
 

 

 

 

 

STRUCTURAL EVOLUTION AND GROWTH MECHANISM OF HIERARCHIAL 

HETEROSTRUCTURES COMPRISED OF CARBON NANOTUBES                          

DECORATED WITH NANOPARTICLES 

 

 

by 

WENWU SHI 

NITIN CHOPRA, COMMITTEE CHAIR 

RAMANA G. REDDY 

MARTIN G. BAKKER 

A THESIS 

 

 

Submitted in partial fulfillment of the requirements 

for the degree of Master of Science 

in the Department of Metallurgical and Materials Engineering 

in the Graduate School of 

The University of Alabama 

 

 

 

TUSCALOOSA, ALABAMA 

 

2011 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Wenwu Shi 2011  

ALL RIGHTS RESERVED



ii 

 

 

 

 

ABSTRACT 

Novel hybrid materials composed of hydrogels and heterostructured 1-D nanostructures 

such as carbon nanotubes (CNTs) coated with nanoparticles are critical for development of 

multi-functional analytical systems and biological applications. In this thesis, CNT-nickel/nickel 

oxide (Ni/NiO) core/shell nanoparticle (CNC) heterostructures were prepared in a simple and 

single step synthetic approach. The high surface-to-volume ratio and aspect ratio of chemical 

vapor deposition (CVD)-grown CNTs (average diameter ~ 46±16.4 nm) allowed to uniformly 

coat with Ni/NiO core/shell nanoparticles (average diameter ~ 12±2 nm). The crystal structure, 

morphology, and phases of CNC heterostructures were characterized using high-resolution 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), Raman 

Spectroscopy, X-ray Photoelectron Spectroscopy (XPS) and X-ray diffraction (XRD). Single 

parameter controlled structural and morphological evolution of heterostructures was also 

evaluated. With the increase of reaction time, distribution density of nanoparticles on CNTs 

decreased and different shapes of nanoparticles also emerged. When reaction time was extended 

to 15 hrs due to the interaction between nickel and phosphine based stabilizers, phosphide 

nanoparticles on CNTs were synthesized.  

Subsequently, as-produced CNC heterostructures were incorporated into poly vinyl 

alcohol (PVA) hydrogel. These CNC heterostructure-PVA hydrogels were rigorously 

characterized for their chemical functionality, morphology, and water absorbing capacity using 

spectroscopic (FTIR and UV-vis transmittance), SEM, and swelling/shrinking studies. CNC 

heterostructure-PVA hydrogel was utilized for separating and concentrating chemical species 
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from a mixture. The approach also demonstrated that these hybrid materials can also selectively 

concentrate L-histidine or histidine-tagged green fluorescent protein (GFP) in the solution. 

Finally, a cycled magnetic field was applied to control the releasing speed of molecules loaded in 

the PVA hydrogel. Such selective and multi-component hydrogels can be very useful for 

developing advanced chemical and biological sensors. 

Thermal stability of prepared heterostructures was evaluated in a N2-rich atmosphere.   It 

was found that high temperature would result nanoparticles migration from CNTs to flat 

substrate. Meanwhile, decoration of nanoparticles effectively extended the stability range of 

CNTs from    ~ 400 °C to temperatures greater than 600°C.   
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CHAPTER 1 

1.                                                    INTRODUCTION 

Over the past few decades, nanomaterials have been receiving significant attention due to 

their potential applications such as solutions for energy crisis, environment pollution as well as 

high efficiency, multifunctional, low energy cost, and portable devices.
1,2,3

 Nanomaterials have 

at least one dimension less than 100 nm and have been further categorized into 0-D 

(nanoparticles, quantum dots), 1-D nanomaterials (nanowires, nanobelt, and nanorod), and 2-D 

(thin films) depending on electron or charge carrier confinement. There are several reasons for 

the superior properties of nanomaterials compared with their bulk counterpart.
1
 First of all, 

surface areas of nanomaterials are much larger than bulk materials.
1
 Utilization of this aspect 

was widely shown in heterogeneous catalytic reactions where nanoparticles with fine size 

distribution were dispersed on mesoporous silica
2
 and CNTs. This strategy has been proved with 

much better catalytic activities due to large reacting area as well as unexpected higher activity 

caused by change of electron affinity and ionization potential.
1
 Secondly, properties of 

nanomaterials could be rationally altered due to the quantum mechanics effects associated with 

size.
1
 It has been proven that band gap of semiconductor, wavelength of noble nanoparticles 

plasmonic excitation, and magnetic moment of elemental clusters are highly dependent on 

dimensions and morphologies of nanoparticles.
1
 Thirdly, absence of defects inside nanomaterials 

could result in materials with theoretical mechanical strength, conductivity or other properties.
3
 

Nanowires, nanosheets and nanotubes with great mechanical properties are widely used inside 

polymer matrix to enhance mechanical strength.
3
 Finally, these small objects could be directly 



2 

 

integrated into miniaturized electronic devices to form higher density storage media based on 

nanoparticles,
4
 logic gates build on nanowires,

5
 and optical modulator comprised of graphene.

6
  

Unique properties and applications of single-component nanostructures
7,8

 are propelling 

the development of multi-component and hybrid nanostructures.
9,10,11

 The major advantages of 

such multi-component nanostructures (referred to as „heterostructures‟) are their multi-

functionality, structural stability, and purity of individual component comprising the 

heterostructure. Heterostructures having a one-dimensional (1-D) nanostructure component, such 

as nanotubes or nanowires, are termed as 1-D nanoscale heterostructures. Controlled synthesis 

and processing methods for these heterostructures are of particular interest and can give an 

opportunity to modulate their physico-chemical characteristics and properties. Such 

heterostructures can be categorized into two kinds: a) nanowire-based heterostructures (e.g., 

nanowire connected/decorated with nanoparticles, nanotubes, or nanowires) and b) nanotube-

based heterostructures (e.g., nanotube connected/decorated with nanoparticles, nanotubes, or 

nanowires).
12

 Among these, CNT-nanoparticle heterostructures are paid with great attention and 

are promising for energy technologies, catalysis, and chemical/biological sensors. 
13,14,15

 There 

are several reasons accounting for the superiority of CNT-nanoparticle heterostructures. Firstly, 

CNTs are of great electron transportation ability and mechanical strength, which could 

effectively work as robust building blocks inside devices.
8
 Secondly, nanoparticles exhibit strong 

size dependant electrical, magnetic, and optical properties.
1
 Anchoring of nanoparticles onto 

highly curved CNTs with large surface area or other substrates could successfully avoid the 

undesirable and detrimental aggregation of nanoparticles.
2
  Thirdly, sharp interfaces/junctions 

between CNTs and nanoparticles will undoubtedly introduce either novel functionality or 

enhanced properties due to the strong interaction at nanometer scale.
9
 Various methods 
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developed to synthesize heterostructures.
16

