs. Various 

scattering mechanisms, such as 𝑈𝑚𝑘𝑙𝑎𝑝𝑝 scattering and boundary scattering, can 

contribute to the reduction of thermal conductivity in CNTs [54]. The presence of 

impurities, defects, or structural disorders in CNTs can introduce scattering centers, 

leading to the scattering of incident particles. Impurity and defect scattering can affect 

the electrical conductivity, carrier mobility, and optical properties of CNTs. Electron-

phonon scattering involves the scattering of electrons by phonons in CNTs [55] which 

plays a crucial role in determining the electrical conductivity and carrier mobility in 

CNTs [55]. Understanding and controlling scattering mechanisms in CNTs provide 

valuable insights into the fundamental properties and behavior of CNTs, enabling their 

optimization for specific applications. For instance, in optoelectronic devices, 

minimizing scattering can enhance the efficiency of light absorption and emission. 

 

Photoluminescence  
 

Photoluminescence (PL) properties of CNTs depend on structural characteristics 

(diameter, chirality, defects) and the environment and it is the characteristic of the 

semiconducting CNTs. Excitons (electron-hole pairs) are formed in CNTs due to their 
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1D structure and vanishing DOS near band edges. Different chiralities emit light at 

various wavelengths from UV to NIR. The precise determination of optical transition 

energies, such as E11 and E22, for a diverse set of identified SWCNTs [56], has posed 

challenges to theoretical models of nanotube electronic structure. Defects in the CNTs 

create additional electronic states within the bandgap and modify the emission. PL 

quantum yield varies due to defect levels, environmental interactions through 

temperature, pressure etc., and excitation conditions and finds applications in 

optoelectronics, sensors, and bioimaging [49,51,57–59,66]. 

Overall, CNTs possess a very distinctive optical nature that define them highly 

captivating for numerous applications in the field of optics and photonics. Nonetheless, 

there are still hurdles to overcome in terms of effectively controlling and optimizing the 

properties for practical uses. 

 

1.3.2. CNS, Junctions and other twisted structures 
 

The characteristics of CNS closely resemble those of CNTs in most aspects, with the 

exception being their response to axial compression and torsion. Under these conditions, 

CNS tend to be more vulnerable to bending. The primary distinction between CNS and 

CNT lies in their structural topology, with CNS exhibiting an open-end topology, 

whereas CNTs having closed-end topology [27]. The Young's modulus for armchair CNS 

converges at approximately 1042 𝐺𝑃𝑎, whereas for zigzag CNS, it converges to around 

1036 𝐺𝑃𝑎 [25]. The orientation of the hexagonal rings concerning the direction of the 

applied load can inherently impact the results since deformation is reliant on orientation. 

CNS contributes in opto-electronic applications immensely in a similar way of CNTs. In 

the UV-Vis range, CNS display higher absorbance due to their significant curvature in 

comparison to CNTs and amorphous carbon sheets. Within the spectral range of 

approximately 300 nm (4.13 eV) to 800 nm (1.55 eV), CNS exhibits nearly twice the 

absorbance of CNTs and amorphous carbon layers, while maintaining consistent 

reflectivity [67]. Calculated reflectivity and refractive index curves further reveal a 

shared spectral profile among CNS, CNTs, and carbon sheets across the UV-Vis-NIR 



46 
 

range, with the majority of incident light absorption occurring between 1240 nm (1 eV) 

and 310 nm (4 eV) [68] 

T / Y junctions are majorly found in the modified or functionalized CNTs due to 

attachment of oxygen rich functional groups, e.g., hydroxyl, carboxyl, epoxy etc. that 

increase the dispersion of CNTs and make these junctions. Their unique structure, 

electronic and optical properties are pivotal in nanotechnology and materials science, 

offering tunable absorption and emission spectra upon excitation, making them versatile 

for custom nanophotonic and light-emitting devices. The electrical properties of the 

junctions are highly tunable according to the extent of functionalization of the CNTs and 

the polymer grafting of these interconnects provide good adhesion applications [29,68]. 

 
 

1.4. Importance of carbon nanomaterials for space 

research and applications 

Carbon nanomaterials such as CNTs, GS, CNS, twisted CNTs and junctions have 

generated significant interest, playing a vital role in reducing reflection and enhancing 

light absorption in adverse space environments for spacecraft applications. Their 

exceptional light-absorbing properties span across a wide range of wavelengths, 

including UV to infrared (IR) regions, which is very effective for absorbing incident 

radiation in space [22,64,65]. With large surface area and unique electronic structures, 

CNTs and CNS enable efficient light absorption, minimizing reflection and scattering 

and enhancing the darkness of the coated films. This results in low reflectance values, 

ensuring minimal reflection of the incident light and thereby improved light absorption, 

which is crucial for minimizing stray light in spacecraft settings [22,64,65]. These 

coatings can be applied to various spacecraft substrates, including metals, polymers, and 

ceramics, using different synthesis and deposition techniques. This kind of flexibility 

ensures compatibility and adaptability in diverse spacecraft components [22,64,65]. 

Moreover, carbon nanomaterials like CNTs exhibit excellent thermal stability and their 
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optical properties remain intact even under the extreme temperature conditions in space 

[22,64,65] ensuring long-term reliable performance. 

These paintings can be used for solar energy harvesting, for thermal management and 

sensing, for aerospace applications and in optical devices, that contribute to improved 

scientific observations, accurate measurements, and protection of sensitive onboard 

components by reducing unwanted reflections and enhancing overall performance of 

various optical systems and instruments [22,64,65]. Fabrication of lightweight and strong 

composites is possible due to high strength-to-weight ratio that can also sustain in high 

temperatures [69]. By harnessing the light-absorbing capabilities of low dimensional 

structural hybrids of carbon, researchers and engineers are constantly working to develop 

efficient and customizable coatings for a wide range of practical uses. 

 

1.5. Conclusion 

In this chapter, we have given a general overview on the structure and properties of 

different low dimensional structural hybrids of carbon. Research on carbon nanomaterials 

and stray light control applications have withstand a remarkable progress; however, many 

challenges need to be addressed before their full potential can be practically realized. 

These challenges include improving the scalability of production methods, enhancing the 

purity of the material, and developing efficient ways of integrating them into devices. 
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CHAPTER 2 

Experimental Methods  

This chapter discusses the production, purification, functionalization and polymer 

grafting process of the CNTs. After giving a general introduction, we discuss the HiPCO 

process, purification, and functionalization followed by fabrication of stable composite 

thin film coatings comprised of low dimensional structural hybrids of carbon. This was 

achieved by using an appropriate solvent and binder via grafting polymer onto the 

functionalized carbon structures that involved inter- and intra- tube intercalation of 

CNTs by different functional groups and ions. 
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2.1. Introduction 

There are several techniques available for production of SWCNTs, including arc 

discharge (AD), laser ablation (LA), CVD, and HiPCO dissociation etc. Iijima employed 

the AD method to produce MWCNTs which involved generating an AC plasma arc 

between two graphite electrodes at high temperatures of around 3000-4000°C in an inert 

atmosphere, causing the sublimation of carbon [1]. The sublimated graphite containing 

CNTs is then deposited on the negative electrode, as well as on the walls of the chamber 

where the process is carried out [1]. These structures turned out to be MWCNTs, which 

he described in his groundbreaking 1991 Nature paper [1]. In order to obtain SWCNTs, 

the electrodes were doped with catalyst particles such as Ni-Co, Co-Y, or Ni-Y 

[10,70,71]. The resulting CNTs in the product are typically intertwined and have varying 

lengths [10,70,71]. This research played a pivotal role in popularizing CNTs and 

establishing their significance across various scientific and technological domains. 

Later Guo et al. [72,73] used the LA technique for CNT production in 1995. In this 

process, a high-power laser was used to vaporize carbon from a graphite target containing 

1.2% of Co/Ni with 98.8% of graphite component at 1200°C in a quartz tube furnace 

under an argon (Ar) atmosphere (~500 Torr) [72,73]. Metal particles are added to the 

graphite targets as catalysts to generate SWCNTs, similar to the AD technique. The 

quantity and quality of CNTs produced are controlled by many factors, such as the 

amount and type of catalysts, laser power and wavelength, temperature, pressure, type of 

inert gases, and fluid dynamics near the carbon target [72,73]. Ar is used as a carrier gas 

to transport the vapors from the high-temperature chamber into a cooled collector 

positioned downstream [72,73]. The nanotubes self-assemble from the carbon vapors and 

condense on the walls of the flow tube. This method is effective in producing both 

MWCNTs and SWCNTs, with SWCNTs having a diameter distribution of about 1.0-1.6 

nm. The purity of CNTs produced through this method is approximately 90%, which is 

higher than that produced by the AD method. 

While AD and LA methods played important roles in the early discovery and exploration 

of CNTs, CVD has emerged as a preferred method for large-scale production, control 
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over CNT properties, high purity, and compatibility with various applications and 

deposition techniques. This makes CVD highly significant for industrial applications and 

diverse scientific and technological fields. CVD process involves the removal of all 

moisture-containing gases from the furnace chamber to prevent oxidation reactions, 

followed by purging of hydrocarbon precursor gases along with an inert gas such as 

helium (He) or Ar [74,75]. The furnace is then heated to a temperature range of 

approximately 600-1200°C to vaporize and decompose the gases, resulting in the reaction 

between the reactive species from the gases and the catalyst, which produces the 

deposition of nanotubes on the substrate [74,75]. 

Additionally, HiPCO process is mainly used for the production of SWCNTs, which is a 

specialized form of CVD holding significant advantages over conventional CVD 

techniques. This method also allows for precise control over the length and diameter of 

the CNTs, enabling tailored properties for specific uses with large-scale CNT production. 

It is compatible with different carbon feedstocks, offering versatility in precursor 

materials and expanding the possibilities for synthesizing CNTs with desired 

characteristics. Since, our work relies on the HiPCO SWCNTs, it requires a more 

comprehensive discussion. 

 

2.2. HiPCO technique of SWCNT production 
 

The HiPCO technique is a gas-phase method for synthesizing SWCNTs with high-yield 

that was developed at Rice University in the early 1990s [76,77]. Under high-pressure 

(30-50 atm) and high-temperature (900-1100℃), SWCNTs are grown in the presence of 

iron nanoparticles (FeNPs) and a flow of carbon monoxide (𝐶𝑂) gas. The FeNPs react 

with the 𝐶𝑂 gas to form iron pentacarbonyl [𝐹𝑒(𝐶𝑂)5] in the reaction zone of the 

chamber [77]. Upon heating, [𝐹𝑒(𝐶𝑂)5] decomposes, which condense into large 

catalytic Fe clusters that act as nucleation sites for the growth of SWCNTs [76,78] 

[Figure 2.1]. The growth process is governed by gas-phase 𝐶𝑂 disproportionation, 
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involving the redox reaction of a chemical equilibrium mixture of 𝐶𝑂 and carbon dioxide 

(𝐶𝑂2) at a given temperature. 

 

 
 

 

Figure 2.1: HiPCO process diagram depicting inside chamber reaction. 

 

 

This is known as the Boudouard reaction [Equation 2.1] [77]. This disproportionation of 

𝐶𝑂 leads to the formation of 𝐶𝑂2 and SWCNTs. 

 

𝐶𝑂(𝑔) + 𝐶𝑂(𝑔) → 𝐶𝑂2(𝑔) + 𝐶𝑆𝑊𝐶𝑁𝑇(𝑠)  (2.1)  

 
 

2.2.1. Merits of HiPCO 
 

The production of SWCNTs using HiPCO is currently a popular method due to its high yield 

offering several merits that contribute to its popularity and effectiveness. The resulting product 

in this process is a mixture of metallic and semi-metallic SWCNTs. There are several 

advantages of the HiPCO process that doesn't rely on pre-made catalyst particles, unlike other 

CVD techniques [76,78]. The main advantages of HiPCO process are briefly discussed below. 

 

2.2.1.1. Purity 

The carbon source used in this process is a high-purity 𝐶𝑂 gas source, which ensures minimal 

impurities in the resulting nanotubes [79]. This is crucial for many applications where 

impurities can adversely affect the desired properties and performance of SWCNTs. 

 

2.2.1.2. Yield 
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The HiPCO method can generate a large quantity of nanotubes within a short span of time [80]. 

The high yield is desirable for industrial-scale production and commercial applications that 

require a substantial supply of SWCNTs. 

 

2.2.1.3. Length and diameter control 

One can easily control the length and diameter distribution of SWCNTs in this process by 

adjusting the reaction parameters, such as temperature, pressure, and catalyst composition. It is 

possible to manipulate the growth kinetics and control the resulting nanotube dimensions [81]. 

This control is valuable for tailoring the properties of SWCNTs to meet specific application 

requirements. 

 

2.2.1.4. Catalyst versatility 

The HiPCO method utilizes a variety of catalysts to facilitate the growth of SWCNTs. Transition 

metal catalysts like Fe, Co and Ni can be employed to achieve different types of SWCNTs 

(metallic or semiconducting) with specific electronic properties depending on the desired 

application requirements [82]. 

 

2.2.1.5. Scalability  

The HiPCO method is scalable, meaning it can be readily adapted for large-scale production. 

The process can be conducted in a continuous-flow reactor system, enabling the synthesis of 

SWCNTs in significant quantities [76] which is crucial for meeting the demand of SWCNTs in 

industrial applications. 

 

2.2.1.6. Compatibility with functionalization 
 

SWCNTs produced by HiPCO are compatible with post-synthesis functionalization. The 

resulting nanotubes have open ends and defects, making them more reactive and flexible to 

chemical modifications [82]. Functionalization allows for the introduction of various functional 

groups, enabling tailored properties and facilitating integration into specific applications. 
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2.2.1.7. Aspect ratio 
 

A high aspect ratio (length-to-diameter ratio) [83] of HiPCO SWCNTs is very useful for 

reinforcing composite materials, providing enhanced mechanical strength and stiffness to the 

composite structure [82]. 
 

These advantages make the HiPCO method a valuable technique for generating SWCNTs with 

diameter ranging from 0.7-1.2 nm for applications in electronics, energy storage, sensing, and 

nanocomposites [78,84]. Nonetheless, the practical use of the as-synthesized SWCNTs in 

devices is often challenging due to the presence of amorphous carbon impurities and metal 

catalyst particles, which necessitate a post-synthesis purification process. Additionally, when 

subjected to heat treatment, SWCNTs with similar chiral angles experience a gradual increase 

in diameter as a result of merging into a larger tube [85,86]. 

 
 

2.3. Purification 
 
 

2.3.1. Importance of purification 
 

Typically, raw SWCNTs obtained from various synthesis methods tend to form 

aggregates and are held together by vdWs forces [87], resulting in bundled tubes with 

varying diameters and chiralities, each exhibiting diverse properties [88]. As a result, 

these bundles or agglomerates have poor dispersibility in solvents and matrices [89]. 

Also, attachment of residual catalyst particles to the nanotubes, as well as production of 

amorphous carbonaceous materials during the synthesis process potentially impact the 

properties and performance of the HiPCO SWCNTs [90]. Purification techniques 

involving acid treatment and thermal oxidation effectively remove these catalyst residues 

and eliminate amorphous carbon, leading to a clean and pure CNT product [91,92]. 

Sonication or surfactant treatment during purification can help disperse and separate the 

CNTs, and thus improving their integration into applications [93]. Purification via 

selective functionalization or centrifugation can be employed to separate and isolate 

specific nanotube entities [89], as well as to transform CNTs into other low dimensional 
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carbon structures [94]. After purification, these CNTs have improved purity, better-

defined properties, and enhanced compatibility for the target applications [84,94]. 

 

2.3.2. Different approaches of purification 
 
 

The purification process involves a series of thermal and acid wash steps. During the 

thermal treatment, carbon shells are oxidized to produce 𝐶𝑂2 and the metallic particles 

form oxides [95]. The oxides are then removed by acid wash that transforms them into 

corresponding salts. Salts are drained by multiple deionized (DI) water wash. 

There are three primary techniques for the purification of SWCNTs: (a) physical 

separation, (b) liquid-phase oxidation, and (c) gas-phase oxidation. Physical separation 

involves the use of various dispersion techniques to suspend SWCNTs in a surfactant-

based solution and then separate them through filtration, centrifugation, or 

chromatography [95]. However, this method is not suitable for the purification of large 

SWCNT aggregates [95]. Liquid-phase oxidation involves the treatment of raw soot 

samples with strong oxidative agents such as 𝐻𝐶𝐿, 𝐻2𝑂2/𝐻𝐶𝑙, 𝐻𝑁𝑂3, 𝐻𝑁𝑂3/𝐻2𝑆𝑂4, 

and 𝐾𝑀𝑛𝑂4, 𝐻𝑁𝑂3/𝐻2𝑆𝑂4/𝐻2𝑂2  [80,96]. The selection of oxidative agents depends on 

the metal impurities present in the as-prepared sample. However, acid treatments can 

cause partial destruction of SWCNT structures, with oxygen-containing functionalities 

attaching to the defective sites on the outer walls [80,96]. Gas-phase oxidation is another 

method that is used to remove amorphous carbon impurities at high temperatures in the 

presence of different gaseous oxidizing agents, such as air, 𝐶𝑂2, 𝐻2𝑂 vapor, ozone, 𝐻2𝑆, 

and 𝐶𝑙2/ 𝐻2 [95]. This method is more controllable than liquid-phase oxidation and is 

more effective at removing amorphous carbon impurities. Surface oxides are formed by 

accommodating oxygen atoms at the free edges of the sp2 hybridized graphene sheets, 

stabilizing the dangling bonds in SWCNTs [97]. Liu et al. [98] have reported a multi-step 

purification process for SWCNTs produced by catalytic CVD method. The process 

involves three key steps, beginning with the reflux of 𝐻𝑁𝑂3 to remove MWCNT 

impurities. This is followed by ultrasonication with a (𝑁𝐻4)2𝑆2𝑂2/ 𝐻2𝑆𝑂4 solution to 
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obtain length-controlled SWCNTs, and finally a high-temperature 𝑁𝐻3 treatment to 

successfully restore the SWCNT structure [98]. 

 
 

2.3.2.1. Purification process for HiPCO SWCNTs 
 

The oxidative chemical purification method is commonly used for the HiPCO SWCNTs, 

resulting highly pure SWCNT networks with only around 0.3% Fe impurities compared 

to the as-prepared sample which usually contains more than 20% of Fe impurities [78]. 

However, this purification process may significantly alter the CNT structure by 

unraveling or chopping of the tubes into smaller segments [81,99–101]. To remove 

carbonaceous contaminants, various oxidative processes like gas phase reactions or 

thermal annealing in air or oxygen are used, while acid treatments are used to eliminate 

catalyst particles [102,103]. A general flow chart of the purification process is shown in 

Figure 2.2.  

 

 
 

Figure 2.2: Pictorial representation a purification process involving basic steps. 
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Mackeyev et al. [104] have presented a novel method for purifying HiPCO SWCNTs 

contaminated with Fe catalyst impurities, which involves the use of liquid bromine as an 

oxidizing agent. This method has shown a ten-fold increase in nanotube purity without 

causing significant damage to the SWCNTs shown by NIR-PL and absorbance 

measurements [104]. The bromine ions interact with the SWCNTs, oxidize the metallic 

Fe impurities to their corresponding bromide salts which are then washed away with 

diluted 𝐻𝐶𝑙 [104]. The resulting iron content in the purified sample remains between 2.8-

3.6% by weight [104], but an additional purification step involving 𝐻𝐶𝑙/𝐻𝑁𝑂3 wash 

further reduces it to 1.6-1.8% [104]. 

Hu et al. [105] reported a comprehensive assessment of the purification process for 

electric arc-generated SWCNTs, utilizing 𝐻𝑁𝑂3 treatment. 𝐻𝑁𝑂3 being a potent 

oxidizing agent, efficiently dissolved the metal catalyst of the SWCNTs [105], attacked 

amorphous carbon, intercalated SWCNTs, and disrupted large SWCNT bundles, at the 

cost of significant structural destruction [105]. Purification process for as-grown soot of 

SWCNTs produced by AC method was performed using microwave, followed by acid 

treatments [106]. The most favorable outcomes were attained for the air-oxidized (350°C 

for 1 hour) and 3M 𝐻𝑁𝑂3 acid-treated sample (100°C for 1 hour) [106]. There are also 

reports on heat treatment of SWCNTs [85,86] to manipulate their structure by reducing 

strain energy [107]. 

 

2.4. Functionalization 
 

CNTs do not readily interact with other atoms or molecules in their bare state due to π-

electron cloud which is undistorted. However, when the π-electron cloud is distorted due 

to formation of defects or dislocations via chemical reactions, functional groups can be 

attached to the outer walls or ends of the CNTs, making them suitable for specific 

applications. This process is known as functionalization. However, the insolubility of as-

prepared CNTs in water or organic solvents has posed challenges to functionalization 

[108]. 
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As a result, functionalization of CNTs is of significant importance due to its ability to 

modify the surface properties and to enhance the interaction of CNTs with other materials 

or environments which are otherwise inherently insoluble in most solvents. 

Functionalization allows introduction of various functional groups or molecules on the 

CNT surface, improve their solubility, promote dispersion in different matrices, such as 

polymers, metals, or composites and facilitate processing and integration of CNTs for 

various applications [109]. By introducing compatible functional groups by covalent or 

non-covalent interactions, functionalization helps in enhancing the interfacial adhesion 

between CNTs and the surrounding matrix or other materials leading to stronger bonding 

and improved load transfer between CNTs and the matrix [110]. This is particularly 

important for applications that require high mechanical strength or electrical 

conductivity. Also, the electronic, optical, and chemical properties of CNTs can be tuned 

by attaching different functional groups, for example, altering the bandgap of 

semiconducting CNTs [36]. Functionalization also enables integration of CNTs into 

biological systems allowing interactions with biological molecules, cells, or tissues [111]. 

This opens up possibilities for biomedical applications like drug delivery, bioimaging, 

biosensing, and tissue engineering etc. [111]. Functionalized CNTs have also shown 

promise in areas such as water purification, gas sensing, and catalysis [36] by selectively 

adsorbing or reacting with specific pollutants, facilitating their removal from water or air 

[112]. Also, stability and oxidation resistance of CNTs can be improved by introducing 

protective functional groups or coatings to make them more resistant to environmental 

factors, such as oxidation, moisture, or temperature, thereby extending their lifespan and 

improving their durability [28]. 
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Figure 2.3: Flowchart depicting several significant aspects of the functionalization process. 

 

 

Hence, functionalization plays a crucial role in tailoring the properties of CNTs, 

improving processability, compatibility with other materials as shown in Figure 2.3, and 

enabling a wide range of applications across various fields as discussed above [108]. 

 
 

2.4.1. Different functionalization processes 

Functionalization can be achieved through various processes, namely covalent bonding, 

non-covalent interactions, endohedral filling, and functionalization through intercalation 

[Figure 2.4] [113]. 
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Figure 2.4: Pictorial representation of different methods of functionalization. 

 

 

2.4.1.1. Covalent 
 

Covalent functionalization involves attachment of chemical entities to the tubular 

structure of CNTs via covalent bonds, where at least one pair of electrons is shared 

between the CNT and the introduced chemical entity [113]. It mainly occurs at defects 

on the side walls and open ends of the CNTs which destroys the sp2 network and converts 

it to sp3 hybridization [113]. This process improves the dispersibility of the CNTs and 

increases their reactivity, allowing for fine tuning of the physicochemical properties for 

specific applications. Thus, covalent functionalization provides a pathway to assemble 

advanced functional materials, including nanotube-based composites or hybrids [113]. 

However, precise control during covalent functionalization is required to maintain 

integrity of the CNTs, as excessive destruction will transform the CNTs into amorphous 

carbon materials. In terms of opto-electronic properties, covalent functionalization via 

organic reactants is preferred. Carboxylic (𝐶𝑂𝑂𝐻) groups are mainly attached to the ends 

of CNTs to avoid steric hindrance, while other functionalities such as carbonyl (𝐶 = 𝑂), 

hydroxyl (𝐶𝑂𝐻), and ether (−𝑅 − 𝑂 − 𝑅′) make bonds at defective sites on the surface. 
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Covalent modification provides a more robust anchoring of functional entities, making 

CNTs suitable for specific applications [113]. 

The sensitivity and stability of modified CNTs are determined by the charge transfer 

properties of the attached functional groups [114]. The degree of covalent bonding of 

these functional groups results in a slight transfer of charge from the CNT to the carboxyl 

groups [114]. The magnitude of this charge transfer is directly proportional to the 

electronegativity of the atom attached to the defective site, which attracts the electron 

cloud towards itself upon formation of the chemical bond. Therefore, functional groups 

containing oxygen atoms exhibit greater ability to withdraw electron density towards the 

functional group attachment [114]. In the case of small diameter CNTs, the density of the 

rehybridized σ-π electron cloud on the surface is very high, making the binding energy 

for functional groups to find defects and attach themselves to CNTs also very high. 

Hence, the binding energy of the functional groups follows an inverse relationship with 

the diameter of the tube [114]. 

 

 

 

 

Figure 2.5: Fullerene cap removal and defect generation for an ideal SWCNT during 

functionalization process. 

 

 

Figure 2.5 depicts the removal of the fullerene cap from SWCNTs and attachment of 

𝐶𝑂𝑂𝐻, 𝐶 = 𝑂, 𝐶𝑂𝐻, (−𝑅 − 𝑂 − 𝑅′), amino (−𝑁𝐻2) and bisulphide ion (−𝐻𝑆) groups 
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at both ends and at the defective sites of the tube during the acid treatment. The 

abundance of these groups is dependent on the temperature and duration of the oxidation 

process [114]. A DFT investigation has been conducted on HiPCO zigzag SWCNTs with 

a diameter range of 0.7-1.6 nm to analyze the effects of single and pair functionalization 

of 𝐶𝑂𝑂𝐻 groups [114]. The most favorable binding configuration occurs when a carbon 

atom of the carboxyl group forms a direct bond with one of the carbon atoms in the CNT, 

forming 𝐶 − 𝐶𝑂𝑂𝐻 bond which is perpendicular to the tube axis [114]. 

 

 

2.4.1.2. Non-covalent 
 

 

Non-covalent functionalization relies more on strong vdWs interactions, where there is 

no direct exchange of electrons between the two molecular species, which typically 

involve long hydrocarbon chains. 
 

 

 

 
Figure 2.6: (a) Covalent and non-covalent functionalization processes description. (b) 

Absorption via covalent and (c) Adsorption via non-covalent bonding mechanism. 

 
 

Figure 2.6(a) represents a comparative study between covalent and non-covalent features, 

while Figure 2.6 (b) and (c) show absorption via covalent and adsorption via non-covalent 

interactions respectively. The hydrocarbon chains exhibit strong adsorption properties by 

experiencing a strong vdWs attraction [Figure 2.6(c)] and are adsorbed onto the surface 

of CNTs through vdWs, π-stacking, electrostatic, or hydrophobic forces. For applications 
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requiring strong surface interactions, the covalent approach is more effective than the 

non-covalent method. 

 
 

Endohedral filling 

In another type of functionalization, the oxidant is filled inside the open-ended CNTs, 

which is known as endohedral filling process [Figure 2.4]. Such type of functionalized 

CNTs are mainly used as drug delivery vehicles for bio-medical applications [115]. 

 

Intercalation by ions 
 

Figure 2.7 illustrates the intercalation process. This involves insertion of atoms or 

molecules, referred as intercalants from a different chemical species between the layers 

of the host material [116]. For intercalation compounds to form, the intra-planar binding 

forces must be stronger than the inter-planar binding forces [116]. 

 

 

 

Figure 2.7: CNT bundle acid treatment (a) Intratube MWCNT depletion by ions (b) Intertube 

intercalation process into bundles leading to graphitic sheets oxidation by axial and longitudinal 

tearing. 
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Intercalation process is mostly associated with tearing and unzipping of the CNTs. 

During the intercalation process in the acidic media (𝐻2𝑆𝑂4 and 𝐻𝑁𝑂3), the purified 

sample undergoes effective inter- and intra- tube intercalation by hydrogen (𝐻+), nitrate 

(𝑁𝑂3
−

), and sulfate (𝑆𝑂4
2−) ions, leading to axial and longitudinal unzipping of the CNTs, 

as shown in Figure 2.7. According to Dresselhaus et al. [116], 𝑁𝑂3
−

 can also act as an 

effective intercalant [116–120]. Intercalation due to 𝐻+, 𝑁𝑂3
−

, and 𝑆𝑂4
2− ions effectively 

decrease the vdWs interactions among CNT bundles, leading to the segregation of CNTs 

and the formation of functionalized graphene nano ribbon (GNR) or GS in the sample. 

Li et al. [117] reported intercalation assisted longitudinal unzipping of MWCNTs due to 

𝐾+, 𝑁𝑂3
−, and 𝑆𝑂4

2− ions when a combination of 𝐾𝑁𝑂3 and 𝐻2𝑆𝑂4 was used. Enhanced 

formation of GNR or GS was observed by accelerating longitudinal unzipping of CNTs 

via suitable molecular intercalation. Additionally, oxygen, nitrogen and sulphur-

containing functionalities can be attached to the open graphitic sheets by performing a 

strong acid treatment using 𝐻2𝑆𝑂4 and 𝐻𝑁𝑂3 with ratio (3:1). 

Unzipping mechanism is mainly assisted by the formation of ester groups (= 𝑂 − 𝐶 −

𝑂𝑅), which leads to the distortion of β, γ-alkenes through ion attack [121,122]. This 

results in instability within the system, which can be mitigated by terminating the 

unstable ends with oxygen-containing functional groups [121,122]. The involvement of 

ions is critical to this process. 𝐻𝑁𝑂3 is unique that can undergo self-ionization and exhibit 

both acidic and basic properties [121,122]. As a result, it can act as a base w.r.t. the 

stronger 𝐻2𝑆𝑂4. On one hand, the nitronium ion (𝑁𝑂2+) can serve as an active reagent 

and initiate nitration reactions by attacking the strained aromatic sites. 
 

 

2𝐻𝑁𝑂3 ⇌ 𝑁𝑂2+ + 𝑁𝑂3
− + 𝐻2𝑂   (2.1) 

𝐻𝑁𝑂3 + 2𝐻2𝑆𝑂4 ⇌ 𝑁𝑂2+ + 𝐻3𝑂+ + 2𝐻𝑆𝑂4
−  (2.2) 

 

 
 

Equation 2.1 and 2.2 are commonly referred to as the self-ionization equations. Through 

the intercalation of 𝑆𝑂4
2−

, 𝑁𝑂3
−

 and 𝐻+ ions, the strong vdWs attractions between the 

walls of CNTs begin to weaken gradually [Figure 2.7]. The process of nanotube 
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unzipping can be initiated by oxidants attaching to one of the internal 𝐶 − 𝐶 bonds of the 

CNTs, stretching and ultimately breaking it down into a nanoribbon structure [122]. In a 

study conducted by Shinde et al. [123], it was found that 𝐾+, and 𝑆𝑂4
2−

 ions played a 

crucial role in the counter-ion dependent longitudinal unzipping of CNTs, which led to 

the production of GNRs. The exfoliation of MWCNTs occurs through the use of 

𝑆𝑂4
2−

and 𝑁𝑂3
−

 ions as co-intercalants in conjunction with 𝐾+ ions. 

In our study, during the functionalization process with 𝐻2𝑆𝑂4 and 𝐻𝑁𝑂3 in ratio (3:1), 

𝐻+, 𝑆𝑂4
2−

 and 𝑁𝑂3
−

 ions played a significant role in tearing the partially functionalized 

CNTs after purification [Figure 2.7]. This will be discussed in the following chapter. 

 
 
 

2.5. Fabrication of thin films 

Fabrication of the thin film usually represents the final step in the activity and involves a 

combination of two primary methods: (a) preparation of the solution to make the coatings 

via polymer grafting technique, and (b) making the thin films by applying polymer 

grafted solution using a hand spray brush. 

 

 

2.5.1. Grafting of polymer as binder 

Following the covalent functionalization, the next step involves wrapping or grafting a 

suitable polymer onto the functionalized heterogeneous carbon structures, which is 

known as the polymer grafting process. This also provides strong adhesion properties 

with the suitable substrate. However, the chemistry between the solvent and binder is 

critical, as poor chemistry can result in the binder settling on the surface of the substrate 

separately, creating a glue-like appearance and uneven coating. This will result in patches 

throughout the substrate with significant spatial variation of the film. This issue is easily 

identifiable through visual inspection. Even if the film appears dark, optical 

characterization, such as reflectance will have spatial dependence and will not provide a 

correct value. Therefore, spectral property of the coated sample is highly dependent on 
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adequate bonding between the solvent and the polymer binder. This requires many trials 

to optimize the parameters to make a well dispersed coating solution. 

To achieve a well-dispersed coating solution, functionalized sample is added to the 

solvent containing binder. This is followed by sonication with sound waves which will 

dissociate any structural agglomeration in the medium and will create a well-dispersed 

solution. 

 

 
 

Figure 2.8: Molecular pictorial diagram of functionalization and polymer grafting processes of 

fullerene capped ideal SWCNT. 
 

 

Figure 2.8 depicts molecular diagrams illustrating the attachment of functional groups to 

the purified CNT followed by attachment of binder chains to the structure. 

 

2.6. Conclusion 

In this chapter, we have outlined synthesis process, and various purification and 

functionalization methods in general including intercalation details. We have also 

highlighted the coating process and the necessity of having a suitable binder to achieve a 

well dispersed coating solution. 
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CHAPTER 3 

BRIEF INTRODUCTION TO THE DIFFERENT 

CHARACTERIZATION TECHNIQUES 

This chapter provides fundamental working principle and operation of various 

characterization tools used in this investigation. These tools are indispensable for 

comprehending the diverse facets of carbon nonmaterial based composite thin film 

coatings. 
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3.1. Introduction 

Distinct characterization techniques are essential for proper assessment of the desired 

outcomes. The key procedural elements adhered in this study are: 

3.1.1. Chemical study 

3.1.2. Morphology investigations 

3.1.3. Spectral analysis/reflectance measurements 

3.1.4. Space environmental simulation tests 

 

3.1.1. Chemical environment study 

In a broader context, Fourier-transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS), Raman spectroscopy and X-ray diffraction (XRD) 

serve as indispensable analytical tools in the realms of chemistry and materials science. 

FTIR allows for the precise identification of chemical functional groups and structural 

features of the purified and functionalized samples, making it invaluable for diverse 

applications. XPS focusses on surface chemistry, unveils elemental compositions and 

chemical states of modified samples. Raman spectroscopy excels in identifying 

characteristic 𝐺-band, defect induced 𝐷-band and distinguishing 2𝐷 band for as-

prepared, purified, functionalized and coated samples through their unique vibrational 

spectra and provides non-destructive, versatile analysis. XRD is a powerful technique 

used to study the chemical environment and crystallography of the materials, particularly 

the crystalline solids. XRD allows us to determine the atomic arrangement providing 

critical insights into the chemical composition and structural properties of as-prepared, 

purified, functionalized and coated samples. Together, these spectroscopic techniques 

provide invaluable information that are essential for comprehending the intricate 

chemical properties of the samples. 

 

3.1.2. Morphology study 
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Following the successful investigation of the chemical nature of the samples, it becomes 

imperative to gain insights into the morphology of the materials at various stages of 

purification, functionalization, and coating. We have carried out high resolution 

transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), and 

atomic force microscopy (AFM) measurements to furnish us with comprehensive 

insights and aiding in distinguishing the effects of each treatment. For instance, HRTEM 

clearly reveals embedded FeNPs in the as-prepared sample, the effective removal of 

impurities in purified sample, the attachment of functional groups to the sidewalls of 

CNT-modified structures, and distinct structural evolution of SWCNTs in the processes. 