 Chemical synthetic approaches, which commonly 

involve functionalizing CNTs and then linking them with nanoparticles or quantum dots, 

predominated.
16 ,17,18

 However, attachment of nanoparticles on CNTs without any use of covalent 

chemistry will lead to high purity heterostructure, which is desirable for numerous applications 

especially in biological field.  
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1.1 Synthesis, Characterization, and Functionalization of Carbon Nanotubes 

Since their first discovery by Iijima et al. in 1991
19

, there is remarkable attention paid to 

CNTs because of their unique mechanical, electrical, optical, chemical characteristics.
8
 

Applications in clean energy (solar cell,
20

 hydrogen storage,
21

 and supercapacitor
22

), micro- and 

nano-electromechanical system,
23

 fast-response-low-detecting-limit sensor
24

 have been 

developed. CNTs can be metallic or semiconducting depending on numbers of walls and their 

rolling vectors.
8
  

1.1.1 Synthesis of Carbon Nanotubes 

Various techniques such as arc-charge, laser-ablation, and chemical vapor deposition 

(CVD) were explored for synthesis of CNTs.
8
 CVD in the presence of transition metal catalysts 

(Ni, Co, Fe nanoparticles) has many merits compared with other methods.
8,25

 Usually, CVD 

technique progresses at relatively low temperature and does not require high voltage like arc-

charge method. Moreover, for high voltage arc-charge method, a big problem is the existence of 

large amount of impurities (graphite, amorphous carbon).
8
 Although CVD process still brings 

transition metal nanoparticles as catalysts, which become impurities in CNTs. Considering their 

amount and consequent easy removal by post treatment, impurities of CNTs by CVD is 

negligible and acceptable. Another advantage, which is of great significance for future 

applications of CNTs, is its ability to fabricate well-aligned CNTs
11,25

 and site-selective CNTs.
23

 

These benefits are crucial for developing, fabricating, and assembling nanoscale architectures 

and devices using CNTs as blocks.
23,26

   

Even though the growth mechanism of CNTs is still a subject of controversy,
8
 and none 

of proposed mechanism can completely explain all CNTs formation. One of mechanisms, which 



5 

 

is widely used and recognized, is as following. Carbon atoms from cracking of organic carbon 

sources (aromatic hydrocarbon, alkenes, and alkynes)
8,11,25

 dissolve into pre-coated metal 

nanoparticles or in-situ synthesized nanoparticles during CVD process to form metal-carbon 

alloy. Extra carbon supplied by carbon source form CNTs. This mechanism can be divided into 

two sub-types: extrusion/root growth and tip growth depending on where nanoparticles are inside 

CNTs (Figure 1.1A).  

One of the important parameters for CNTs growth in CVD process is metal nanoparticles 

catalyst.
8,25

 Metal-based nanoparticles not only assist the crack of hydrocarbon source but also 

facilitate the nucleation and growth of CNTs.
8,25

 Diameter, morphology, composition, and size 

distribution of nanoparticles can have great effects on the inner, outer diameters, length, and 

yield of CNTs.
25,26

 Although several special cases in which Au,
27

 Cu,
28

 and other nanoparticles 

served as catalysts or metal-catalyst-free techniques have been reported,
 29,30

 transition metal (Fe, 

Co and Ni) currently predominated as CNTs catalysts.
25

 Generally, catalyst is independently 

synthesized and then uniformly dispersed onto substrate or in-situ synthesized by decomposition 

of metal-organics. A good example of latter approach is the decomposition of ferrocene 

(Fe(C5H5)2) into Fe nanoparticles.
25,26

 

1.1.2 Functionalization of Carbon Nanotubes  

Beside the synthesis and characterization, chemical modification and functionalization of 

CNTs also possess great importance for tailoring of the solubility and surface functionality.
31,32

 

This will require a detailed and through understanding of CNTs chemistry. In general, there 

could be two different approaches, which include direct binding of molecules onto graphitic 

surfaces or linking through carboxyl group formed on the surface of CNTs. A good example for 



6 

 

the first approach will be CNTs solubilization via π-stacking, which enables the introduction of 

various neutral and ionic functional groups onto CNTs surfaces.
31

 The second approach exploits 

rich carboxyl group chemistry, by which different molecules/functional groups on CNTs could 

be established through covalent bonding.
32

 Figure 1B demonstrated that solubility of CNTs in 

solvents increased by surface modification and figure 1C showed the steps for functionalization.   
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Figure 1.1 (A) Proposed growth mechanisms of CNTs. (B) Digital picture of unsaturated CS2 

solution of s-SWCNTs and (C) Functionalization of CNTs with octadecylamine (From 32,  

Reprinted with permission from AAAS). 
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1.2 Synthesis and Applications of Carbon Nanotube-Nanoparticle Heterostructures 

Owing to excellent properties of CNT-nanoparticle heterostructures, various research 

efforts have been conducted to rationally tailor types of nanoparticles, distribution density, 

uniformity, size, and morphologies of nanoparticles onto CNTs.
11,16,17

 Two distinctive means 

could be utilized: (1) linking of separately formed CNTs and nanoparticles, (2) direct formation 

of nanoparticles onto CNTs substrates. 

1.2.1 Chemical Linking of Carbon Nanotube and Nanoparticles 

CNTs and nanoparticles were synthesized separately and then chemical/physical forces 

were utilized to link them together. This method usually involves in depth understanding of 

CNTs and nanoparticles surface chemistry and functionality.
16

 Since nanoparticles and 

nanotubes were formed before decoration, size and morphologies of nanoparticles could be 

easily tuned beforehand, while distribution density will be directly controlled by surface 

functional group density. However, the drawback for this will be the tedious, complex, and 

inefficient CNTs and nanoparticle surface modification. Depending on types of linking forces, 

this method could be further classified into covalent and non-covalent approaches. 

1.2.1.1 Covalent Linking of Carbon Nanotube and Nanoparticles 

  Covalent linking of CNTs and nanoparticles (Figure 1.2A) is commonly based on the 

well-defined paired interactions of chemical functional groups or bio-molecules, such as Au 

nanoparticles-thiol group(Figure 1.2B),
11

 biotin-streptavidin (Figure 1.2C, D, E),
33,34

 histidine-

nickel nanoparticles,
10

 DNA hybridization
35

 (Figure 1.2F), and EDC chemistry.
11

 Through 

modification of each component with desired functional groups/molecules, subsequent mixing of 

both will result into precisely controlled heterostructures. In addition, depending on the size of 
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linking agents and nanoparticles, distribution density of nanoparticles could also be tailored. 

Another merit is the specific recognition affinity between CNTs and nanoparticles, which could 

facilitates site-seletive nanoparticles linking, or even multiple nanoparticles linking in a 

controllable manner. 