The SEM and AFM studies further contribute in providing information about the surface 

morphology of the random network of the composite films comprised of polymer grafted 

carbon nanostructures, revealing the nature of the surface morphology with evidence of 

micro cavities on the film. Such crucial information obtained on the surface morphology 

is important to develop our understanding on the spectral nature and the measured low 

reflectance value. 

 
 

3.1.3. Optical absorption 
 

The optical absorption study of CNT-based thin films for stray light control applications 

in space holds paramount significance. In harsh space environment, stray light control is 

crucial to ensure accuracy and functionality of astronomical observations and satellite-

based technologies. CNT-based thin films exhibit exceptional optical absorption 

properties, allowing them to effectively absorb and attenuate unwanted stray light, 

reducing background noise and enhancing the sensitivity and precision of space-based 

instruments. This research not only aids in improving the quality of scientific data 

collected from space but also enhances the reliability and performance of communication 

and navigation systems critical for space exploration and satellite operations, ultimately 

contributing to the advancement of our understanding of the universe and the successful 

execution of space missions. Additionally, we conducted UV-Vis-NIR absorption 
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spectroscopy on our composite thin films before and after subjecting them to space 

environmental simulation tests (SESTs) exhibiting promising results. 

 

3.1.4. Space environmental simulation tests (SESTs) 
 

SESTs are of utmost importance for evaluating the performance and durability of black 

absorber thin films in the challenging conditions of outer space. These tests replicate the 

extreme environment that spacecraft and satellite components experience, including 

intense radiation, vacuum, and extreme temperature fluctuations. By subjecting the black 

absorber thin films to such simulations, namely thermal vacuum, thermal storage, 

humidity exposure, thermal cycling etc., we can measure their ability to maintain optimal 

optical absorption and thermal properties over extended periods. Reliability of such 

coatings is essential for effective optics used in the lower earth orbit satellites, thermal 

control systems, solar panels, and in other spacecraft components ensuring overall 

success in space missions, as well as developing space technology and research. 

Following exposure of the coatings to these tests, we conduct a repeat UV-Vis-NIR 

spectroscopy which should ideally be consistent with the results before subjecting the 

films to SESTs. 

 
 

3.2. General introduction to the characterizations 
 

Here we introduce the characterization techniques employed in this work and provide 

their general working principle. 

 

3.2.1. FTIR 
  

FTIR spectroscopy stands as a valuable analytical method employed for investigation of 

the structural and chemical attributes of materials, including CNTs [28]. This technique 

operates by examining the interaction between IR radiation and samples, recording 

frequencies of the absorbed radiation and thus providing information of vibrational 

alterations within the molecules. FTIR employs a Michelson interferometer, illustrated 
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in Figure 3.1. The setup includes a semi-transparent mirror and two mirrors, one 

stationary and one adjustable. A collimated light beam from the source is directed onto 

the semi-transparent mirror at an oblique angle, resulting in the beam being split into 

transmitted and reflected components. These two beams bounce off the stationary and 

adjustable mirrors, travel back to the semi-transparent mirror, recombine, and create an 

interference pattern. The precise position of the adjustable mirror, known as the optical 

path difference, determines the specific light interference pattern produced. To calculate 

the light intensity for each wavenumber, a computer swiftly executes a Fourier transform 

on the interference data. 

 

 
 

Figure 3.1: Configuration of the FTIR spectroscopy instrument (image courtesy: https://www.jasco-

global.com). 

 

FTIR can offer valuable insights into the presence of functional groups and chemical 

bonds on the CNT surface [124], which is crucial for diverse applications. The resultant 

FTIR spectrum of CNTs will manifest absorption peaks at specific wave numbers, 

denominated in 𝑐𝑚−1. These peaks are indicative of the vibrational frequencies 

associated with chemical bonds found within the CNTs and any functional groups 

adhering to their surface [125,126]. FTIR spectrum is used to identify the presence of 

functional groups and to quantify the degree of functionalization on the CNTs [37]. 

Valuable information about the chemical composition is collected from both the intensity 
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and position of the absorption peaks. In specific cases, FTIR can be employed for 

quantitative analysis by comparing peak intensities to calibration curves. This analytical 

method aids in evaluating the success of functionalization processes, assessing purity, 

and monitoring structural changes in CNTs. 
 

 

 

3.2.2. XPS 
 

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a powerful 

surface analysis technique used to determine the elemental composition, chemical state, 

and electronic structure of materials [27]. XPS can provide valuable information about 

the surface chemistry of CNTs [27], however, proper sample preparation is crucial for 

accurate analysis. CNTs should be dispersed onto a suitable substrate, such as a silicon 

wafer or a conductive carbon tape to obtain reliable data. 

 

 
 

Figure 3.2: (a) Depicts the XPS experimental setup configuration (image courtesy: 
https://grimmgroup.net/), (b) Presents a fundamental diagram illustrating the principle of XPS 

(image courtesy: https://www.ifw-dresden.de/). 

 

 

XPS instrument typically consist of an X-ray source that emits X-rays, an electron 

analyzer, and a detector. The X-rays are used to excite electrons from the sample's 

surface, and the energy and intensity of emitted electrons are analyzed to determine the 

elemental composition and chemical states. Figure 3.2(a) depicts experimental 

configuration and (b) represents basic principle of working. 
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In the XPS spectrum of CNTs, the carbon peaks are primarily observed. XPS can also 

detect oxygen [127] and other elements present in the sample with characteristic peaks at 

their respective binding energies. XPS can differentiate between sp2 and sp3 carbon in 

CNTs [28,127], that helps to understand the hybridization present. Different carbon 

bonding environment will result in slightly shifted carbon peaks. Also, quantitative 

information about the elemental composition of different functional groups attached to 

the tubes can be acquired by determining their chemical states. The atomic percentages 

of different elements are calculated based on the peak areas. XPS can be combined with 

ion sputtering to perform depth profiling to investigate how surface treatments penetrate 

into the nanotubes [128]. Peak and curve fitting techniques are used for data interpretation 

to extract information about chemical states. 
 

 

3.2.3. RAMAN  
 

Raman spectroscopy is a highly effective technique for exploring the vibrational 

properties and electronic structures of CNTs [129]. When radiation in the NIR or Vis 

range interacts with a molecule, various types of scattering phenomena can occur, 

including Rayleigh, Stokes, and anti-Stokes scattering. In all three scattering processes, 

an incident photon with energy ℎ𝑣 elevates the molecule from its vibrational state to one 

of the countless virtual states situated between the ground and first electronic states. The 

specific type of scattering observed depends on how the molecule relaxes after this 

excitation. In Rayleigh scattering, the molecule is excited to any virtual state and 

subsequently returns to its original state. The photon is scattered elastically, retaining its 

original energy. During Stokes scattering, the molecule is excited to a virtual state and 

then relaxes to a higher vibrational state than its initial one. As a result, the scattered 

photon departs with energy ℎ𝑣 − 𝛥𝐸, representing inelastic scattering. Anti-Stokes 

scattering occurs when the molecule begins in a vibrationally excited state. It is excited 

to a virtual state and subsequently relaxes to a lower vibrational state than its initial one. 

This results in the photon leaving with energy ℎ𝑣 + 𝛥𝐸, representing super-elastic 

scattering. 
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Rayleigh scattering is the most common type of transition because it does not necessitate 

any changes in the molecule's vibrational state. Conversely, the anti-Stokes transition is 

the least common, as it requires the molecule to begin in a vibrationally excited state 

before the incident photon interacts with it. Due to the lower intensity of the anti-Stokes 

signal and the need for filters to eliminate photons with incident energies higher than the 

desired range. Stokes scattering is typically the primary choice for Raman measurements. 

Experimental configuration is shown in Figure 3.3(a) and transition diagram in (b). 
 

 

 

 
 

Figure 3.3: (a) Illustrates the configuration of the Raman experimental setup (image courtesy: 
https://chem.libretexts.org/), while (b) Provides a basic diagram explaining the principle of 

Raman spectroscopy (image courtesy: non-invasive glucose sensing with Raman spectroscopy, 

Wei-Chuan Shih et al.). 

 

Raman spectroscopy observes the change in energy between the incident and scattered 

photons associated with the Stokes and anti-Stokes transitions. This is typically measured 

as the change in the wavenumber (𝑐𝑚−1), from the incident light source. Raman 

spectroscopy analysis of CNTs is instrumental in assessing the degree of 

functionalization by examining the 𝐺, 𝐷, and 2𝐷 bands [28]. It also facilitates the 

investigation of structural distortions through the 𝐺 band and enhances our 

comprehension of photon-phonon interactions by studying the 2𝐷 band. We conducted 

Raman analysis for the as-prepared, purified, functionalized and coated samples. 

 

3.2.4. XRD 
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XRD is a powerful analytical technique used to investigate the crystalline structure of 

materials. Its fundamental principle relies on the scattering of X-rays by the atomic 

arrangement within a crystal lattice. The X-rays generated from a source, are collimated 

and directed toward the sample, which can be in the form of a powder, single crystal, or 

thin film. When the incident X-rays interact with the atoms in the crystal lattice of the 

sample, they are scattered in various directions. This scattering occurs due to the 

periodicity of the atomic arrangement which is similar to the diffraction of light waves 

passing through a narrow slit. 
 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃   (3.1) 
 

 

Bragg's law, a fundamental equation in XRD [Equation 3.1] describes the relationship 

between the angles at which diffraction peaks occur (θ), the wavelength of X-rays (λ), 

and the spacing between atomic planes (d). By varying the angle θ and measuring the 

intensity of the diffracted X-rays, a diffraction pattern is obtained. 

 

 

 
 

 
Figure 3.4: (a) Setup configuration for XRD experiment (image courtesy: X-ray diffraction 

(XRD) of nanoencapsulated food ingredients, Seid Reza Falsafi et al.), while (b) Fundamental 

diagram elucidating the principle of XRD (image courtesy: https://wiki.anton-paar.com/). 

 
 

Figure 3.4(a) represents schematic diagram of a XRD set up and (b) demonstrates its 

working principle. The resulting diffraction pattern, often displayed as a series of peaks, 

serves as a unique fingerprint of the crystallographic structure of the material. By 

analyzing the positions and intensities of these peaks, one can identify the crystal 
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phase(s), determine lattice parameters, and quantify the relative amounts of different 

phases. MWCNTs and SWCNTs have different diffraction patterns due to their distinct 

structural arrangements. SWCNTs typically produce a diffraction pattern with a single 

peak, while MWCNTs exhibit multiple peaks due to the presence of multiple concentric 

shells. While assessment of the purity of CNT samples, contaminants or impurities may 

result in additional diffraction peaks that can be detected and analyzed. A well-ordered 

CNT lattice will produce sharp diffraction peaks, while defects or disorder will broaden 

the peaks. The impact of functionalization or chemical modifications on the CNT 

structures can be assessed from the changes in the diffraction patterns due to alterations 

in the crystal structure by chemical bonding. XRD can also reveal information about the 

orientation and alignment of CNTs in a material. For example, it can be used to determine 

if CNTs are randomly oriented or aligned along a specific axis. Changes in lattice 

parameters due to mechanical deformation or stress, quality control during the production 

process of CNTs can be ensured by XRD. XRD data can be complemented with Raman 

spectroscopy to gain a more comprehensive understanding of CNT properties. Raman 

spectroscopy provides information about vibrational modes and can be used alongside 

XRD for a more in-depth characterization. X-ray diffraction helps us assess the quality, 

purity, structural characteristics, and orientation of the carbon nanostructures for the as-

synthesized, purified, functionalized and coated samples. 
 

 

3.2.5. SEM 
 

SEM is a valuable technique for characterizing CNTs and other carbon nanomaterials, 

allowing researchers to examine their surface morphology, alignment, and distribution. 

SEM images of samples are typically acquired using detectors that collect either 

secondary electrons or backscattered electrons. Experimental setup and basic working 

principle is shown in Figure 3.5. 
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Figure 3.5: Schematic of a typical SEM set up (image courtesy: https://www.technoorg.hu/). 

 
 

Some electrons of the incident beam excite secondary electrons from the sample 

providing information about the topography and surface characteristics. Backscattered 

electrons, which have higher energies than secondary electrons, are also emitted. The 

intensity of backscattered electrons can reveal variations in atomic number, providing 

compositional contrast. 

To prepare CNT samples for SEM analysis, a suitable substrate, such as a silicon wafer 

or a conductive carbon tape is used. Drop-casting, spin-coating, or vacuum filtration are 

the few techniques employed for sample preparation. Coating with a thin layer of 

conductive material (e.g., gold or platinum) is necessary to improve electron conductivity 

and reduce charging effects, especially if the sample is non-conductive. CNTs are usually 

conductive so there is no need for extra conducting layer deposition. Energy dispersive 

X-ray spectroscopy (EDS) can be combined with SEM to analyze the elemental 

composition. EDS detects characteristic X-rays emitted from the sample when the 

incident electrons interact with the CNT atoms. This allows for qualitative and 

quantitative elemental analysis. SEM-EDS mapping can be employed to visualize the 

spatial distribution of elements within the CNTs or between CNTs and other materials. 

This is useful for studying impurities, functionalization, or catalyst particles associated 

with CNTs. Modern SEM instruments can achieve high-resolution imaging, enabling 

researchers to probe individual CNTs and investigate their structural properties, such as 
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diameter, length, and alignment. It's important to be aware that the high-energy electron 

beam used in SEM can potentially damage CNTs or induce artifacts. Therefore, a 

carefully choice of the beam energy, beam current, and exposure time to minimize the 

damage, especially for sensitive samples is required. SEM plays a crucial role in our 

study of CNT-based materials by providing valuable insights into their structural 

properties and surface attributes. 

 

3.2.6. AFM 
 

AFM is a versatile powerful imaging technique and widely used in scientific and 

engineering fields for studying surfaces and materials with high spatial resolution at the 

nanoscale. The experimental set up of an AFM is shown in Figure 3.6. A fine-tip, affixed 

to a cantilever, meticulously scans over the surface and delicately oscillates to maintain 

a constant force, providing precise mapping of the surface topography. 

 

 
 

Figure 3.6: Experimental configuration for conducting AFM experiment (image courtesy: 
https://lnf-wiki.eecs.umich.edu/). 

 

AFM can provide detailed information about the surface features, including roughness, 

height variations, adhesion forces of materials, hardness etc. Individual CNTs can be 

mapped, allowing precise assessment on diameter, length, and their arrangement on the 
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substrate. The AFM tip can be used in manipulating and positioning atoms, molecules, 

CNTs and other nanoscale objects with high precision for assembling nanostructures and 

studying molecular interactions. It can also study mechanical characteristics of the 

samples through force-indentation experiments. Conductive AFM (C-AFM) facilitates 

the spatial mapping of electrical conductivity, while it can be paired with complementary 

technique such as infrared spectroscopy for information on functionalization, defects, and 

chemical interactions at the nanoscale. In our study, AFM provides profound insights 

into the surface morphology of the coated films by revealing signature of micro cavities 

and pores on the surface, controlling immensely the spectral properties of these films. 

 

3.2.7. HRTEM 

In HRTEM, transmitted electrons interact with atoms within the sample via elastic and 

inelastic scattering. It is a powerful imaging mode of transmitted electrons that allow 

direct imaging at the atomic scale providing information on different properties of 

semiconductors, metals, nanoparticles and sp2 bonded carbon e.g., CNTs, graphene etc. 

The resolution of HRTEM can be as low as 0.5 Å [130], making it one of the most useful 

tools to probe atoms and defects. Electrons that undergo inelastic scattering have a change 

in energy after they are transmitted through the sample, whereas elastically scattered 

electrons maintain their initial transmitted energy and therefore, can be more useful for 

the final data interpretation. The electrons that undergo elastic scattering leave the sample 

and move through the lenses of the microscope to form the high-resolution image as 

shown in Figure 3.7. Inelastically scattered electrons are not normally used in this 

technique but they can produce data from the sample using a technique called electron 

energy loss spectroscopy (𝐸𝐸𝐿𝑆). 
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Figure 3.7: A schematic representation of the experimental setup of HRTEM with an ion gun 

(image courtesy: in situ transmission electron microscope observation of the formation of fuzzy 

structures on tungsten, M Miyamoto et al.). 

 

 

HRTEM provides crucial insights of the as-prepared and purified samples, such as 

successful elimination of FeNPs and the emergence of nanoscrolls [28]. Additionally, 

micrographs of the functionalized samples reveal the attachment of functional groups and 

evidence of unzipping. Observations obtained on the coated films allow us to discern 

various low-dimensional structures [28]. 

 

3.2.8. UV-Vis-NIR absorption 

UV-Vis-NIR spectroscopy stands as an effective analytical method for assessing the 

optical attributes, including transmittance, reflectance, and absorbance of both liquid and 

solid substances. Its versatility extends to the characterization of various materials 

employed in research and manufacturing, such as semiconductors, coatings, and glass. 

This technique operates within the optical spectrum spanning from 175-3300 nm. UV-

Vis-NIR spectroscopy is commonly employed for quantifying analyte concentrations or 

monitoring the chemical transformation of a constituent within a solution. This method 

assesses light absorption throughout the specific optical range of interest. To execute the 
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analysis, a sample is introduced into a cuvette, which is then positioned along the 

trajectory between the optical light source and a detector. By adhering to the principle of 

the Beer-Lambert law [Figure 3.8], and with a consistent path length for light and a 

known absorption coefficient (which varies with wavelength), it is possible to ascertain 

the concentration of a specific compound by evaluating the light absorbed at that 

particular wavelength. 
 

 

 

Figure 3.8: Design of a 150 mm integrating sphere for optical measurements. (image courtesy: 

https://www.mri.psu.edu/). 

 
 

3.2.8.1. Measuring solid sample reflectance 
 

The sample is situated behind the integrating sphere. Light from the optical source is first 

reflected by the sample and then by the internal surface of the integrating sphere before 

reaching the detector. Alongside overall reflectance, it is also possible to measure diffuse 

reflectance [Equation 3.2]. Specular reflectance data can be deduced by subtracting the 

diffuse reflectance from the overall reflectance: 
 

 

𝑅𝑠𝑝𝑒𝑐 = 𝑅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 − 𝑅𝑑𝑖𝑓𝑓  (3.2) 

 

 

where, 𝑅𝑠𝑝𝑒𝑐, 𝑅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 and 𝑅𝑑𝑖𝑓𝑓 represent specular, total and diffused reflectance 

respectively. 
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In similar way, transmission study also can be conducted for required samples. 

 

3.2.8.2. Calculating solid sample absorbance 
 

Absorbance percentage is a measure of the incident beam absorbed by the sample, 

excluding the portion that is either reflected or transmitted [Equation 3.3]. Absorbance 

can be computed using the reflectance and transmittance data: 
 

 

%𝐴 = 100% − %𝑅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 − %𝑇𝑜𝑣𝑒𝑟𝑎𝑙𝑙   (3.3) 
 

 

where, A, Roverall and Toverall represent absorption, total reflectance and total transmittance 

respectively. 

CNTs exhibit unique optical properties in the UV, Vis and NIR regions. The absorption 

of CNTs in these regions is primarily governed by their electronic structure [59,125]. 

CNTs typically have strong UV absorption (200-400 nm) which is attributed to 

transitions involving the π-electron orbitals along the tube axis. The intensity of UV 

absorption depends on factors like CNT diameter, chirality (the specific arrangement of 

carbon atoms in the tube lattice), and the presence of defects or functionalization. In the 

visible region (400-750 nm), CNTs can exhibit distinct absorption peaks or bands. The 

exact position and intensity of these absorption features depend on the CNT structure. 

The transitions involved are associated with the electronic energy levels of CNTs. 

Absorption in the NIR region (750-2500 nm) is attributed to phonon resonances which 

involve vibrational modes of the CNT lattice and the electronic transitions are less 

pronounced. The absorption characteristics of CNTs can vary significantly depending on 

their specific structural properties and any surface modifications or functionalizations 

[59]. We used UV-Vis-NIR spectroscopy to study and characterize these absorption 

properties of carbon nanomaterials based composite thin films before and after subjecting 

to the SESTs [28], which can provide valuable insights into the stability and optical 

behavior of these materials for stray light control space applications. 
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3.3. Conclusion 
 

It is very important to carry out the characterizations step-by-step. Omission of any of 

them may result in critical loss of information effecting our understanding. We gain 

insights into chemical behavior and composition through FTIR, XPS, Raman, and XRD, 

while, morphology examinations are effectively conducted using SEM, HRTEM, and 

AFM investigations. UV-Vis-NIR absorption study aid in verifying the desired 

absorption targets, and post-SESTs offer insights into the durability of these coatings in 

drastic space conditions. 
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CHAPTER 4 

Methodology 
 

Experimental details, techniques followed and the procedures employed in the work will 

be presented here. 
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4.1. Introduction 

SWCNTs produced by HiPCO method [79,131] had a catalytic content of <0.05% Fe, 

diameter of 0.6-1.1 nm and length of ~400-1000 nm. The morphology of the SWCNTs 

was a dry black powder with carbon as SWCNTs > 96%. The synthesis method yielded 

nanotubes with a range of diameters and chirality, which usually contained metallic and 

amorphous contaminants. Therefore, post-synthesis chemical purification was required 

to eliminate these contaminants for further use.  

 

4.2. Purification 

We implemented a three-stage purification procedure that includes wet oxidation at 

300℃, an acid treatment with concentrated 𝐻𝐶𝑙 [132–134], and annealing at 900℃ in an 

inert atmosphere [100,135]. 

 

 

 

 

Figure 4.1: Schematic of the purification process. (a) Flow chart depicting the process step by 

step, and (b) pictorial presentation of the oxidative attachment of the functional groups on the 

side walls of the CNTs and the related chemical equations involved during the purification 

process. 
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Figure 4.1(a) shows the stepwise schematic of the purification process, while Figure 

4.1(b) illustrates the chemical alterations that might take place on the tube surfaces as a 

result of oxidative acid reflux [136]. Following wet oxidation for one hour, FeNPs 

initially adhered to both the side walls and to the end of the CNTs, underwent 

transformation into iron oxides. Subsequently, when subjected to 𝐻𝐶𝑙 acid treatment, 

these iron oxide impurities were converted into soluble ferric salts in the presence of 𝐻+ 

and 𝐶𝑙− ions. This process is depicted in Figure 4.1(b), and Figure 4.2. In Figure 4.2, we 

show the process of the cracking of carbon shells around the FeNPs. 

 

 

 
 

Figure 4.2: Schematic of cracking of carbon shell surrounding FeNPs by wet oxidation and 

removal of FeNPs and amorphous carbon transforming into a soluble ferric salt after 𝐻𝐶𝑙 
treatment. 

 
 

Through several rinses with DI water, these salts can be effectively removed. The 

resulting purified product can be obtained by completion of neutralization and drying 

processes at room temperature (RT). The chemical reactions occurring during the 

purification process are given at the bottom of Figure 4.1(b). 
 

Purification is followed by functionalization of the CNTs and is discussed below. 

 



86 
 

4.3. Functionalization 

To carry out the functionalization process, we had taken concentrated 𝐻2𝑆𝑂4 and 𝐻𝑁𝑂3 with 

a volume ratio of 3:1 and black powder of purified sample in a beaker. The mixture was stirred 

using a magnetic stirrer at a temperature of 70 ℃ for 8 hours and allowed to cool down to RT. 

The mixture was then neutralized by rinsing with DI water until neutral pH is obtained. The 

functionalized powder was obtained by sieving the solution using Whatman filter paper. The 

sieved powder was dried under vacuum at RT. A schematic of the functionalization process is 

shown in Figure 4.3. 

 

 

 

 

Figure 4.3: Schematic representation of the functionalization and polymer grafting processes. 

The attachment of carboxyl group (−𝐶𝑂𝑂𝐻) after the functionalization, is followed by polymer 

grafting process with hydrocarbon chains, −(𝑀 − 𝑀)𝑛. 

 

4.4. Spray coating 

The functionalized powder was mixed with a weighted amount of polyurethane binder 

and a solvent and ultrasonicated for 60 minutes using ultrasonic probe sonicator Q500 

from Q-Sonica in order to obtain a well-dispersed agglomeration-free solution. The 

solution, thus obtained was spray-coated [Figure 4.4] on a cleaned aluminium (Al) 
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substrate using a hand airbrush Pilot AB16 in a glove box under a controlled nitrogen 

atmosphere.  
 

 

 

 

Figure 4.4: (a) Schematic representation of different stages of coating process and (b) image of 

in-situ hand spray coating process. 

 

 

The Al substrate was preheated to a temperature of around 300℃ by a quartz radiant 

heater attached with a PID controller to maintain the temperature within a range of 300 ±

10℃ during the spray coating process. The temperature was monitored using a 

thermocouple. After the deposition of the film, samples were allowed to cool down to 

RT.  

 

4.5. Characterizations 

Different characterization techniques were used to understand the step-by-step structural 

and chemical modifications, as well as the spectral properties of the coated films. The 

purified and functionalized CNTs were first subjected to functional group analysis by 

FTIR spectroscopy. The infrared absorption spectra of the CNT pellets prepared using 

KBr powder were measured in the range of 4000-500 𝑐𝑚−1 using a PerkinElmer 

Spectrum GX spectrometer. For the XPS measurements, an AXIS Ultra DLD 

spectrometer was used to study chemical composition of the post-treated samples. 
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Measurements were carried out using monochromatic Al 𝐾𝛼 (1486.3 eV) X-ray source 

operating at 117 W power. Survey spectra were acquired with a pass energy of 160 eV, 

whereas, for high-resolution 𝐶1𝑠 and 𝑂1𝑠 spectra, a pass energy of 20 eV with a step 

size of 0.1 eV was used. The 𝐶1𝑠 peak corresponding to adventitious carbon on the 

surface was set at 284.6 eV to correct the charging effect and accordingly giving a shift 

to the obtained spectra. Data were analyzed using Shirley background correction and 

Gaussian / Lorentzian function with GL line shapes of varying FWHM for component 

peaks. Shirley background is the most common method of non-linear background 

subtraction, which considers the background at any point due to inelastically scattered 

electrons and is proportional to the integrated photoelectron intensity to higher kinetic 

energy [3]. The vibrational spectroscopy measurements of the purified, functionalized, 

and spray-coated samples were carried out by subjecting them to Raman spectroscopy 

analysis using a LabRam HR 800 instrument with 532 nm wavelength of Nd-YAG laser 

High Resolution TEM measurements were carried out by drop-casting the sample on Cu 

grids using an FEI-Titan Themis instrument operated at 300 kV. The morphology of the 

samples was investigated by field-emission SEM on a Zeiss SEM Ultra55. AFM 

measurements were carried out using a Bruker Dimension ICON AFM in tapping mode 

(amplitude modulation mode), which helped minimize the effect of friction and other 

lateral forces in the topography measurements. XRD measurements were carried out 

using a Smartlab X-ray diffractometer by Rigaku. The data was collected using 

monochromatic Cu 𝐾𝛼 radiation (1.54 Å) at 40 kV and 30 mA. The spectral properties 

of the spray-coated samples were analyzed using a UV-VIS-NIR spectrometer, 

PerkinElmer Lambda 950 in the wavelength range of 400-2500 nm. The spray coated 

samples were subjected to SESTs using the environmental test facilities available at 

LEOS, Bengaluru. Figure 4.5 illustrates the work plan, indicating the characterizations 

conducted at each stage. 
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Figure 4.5: Flow chart of the work methodology followed in this study. 

 

 

4.6. Conclusion 

In this chapter, we have discussed the methodologies employed in the study, shedding light on 

the experimental techniques adapted and the details of the instruments used. Purification, 

functionalization, polymer grafting and hand spray coating contribute to the chemical and 

morphological evolution of the as-prepared SWCNTs to different low dimensional derivatives 

(discussed in upcoming chapters). We have elaborated here on the details of the 

characterizations that are used to develop a proper understanding of the results. 
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CHAPTER 5 

Chemical, structural and vibrational spectroscopy study of 

carbon nanomaterials 
 

In this chapter, we present our results on FTIR, XPS, XRD, and Raman spectroscopy 

revealing chemical and structural modifications to the as-prepared HiPCO SWCNTs 

during purification, functionalization and coating processes.  
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5.1. Introduction 

We address here chemical attachment of different functional groups, modifications in the 

crystal structure and the changes in the vibrational spectroscopy due to purification and 

functionalization. Earlier reports show different methods proposing significant 

enhancement to the adsorption properties of SWCNTs by creating low-energy sorption 

sites capable of binding diverse functional groups [137]. These modifications have a 

profound impact, particularly the defects created on the CNT walls act as active 

nucleation sites for additional condensation of chemical vapors from various organic 

binders and solvents. The change, thus occurring in the surface chemistry, is instrumental 

in manipulating the properties and enhancing the adsorption characteristics of the CNTs, 

as well as other carbon nanomaterials. We investigate the chemical and physical 

modifications by performing FTIR, XPS, XRD and Raman spectroscopy measurements.  

 

5.2. Results and discussion 

5.2.1. FTIR 
 

FTIR is a versatile non-destructive technique for the identification and characterization 

of the chemical structure of the sample. Normalized FTIR spectra of the purified and 

functionalized samples are shown in Figure 5.1. The chemical incorporation of various 

functional components is well evident in the FTIR investigations [Figure 5.1]. After the 

sulpho-nitric functionalization process, further attachment of oxygen (𝑂), nitrogen (𝑁), 

and sulphur (𝑆) containing functional groups can be seen by significant increase in the 

intensity of the bands, as well as addition of new band features appearing in the 

functionalized spectrum. 
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Figure 5.1: FTIR spectra of purified and functionalized samples. Both the spectra are normalized 

w.r.t. the maximum intensity of the purified sample data. 

 

 

The absorption feature obtained at 3393 𝑐𝑚−1 [Figure 5.1] in the functionalized spectrum 

is assigned to the −𝑂𝐻 stretching mode of the −𝐶𝑂𝑂𝐻 group [126,138]. Features at 

2940 𝑐𝑚−1 and 2878 𝑐𝑚−1 correspond to the −𝐶𝐻 stretching vibrations attributed to 

methylene group of −𝑆(𝐶𝐻2)4𝑆𝐻 [139,140], whereas, the peak centered at 2914 𝑐𝑚−1 

is ascribed to residual 𝑁 − 𝐻 components and −𝑂𝐻 bands corresponding to 

uncondensed amino groups and surface-adsorbed 𝐻2𝑂 molecules [141]. The band around 

2800-3000 𝑐𝑚−1 can be associated with the symmetric and asymmetric stretching 

vibrations of the 𝐶 − 𝐻 bond which is an indication of the addition of oxygen containing 

functional groups during the systematic processes of purification and functionalization 

[20,28]. The broad absorption band between 2734-1734 𝑐𝑚−1 is related to aldehyde 
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(2750 cm-1, = 𝐶 − 𝐻 stretching mode); signature of nitrile (2250 𝑐𝑚−1, −𝐶 ≡ 𝑁 band, 

which can be due to presence of small amount of nitrogen in the sample during treatment 

with 𝐻𝑁𝑂3); weak presence of alkyne (2150 𝑐𝑚−1, −𝐶 ≡ 𝐶 − band) and strong 

signature of −𝐶 = 𝑂 stretching (1734 𝑐𝑚−1) [142]. Also, emergence of a shallow feature 

in between 1746-1870 𝑐𝑚−1 within the broad absorption band mentioned above is 

assigned to −𝑁 = 𝑂 bond stretching [143], as well as stretching of −𝐶 = 𝑂 within the 

anhydride group [−(𝐶𝑂)2𝑂]. The relatively strong peak feature centered at 1626 cm-1 

can be associated with the stretching of 𝐶 = 𝐶 graphitic group [144] and 𝑁 atoms 

covalently attached to the 𝐶 network (𝐶 = 𝑁) [144]. The stretching and bending of 

−𝐶 = 𝑂 bonds in the carboxyl, epoxy (−𝐶 − 𝑂 − 𝐶−) and hydroxyl are mostly 

contributing to the broad absorption feature centered at around 1384 𝑐𝑚−1 [12,144,145]. 

The prominent band, peaking at 1375 cm-1 is attributed to the −𝐶 − 𝑂 − stretching or to 

the contribution of nitrate species [145] corresponding to the carboxylic group. A strong 

band emerging between 1250-1600 𝑐𝑚−1 is attributed to the substitution of an N atom in 

place of a C atom in a sp2 hybridized C network [146]. The peak at 1364 𝑐𝑚−1 

corresponds to 𝑁 − 𝐶𝐻3 bond stretching [146], while the peak at 1075 𝑐𝑚−1 and the 

features visible at 789-825 𝑐𝑚−1 are assigned to 𝐶 − 𝑆 bond stretching and 𝑆 − 𝑂 − 𝐶 

bond stretching, respectively [147]. After functionalization, the peak at 1067 𝑐𝑚−1 which 

was previously associated with the −𝐶 − 𝑂 alkoxy group stretching [144,148], has 

become more intense due to the attachment of sulphate functionalities and its vibration 

[147]. The deformation of the hydroxy functional group (−𝑂𝐻) presents as a peak 

feature at 1078 𝑐𝑚−1 [28]. The absorption band at 671 𝑐𝑚−1 is ascribed to the −𝐶 = 𝑂 

group stretching [144,148] and presence of sulfate ions (internal vibration of the (𝑆𝑂4
2−) 

adsorbed on the carbon surface [149]. Evidence of various bands present in the purified 

sample ensures integration of different functionalities during the chemical purification 

process [150]. After functionalization, intensity of many bands has enhanced along with 

emergence of new bands [Figure 5.1], indicating a successful functionalization process. 
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5.2.2. XPS 
 

High resolution XPS measurements carried out on the samples are shown in Figure 5.2. 

Figure 5.2(a) and (b) correspond to 𝐶1𝑠 and 𝑂1𝑠 lines of the purified sample. 

Deconvoluted 𝐶1𝑠 spectrum [Figure 5.2(a)] exhibits feature peaking at around 284.6, 

285, 286, 287 and 289 eV which we assign to 𝐶 = 𝐶 sp2 [151], 𝐶 − 𝐶 sp3 [152], 𝐶 − 𝑂 

alkoxy groups [151], 𝐶 = 𝑂 carbonyl [153] or epoxy −𝐶 − 𝑂 − 𝐶 − [154] and −𝑂 −

𝐶 = 𝑂 carboxyl groups [151,155] respectively. 

 
 

 

 

Figure 5.2: High resolution XPS spectra (a) 𝐶1𝑠 and (b) 𝑂1𝑠 for purified sample. (c) 𝐶1𝑠, (d) 

𝑂1𝑠 for the functionalized sample. 

 
 

 

The fitted 𝑂1𝑠 spectrum [Figure 5.2(b)] displays contributions at 531.6, 532.8 and at 534 

eV that are assigned to −𝐶 = 𝑂  functional group (531.6 eV) [151], ether type oxygen 

−𝐶 − 𝑂 − [156], or −𝐶 − 𝑂 − 𝐶 − epoxy signature (532.8 eV) [157], and −𝐶 − 𝑂𝐻 
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bonds [151], [158] or 𝐻2𝑂 molecules (534 eV) that are trapped during the synthesis 

process [159]. 

The 𝐶1𝑠 and 𝑂1𝑠 core level spectra of functionalized sample are shown in [Figure 5.2(c, 

d)]. 𝐶1𝑠 line exhibits 5 contributions at 283.9, 284.5, 285.1, 285.7, 286.2 and 286.8 eV 

[Figure 5.2(c)]. The peak at 283.9 eV is attributed to defective and oxidized graphite and 

MWCNTs [160], while the 284.5 eV peak is ascribed to graphitic 𝐶 = 𝐶 sp2 carbon [154]. 