The covalent method has  been widely exploited and showed with great reliability and 

reproducibility. Smorodin et al. showd the linking of several biotin-conjugated CNTs  onto 

strepdavidine loaded Au nanoparticles.
34

 This method was also used to facilitate internalization 

of nanotubes into Jurkat T leukemia cells by multivalent CD3 receptor-mediated endocytosis as 

demonstrated in Figure 1.2E. Before nanoparticle loading, CNTs tend to settle down in 

phosphate-buffered saline (PBS) buffer because of the hydrophobic nature. However, a clear 

solution formed after loading CNTs with strepdavidin-quantum dots conjugated as showed in 

Figure 1.2D. Based on knowledge of interactions between metal nanoparticles and functional 

groups, loading of nickel nanoparticles and gold nanoparticle through histidine tags
10

 and thiol 

groups
11

 were also performed. It is well known that DNA hybridization is also highly specific 

and selective,
35

 this has also been used to connect CNTs with naoparticles.  

With all above mentioned merits, drawbacks of this method should also be considered. In 

order to modify the surface of CNTs, strong acid treatment (HNO3 and H2SO4) must be 

conducted, which generates defects inside and disrupts integrity of CNTs. Even when directly 

linking between graphite carbon atoms was used, covalent functionlization of CNTs unavoidably 

converts sp
2
 hybridization into sp

3
 hybridization, which could adversely affects the properties of 

CNTs due to the presence of defective sites.
16
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Figure 1.2 (A) Schematic representation of nanoparticles specifically attached CNTs through 

paired interaction. (B) Au nanoparticled decorated on CNTs through thiol group (Reprinted with 

permission from N. Chopra, M. Majumder, B. J. Hinds. Advancedv. Functional. Material, 15,(5), 

2005, 858. Copyright 2005, John Wiley and Sons). Photographs of pristine SWCNTs (C) and of 

the dispersable SWCNTs-streptavidin-quantum dots supramolecular luminescent nanoassembly 

(D) in phosphate-buffered saline. (E) Schematic showing the interactions between CD3 receptors 

on the Jurkat T leukemia cell membrane and a SWCNTs-streptavidin-quantum dots 

nanoassembly (Reprinted with permission from Massimo Bottini, Fabio Cerignoli, Marcia I. 

Dawson, Andrea Magrini, Nicola Rosato, Tomas Mustelin. Biomacromolecules 2006, 7, 2259-

2263, Copyright 2006, American Chemical Society).  
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1.2.1.2 Non-Covalent Linking of Carbon Nanotubes and Nanoparticles 

Besides covalent linking, non-covalent linking based on hydrophobic interaction,
24

 π-π 

stacking,
36

 and electrostatic attraction
37

 was also widely utilized to form CNT-nanoparticle 

heterostructures. Unlike specific recognition in covalent linking, interactions between CNTs and 

nanoparticles are generally non-specific. Thus, selective binding between CNTs and 

nanoparticles is difficult. However, this does not require acid treatment of CNTs and minimizes 

defects density in CNTs. Heterostructures formed in this method have good uniformity. Figure 

1.3A showed an example where oleylamine was utilized to link CdS nanoparticles on CNTs. Due 

to the great affinity between CNTs and oleylamine, oleylamine could effectively absorb onto 

CNTs to generate sites for anchoring of CdS nanoparticles. Figure 1.3D-G showed how 

decoration density of nanoparticles could be tuned by changing the weight ratio between CNTs 

and nanoparticles. Another interesting point is the reversible attachment and detachment of CdS 

nanoparticles on CNTs upon adding and removing of amine. This phenomenon could present as 

a chemical sensor for amine with proper I/V testing.
24

 Another important mechanism is to link 

sp
2
 hybridized CNTs with other molecules through π-π stacking. Huang et al. used this technique 

to assemble Au nanoparticles onto CNTs.
36

 Au nanoparticles were modified with 1-

pyrenemethylamine through the lone pair of electrons on the nitrogen atom. While the 

subsequent π-π stacking between CNTs and 1-pyrenemethylamine could result CNTs-Au 

nanoparticles structures.
36

  It is plausible that molecules containing mono- and polycyclic 

aromatic structures and alkylamine groups can also link nanoparticles onto CNTs.
36

 Similar 

heterostructures were synthesized based on N-(1-naphthyl)ethylenediamine and 

phenethylamine.
36

 By tuning surface charge of CNTs and nanoparticles, electrostatic force could 

be utilized to synthesize CNT-nanoparticle heterostructures. Jiang et al. did acid treatment for 
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nitrogen-doped CNTs to form carboxyl groups on surface, then grafted 

poly(diallyldimethylammonium)chloride (PDADMAC) onto CNTs by  electrostatic attraction 

between carboxyl groups and polyelectrolyte. The modified CNTs were mixed with Au 

nanoparticle solution while negatively charged gold nanoparticles anchored to the nanotubes 

surface through the electrostatic interaction between polyelectrolyte and nanoparticles
37

. The 

detailed steps were presented in Figure 1.4E. 
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Figure 1.3 (A) Illustration of noncovalent assembly of the CdS-SWCNTs hybrids with 

controllable nanoparticle density and dispersity. Characterization of the CdS-SWCNTs hybrids 

with controlled density and dispersity. TEM images of (B) the SWCNTs and (C, D) the 

CdS�SWCNTs hybrids with 85.7 wt % CdS nanoparticle content. Inset in (D) corresponding 

SAED pattern. (E-G) TEM images of different composition hybrids containing 50, 83.3, and 

90.9 wt% CdS nanoparticle content, respectively (Reprinted with permission from Xianglong Li, 

Yi Jia, Anyuan Cao. ACS Nano, 2009, 1(4), 506-512, Copyright 2009, American Chemical 

Society).  
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Figure 1.4 (A) Illustration of gold nanoparticles assemblied on CNTs through 1-

pyrenemethylamine interlinker. (B) High-density deposition of individual Au nanoparticles on 

CNTs. High-magnification TEM images of CNT-Au nanoparticlecomposites using (C) N-(1-

naphthyl)ethylenediamine and (D) phenethylamine as interlinkers (Reprinted with permission 

from Yue-Yu Ou, Michael H. Huang. Journal of Physical Chemistry B. 2006, 110, 2031-2036. 

Copyright 2006, American Chemical Society). (E) Schematic view of the process for anchoring 

gold nanoparticles to CNx nanotubes (Reprinted with permission from Kuiyang Jiang, Ami Eitan, 

Linda S. Schadler, Puickel M. Ajayan, Richard W. Siegel. Nano Letters, 2003, 3(3), 275-277 

Copyright 2003, American Chemical Society).  

 

  

A B C D 

E 



15 

 

1.2.2 Direct Formation of Nanoparticles onto Carbon Nanotube Substrates 

Another strategy for the formation of heterostructure is to nucleate nanoparticles directly 

on CNTs avoiding linking agents. In this case, CNTs are indispensably involved in the formation 

of the nanoparticles. Compared with linking method, this ensures fully covering of nanoparticles 

and effectively eliminates unbound and isolated nanoparticles in the system. The mechanism of 

formation could be diverse from case to case. Nevertheless, depending on how nanoparticles are 

formed on CNTs, it could be divided into spontaneous and externally stimulated formation. 