The maximum observed at 285.1 eV could be due to 𝐶 − 𝐶 sp3 or 𝐶 − 𝐻 [161,162] and 

the line at 285.7 eV could be due to 𝐶 − 𝑂 and 𝐶 − 𝑂𝐻 functionalities or characteristic 

of the 𝐶 − 𝑁 bond with sp2 hybridization [163]. The contribution at 286.2 eV is typical 

of carbon making a single bond with oxygen representing alkoxy group or with nitrogen 

[−𝐶 − (𝑂, 𝑁)] [164]. The peak at 286.8 eV could be the characteristic of 𝐶 = 𝑁 with sp3 

hybridization [164] or the 𝐶 = 𝑂 carbonyl [155,165] or the epoxy 𝐶 − 𝑂 − 𝐶 − group 

[156]. 

The 𝑂1𝑠 spectrum of functionalized sample reveals four peak features centering around 

531.6, 533.3, 535.3, 536.8 eV after the deconvolution [Figure 5.2(d)]. The first peak at 

531.6 eV is assigned to −𝐶 = 𝑂, group of carboxylic groups (𝐶𝑂𝑂𝐻) denoted as 𝐶 −

𝑂𝐻 [166], or sulfonic group (𝑅 − 𝑆(= 𝑂2) − 𝑂𝐻) [167]. The peak at 535.3 eV could be 

the contribution coming from 𝑂 in 𝐻2𝑂 [168,169] and the feature at 536.8 eV is ascribed 

to the oxygen bonded to sulfur in sulfuric acids [170]. 

 

5.2.3. XRD 
 

The XRD investigations carried out on the different CNT samples are shown in Figure 

5.3 and 5.4. As-prepared sample [Figure 5.3] having measure contributions at 26.32° and 

44.1° which correspond to the abundance of graphitic (002) character [140] and FeNPs 

impurities [140] respectively. 
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Figure 5.3: XRD spectrum of the as-prepared sample. 

 

In Figure 5.3, the graphitic peak is notably prominent in the as-prepared sample as 

anticipated. The high background in the as-prepared data indicates a significant presence 

of amorphous carbon and metal impurities [171]. The characteristic (002) peak of the 

carbon-based materials is observed [Figure 5.4] at around 26º.  

 

 

Figure 5.4: XRD data of (a) purified, (b) functionalized and (c) coated film. 
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The intensity and width of the (002) peak (JCPDS card no. 01-075-1621) are related to 

the number of layers, the orientation of the CNTs, and the content network distortion 

[140]. High intensity of the (002) peak and small value of the FWHM [Figure 5.4(a, b)] 

indicate good crystalline quality of the purified and functionalized samples. 

Purified sample [Figure 5.4(a)] shows up small peaks at around 42º and 44º which 

correspond to the (100) and (101) graphitic planes respectively (JCPDS card no. 01-075-

1621) [Figure 5.3 and 5.4(a)]. In addition, peak-like features observed at 33.5º and 36.2º 

(indicated in the images by stars) in the purified spectrum can be associated with the Fe 

catalyst impurities [172] attached to the CNTs [143], while the peaks at 54.6º and 77.5º 

correspond to the (004) and (110) planes of the graphitic layers (JCPDS card no. 01-075-

1621). The XRD data obtained for the functionalized sample is shown in Figure 5.4(b). 

We could hardly find any difference in the peak positions of the graphitic planes between 

the purified and the functionalized samples; however, a slight variation in the intensity 

of the peaks is observed, which can be associated with further de-bundling and better 

dispersion of the CNTs. The XRD data of the coated film exhibit signatures of the 

graphitic components and the Al substrate. The graphitic planes of (002) and (101) at 26º 

and 44.6º respectively are observed with a lower intensity compared to that of the 

functionalized sample. Generally, the polymer grafting process of the coated film will 

lead to an apparent decrease in the intensity of the graphitic planes [173,174]. The peaks 

at 38.3º, 78.1º and 82.3º are assigned to the (111), (311) and (222) planes of the Al 

substrate respectively [175]. The broad onset peak at around 18º is attributed to the 

presence of the CNS and other structural components in the sample [175]. It has been 

reported that due to the residual solvent trapped between the graphitic layers of different 

structures, there may be an expansion in the interlayer spacing, giving rise to a 

distribution that contributes to a broad onset at around 15-18º [175]. 

 

5.2.4. Raman spectroscopy 
 

Raman measurement, which is very sensitive to the chiral indices (n, m), is naturally 

considered to be an important spectroscopic tool to characterize CNTs.  
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Normalized Raman spectra of as-prepared, purified, functionalized and coated film are 

shown in Figure 5.5 and 5.6. Distinct signature of radial breathing modes (RBM) unique 

to the SWCNTs are observed in the as-prepared [Figure 5.5], purified and functionalized 

data [Figure 5.6]. 

 

 

 

Figure 5.5: Raman spectrum of as-prepared HiPCO SWCNT sample representing prominent 

characteristics of RBM and 𝐺 peaks along with low peak feature of 𝐷 band. The spectrum is 

normalized w.r.t. the 𝐺 peak of the purified sample. 
 
 

Presence of characteristic 𝐺 and 2𝐷(𝐺′) bands of graphitic materials with high intensity 

are also visible in the spectra. RBMs are associated with the Ag symmetry of the carbon 

atoms that move in-phase in the radially outward direction, while 𝐺-band corresponds to 

an optical phonon mode, representing in-plane tangential vibrations of sp2 bonded carbon 

in graphitic materials. These vibrations are schematically shown in Figure 5.7. The 

characteristic RBMs of SWCNTs usually occur in the range of 120-350 𝑐𝑚−1 for tubes 

with diameter ranging from 0.7-2 nm [176]. We observe manifestation of RBMs in the 

samples between 150 and 350 𝑐𝑚−1 [Figure 5.5, 5.6(a, b)]. 



99 
 

 

 

Figure 5.6: Raman spectra of (a) purified (b) functionalized and (c) coated film. The spectra are 

normalized with respect to the 𝐺 peak of the purified data shown in (a). 

 
 

Presence of well-defined RBMs, especially in the as-prepared and purified data indicate 

high purity of the SWCNTs with a very low concentration of defects. A feeble 𝐷 band in 

the as-prepared and purified data further supports this evidence [Figure 5.5, 5.6(a)]. The 

2𝐷  or 𝐺′ band is a Raman-allowed signature by symmetry, and not a defect induced one 

[177]. 
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Figure 5.7: (a) RBM vibrations directed radially outwards and (b) in-plane vibrations of 

𝐺-band in SWCNTs. 

 

As we progress through purification, functionalization and coating processes, the 

intensity of the 𝐷 band gradually increases. This is attributed to the inclusion of defects, 

dislocations, impurities, as well as transformation of sp2 hybridization to sp3 during the 

processing steps [154–157]. 

The 𝐷 peak, which corresponds to the breathing modes of the A1g symmetry around the 

𝐾 points of the Brillouin zone, is forbidden in an ideal graphitic structure and requires 

structural defects for a phonon of certain angular momentum to be activated. 

Consequently, the signature of the 𝐷 band is a measure of non-crystalline disorder, lattice 

distortions and defects associated with the CNTs, whereas a higher intensity of the 𝐺 

band compared to 𝐷 is a manifestation of superior graphitic crystallinity in the sample. 

Further confirmation of the formation of CNS and MWCNT can also be drawn from the 

𝐷, 𝐺 and 2𝐷 bands. 

 

 



101 
 

 

 

Figure 5.8: 𝐷 and 𝐺 mode vibrations in (a) purified, (b) functionalized and (c) coated samples. 

The intensity of the spectra was normalized with respect to the 𝐺 peak of the purified data shown 

in (a). 

 

The presence of CNS and gradual induction of defects on the sidewalls of the raw 

SWCNTs during the processing treatment [178,179] can be directly associate with the 𝐷 

peaks, which consequently exhibit an increase in intensity [Figure 5.8] and full width at 

half maximum (FWHM) (59.7, 65.84 and 149.29 𝑐𝑚−1) [Figure 5.8] from the purified 

sample to the coated film. CNS with their long unfused edges contribute to enhancing the 

𝐷 peak intensity [180]. The clear up-shift in the 𝐷 peak positions (1343.66, 1353.79 and 

1363.52 𝑐𝑚−1) indicate an increase in the diameter of the curved-sheets/ nanoscrolls/ 

nanotubes from the purified to the coated film. The intensity ratio of the 𝐺 to 𝐷 band 

(𝐼𝐺/𝐼𝐷) decreases after functionalization, which is attributed to the distortion in the 

graphitic structure, elongation of the 𝐶 − 𝐶 bond due to the electron transfer, and increase 

in the sp3 𝐶 hybridization in comparison to the sp2 𝐶 [179,181–183]. The purified sample 

shows the lowest [Figure 5.10(a)] 𝐷 band intensity (ID) and highest 𝐼𝐺/𝐼𝐷 ratio, while the 

coated film has the most intense 𝐷 feature [Figure 5.8(c)] with the smallest 𝐼𝐺/𝐼𝐷 value. 

The 𝐼𝐺/𝐼𝐷 ratio of the functionalized sample [Figure 5.8(b)] is in the middle. The position 

of the 𝐺 band is also important, which is highly dependent on the elastic strain. Due to 
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the rolling and curling of the sheets, elastic strain develops in the system, which has an 

inverse relation to the diameter of curvature [180]. Consequently, a downward shift in 

the 𝐺 peak position can occur with an increase in the diameter of the rolled sheets. A 

small down-shift and broadening of the 𝐺 band is observed for the coated film compared 

to that of the functionalized sample, indicating the presence of a larger diameter of 

curvature and varying elastic strain, respectively, in the sample. Acid treatment of the 

graphitic sheets can affect the peak position and the peak width [180]. Furthermore, the 

broadening of the 2𝐷 band also signifies a greater number of layers stacked on the wall. 

The broadening of the 2𝐷 band is more for the coated sample compared to the 

functionalized sample. Further analyses are carried out on the 𝐷, 𝐺 and 2𝐷 signatures by 

considering approximations and the results obtained are discussed below in detail. 

 
 

 
 

Figure 5.9: Peak fit of Raman 𝐷 and 𝐺 band of purified, functionalized and coated SWCNT film 

using Lorentz profiles. The intensity of the spectra is normalized w.r.t. the 𝐺 peak of the purified 

data. 
 

We have performed 𝐺 band fitting by considering both the Lorentz profiles [Figure 5.9] 

which showed various defect components. Defect induced Raman 𝐷 and 𝐺 bands of 

purified, functionalized and coated film samples are shown in Figure 5.9. The bands are 
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approximated using Lorentz oscillators. Fitted 𝐷 bands exhibit two (1328.45 and 1352.85 

𝑐𝑚−1), one (1354 𝑐𝑚−1) and three (1277.35, 1352.83, 1394.55 𝑐𝑚−1) components 

[Figure 5.9] respectively for the purified, functionalized, and coated film. 𝐺 band which 

is the vibration of two unlike 𝐶 atoms in the graphite unit cell is usually comprised of 

two peak features, a low-frequency 𝐺− and a high-frequency 𝐺+ arising from the 

confinement of phonon wave vector. While 𝐺− corresponds to transverse optical (𝑇𝑂) 

phonon which is the vibration of 𝐶 atoms along the nanotube circumferential direction, 

𝐺+ is associated with a longitudinal optical (𝐿𝑂) phonon signifying vibration along the 

nanotube axis [184]. The line shape of the 𝐺 band is very significant where a narrow 

symmetric profile observed for each 𝐺 mode corresponds to chiral semiconducting tubes 

and a broad softened 𝐺− associated with a narrow 𝐺+ is accounted for chiral metallic 

tubes. We find the signature of asymmetric 𝐺 bands [Figure 5.9] which exhibit multiple 

contributions after fitting. Group theory anticipates six Raman active modes with two 

each of A (𝐴𝑔
1), E1 [(𝐸𝑔

1) and (𝐸𝑔
2)] within 𝐴 the tangential 𝐺 band of SWCNTs [185]. 

In our data, six Lorentz oscillators peaking at 1493.81, 1520.79, 1541.96, 1561.88, 

1577.67 and 1592.91 𝑐𝑚−1  respectively provide the best fit of the G feature for the 

purified sample [Figure 5.9]. Deconvoluted 𝐺 spectrum of functionalized sample exhibits 

three Lorentz components at 1573.55, 1583.68, 1621.23 𝑐𝑚−1, while the coated film 

shows the Lorentz profiles peaking at 1518.96, 1568.29, 1592.68, 1620.84 𝑐𝑚−1. These 

Lorentz approximations yield COD values, 0.9961, 0.9969, and 0.9977 for the purified, 

functionalized and coated samples respectively which show the precision of our fit. 
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Figure 5.10: Peak fit of Raman 𝐷 and 𝐺 band of purified, functionalized and coated film using 

a combination of Lorentz and 𝐵𝑊𝐹 line shapes. The intensity of the spectra is normalized w.r.t. 

the 𝐺 peak of the purified data. 

 

Our attempt to approximate 𝐺 bands by considering the combination of Breit Wigner 

Fano (𝐵𝑊𝐹) [Figure 5.10] and Lorentz line shapes have yielded a very low coupling 

strength parameter (phonon interaction with the continuum of states), 1/𝑞≈ 0 (< 0.007 

for the coated film, while for purified and functionalized cases, 1/𝑞 is of the order of 10-

6 and 10-7 respectively) which interpret that our investigations on the 𝐺 band features do 

not reveal any signature of metallic CNTs in the samples, which may be an indication 

that the metallic tubes are not in resonance with the 2.33 eV laser excitation energy used 

for the Raman measurements herein. 
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Figure 5.11: Lorentz approximated Raman 2𝐷 band of purified, functionalized and coated film. 

The intensity of the spectra is normalized w.r.t. the 𝐺 peak of the purified data. 

 
 

Figure 5.11 shows the 2𝐷 or 𝐺′ bands clearly exhibit the presence of single-layer 

graphene-like structures in the nanotube ensembles (with the highest intensity), together 

with various double electron-phonon resonant processes. The emergence of 2𝐷 or 𝐺′ 

band in the respective Raman spectra. 2𝐷, an overtone of 𝐷, is due to second-order 

processes of self-annihilating pair of phonons near the 𝐾-point of the zone boundary. 

This does not require the presence of any defect state to be activated. Each 2𝐷 band was 

well approximated by considering three Lorentz contours. The most intense 2𝐷 center 

peak is situated at 2651.3, 2700.3 and 2653.56 𝑐𝑚−1 for the purified, functionalized and 

coated film respectively [Figure 5.11]. These center peaks could be associated with 

single-layer graphene in sample 3. The low (2628.7, 2689.7, 2623 𝑐𝑚−1) and the high 

(2695.76, 2720.55, 2683.9 𝑐𝑚−1) frequency peak components on both sides of the main 

center peak could be assigned to double electron-phonon resonance activities in the 

samples giving rise to different resonant conditions for resonances with different VHS 

[139]. 
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We have also analyzed the low-frequency range of the Raman spectra of functionalized 

and coated samples that reveal many peak onsets (up to 1000 𝑐𝑚−1). It was reported that 

curved graphene sheets can show Raman signatures in the range of 200-1000 𝑐𝑚−1 

[180,186,187]. For the functionalized sample, the low frequency range of 50-1000 𝑐𝑚−1 

is analyzed. RBM-like features are observed at 214 and 270 𝑐𝑚−1  together with several 

onsets related to the CNS and MWCNT components [Figure 5.12 (a)]. 

 

 
 

Figure 5.12: Low-frequency Raman spectra from (a) functionalized and (b) coated samples. The 

intensity of both spectra was normalized with respect to the 𝐺 peak of the purified data. 

 

The features located around 727, and 852 𝑐𝑚−1 can be associated with the curvature 

happening in the graphene sheets during the functionalization process [186], whereas the 

peaks appearing at around 452, 608, 691, and 911 𝑐𝑚−1 correspond to CNS [180] [Figure 

5.12(a)]. The transverse optic and transverse acoustic phonon branches, which are usually 

inactive in the crystalline planar graphite, can become active due to the relaxation of the 

Raman selection rules owing to the curvature of the scrolls [180]. The Raman modes 

related to single and multiwall CNTs are also observed in the range 50-220 𝑐𝑚−1 

[187,188]. For the MWCNTs, the origin of the low-frequency bands is due to the 
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breathing vibrations corresponding to individual walls, a phenomenon similar to that of 

the RBMs in SWCNTs. However, the vibration in MWCNTs is quite complex due to 

interaction among the individual concentric walls. We identify the characteristic onsets 

corresponding to MWCNTs at around 75, 112, and 132 𝑐𝑚−1. The feature at 214 𝑐𝑚−1 

could be associated either with the RBMs of the SWCNTs or to the MWCNTs in the 

functionalized sample [188]. The coated sample also exhibits almost a similar trend with 

the low frequency peaks appearing at 72, 136, 164 and 192 𝑐𝑚−1 signifying MWCNT 

components in the film [188], while the onsets at 443, 640, 705, and 935 𝑐𝑚−1 

correspond to CNS [188]. We also observe several additional weak low frequency Raman 

onsets, which can be attributed to the curving of the graphitic sheets [180] [Figure 

5.12(b)]. A diameter-dependent shift in the high-energy phonons can happen to the 

curved graphene layers and it is even possible to observe additional phonon modes 

corresponding to the extra symmetries induced in the curved structures [189]. 

 

5.3. Conclusion 

In this chapter, we have conducted essential characterizations, including FTIR, XPS, 

XRD, and Raman, to gain insights into the chemical environment and vibrational modes 

of the as-prepared, purified, functionalized, and coated samples. The comparative study 

offers valuable distinctions in the chemical compositions, as well as disclosing 

emergence of various low-dimensional structural derivatives during the treatments. 
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CHAPTER 6 

Emergence of structural derivatives of carbon from 

SWCNTs 
 

In this chapter, we discuss emergence of various low dimensional structural derivatives 

of carbon from SWCNT bundles during oxidative purification, covalent functionalization 

and coating processes. The primary focus is to analyze and understand the TEM 

investigations that display diverse nano-structural components from the as-prepared 

SWCNTs. The most fascinating among all the structures observed is the signature of CNS 

and the beautiful manifestation of folding of GS into CNS. These results will be presented 

here. 
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6.1. Introduction 
 

The novelty of the carbon nanomaterials lies in their structure dependent properties and 

the ability to tuning them during post-synthesis processes. Although CNTs have been 

extensively studied, many of the physico-chemical properties of the low dimensional 

carbon structures, as well as the stability of the SWCNTs and their bundles is still a matter 

of enormous research interest. Production of SWCNTs by synthetic methods give 

aggregates which are held together by vdWs forces of approximately 500 eV per 

micrometer of tube-tube [87] contact. These as-prepared bundles have a mixture of 

SWCNTs with different diameters and chiralities exhibiting widely varying properties 

[88]. Implementation of HiPCO SWCNTs into devices is often hindered due to presence 

of amorphous carbon contaminants and metal catalyst particles that need post-synthesis 

purification for further use. Exfoliation of the bundles and individual separation of the 

tubes by covalent functionalization or with surfactants in water are necessary before 

subjecting them to any applications. Therefore, a comprehensive understanding of the 

morphological and chemical modifications of the as-prepared CNTs after performing 

purification and functionalization is required. 

In this chapter, structural evolution of as-prepared SWCNTs will be addressed. 

Disintegration of SWCNTs into other structural forms like MWCNTs, GS, junctions etc. 

are already reported. Here, we will highlight existing experimental and theoretical 

investigations to develop our understanding of the observed results behind exfoliation 

and unzipping of SWCNT networks and their structural alterations. Formation process of 

CNS from the SWCNTs is the main focus of this chapter by providing direct illustration 

of the TEM investigations. 

 

6.2. Disintegration of SWCNTs 

6.2.1. GS and MWCNTs 

There are abundance of studies documenting the unzipping process of as-prepared 

SWCNTs due to post-synthesis treatments. Chemical and oxidative unzipping 
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[122,190,191], atomic 𝐻-induced cutting and unraveling [192],

 

longitudinal unzipping 

of the CNTs using mixture of 𝐻2𝑆𝑂4 
and 𝐾𝑀𝑛𝑂4 or 𝐾𝑁𝑂3

 

[122], plasma etching [193],

 

metal catalyst assisted cutting [194,195],

 

lithium insertion and exfoliation [196,197]

 

mechanical sonication in organic solvents [198],

 

inter- or intra- tube intercalation of ions 

via tuning vdWs interactions [117,199–201] pressure induced radial collapse of the CNTs 

to GNRs [202]

 

are the effective approaches reported to assist exfoliation of the CNT 

bundles. During oxidative acid purification or covalent functionalization, hydrogen ions 

in the acidic solution plays a crucial role in disintegrating the 𝐶 − 𝐶 bonds and initiating 

the formation of different structural forms of carbon from SWCNTs [100,190].

 

Heat 

treatment of the SWCNTs [85,86]

 

to manipulate their structures by minimizing strain 

energy is also a promising technique. During heat treatment, same chiral angle SWCNTs 

exhibit a gradual increase in diameter due to self-reconstruction [203]

 

or diameter 

doubling [107].

 

It has been shown that almost 60% of the SWCNTs coalesce during 

annealing and form tubes of diameter twice or thrice of the original SWCNTs [107]. Tight 

binding and Monte Carlo calculations show coalescence of the SWCNTs under electron 

beam irradiation at high temperature in an electron microscope [203].

 

Emergence of 

MWCNTs is also reported [204] due to merging of SWCNTs around the central SWCNT 

or amalgamation of the bundle as a result of heat treatment [205].

 

Theoretical first-

principles calculations demonstrate that oxidative longitudinal unzipping of SWCNTs 

takes place in the middle and at the ends for the armchair and zigzag tube configurations 

respectively via overcoming a diameter and chirality dependent energy barrier [206].

 

At 

the initial stage of 𝐶 − 𝐶 bond tearing, the value of the energy barrier decreases with 

increasing tube diameter; however, the subsequent tearing of the 𝐶 − 𝐶 bonds that are 

parallel to the ones broken initially is barrierless [206]. The unzipping process of 

SWCNTs is also examined using molecular dynamics (MD) simulations and tight-

binding approach in the presence of atomic 𝐻 [207].

 

The calculations reveal self-zipping 

of the partially unzipped SWCNTs which occurs at about 600𝐾 is hindered when 

dangling bonds of unzipped C atoms are saturated with 𝐻 atoms [207].  
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CNTs in the presence of oxidizing agents unzip and form GS [208]. In this process, the 

mechanism of unzipping is based on the oxidation of alkenes by concentrated acid 

treatment [122].
 

Lopez et al. [205]
 

proposed a thermally driven transition of SW to MW 

tubes by creating vacancies and defects at an elevated temperature. Structural amendment 

of SW to MW CNTs was explicitly demonstrated experimentally by annealing SWCNT 

bundles. These results were further substantiated by performing MD simulations [205].
 

The vacancies or defects created on the SWCNTs were cited to be primarily responsible 

for promoting the coalescence of two SWCNTs via inter-tube polymerization. This plays 

a prominent role in the transformation of SW to MW tubes. Acid purification and a slight 

increase in temperature can drastically alter the SWCNT structure [190].
 

The vacancies 

and defects during annealing acquire high mobility throughout the tubes and the 

migration of defects continues until they are trapped in the inter-tube regions by 

saturation of the dangling bonds at the vacancy sites, which initiates polymerization in 

the neighboring tubes due to interactions among the trapped defects [205].
 

The 

coalescence of two tubes occurs via further pulling apart of the intra- and inter- tube 

bonds followed by patching and tearing of all the SWCNTs in the bundle, giving rise to 

MWCNTs [205].
 

Functionalization will further enhance the tearing process of the CNTs 

due to the use of a mixture of concentrated 𝐻2𝑆𝑂4 
and 𝐻𝑁𝑂3 acids and subsequent 

magnetic stirring, which will produce more defects and increase the temperature of the 

samples [209], [210]. This will result in the formation of GS and MWCNTs. 𝐻𝑁𝑂3 can 

also intercalate in the SWCNT bundles and dismantle the tube walls to give rise to 

graphitic sheets, which can eventually change to form various multi-shell phases [211]. 

 

6.2.2. CNS 

CNS with their recent scientific visibility and research interest have become an important 

topic of investigation. These jelly roll-like structures owing to their unique scroll 

topology, unfused ends and open extremities can exhibit far superior properties compared 

to other carbon 1D counterparts of SW or MW CNTs. With tunable core sizes, CNS can 

be the perfect candidates for applications related to tunable water and ion channels, 
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molecular sensors, flexible gene and drug delivery systems [212]. Varying interlayer 

spacing of CNS can host different intercalated species that can have potential applications 

starting from hydrogen

 

and energy storage in supercapacitors and batteries [213,214], 

[215].

 

Optical properties of these 1D carbon materials [216,217]

 

reveal promising 

features to be used as black absorber coatings [28]. To date, a variety of routes have been 

employed to fabricate CNS from graphene sheets such as mechanical methods and 

chemical synthesis. The molecular dynamics simulations performed by Braga et al. 

showed that CNS can have a lower energy than graphene layers [218].

 

The production of 

high yield CNS was first reported more than a decade ago by intercalating graphite with 

potassium followed by exfoliation in a highly exothermal reaction environment. 

Exfoliated graphene layers were then deformed by sonication to give rise to CNS 

[219,220].

 

Since then, many other methods have been proposed for the bulk production 

of CNS, e.g., microwave irradiation [24,221] using CNTs [24],

 

inducing solution-based 

scrolling of graphene sheets on a silicon dioxide (𝑆𝑖𝑂2) substrate [220], and solvent-

assisted self-assembly of graphene oxide (GO) layers [222]. The formation of CNS is an 

energy aided process due to the structural transition of the graphene layer, where a large 

overlap between two edges of freestanding graphene occurs, leading to the relative 

sliding of the overlapped region after a critical overlapped area is attained. The self-

sustained scrolling process continues as the vdWs interactions between the layers provide 

structural stability to form CNS [218]. Also, the low bending rigidity of graphene, which 

is determined by the bending-induced changes in the interactions between electron 

orbitals [223],

 

plays an important role in the structural modification of graphene 

nanoribbons and the eventual formation of CNS. For monolayer graphene, the out-of-

plane deformation associated with stretching and compression of covalent 𝐶 − 𝐶 bonds 

is responsible for the bending rigidity [224,225], while for multilayer graphene, this 

depends on the number of layers and the interlayer shear interaction [226].

 

The bending 

stiffness typically follows a thickness-dependent square power relation for the self-

folding mechanism of few-layer graphene (2-6 layers) with an interlayer shear modulus 

value in the range of 0.36-0.49 𝐺𝑃𝑎 [226].

 

The atomistic simulations performed by 
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Nikiforov et al. [227]

 

showed that large diameter SWCNTs very closely represent the 

behavior of graphene under pure bending in the low-curvature linear elastic regime. The 

simulations revealed curvature-induced torsional misalignment of the p hybrid orbitals 

as the key source of bending stiffness with a value of 1.49 eV [228]. Although theoretical 

studies provide a wide range of values of bending rigidity for single-layer graphene [228], 

[229],

 

the experimental value is cited to be 1.2 eV for a graphene sheet [230]. Fabrication 

of CNS out of GS via mechanical and chemical routes were reported earlier. Production 

of CNS with high yield was first reported by intercalating graphite with potassium in a 

highly exothermal reaction and deforming the exfoliated graphene layers by sonication 

[24,222].

 

Since then, various methods have been proposed for bulk production of CNS 

[222–225].

 

According to MD simulation results, CNS have a lower energy than the 

graphene layers [221].

 

The scrolling mechanism of CNS is a self-sustaining process 

determined mainly by the low bending rigidity [226–235]

 

of graphene and the vdWs 

interactions between the layers that provide structural stability [221]. In our TEM studies, 

we find direct manifestation of tearing of the SWCNT bundles, evidence of GS in the 

treated sample and winding of GS into CNS. This was achieved by subjecting the as-

prepared SWCNTs to the oxidative acid purification and covalent functionalization 

process. Investigation of the TEM results, impact of chemical processing on the initial 

tubes and their structural changes will be discussed in this chapter. 

 

6.3. Electron microscopy investigation results 
 

Comprehensive information about sequential structural disintegration of the as-prepared 

SWCNT bundles was revealed by TEM studies. We see direct evidence of low 

dimensional structural forms in the sample after purification, functionalization and 

polymer grafting process. An artificial color code is given to the images using ImageJ / 

Gwyddion softwares during analysis of the TEM data for better visualization. 

 

6.3.1. As-prepared 
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TEM investigations carried out on the as-prepared sample reveal sparse bundle network 

of SWCNTs [Figure 6.1]. Large area scans of the sample prior to purification exhibit a 

cloth like network of SWCNT aggregates [Figure 6.1(a)] with traces of carbonaceous 

[marked by arrows in Figure 6.1(a)] and metal catalyst particles [Figure 6.1]. 

 

 
 

Figure 6.1: TEM micrographs obtained from the as-prepared SWCNT sample. (a) Shows the 

large area image with bundled networks of SWCNTs. Amorphous carbonaceous particles are 

marked in (a) using arrows. (b) (c) and (d) show clear evidence of SWCNTs (marked with white 

arrows) within the bundled network. Presence of metal nanoparticles are observed as dark spots 

in (b-d). 

 

The metal impurities appear as dark spots in the micrographs [Figure 6.1(b-d)]. The 

SWCNT bundles are shown by white arrows in Figure 6.1(b-d). We do not find any 

evidence of GS, MWCNTs, CNS or other structures in the TEM studies of the pristine 

sample. 

 

6.3.2. Purified 
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TEM investigations of the purified sample are shown in Figure 6.2, 6.3 and 6.4. Purified 

data reveals SWCNT networks with a substantial decrease in the catalyst and 

carbonaceous contaminants [Figure 6.2]. However, small traces of contaminant particles 

are still visible as dark spots shown by black arrows in Figure 6.2(a). Within the network, 

the different SWCNT bundles exhibit different diameter periodicities ranging from 0.7-

1.1 nm [Figure 6.2(a, b)]. 

 

 

 

Figure 6.2: (a) TEM image showing SWCNT strands of varying diameters in purified sample. 

The regions of different diameter periodicities are marked using white rectangles on the image. 

(b) Shows the line profiles taken across each such rectangular region. Diameter periodicity of the 

SWCNT bundles within the rectangles is marked in the profiles. (c) Evidence of SWCNTs in the 

bundles and (d) FFT of the SWCNT bundle shows the hexagonal symmetry of the sp2 hybridized 

carbon atoms. 

 
 

The line profile taken across a bundle is averaged w.r.t. the number of nanotubes 

(represented by peaks in the profiles) to obtain an average diameter. Figure 6.2(c) is 

obtained from Figure 6.2(a) [area marked by black rectangle]. It clearly displays a 

SWCNT array that has a diameter periodicity of 0.9 nm [Figure 6.2(c)]. The FFT obtained 

from this array [Figure 6.2(d)] shows the hexagonal symmetry of the sp2

 

hybridized 
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carbon atoms. Structural heterogeneity in the purified sample is also evident with 

signature of MWCNTs, GS and CNS [Figure 6.3, 6.5]. Evidence of MWCNTs in the 

SWCNT network is marked in Figure 6.3 by rectangles. Figure 6.3(b) depicts one of such 

MWCNT networks taken from the rectangular area of Figure 6.3(a). The MWCNTs 

typically exhibit diameters in the range of 10-30 nm [marked in Figure 6.3(c)]. The high-

resolution TEM micrograph [Figure 6.3(d)] obtained from such a MWCNT clearly 

exhibits graphitic (002) layer stacking with a spacing of 0.34±0.02 nm. 

 

 
 
 

Figure 6.3: TEM investigations of the purified sample. (a) Large-scale image showing sparse 

bundle network of SW and MW CNTs with rare presence of impurity particles. (b) MWCNTs 

from the marked area in (a). (c) Presence of MWCNTs with varying diameters (marked within 

black squares). (d) High-resolution TEM image of an MWCNT with graphitic (002) plane 

stacking. The (002) layer spacing of ~0.34 nm is marked in (d). Inset of (d) is the FFT from the 

selected area [marked as a rectangle in the image]. 

 

 

The FFT taken from the marked area in Figure 6.3(d) is shown as an inset. It again reveals 

the hexagonal symmetry of the graphitic layers within the MWCNT structure. Catalyst 

particle induced tearing of the SWCNT bundles in the TEM micrographs are also noticed 

[Figure 6.4(a, b)]. Curling of SWCNTs and forming ring like structures are seen in Figure 
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6.4(c) and (d) [marked by arrows]. Manifestation of ring like structural configurations by 

branch of tubes exfoliated from the SWCNT bundles are seen in Figure 6.4(c, d). 

 

 
 

Figure 6.4: TEM investigations of the purified sample. Gross reduction in catalytic metal 

nanoparticles after a systematic purification process is observed. (a) and (b) Catalytic tearing 

induced by metal nanoparticles in the SWCNT bundles shown by white arrows; (c) curling of 

SWCNTs; and (d) evidence of ring formation. 
 

This is an indication of 𝑂2 driven exfoliation of SWCNTs leading to formation of ring 

structures [236–238]. Chen et al. [238] discussed the possibilities of deformation and 

coiling of carbon nanorings (CNRs) from SWCNTs due to vdWs interaction. According 

to Chen et al., least energy and maximum occupancy of the CNRs are achieved for spiral 

configuration during insertion or wrapping processes [238]. This kind of self-assembly 

of CNRs and SWCNTs [Figure 6.4(c) and (d)] can have high potential applications in 

carbon based nanodevices [238]. TEM investigations of purified data further reveal 

evidence of GS and formation of CNS in the sample [Figure 6.5(a, b)]. Illustration of 

curling and folding of GS into CNS can be observed in Figure 6.5(a-c). 
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Figure 6.5: (a)-(c) TEM micrographs depicting formation of CNS from GS. (d) Cross-sectional 

view of CNS revealing rolling of GS inside. 

 
Figure 6.5(d) shows the cross-sectional view of a CNS where rolling of GS to CNS is 

well evident. CNS are morphologically similar to MWCNTs; however, the distinction 

remains in their open extremities, varied layer spacing, and sides, where the edges of the 

scrolled sheets are not fused. These 1D structures usually exhibit large diameters, 

typically around 100-500 nm with open ends as observed in Figure 6.5(c-d). Signature of 

longitudinal tearing of CNS along the axis, induced by either catalyst particles [Figure 

6.6(a, b)] or due to stress and strain [Figure 6.6(c)] are also observed in the TEM studies. 

 

 
 

Figure 6.6: (a and b) Catalyst metal nanoparticle induced axial tearing of CNS. (c) Stress and 

strain induced tearing of CNS. 
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The tearing of CNS will generate GS in the system. Indication of merging of SWCNT 

bundles via diameter enlargement is captured in Figure 6.7. Figure 6.7(a) shows many 

entangled SWCNT bundles with signature of infused catalyst nanoparticles at their ends. 

Zoomed images of the end points of such entangled SWCNTs are shown in Figure 6.7(b, 

c). The ends are mostly capped with catalyst particles that are surrounded by shell like 

structures [Figure 6.7(b, c)]. However, uncapped hollow ends are also evident [Figure 

6.7(a, b)], without any trace of catalyst particles. The end of the tube bundles is having 

circular [Figure 6.7(a, b)] or faceted peripheries [Figure 6.7(b)]. 

 

 

 

Figure 6.7: (a)-(c) TEM images of merging of SWCNT bundles. (d) Periodicities of the merged 

SWCNTs. 