1.2.2.1 Spontaneous Formation of Nanoparticles on Carbon Nanotube Surface 

It was observed that noble metal nanoparticles could spontaneously form on the surface 

of semiconductor or metal when reduction potential conditions were matched.
38

 Dai et al. first 

reported the formation of Au and Pt nanoparticles on the sidewall of single walled carbon 

nanotubes (SWCNTs) based on direct redox reaction.
38

 The major motive is the Fermi level of 

SWCNTs (~ 5 eV) is higher than reduction potentiales of AuCl4
-
 and PtCl4

-
 ions, which enables 

spontaneous electron transfer from nanotubes to metal ions.
38

 As seen from the potential diagram, 

only when reduction potentials of ions are well below the Fermi level of CNTs, spontaneous 

reduction on CNTs is possible. Later Qu et al. proposed “Substrate-Enhanced Electroless 

Deposition” (SEED) process,
39

 by which species of nanoparticles could be further extended to 

Cu, Ag, and other metals. In this case, outstanding  electron conductivity of CNTs was well 

utilized. A local galvanic cell was formed where CNTs worked as a cathode and the substrate 

served as an anode. Nanoparticles were then formed by the consumption and dissolution of metal 

substrates.
39

 Besides on the pristine CNTs, CNTs conjugated with other organic molecules were 

also utilized for the direct formation of transitional metal nanoparticles. Terpy-modified CNTs 
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through interaction between nonbonding electrons of the three nitrogen atoms in Terpy and the 

π-electrons in CNTs were used as substrate for Ru, Cu, Zn, and Sn nanoparticles.
40

 The main 

driving force is the electron transfer between Terpy-CNTs and metal ions.
40
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Figure 1.5 (A) Schematic showing spontaneous deposition of nanoparticles on CNTs. (B) 

Diagram showing the Fermi energy of SWCNTs, and the reduction potentials of Au
3+

 and Pt
2+

 vs. 

SHE, respectively (Reprinted with permission from Hee Cheul Choi, Moonsub Shim, Sarunya 

Bangsaruntip, Hongjie Dai, Journal of American Chemical Society 2002, 124, 9058-9059, 

Copyright 2002, American Chemical Society). (C) Schematic illustration of metal nanoparticles 

deposition on CNTs via the SEED process (Reprinted with permission from Liangti Qu, Liming 

Dai. Journal of American Chemical Society. 2005, 127, 10806-10807, Copyright 2005, 

American Chemical Society).  (D) A schematic representation of Terpy coating on SWCNTs via 

a noncovalent interaction and the consequent formation of transition-metal nanoparticles. The 

sizes of the molecules are not to scale (Reprinted with permission from Yoonmi Lee, Hyun Jae 

Song, Hyeon Suk Shin, Hyun Joon Shin, Hee Cheul Choi. Small, 2005, 1(10), 975-979. 

Copyright 2005, John Wiley and Sons). 
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1.2.2.2 Externally Stimulated Formation of Nanoparticles on Carbon Nanotubes 

Besides the spontaneous formation, other methods involved driving forces such as 

reducing agent,
41

 electric current,
17

 microwave,
42

 thermal treatment,
43

 ball milling,
44

 and UV 

light
45

 were also performed. In this case, CNTs mainly worked as highly curved substrates, 

which offer sites for nucleation. In order to form site-specific deposition, modification of CNTs 

that provides preferred absorption of ions or nanoparticles was carried out constantly.
44

   

Figure 1.6A demonstrates the formation of Au nanoparticles on CNTs by reduction of 

AuCl4
-
 with sodium citrate.

41
 The size of Au nanoparticles could be tuned by the amount of 

sodium citrate. The major merit is formation of nanoparticles requires no tedious surface 

functionalization and modification. Nevertheless, due to limited solubility of CNTs inside water, 

acid treatment is necessary and low concentrated CNTs (1mg/100 mL) was used. Thus, only 

small fraction of sample could be formed in this case. 

Electrodeposition was also utilized for the deposition of nanoparticles on CNTs as 

demonstrated by Quinn et al.
17

 Electrode was produced by patterned CNTs growth following 

standard microfabrication techniques.  Electrolyte solution was dropped onto surface of electrode 

and metal electrodeposition was performed potentiostatically. Size and distribution density of 

nanoparticles could be tuned by potential, deposition time, and metal salt concentration.
17

 

However, drawback of this method is obvious. Because of complex procedures for electrode 

preparation, this process could be costly and inefficient.  

Yin and Connel et al. applied microwave irradiation,
42

 thermal treatment,
43

 and ball 

milling
44

 to form CNT-nanoparticle heterostructures. The primary motive is based on the in-situ 

decomposition of acetate upon to microwave, thermal, and mechanic energy. Large quantity, 
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pristine samples could be prepared in this solventless method without organic surfactants. The 

loading density and size could be manipulated by ratio between CNTs and acetates, as well as 

degree of external energy. However, the robustness of this set of heterostructures could be an 

issue due to weak binding. 

It is well known that some metal salts will decompose with the illumination of UV light. 

In this regard, CNTs-nanoparticle heterostructures could be formed by photoreduction.
45

  In 

order for the site specific reduction, surface modification of nanoparticles could be performed as 

demonstrated in Figure 1.6G.  AuCl4
-
 ions were selectively absorbed on the surface of acid-

treated CNTs. Light illumination caused deposition of Au nanoparticles.  
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Figure 1.6 (A) MWCNTs-Au (Reprinted with permission from Renyun Zhang, Xuemei Wang. 

Chemistry of Materials, 2007, 19, 976-978. Copyright 2007, American Chemical Society). (B) 

Schematic of electrode. (C) AFM images (Reprinted with permission from Bernadette M. Quinn, 

Cees Dekker, Serge G. Lemay. Journal of American Chemical Society, 2005, 127, 6146-6147. 

Copyright 2005, American Chemical Society). (D) MWCNTs-Ag through microwave (Reprinted 

with permission from Yi Lin, David W. Baggett, Jae-Woo Kim,et al. ACS Applied Materials and 

Interface. 2011, 3, 1652–1664. Copyright 2011, American Chemical Society). (E) MWCNTs-Ag 

from ball-milling (Reprinted with permission from Yi Lin, Kent A. Watson, Sayata Ghose, et al. 

Journal of Physical Chemistry C. 2009, 33(113), 14858-14862. Copyright 2009, American 

Chemical Society). (F) MWCNTs-Ag formation from heating (Reprinted with permission from 

Yi Lin, Kent A. Watson, Michael J. Fallbach, et al. ACS Nano, 2009, 3(4), 871-884. Copyright 

2009, American Chemical Society). (G) MWCNTs-Au (Reprinted from Colloids and Surfaces 

A: Physicochemical and Engineering Aspects, 312, Zhang et al., The growth of uncoated gold 

nanoparticles on multiwalled carbon nanotubes, 136,  Copyright (2008), with permission from 

Elsevier). 
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1.2.3 Applications of Carbon Nanotube-Nanoparticles Heterostructures 

CNT-nanoparticle heterostructures can exhibit unique advantages from both sides. 

Numerous applications for catalysts, chemical and biological sensors, solar energy harvesting, 

and electric supercapacitor have been reported. 

For catalytic reaction where activity is proportional to exposed active sites, CNT-

nanoparticle heterostructure could of great importance. In the best scenario, highly active 

nanoparticles are uniformly loaded on robust and conductive CNTs without aggregation. It has 

been found that CNT-Pd nanocube heterostructures exhibited higher electrocatalytic activity 

toward reduction of O2 from 0.5 M H2SO4 compared with commercial Pt/C catalyst due to better 

electric conductivity and higher electroactive surface area.
46

 Recent work also demonstrated that 

hairy CNT-Pd heterostructures exhibited an efficient catalytic effect in the C−C Suzuki coupling 

reaction and were regenerated up to four times without loss of catalytic activity.
47

 Thus, 

utilization of CNTs-nanoparticles heterostructures in heterogeneous catalytic reaction, organic 

synthesis, and fuel cell could be highly advantageous.  

CNT-nanoparticle heterostructures have been used as chemical and biological sensors 

working at low detection level and fast response time. There are several reasons accounting for 

their better performance. Firstly, highly dispersed nanoparticles worked as receptors for targeted 

molecules. Secondly, highly conductive CNTs could allow for fast electron transfer from 

absorbed molecules on the surface of heterostructures and CNTs. Thirdly, simple manipulation 

and modification of surface functionality for both CNTs and nanoparticles could contribute to 

the selectivity of chemical sensing. Lastly, heterostructures in 1-D morphologies could be 
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integrated as field effect transistor where potential vibration from interaction between targeted 

molecules and heterostructures could work as gate.
9,12,13,16
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1.3 Encapsulation of Inorganic Nanomaterials into Hydrogel 

Hydrogel is another kind of important material, which consists of large amount of water 

inside hydrophilic, chemically or physically cross-linked, long chain molecules networks.
48,49

 

Due to the large amount of water, hydrogels show superior flexibility and possess volumetric 

swelling/shrinking, or transparency/opaque transitions upon stimulation (temperature, water, pH, 

and ion strength) by absorbing or releasing water.
48,49

 Hydrogels show great potential in tissue 

engineering, drug delivery, contact lens, and smart materials.
49

 By incorporating inorganic 

functional nanomaterials into hydrogels, a nanocomposite gel could be synthesized which 

couples benefits of both hydrogels and nanomaterials, while at the same time preserving the 

biocompatibility of the entire system.
48

 Such inorganic/organic networks show superior 

mechanical, optical, and electric properties.
3,48

 It has also been reported that smart 

nanocomposite gel could perform different functions upon stimulation such as magnetic field, 

temperature, and pressure.  

1.3.1 Synthesis and Characterization of Hydrogel 

In order to organize long chain monomers into 3-D network structures, physical or 

chemical crosslink methods were commonly utilized. As for chemical methods, radical 

polymerization, high energy induced polymerization, chemical reaction between complementary 

groups were extensively utilized.
49

 Figure 1.7 shows formation of chemically formed dextran 

hydrogel by radical polymerization of the methacrylate groups using potassium persulfate (KPS) 

and tetramethylethylenediamine (TEMED) as initiators. The as-prepared dextran hydrogel could 

also be degraded by hydrolysis of the carbonate and lactate ester for dex-HEMA and dex-

(lactate)2-HEMA, respectively. Chemical methods usually involve crosslinking agents, which 
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could affect the integrity of the hydrogel and are frequently hazardous for the consequent 

biomedical applications. Thus, cleaning steps must be performed to remove crosslinking agents 

afterwards.  Another route for synthesis of hydrogel involves physical methods such as the 

freeze-thaw process, where chains were crosslinked through ionic interactions or from 

copolymers linking.   

Equilibrium water content (EWC) is frequently used to characterize hydrogels. In this 

regard, percentage of water inside the entire hydrogel was recorded against external stimulus, 

such as duration inside water, pH, and temperature. EWC directly showed how external 

conditions could influence the absorbing and releasing of water from hydrogel.  
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Figure 1.7 Schematic represents the formation and degradation (for dex-HEMA and dex-(lactate) 

-HEMA) of dextran hydrogels. Gels are formed by radical polymerization of the methacrylate 

groups using KPS and TEMED as initiator system. Degradation occurs by hydrolysis of the 

carbonate and lactate ester for dex-HEMA and dex-(lactate) -HEMA, respectively. 
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1.3.2 Encapsulation of Inorganic Nanomaterials  

As mentioned earlier, rational encapsulation of nanomaterials in hydrogel could result in 

materials with novel and enhanced properties.
48

 In order to combine two distinct and immiscible 

phases into one uniform composite, special procedure is usually conducted, such as surface 

functionality modification of nanomaterials, in-situ local polymerization of hydrogel on the 

surface of nanomaterials, and in-situ formation of nanomaterials inside hydrogel matrix.  

In order to encapsulate Fe3O4 nanoparticles inside chitosan-grafted-copolymer, Quan et 

al. modified the surface of Fe3O4 nanoparticles with bifunctional methyl 3-mercaptopropionate 

(HSCH2-CH2COOCH3), which was chemically bonded onto the surface of magnetite 

nanoparticles via Fe–S covalent bonds. This step not only facilitates the hydrophobic/hydrophilic 

transition, but also provides extra functionality for drug loading.
50

 Zhao et al. also utilized thiol-

Au nanoparticle chemistry for formation of Au/N-isopropylacryamide composite hydrogel.
51

 

Local polymerization of hydrogel on the surface of nanomaterials was also widely used. 

In this case, either monomers or initiators were selectively absorbed on nanomaterials where 

polymerization only happens on the interface. Kim et al. immobilized polymerization initiator 

[BrC(CH3)2COO(CH)11S]2  onto Au nanoparticles and then did polymerization of N-

isopropylacryamide solely on the surface of Au.
52

 There are several advantages for this local 

polymerization since polymer distribution density and thickness could be controlled by 

concentration of monomer and reaction time.
52

  

Due to its large water content, another approach is to synthesize nanomaterials inside 

hydrogel matrix. In this case, hydrogel worked as a mini-reactor. Wang et al. reported formation 
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of Au-NIPAM hydrogel by in-situ reduction of HAuCl4 with NaBH4 inside functionalized 

NIPAM hydrogel. Well-defined Au nanoparticles could be formed on the NIPAM side chains.
53

  

1.3.3 Stimuli-Responsive Materials Based on Hydrogel and Nanomaterials 

Due to the selective absorbing and releasing of water, composites based on hydrogels and 

inorganic nanomaterials could become stimuli-responsive smart materials, whose properties 

could be tuned by external stimulation. In this regard, controlled drug delivery system, 

microfluidic valve, and highly sensitive sensor have been developed recently. Xia et al. 

encapsulated drug loaded, hollow Au nanocages with temperature sensitive NIPAM hydrogel. 