 
The shells are formed by many concentric graphitic layers exhibiting distinct fringes 

[Figure 6.7(b, c)] with periodicities in the range between 0.9-2.8 nm [Figure 6.7(d)]. The 

inner diameter of the shells is around 15-20 nm, whereas the outer diameter lies in the 

range between 25-30 nm with typical width of the shells around 10-15 nm. Signature of 

radial merging of the outer fringes of the nearby shell-like structures is evident in Figure 

6.7(b, c). Such merging process signals direct amalgamation process occurring via 
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tearing and subsequent coalescence of the SWCNTs in the bundles causing an increase 

in the inner diameter observed as 15-20 nm which is, otherwise, reported to be 0.7-1.3 

nm [88] for individual tubes in the purified sample. 

 

6.3.3. Functionalized 
 

TEM micrographs of the functionalized sample again disclose a multi-component 

material with evidence of various low dimensional carbon features [Figure 6.8, 6.9]. The 

network of entangled and branched bundles of SWCNTs [Figure 6.8(a)] is still evident, 

however, further structural alterations and emergence of heterogeneous components are 

seen due to sulfo-nitric treatment using strong 𝐻2𝑆𝑂4 and 𝐻𝑁𝑂3. 

 

 
 

Figure 6.8: The presence of SWCNT bundles (a, b) and MWCNTs (c, d) in the functionalized 

data. Twisted SWCNT bundles can be seen in (a). SWCNTs with enlarged diameter (b). 

Attachment of functional groups is visible as protrusions on the walls of the nanotubes [marked 

by arrows, (c), (d)]. 

 
Figure 6.8(a, b) show the SWCNT network, while Figure 6.8(c, d) exhibit the MWCNTs 

in the functionalized data. Signature of significant amount of functional groups attached 
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to the side walls are evident in the TEM micrographs [Figure 6.8(c, d); marked by 

arrows]. Twisted SWCNT bundles with enlarged diameter are seen in Figure 6.8(c, d). 

This is attributed to the incorporation and intercalation of functional groups into the 

CNTs. Functionalized sample exhibits SWCNTs with diameter in the range between 1-3 

nm, while for the MWCNTs it is around 30-80 nm. Figure 6.9 reveals multicomponent 

low dimensional structural forms in the functionalized data. 

 

 
 

Figure 6.9: TEM micrographs of the functionalized sample. (a) Evidence of GS and CNS. (b) 

MWCNTs with amorphous side walls. (c) Longitudinal exfoliation of SWCNT bundles and 

formation of `Y’ like junctions. (d, e) Nanoscrolls which are short after conducting the 

functionalization process and with open-ends [marked with arrow]. Inset in (d) is the FFT of the 

CNS revealing amorphous crystallinity. (f) Twisted MWCNT with a periodicity 25±5 nm. Right 

panel of (f) shows ‘CNO’ like nodes of the twisted structures with a graphitic (002) layer spacing. 

(g) Statistical weightage of different structural components presents in the sample. 
 

CNS and GS are seen in Figure 6.9(a). Figure 6.9(b) shows MWCNTs with amorphous 

graphitic walls. Signature of `Y’ like junctions in the sample is also evident [Figure 

6.9(c)]. Figure. 6.9(d, e) show CNS in the sample which are short compared to the 

purified data due to concentrated acid treatment. FFT [inset, Figure 6.9(d)] acquired from 

the CNS shown in Figure 6.9(d) reveals amorphous nature. We also notice signature of 

spiral like twisted CNTs [Figure 6.9(e)] after the sulfo-nitric process. It is documented 
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that the 𝐻𝑁𝑂3 treatment of SWCNTs usually generate multi-shell phases of carbon like 

MWCNTs, carbon nano onions (CNOs) etc. [239]. Twisted structures of collapsed 

SWCNTs or MWCNTs try to minimize their free energy in the deformed state or accord 

a local minimum with a large barrier to sustain the collapsed state [225,240]. Coils of 

MWCNTs, suspended or supported on the surfaces, are due to the competition between 

interlayer attractive force and curvature elasticity, while atomic lattice registry dependent 

intertube interactions between SWCNTs of different helicity generate the twisted 

SWCNT ropes [225,241–245]. The periodicity of the twisted nodes seen in our case is 

around 25±5 nm [Figure 6.9(f)]. These structural forms induced by curvature elasticity 

after the functionalization process can be very useful to achieve large scale deformation 

of nanoscale specimens and for biopolymer applications. These twisted structures can be 

used as actuators, lithium ion batteries etc. [246,247]. Right panel of [Figure 6.9(f)] 

shows the resolved fringes within the nodes of collapsed MWCNTs. High resolution 

TEM micrographs of these nodes look “CNO like” structures with graphitic (002) layer 

stacking (spacing between the layers: 0.34±0.02 nm) [248].  

CNOs are member of fullerene family comprised of quasi spherical or polyhedral shaped 

graphitic layers with a hollow core [248]. Structural simplicity, as well as, chemical 

reactivity of CNO like structures are very useful for applications in heterogeneous 

catalysis [249], electro-optical devices [250], energy storage etc. [251]. The cylindrical 

or spherical morphology of these particles at the nanometer scale can demonstrate 

interesting tribological properties mostly due to their shape and chemical inertness 

without dangling bonds. As a result, CNO like structures are used as additives and can 

lead to a strong reduction of both friction and wear even at low temperature. These 

particles are also considered promising candidates as solid lubricants for incorporation in 

fuels by NASA for aerospace applications [242] owing to their lubricating property. 

Onion like structures along the tube can also be induced due to presence of a minuscule 

quantity of −𝐶𝐻𝑥 functional groups on the side walls of the CNTs.  

The step wise acid treatment carried out in this study using concentrated 𝐻𝐶𝑙 and a 

mixture of strong 𝐻2𝑆04 and 𝐻𝑁𝑂3 are supplemented by damage to the nanotube 
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framework by creating intrinsic defects and holes that are functionalized with oxygenated 

functional groups like carboxylic, hydroxyl, ketone, alcohol, ester, sulfate, nitrate etc. 

Overall, this atomic alteration and chemical modification tend to open up the tubes which 

eventually give rise to distinct structures. It is known that sulfate with a moderate solvated 

size and polarizability also helps in exfoliation [199]. 

Statistically, the percentage of structural diversity in the sample was calculated by 

considering around 150 TEM micrographs. We find that the main components in the 

functionalized sample are CNS, MWCNTS, GS, and SWCNTs contributing more than 

95%. Other structural forms like junctions, CNT coils etc. are less than 5% in the sample. 

This is shown in Figure 6.9(g). 

 

6.3.4. Coated Film 
 

The TEM investigations of the coated sample are shown in Figure 6.10. We observe 

SWCNT arrays [Figure 6.10(a)]. Presence of MWCNTs with the walls made of many 

graphitic layers spaced approximately 0.34±0.02 nm apart is shown in Figure 6.10(b, c). 

Figure 6.10(d) clearly exhibit the polymer grafted CNTs with a polymer thickness of 5-

20 nm. 
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Figure 6.10: TEM investigations on the coated film. (a) SWCNTs (marked with arrows). (b) 

Graphitic plane stacking in the MWCNTs present in the sample. (c) Large-area image showing 

the entwined MWCNT structures. (d) Formation of CNS from the carbon sheets. 

 

Coated sample also manifests scrolling of carbon sheets and formation of CNS [Figure 

6.10(e)]. 

 

6.4. Discussion 

A pictorial depiction of the sequential merging process of SWCNT bundles is shown in 

Figure 6.11. Figure 6.11(a) displays the cross-sectional view of a SWCNT bundle with 

19 individual SWCNTs which start disintegrating slowly during the purification process 

following various intermediate steps [Figure 6.11(b-e)] to form concentric SWCNTs 

[Figure 6.11(f)] with enlarged diameter. 
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Figure 6.11: Pictorial cross-sectional depiction of merging process of the SWCNT bundles 

during purification process. 

 
It has been reported that the presence of defects in the tubes mainly vacancies, act as a 

dominating force to drive the coalescence process [252] of the CNTs. Vacancies can be 

created by various routes like high temperature annealing of the CNTs above 1600℃ 

[253], irradiation by electron beam [254], chemical treatment [107] and so on. A two-

step purification process involving 𝐻𝐶𝑙 treatment followed by air-oxidation at 500℃ for 

30 min was reported to convert the SWCNTs to double wall nanotubes (DWCNTs) with 

high yield (95%) [204]. The entangled CNTs in the acidic medium aggregate themselves 

during annealing owing to vdWs interactions that result in enhancing the diameter [190]. 

According to K. H. An et al. the 𝐻𝐶𝑙 treated SWCNT samples showed a diameter 

distribution in the range 10-25 nm matching well with the observed distribution of inner 

diameter of 15-20 nm of the merged tubes in our case as indicated above. Here, the 

samples were wet oxidized at 300℃ followed by 𝐻𝐶𝑙 washing and were then annealed at 

900℃ for one hour. As a result, coalescence of the tubes is very likely and their unzipping 

will produce GNR and GS [115, 120, 121, 188–194, 195–198, 200, 254] which will 

eventually initiate the scrolling. Binding of oxygen atoms to the surface and formation of 

two-legged epoxy bridges across the carbon atoms is also likely which in due course 

would line up to lower their energy and exerts a collective tension to tear the 𝐶 − 𝐶 bonds 

[236,255]. Ultimate structural relaxation would occur via forming GNR and GS which 
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eventually scroll up to give CNS. In the similar way, the mechanism of tearing of 

SWCNTs via attachment of oxygen containing functionalities at the defective sites 

leading to final transformation into CNS is demonstrated in Figure 6.12(a-e). 

 

 
 

Figure 6.12: Stepwise axial unzipping of CNTs leading to formation of opened GS and rolled 

CNS structures. 

 
In Figure 6.12(a-e), the defect and chemical group induced axial unzipping process of 

SWCNTs into GS and further rolling of GS to CNS are shown schematically. Scrolling 

and unscrolling processes of the GS are largely dependent on the chemical properties of 

the surface [35,256,257]. Interaction of graphene with itself or nearby GS or with other 

materials during folding is a complex event with surface forces being the governing 

parameters. For the graphene layers with the vdWs interaction being the main surface 

force of attraction, adhesion energies of ca. 0.45 𝐽𝑚−2 and 0.31 𝐽𝑚−2 have been reported 

for single and 2-5 layers respectively that lies within the limit of solid-liquid interaction. 

This value of high adhesion energy is mostly responsible for GS to give various other 
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surface morphologies [258]. Formation of CNS is governed by the elastic energy due to 

bending of GS and decrease of free energy in the overlapped regions of the layer 

originated by vdWs interaction [219]. During folding, the overlapped areas of a graphene 

layer interact and adhere and the deformation of the lattice occurs at the bend site giving 

rise to lattice strain [35]. The low bending rigidity of graphene that is governed by the 

bending-induced changes in the interactions between electron orbitals [28,259] plays a 

vital role in structural modifications of graphene sheets and formation of CNS. Also, the 

lattice strain generated at the bend site works itself as a restoring force to get the layer 

back to planar configuration [35]. With the attractive forces in the overlapped areas being 

greater than the restoring force at the bend site, the GS continues to bend and the vdWs 

force provide the stability of the scrolled configuration. Critical dependence of rolling on 

the surface energy could be modified by introducing foreign atoms and molecules on the 

surface. However, the presence of surfactants or functional groups in a liquid medium 

which get attached to the graphene surface would render surface charge making the 

folding mechanism more complex [252]. A possibility to overcome the issue of surface 

charge is to adjust the pH of the solution. The number of functional groups attached 

would vary depending on the techniques used and their random distribution on the defect 

sites of the lattice resulting different layer–layer and layer–solvent interactions. At low 

pH, the folding or scrolling takes place due to functionalized areas of the graphene layer 

interacting with the other areas of the same or different sheets in the medium, whereas, 

at a pH above neutral, the negative charges on the oxygen containing functional groups 

on the surface repel each other that causes deformation of the sheet to a curved surface 

from its planar configuration [254]. In a medium with very high pH, there will be a large 

number of oxygen groups attached to the surface that will have many center points to 

start the radial curvature process resulting in multiple bends and folds in the system 

giving rise to a nonuniform folded morphology. Additional architectural change can also 

occur due to surface tension effects during drying up of the solvent [254]. Research on 

covalent, non-covalent functionalization of graphene and chemical modifications of the 

graphene surface for various applications have received huge research interest in the last 
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several years. Formation of strong covalent bonds that occurs between the functional 

groups and the CNTs during covalent functionalization makes it superior to the 

noncovalent functionalization process. Scrolling can be induced by reliable 

functionalization of graphene or graphene oxide (GO) sheets with various oxygen 

containing functional groups like carboxyl, hydroxyl, carbonyl, epoxide etc. that provide 

active sites to trap, stabilize and nucleate metal ions [260]. This technique seems to be 

very promising to prepare CNS. Zu et al., have shown that partially hydrogenated 

graphene on one side of the sheet can form stable CNS at RT [261]. Chemical 

modification of GO and its covalent functionalization at the basal plane and edges is 

reported to be effective in making the sheets scroll to form CNS [69,262,263]. Graphene 

scrolls prepared by liquid nitrogen quenching, adding sodium citrate in GO aqueous 

suspension demonstrated high electrochemical properties which are dependent on the 

amount of added sodium citrate and the individual scroll morphology. Sodium citrate 

with abundant functional groups and short carbon chains modifies the surface properties 

of the GS to make scrolls of controllable geometry and size that emerge as 

supercapacitors [264]. In this study, the presence of alkoxy (𝐶 − 𝑂), carboxylic (−𝐶 −

𝑂), hydroxyl (−𝑂𝐻), carbonyl (𝐶 = 𝑂) and epoxy (−𝐶 − 𝑂 − 𝐶−) functional groups 

that are clearly evident in the XPS and FTIR studies (discussed in the previous chapter) 

of the samples will modify the surface properties of the GS that emerged during the 

chemical oxidation process of the CNTs. It has been reported that functional groups can 

be used as surfactants to assist the synthesis of graphene scroll composites via changing 

the surface properties of the GS [264,265]. We attribute the formation of CNS from the 

SWCNTs as oxidative functional group induced folding and scrolling of the GS. 

 

6.5. Conclusion 

Research on CNS is presently an emerging field where attention is mainly focussed on 

their synthesis, fabrication and looking for new properties for industrial applications. In 

this chapter, we have discussed the TEM results of disintegration of as-prepared HiPCO 

SWCNTs to other low dimensional structural derivatives of carbon such as MWCNTs, 
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GS, CNS, twisted CNTs etc. after performing purification and functionalization process. 

Manifestation of CNS from the SWCNT networks via a simple oxidative route is 

addressed in detail for the first time. The purified sample exhibits evidence of GS and 

direct illustration of curling and folding of GS into CNS. Signature of radial merging, 

catalyst particle induced axial tearing of the SWCNTs, chemical cutting as well as stress, 

strain induced tearing of CNS and their unraveling to GS are also clearly observed in the 

TEM investigations. The GS, thus, formed may again contribute to forming the CNS due 

to presence of the functional groups in the treated sample. Strong acid treatment during 

covalent functionalization process further helps in exfoliating, unzipping and cutting 

down the structures, and also give new structures like twisted CNTs and CNOs in the 

sample. These results are addressed here. Such fabrication of CNS from SWCNTs is 

hitherto unreported. 
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CHAPTER 7 

Morphology study of CNT based black absorber thin 

films 
 

This chapter conducts a thorough examination of coated samples utilizing SEM and TEM 

characterization tools. It specifically emphasizes the notable absorption features 

observed in thin film coatings derived from black absorber CNTs. The study employs UV-

Vis-NIR characterizations, and the verification of absorption features is conducted after 

subjecting the coatings to space simulation tests. The results highlight the extended 

duration and stability of these coatings under extreme space conditions. 
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7.1. Introduction 

The morphology study of CNT-based black coatings using SEM and AFM provides 

valuable insights into the structural characteristics and surface topography of the 

coatings. SEM offers a high-resolution, three-dimensional view of the coating's surface, 

allowing for the observation of CNT distribution, orientation, and overall morphology. 

AFM, on the other hand, provides nanoscale surface profiling, offering detailed 

information about surface roughness and CNT arrangement. By employing these 

advanced microscopy techniques, we can comprehensively analyze the nanostructure of 

CNT-based black coatings. This combined approach aids in understanding the coating's 

surface features, which is essential for optimizing its performance in terms of adhesion, 

durability, and functionality. On the other hand, to investigate the high absorption 

features of black absorber CNT coatings using UV-Vis-NIR spectroscopy is a crucial 

aspect of understanding their optical properties. UV-Vis-NIR spectroscopy enables the 

comprehensive examination of the coatings' absorption capabilities across a wide range 

of wavelengths. This study provides valuable insights into the efficiency of CNT coatings 

in absorbing light, especially in the UV, Vis, and NIR regions. Such knowledge is 

essential for optimizing these coatings for stray light control applications, where tailored 

absorption features can significantly enhance performance. 
 

7.2. Microstructure and elemental analysis 

SEM and AFM studies are used for microstructural analysis of the samples. SEM 

micrographs obtained are shown in Figures 7.1. Figure 7.1 (a-c), (d-f), and (g-i) show the 

morphology of the purified, functionalized, and spray-coated samples respectively. 
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Figure 7.1: SEM micrographs of purified (a-c), functionalized (d-f) and coated (g-i) samples. 

The unfused edges and open ends of the CNS are marked by arrows in (b) and (c) respectively. 

A cross-sectional view of the coated film on the Al substrate is shown in (g) with the thickness 

marked. The cavities formed on the coated film are shown by circles in (i).  