Upon near-infrared light illumination, temperature of Au nanocages increased while drug could 

be slowly released. When illumination discontinued, NIPAM restored to its original shape and 

drug delivery ceased. It was also found that delivery rate could be tuned by light density and 

illumination time.
54

 Hilt et al. applied nanocomposite based on Fe3O4 nanoparticles and NIPAM 

hydrogel to form a magnetic field sensitive hydrogel. When Fe3O4 nanoparticles were exposed to 

alternating magnetic fields, increase of temperature was sufficient to trigger the transition of the 

hydrogel. It has been demonstrated that remote controlled release of molecules (drug delivery)
55

 

and flow control (microfluidic valves)
56

 are possible. Besides temperature sensitive hydrogel, 

other stimulated hydrogels (pH, ion strength) were also coupled with inorganic nanomaterials. 

Tsukruk et al. designed a composite where pH sensitive hydrogel were covered on Ag nanowire-

Au nanoparticles.
57

 The change of pH could manipulate the density of Au nanoparticles on Ag 

nanowires and affect the surface enhanced Raman scattering ability, which could effectively 

works as a pH sensor.  
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Figure 1.8 (A) Schematic showing (B) controlled releasing of drug from Au-nanocage NIPAM 

hydrogel (Reprinted by permission from Macmillan Publishers Ltd: Nature Materials (54), 

copyright 2009). (C) Controlled release of drugs from Fe3O4-NIPAM hydrogel (Reprinted from 

Journal of Controlled Release, 130, Nitin S. Satarkar, J. Zach Hilt. Magnetic hydrogel 

nanocomposites for remote controlled pulsatile drug release, 246-251, Copyright (2008), with 

permission from Elsevier). (D) Schematic of the concept of remote controlled hydrogel 

nanocomposite valves with an alternating magnetic field. (E) pH triggered aggregation of Au 

nanoparticles (Reprinted with permission from Maneesh K. Gupta, Sehoon Chang, Srikanth 

Singamaneni, Lawrence F. Drummy, Ray Gunawidjaja, Rajesh R. Naik, Vladimir V. Tsukruk. 

Small, 2011, 7(9), 1192-1198, Copyright 2011, John Wiley and Sons). 
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1.4 Motivation, Challenges, and Goals  

1.4.1 Motivation and Challenges 

Stimulated by potential applications of CNT-nanoparticle heterostructures, significant 

advances on synthesis, characterization, and applications have been achieved. However, several 

challenges and issues still need to be overcame and addressed for wide application of 

heterostructures. (1) Rational design. Advantages of heterostructures could be fully explored 

only when different components are rationally organized, where type, size, morphology, location, 

and density of nanoparticles, diameter, length, and defect site of CNTs are well manipulated. 

Incorporation of second or even third type of nanoparticles with extra functionality in controlled 

manner will also be desirable. (2) Large scale, inexpensive, and uniform synthetic approach. 

Although diverse approaches have been developed, experiments usually were conducted in small 

scale with low productivity. Moreover, uniformity of synthesized heterostructure was usually not 

satisfying due to inconsistency and deviation from nanotube to nanotube and batch to bath. Not 

to mention the linking process through covalent approach involved expensive biomolecules and 

tedious procedures. Thus, a highly efficient, low cost synthetic approach with decent tolerance 

will be greatly desirable. (3) Evaluation of the robustness of heterostructures. Various 

heterostructures were formed under different conditions. Characterization was conducted by 

electron microscopes and preferred morphologies or linking were confirmed. However, detailed 

evaluation in the robustness of heterostructures upon perturbation by high temperature and 

ultrasonication will be critical for the reliability of devices assembled from heterostructures. (4) 

Fundamental understanding of interaction between CNTs and nanoparticles. Despite extensive 

research on synthesis and application of heterostructures, formation mechanism, and 
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explanations for enhanced properties usually based on empirical speculation. Comprehensive and 

fundamental understanding of how nanoparticles are linked or nucleated on the surface of CNTs, 

how the introduction of nanoparticles affects the properties of CNTs, what exactly is happening 

in the nanoscale interfacial junctions are urgently need. This will require understanding of 

nanoscale CNTs and nanoparticle chemistry as well as in-depth modeling and high resolution, in-

situ characterization of nanoparticles, carbon tubes, and their interaction. 

 As for composite hydrogels, several issues and challenges need to be paid with attention. 

(1) tuning the composition, dispersity, uniformity of composite hydrogel by surface modification 

and novel synthetic approaches; (2) in vivo testing of the biocompatibility of composite 

hydrogels; (3) determination of the long term stability and reliability; (4) exploration of hydrogel 

types for more stimulus such as moiety, light, sound, physical motion; (5) encapsulation of 

multiple inorganic nanomaterials for multiple functions. 

1.4.2 Goals 

The major goal of this thesis is to develop a simple approach for the fabrication of CNT-

nanoparticle heterostructures, understand morphological evolution of nanoparticles on CNTs 

surface, and evaluate such heterostructures for soft nanocomposites or high temperature 

applications. Due to the unique magnetic, electrical, and catalytic properties, nickel nanoparticles 

have been widely studied. In this thesis, nickel nanoparticles were selected to decorate the 

surface of CNTs. Several tasks need to be achieved in this thesis: (1) To develop a simple and 

highly efficient approach to synthesize CNT-nickel nanoparticle heterostructures; (2) To 

fundamentally understand the influence of various parameters on size, density, phase, and 

crystallinity of nickel nanoparticles; (3) To understand the damage of CNTs due to the 



31 

 

introduction of nanoparticles; (4) To understand the effect of CNTs surface modification on 

decoration density; (5) To evaluate the strength of this heterostructure and understand the 

disruption of structural integrity and change of chemical states due to high temperature. 