 

Direct evidence of nesting of the CNTs with agglomeration [Figure 7.1(a)], the signature 

of CNS with unfused [Figure 7.1(b)] and open [Figure 7.1(c)] ends (marked by arrows) 

can be seen in the purified sample. Nesting and agglomeration are due to σ and π bonds 

of the carbon atoms with σ bonds forming the strong hexagonal carbon network within 

the rolled graphene sheets, whereas, π bonds, perpendicular to the surface of the tubes, 

try to connect the CNTs by weak vdWs interactions [1,21,266–268]. SEM investigations 

after functionalization [Figure 7.1(d-f)] display evenly dispersed CNTs [Figure 7.1(d)], 

a direct manifestation of curling and folding of the carbon sheets to form CNS [Figure 

7.1(e)] and coexistence of CNTs and CNS [Figure 7.1(f)]. An overall uniform distribution 

of CNTs after functionalization [Figure 7.1(d)] is attributed to the attachment of 
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carboxylic functional groups on the surface [181,182], which improves the dispersion 

and adhesion properties of the tubes [269]. 

SEM micrographs obtained from the coated films are shown in Figure 7.1(g-i). Cross-

sectional view [Figure 7.1(g)] reveals the thickness of the film which is approximately 

200-250 μm. SEM images also disclose the presence of interlinked forests [Figure 7.1(h, 

i)] with cavities or pores [Figure 7.1(i)] on the surface (marked by circles). 

 

 
 

Figure 7.2: AFM micrographs of the coated film surface. (a, c) show the surface morphology 

with microcavities/holes. (b) 3D projection of surface (a). 
 

AFM investigations on the coated films [Figure 7.2(a, b, c)] further support the evidence 

of interlinked CNT forests. We can also see microcavities [270,271], or holes [Figure 

7.2(a, b)] on the surface. Since optical properties of the blackest coatings will hugely 

depend on the surface morphology and related light trapping abilities, the presence of 

these pores or holes will play an important role to trap light via multipole reflections 

[272] inside the cavities. 

 

7.3. Spectral reflectance measurement 

Hemispherical reflectance measurements have been carried out on the spray-coated 

samples using an integrating sphere attached to the spectrometer. Total reflectance of the 

coated film before and after subjecting to SEST is presented in Figure 7.3.(a). Our coated 

film shows broadband reflectance in the range 400-2500 nm [Figure 7.3.(a)]. For the 
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spectral band 500-1500 nm, almost a uniform variation of reflectance is observed with a 

minimum value of 2.3%. 

 

 

Figure 7.3: (a) Optical reflectance studies on the as-prepared coated film as well as after 

subjecting to various SEST. (b) The standard deviation of the mean reflectance values after 

performing SEST w.r.t. the as-prepared film. 

 

Figure 7.3.(a) also shows reflectance spectra acquired after performing SEST namely 

humidity, thermal shock, thermal vacuum, thermal storage. As can be seen in Figure 

7.3.(a), the reflectance spectrum obtained after each SEST exhibits identical behavior as 

that of the coated film which clearly demonstrates the stability of the film. In Figure 

7.3.(b), we have plotted the standard deviation of the mean reflectance values obtained 

from the film after performing each SEST w.r.t. the value before the SEST (spectral range 

500-1500 nm). It is clearly evident [Figure 7.3.(b)] that the variation of the mean 

reflectance values is very small and within the error limit. Percentage deviation is within 

0.4-1.6 with the thermal shock test giving the lowest variation and the humidity test 

showing the highest. 

Several earlier reports on broadband absorption observed in vertically aligned CNT forest 

were attributed to the formation of compound materials made up of individual nanotubes 

comprised of different chirality, bandgap, number of layers, etc. [267,270,271]. Here, 

trapping of light and multiple reflections happening within the cavities as well as in the 

nanotubes and nanoscrolls would contribute significantly to the observed low reflectance. 
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Post-growth processing of the CNT bundles and site densification [273–275] are 

necessary in order to achieve the desired property of the CNT-based films. Purification 

of the as-prepared SWCNTs by chemical oxidation is important to remove the catalyst 

and carbonaceous contaminants from the bundle network. This would also modify the 

CNT structures including cutting and opening them up. The functionalization process is 

carried out to enhance the solvation properties of the purified CNTs [269] which are 

usually in the form of bundles and ropes because of interfacial interaction, intrinsic vdWs 

force, and high aspect ratio [21]. Chemical functionalization involves covalent 

attachment of chemical groups through reactions onto the π- conjugated skeleton of the 

CNTs by forming a covalent linkage between the functional entities and the carbon 

skeleton of the tubes [178,269]. While direct covalent sidewall functionalization with 

carboxylic groups is associated with a change in hybridization from sp2 to sp3 

[179,181,182], indirect covalent functionalization is due to the chemical transformation 

of the carboxylic groups at the open ends and holes in the sidewalls of the CNT surfaces. 

In the covalent functionalization process, the CNT structures are further destroyed, 

resulting in significant changes in their physical properties [21,178,266,268,276]. In 

addition to the parameters like diameter, length, orientation of the tubes; densification 

also plays a major role in altering the physical properties of the film. Stray light control 

application requires a successful fabrication of a stable film that could be achieved using 

a highly volatile solvent like acetone associated with a polymer binder. This makes the 

CNTs come in close contact due to the capillary coalescence effect and create a random 

porous network of dense CNT forests [275]. We have grown solvent-binder wetted layer-

by-layer stacking of random forests of CNT-CNS composite film by a simple spray 

coating technique where evaporation of localized solvent will make CNTs and CNS come 

close to each other due to capillary forces, giving rise to porous mesh-like network [275]. 

Capillary-induced densification can lead to large size pores depending on the choice of 

solvents [275]. Evidence of macro-pores of diameter up to few microns observed on our 

film surface [Figure 7.1(i) and 7.2] could be related to the volatility of the solvent, 

capillary forces, and the transport of the colloidal particles [275,277]. These macro-pores 
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will play a vital role in the observed low reflectance value by efficiently trapping the 

incident light. It has been shown that refractive index, n, remains almost constant for a 

densified film compared to the pristine sample [274]  and densification can reduce the 

film thickness by approximately 50% to obtain alike transmittance [274]. However, all 

these were discussed for wavelengths till 600 nm, much below our experimental range to 

draw any comparison. Ab initio and tight-binding calculations show that CNS, CNTs, 

and monolayer amorphous carbon sheets display similar absorption trends w.r.t. energy 

with a variation only in the intensity values [278]. In the UV-Vis spectral range, CNS 

exhibit a higher absorbance owing to their large curvature compared to CNTs and 

amorphous carbon sheets. In the spectral range approximately between 300 nm (~4.13 

eV) to 800 nm (~1.55 eV), the absorbance of CNS is almost twice that of CNTs and 

amorphous carbon layers, while, reflectivity remains mostly constant [278]. The 

calculated reflectivity and refractive index curves also reveal an identical spectral nature 

for CNS, CNTs and the carbon sheets in the UV-Vis-IR range with a major part of the 

incident light getting absorbed between 1240 nm (1 eV) - 310 nm (4 eV) [278]. The 

spectral behavior of our reflectance data appears to be in good agreement with the 

theoretically predicted results[278]. This illustrates the possibility of these easily 

synthesized curved graphene composites, obtained via microstructural changes during 

the processing, as potential candidates for stray light control and optoelectronics 

applications [278]. 

 

7.4. Implementations of black absorber thin film coatings 
 

CNT based coatings are a new trend in material science world. Achieving robust adhesion 

in CNT based black coatings poses significant challenges. The unique properties of 

CNTs, such as their high aspect ratio and low density, can make it challenging to ensure 

uniform and durable adhesion to various substrates. Properly bonding the CNTs within 

the coating matrix is crucial for maintaining the integrity and effectiveness of the black 

coating. Factors like surface preparation, coating application techniques, and the 

compatibility of CNTs with the substrate material play pivotal roles in addressing these 
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adhesion challenges. Developing innovative solutions to enhance adhesion will not only 

improve the durability of CNT-based black coatings but also expand their applicability 

in diverse industrial and technological contexts. Here, we are highlighting the challenges 

encountered during the preparation of the black absorber coatings. These challenges are 

listed below. 
 

a) Uniformity of the coating 

b) Long term stability of coating solution 

c) Adhesion of the coating 

d) Specular absorption property of the film 

e) Uniform temperature gradient  

f) Solvent-binder chemistry 

g) Extent of functionalization or attachment of oxidized entities 

h) Maintaining proper ratio among CNT composition, solvent and binder with 

particular frequency of ultrasonication process 

i) Controlling frequency of ultrasonication without disturbing integrity of CNTs. 

 

We have successfully overcome these issues by optimizing the parameters via performing 

repeated experiments until the goal is achieved which was a cumbersome process. 

 

7.5. Adhesion test 

Adhesion is an important physical property that is an indicator of proper bonding between 

the coated film and the substrate. For a coated film to fulfill its function, it should adhere 

to the substrate properly. We have studied the stability of the films by using the ‘scotch 

tape method’ which is a commonly used technique to assess the adhesion of the CNT 

coatings with the substrate surface. Figure 7.4 shows the sequence of the snapshots 

carried out on the coated film samples in our case. As can be seen [Figure 7.4], the film 

was gently pressed by using a normal scotch tape on the surface. In our case, the film is 

well adhered to the substrate, the peeled-off tape would not exhibit any signature of the 
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film coming out with the tape. Rather, only the impression of the loosely bound particles 

which are present on the film surface will be evident on the tape after removing it off. 

 

 
 

Figure 7.4: Sequential depiction of adhesion test performed on the coated film by using a 

scotch tape. 

 

This can be clearly seen in Figure 7.4 where the signature of a very small amount of 

surface particles is only visible on the tape after performing the experiment. The visual 

analysis [Figure 7.4] confirms the high stability and viability of the CNT, CNS blended 

film coatings in terms of adhesion with the Al substrate. Well-dispersed CNTs in an Al 

matrix can pin dislocations driven by the capillary action during solvent evaporation and 

can form strong chemical bonds with substrate [279] exhibiting good film stability. A 

significant contribution would also come from the polyurethane binder due to its physico-

chemical bonds, high elongation, and tensile strength. The success in the adhesion test 

allows us to proceed further with the SEST. 

 
 

7.6. SESTs study 

We have carried out elementary SEST on these coatings to check their sustainability for 

space-related applications. Any device which needs to be used in spacecraft has to survive 

in the space environment which is entirely different compared to ground conditions on 
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earth. CNT coatings have shown great promise in this field to be used for stray light 

control [270,280], bolometric measurements [270,272], and blackbody sources [270], 

etc. to name a few. In that series of experiments, the primary tests include survival of 

these coatings throughout the launch environments like vibration, humidity, shock, 

temperature extremes, etc. In the humidity test, moisture is allowed to ingress into the 

surface which may lead to oxidation, and hence there is a large probability that the 

properties of the coating will degrade. However, our sample subjected to the humidity 

test exhibits good stability without any trace of decay in its optical absorptance property. 

The samples exposed to thermal shock, thermal storage, and thermo-vacuum cycling tests 

also indicate that the stress and strain due to temperature variations are not affecting the 

film demonstrating the stability of these coatings under different environmental 

conditions. 

 

Tests Tests Conditions Average 

Reflectance (500 - 

1500 nm) (%) 

Deviation in 

reflectance w.r.t. 

(*) (%) 

As-prepared 

sample (*) 

----- 2.49 ----- 

Humidity 95% relative humidity, 50ºC 2.53 1.6 

Thermal Shock -30ºC to +70ºC, 500 cycles 2.50 0.4 

Thermal 

Storage 

-50ºC to +80ºC, 10 cycles, 2hrs 

dwell time 

2.52 0.8 

Thermal 

Vacuum 

Cycling 

-50ºC to +80ºC, 

2 hrs dwell time, 

1x10-5mbar, 5 cycles 

2.51 1.2 

 
Table 7.1: SEST and the spectral properties of the spray-coated sample. Average reflectance 

values after performing SEST remain within the error limit w.r.t. the as-prepared coated film (*). 

 



140 
 

From Table 7.1, one can see that the average reflectance (%) has not changed after 

performing SEST. The samples do not exhibit any difference either visually [Figure 7.4] 

or in spectral reflectance measurements [Figure 7.3. and Table 7.1] before and after 

subjecting to the SEST. Details of the SEST are given in Table 7.1. 

 

7.7. Prototype application of vanes coated with the carbon 

composite thin films 
 

These CNT-polymer based composite films are highly useful in different areas. Frequent 

applications of CNT-based thin film coatings are found wherever stray light needs to be 

controlled, such as coatings for thermal detectors and baffles, various optical 

components, sensors, space telescopes, and components in spacecraft.  

 

 

Figure 7.5: Final assembly of coated vanes for the actual prototype of spacecraft for stray light 

control application. 

 
 

As the spray coating method is very flexible so it is highly useful and easy to access to 

coat sharp edge objects. The final prototype of the unit is shown in Figure 7.5. 

 

7.8. Conclusion 
 

In this chapter, we explored morphological transformations in the purified, 

functionalized, and coated samples through SEM and AFM analyses. The absorption 
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characteristics of the coated samples were confirmed through UV-Vis-NIR spectroscopy. 

These films were subjected to the SESTs including humidity, thermal storage, thermal 

vacuum cycling and thermal shock. Across the spectral band of 500-1500 nm, a nearly 

consistent variation in reflectance is evident, reaching a minimum value of 2.3%. 

Adhesion test of the coatings was the crucial step coupled with visual inspections, and 

was performed successfully before deploying the films to control stray light in space 

units. 
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CHAPTER 8 

Conclusion and future perspective 
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8.1. Conclusion 

Research on blackest coatings using carbon materials continues to be an evolving field 

of study. The optical properties of carbon based coatings need to be tuned according to 

the requirement and application. The task of making adequate coatings for specific 

applications by tailoring the growth process, surface preparation, and modification is still 

under progress. As a result, thin films of carbon materials have received enormous 

attention for developing high absorber coatings for stray light control applications in 

thermal detectors and baffles, various optical components, sensors, space telescopes, 

spacecraft components etc. Herein, we report a facile, cost-effective method of 

fabricating stable coatings comprised of CNTs, CNS, GS and other low dimensional 

structural derivatives of carbon on flexible Al substrate via a simple spray coating 

technique for stray light control applications in the space domain. We discuss in this work 

the action of oxidizing acid purification and covalent functionalization on the as-prepared 

SWCNT bundles and their structural decomposition due to chemical modification via 

attachment of various functional groups. Spectroscopy, microscopy and microstructural 

studies demonstrate emergence of MWCNTs, GS, CNS and other low dimensional 

structural components of carbon as a result of processing-induced modifications to the 

as-prepared SWCNTs.  

CNS, an emerging 1D helical form of carbon with its unique structure and superior 

properties has received enormous attention recently where main focus is on their 

synthesis, fabrication and looking for new properties for industrial implementation. 

Although a plethora of investigations carried out on MWCNTs demonstrate their highly 

promising optical absorption properties, studies on CNS are still in its beginning. It is 

predicted that CNS could be a better candidate than CNTs in this regard [273]. We 

demonstrate here beautiful manifestation of CNS from the SWCNT networks via a 

simple oxidative route of purification for the first time. The purified sample not only 

exhibits a high degree of reduction in the contaminant metal particles and amorphous 

carbon, it also shows evidence of MWCNTs, GS and CNS. Reflux action involving wet 

oxidation, 𝐻𝐶𝑙 wash and annealing at 900℃ was crucial to develop a solution based 
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oxidative route for successful merging, exfoliation and unzipping of SWCNTs to 

MWCNTs and GS and subsequent formation of CNS via curling and folding of GS. 

Signature of radial merging, catalyst particle induced axial tearing of the SWCNT 

bundles, chemical cutting, as well as stress and strain induced tearing of CNS and their 

unraveling to GS are also clearly observed. The GS, thus, formed would again contribute 

in forming CNS due to presence of the functional groups in the treated sample. We 

present our stepwise systematic investigations and analysis towards the microstructural 

and chemical changes occurring to the as-prepared SWCNTs. Covalent functionalization 

further induces significant number of functional groups to the structures revealing a 

general trend of increase in the diameter of the tubes and signature of short and distorted 

CNTs and CNS compared to the purified data. An intriguing understanding is developed 

via performing functional group analysis, Raman spectroscopy studies, XRD 

investigations, morphology and microstructure analyses by TEM and SEM.  

Thin films of these heterogeneous carbon derivatives amalgamated in polyurethane 

matrix on Al substrate are further studied by spectral reflectance measurements, 

microstructural analysis, and SESTs. These coated films demonstrate promising results 

by exhibiting a low reflectance of the order of 2-3% in the Vis-NIR spectral bands, 

especially in the range 500-1500 nm where light reflectance is 2.3-2.8%. Microstructural 

investigations including SEM and AFM confirm the presence of microcavities and pores 

on the surface of the films. These cavities and pores would significantly contribute to the 

observed low reflectance value of these compound films by trapping incident light via 

multiple reflections. Fundamental SEST performed on the coated films show good 

stability and endurance to harsh space conditions with their reflectance values unaltered, 

demonstrating the durability of these films as potential candidates to be used in extreme 

space environmental conditions. This study describes the preparation, characterization, 

and testing of blended heterogeneous low dimensional derivatives of carbon coatings for 

low-light scattering applications. We develop a process for successful fabrication of 

stable composite film coatings comprised of random network of functionalized carbon 

nanomaterials and polymer conjugate without going into non-trivial process of separating 
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the structural components. This work is now directly implemented to make coatings on 

vanes/baffles in space components. 

 

8.2. Future perspective 

The future applications of these thin films derived from CNTs exhibit significant 

potential across diverse realms of nanoscience and technology. The CNT-based black 

absorber thin films can be strategically utilized in solar systems to enhance energy 

absorption in areas such as thermal management, where these films can efficiently absorb 

and dissipate heat. Additionally, their potential application extends to corrosion 

protective paints for large wind blades in wind mills, UV based sensors and photo 

detectors in space exploration, where they can serve as coatings on satellite surfaces, 

enhancing thermal control and mitigating the impact of intense solar radiation. The 

unique properties of CNT-based black absorber thin films position them as innovative 

solutions for addressing challenges in renewable energy, thermal regulation, and space 

technology. 
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