 In this thesis, poly-vinyl alcohol (PVA) hydrogel was used to encapsulate as-prepared 

heterostructures because of its good biocompatibility, simple preparation, and unique water 

absorption ability. Several tasks need to be achieved in this thesis. (1) To prepare composite 

hydrogel comprised of uniform dispersed heterostructure inside PVA matrix; (2) To understand 

the effect of heterostructure on the properties of the hydrogel; (3) To study the effect of hydrogel 

inside mixture solution; (3) To load molecules into hydrogel; (4) To release molecules from 

hydrogel and study the effect of external magnetic field. 
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Figure 1.9 Schematic showing goals of this thesis. 
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CHAPTER 2 

2. EXPERIMENTAL PROCEDURES 

2.1 Synthesis of Carbon Nanotubes 

CNTs were grown by pyrolysis of xylene and ferrocene mixture under Ar/H2 atmosphere 

in a tubular furnace.
25,26 

A schematic of CNTs furnace is shown in Figure 2.1. The ferrocene 

(catalyst, 0.75% mol, Sigma-Aldrich, St. Louis, MO) was dissolved in xylene (hydrocarbon 

source, Fisher Scientific, Pittsburgh, PA) to form a dark yellow solution. Furnace was heated to 

675 °C with Ar protection (0.5 SLM). Before actual reaction, ~ 2 mL xylene/ferrocene mixture 

was pumped into the system to fill the gap between gas line and carbon source feed line. The 

mixture was then injected at 1 mL/h and preheated to 175-200 
°
C prior to its introduction into the 

furnace. The CNTs growth occurred in the reaction zone of the furnace at 675 
°
C under the flow 

of argon and 10% (v/v) hydrogen for 2 hrs.  The as-produced CNTs were collected from the tube 

wall. 
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Figure 2.1 Schematic (A) and temperature profile (B) of chemical vapor deposition furnace for 

CNTs growth. 

A 

B 
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2.2 Single Parameter Controlled Synthesis of CNC Heterostructures  

Ni nanoparticles were nucleated directly on CNTs in a simple and single step wet-

chemical process. Products were exposed to air to form NiO shell around Ni core leading to the 

formation of CNC heterostructures.
58

 Briefly, 1.00 g nickel acetate tetrahydrate, 7 mL 

oleylamine, and 0.01g CNTs were mixed in a beaker and magnetically stirred for 10 min 

followed by 30 min ultrasonication. The black mixture was transferred into a three-neck round 

bottom flask kept in a silicone oil bath. The mixture was held at 90 – 95 ºC under N2 atmosphere 

for 40 min.  Subsequently, 1.50 g TOPO and 1 mL TOP were added into the hot solution. The 

temperature was gradually increased from 90 ºC to 250 ºC at ~ 10 ºC/min and then held at 250 ºC 

for a certain amount of time (15 min-15 hrs). After the reaction, the flask was cooled in air and 

ethanol was used to precipitate heterostructures by centrifugation at 6000 rpm for 10 min. Finally, 

the precipitate was washed several times with a mixture of hexane and acetone. Obtained 

powders were dried in a vacuum oven at 80 ºC overnight and stored in a glass vial in air for 

further experimentation and characterization.  
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2.3 Synthesis of Composite Hydrogel Based on CNC Heterostructures  

The detailed approach was showed schematically in Figure 2.2. A sample of ~ 0.03 g 

washed and dried CNC heterostructure was dispersed in water by ultrasonicating for 1 min and 

shaking for 120 min in a vial. Subsequently, PVA (99+% hydrolyzed, M.W=89000-98000, 

Aldrich, St. Louis, MO) solution in water (ratio PVA:water = 15:85, w/w) was added to the CNC 

heterostructure solution. The mixture was stirred at room temperature for 60 min and then in hot 

oil bath (95 ºC) and refluxed for 6 hrs. The temperature was decreased to 60 ºC and the black-

colored sticky mixture was degassed for 10 min and cast in a 4-inch Petri dish. Finally, 

crystallization of the PVA hydrogel with heterostructures was carried out by repeatedly freezing 

(-20 ºC, 12 hrs) and thawing (room temperature, ~ 22 ºC, 12 hrs) for two cycles.
59

 Control 

samples of pure PVA hydrogel without any heterostructures were also prepared in a similar 

freezing and thawing cycles. 
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Figure 2.2 Approach for the fabrication of CNC heterostructure-PVA hydrogel.  
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2.4 Absorption and Concentration Ability of Composite Hydrogel  

Air dried CNC heterostructure-PVA hydrogel film (four samples, ~ 0.5 cm × 0.5 cm) or 

PVA hydrogel film (control sample, ~ 0.5 cm × 0.5 cm) weighing ~ 0.10 g was immersed in 

different vials containing a) 5 mL of green fluorescent protein (GFP, N-terminal his-tagged 

fusion protein corresponding to full-length GFP, expressed in E. coli., Millipore, Temecula CA) 

solution. This solution was obtained from a solution of 10 µL GFP in 50 mL PBS buffer, b) 5 

mL methyl orange solution (0.05 mM in DI water), c) 5 mL L-histidine solution (0.05 mM in DI 

water), d) 5 mL solution composed of L-histidine mixed with methyl orange solution (2.5 mL 

0.05 mM L-histidine mixed with 2.5 mL 0.05 mM methyl orange). All reactions were conducted 

in capped vials at 4 °C in refrigerator and in dark (covered with an aluminum foil). Characteristic 

absorption peaks of GFP (263 nm), methyl orange (465 nm), and L-histidine (210 nm) were 

collected by UV-vis spectrometer as a function of time (0 – 120 min) and swelling for each of 

the two hydrogel samples. According to Beer-Lambert equation,
60

 concentration is proportional 

to the absorbance peak. Concentrations were normalized by the equation (2-1), where Ct, It, C0, 

and I0 are concentration of solution and intensity of characteristic peak at time t and t=0, 

respectively. In order to demonstrate the absorption of molecules, ratio of mole numbers was 

also calculated by multiplication with volume of solution. For absorption, the volume of solution 

was estimated from EWC data. For concentration experiments, volume of solution was derived 

by assuming that the highest concentration is due to full absorption of water.  

     (2-1) 

    (2-2) 
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2.5 Controlled Release of Dye Loaded Hydrogel 

Around 0.08 g of cleaned and dried CNC heterostructures were physically adsorbed with 

L-histidine in DI water and incubated for 1 hr. Simultaneously a PVA solution (in DI water) was 

prepared by mixing PVA and Polyethylene Glycol (PEG-600) and refluxed at 95 
o
C with stirring 

for 1 hr. In the next step, the prepared CNC heterostructures loaded with L-histidine were mixed 

in the polymer solution.  The resulting sticky solution was then poured into a 2-inch Petri dish 

and frozen at -20 
o
C for 24 hrs. The hydrogel was thawed and dried inside the hood at ambient 

temperature. This process lead to the formation of CNC heterostructure-PVA hydrogel loaded 

with L-histidine. The magnetic character of these hydrogels was tested by actuating them under a 

0.2 T permanent magnet. 

Multifunctional CNC heterostructure-PVA hydrogel loaded with L-histidine was 

observed for its release behavior with and without external magnetic field. For all the 

experiments, 50 mg dried hydrogel was immersed in 50 mL DI water at room temperature and 

gently shaken. Every 5 minutes, a 3 mL solution was tested for UV absorbance peak of L-

histidine (213 nm). This release was also studied by keeping a 0.2 T permanent magnet outside 

the beaker containing the CNC heterostructure-PVA hydrogel and measuring the UV absorbance 

of the released L-histidine.  
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2.6 Thermal Stability of Carbon Nanotubes and CNC Heterostructures  

In order to determine high temperature stability, CNC heterostructures in acetone were 

drop-cast on an n-type, (100) pre-cleaned silicon wafer. Silicon wafers with heterostructures 

were dried in air at room temperature and then placed in a box furnace purged with ~ 1.5 psi N2-

rich atmosphere at different temperatures (125 °C, 200 °C, 400 °C, 600 °C, and 750 °C) for 1 hr 

each. Control samples comprising as-produced CNTs were heated similarly. The samples were 

characterized by microscopy, XPS, and Raman spectroscopy. The XPS for the annealed 

heterostructures was gathered by Kratos Axis 165 with Al mono-gun (10 mA, 12 kV, hν = 

1486.7 eV). Silicon wafer with annealed heterostructures was cut into ~ 5 mm × 20 mm strips 

and directly mounted onto a conductive sample holder secured with a grounded copper bolt. 

Before data collection, XPS chamber was pumped down to below 10
-8

 Pa. Pass energy of the 

detector was set at 160 eV. The analysis spot was set as “Slot” with > 20 µm aperture size and 

19.05 mm iris setting. For survey spectra, step energy (eV), dwell time, and number of sweep 

number were set at 1 eV, 100 ms, and 1, respectively. For individual elemental spectra (C 1s and 

O 1s), step eV, dwell time, and sweep number were set as 0.1 eV, 100 ms, and 2, respectively. 

For Ni 2p and Fe 2p spectra, number of sweeps were increased to 6 while the other two 

parameters were 0.1 eV and 100 ms, respectively. In order to eliminate the effect of charging of 

the semiconducting silicon wafer, all spectra were calibrated using C 1s (284.8 eV) as a standard 

line. For data processing, all spectra were fitted by XPS peak 4.0 software
61

 using linear 

background subtraction. The atomic ratios of different chemical species were derived by 

calculation of peak area. Detailed synthetic method and experimental steps were demonstrated in 

Figure 2.3. 
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Figure 2.3 Experimental approach for the synthesis of CNC heterostructures (step 1), structural 

evolution of nanoparticles on CNTs surface (step 2), and thermal stability of CNC 

heterostructures (step 3) and as-produced CNTs (step 4). Note: 15 hrs of growth resulted in 

Ni12P5 nanoparticles on the CNTs surface. The growth time indicates the duration for which the 

heterostructure synthesis was performed after the addition of TOPO and TOP into the reaction 

mixture and the temperature stabilized to ~ 250 
o
C. 
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2.7 Characterization  

2.7.1 Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) is a power technique to observe morphology of 

materials at high magnification. It has many advantages such as simple sample preparation, great 

depth of field, ability for both qualitative and quantitative analysis using an EDX detector. High 

energy focused electron beam bombards the sample surface. The interaction between electron 

beam and sample will generate secondary electrons (SE), backscattered electrons (BSE), 

characteristic X-rays and Auger electrons. A typical illustrative image of interaction between 

electron beam and sample was demonstrated in Figure 2.4. SEM images were generated by 

recording intensities of electrons at different locations. SEM could be categorized into SE and 

BSE modes, which are based on detection of either secondary electrons or backscattered 

electrons. In this thesis, SEM images were collected using a JEOL 7000 and only SE mode was 

used.  Energy Dispersive X-ray Spectroscopy (EDX) spectrum was collected using an Oxford 

detector. For insulating hydrogel samples, samples were coated with a thin layer of Au to 

generate electron travel path before SEM images collection.  
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Figure 2.4 (A) Schematic showing interaction between electron beam and sample. (B) image of 

JEOL 7000. 

A 
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2.7.2 Transmission Electron Microscopy  

Transmission Electron Microscopy (TEM) was utilized in this thesis for high 

magnification, high resolution morphology characterization. Compared with SEM, where the 

detector is positioned on the top of the sample, higher energy electrons are used to penetrate 

samples. TEM images are recorded under the sample using a CCD (charge-coupled device) 

camera. In general, a certain amount of sample is initially dispersed into either ethanol or acetone 

to form uniform dispersion. A TEM sample is prepared by dropping one drop of solution onto a 

lacey carbon coated TEM copper grid. Before inserting into the TEM chamber, the grid is dried 

in a vacuum oven for at least 2 hrs.  All TEM images were collected at 200 kV accelerating 

voltage. A high-angle annular dark field (HAADF) detector was used to collect scanning 

transmission electron microscopy (STEM) images. EDX spectra were collected (spot size 9, tilt 

angle 15°). Electron diffraction patterns were recorded onto photosensitive films. Figure 2.5 

shows a photograph of Tecnai F-20 TEM used in this thesis. 
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Figure 2.5 Digital image of Tecnai F-20 Transmission Electron Microscopy. 
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2.7.3 X-ray Diffraction  

X-ray diffraction (XRD) was utilized to identify the phase and crystallinity of as-prepared 

samples. It is well known that when X-ray bombard onto crystallized sample at certain incident 

angles, strong reflection of X-rays is generated if Bragg‟s law is meet. Detailed illustration is 

demonstrated in Figure 2.6. 

2.7.4 X-ray Photoelectron Spectroscopy  

A detailed schematic showing the operation fundamentals and image of X-ray 

Photoelectron Spectroscopy (XPS) utilized in this thesis (Kratos Axis 165) is presented in Figure 

2.7.  X-ray Photoelectron Spectroscopy was utilized to determine the chemical states and 

quantitatively analyze the atomic percentage of each element. Generally, high energy X-rays 

interacted with the surface of a sample, where core electrons were knocked out with certain 

kinetic energy. Kinetic energies of electrons were determined. Since the energy of incident X-ray 

is fixed, binding energy of core electron could be derived according to the following equation. 

hν=Ebinding+Ekinetic+ϕ    (2-3) 

hν is the energy of incident X-rays and ϕ is the working function of the detector.  
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Figure 2.6 (A) schematic showing Bragg‟s law. (B) Digital image of X-ray Diffractometer. 
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Figure 2.7 Schematic of X-ray photoelectron spectroscopy (Reprinted with Permission from 

Wikipedia). (B) Digital picture of Kratos Axis 165.  

 

B 

A 



49 

 

2.7.5 Raman Spectroscopic Characterization  

Raman spectroscopy is used to study vibrational, rotational and other low-frequency 

modes in molecules or crystals. When materials interact with light, most photons are elastically 

scattered with the same frequency and wavelength (Rayleigh scattering). However, there are 

small percentage of scattered photons possessing higher energy or low energy than the incident 

light, which are well known as Stokes Raman scattering (lower energy, positive chemical shift) 

or Anti-stokes Raman scattering (higher energy, negative chemical shift). When photons excite 

molecules from ground states to virtual energy states, molecules relax and emit photons, and then 

return to different rotational or vibrational states. Frequency of emitted photon shifts away from 

original excitation wavelength. Detailed energy transition was demonstrated in Figure 2.8. 

Bruker Senterra system equipped with 785 nm laser was utilized in this thesis. Overview 

images of samples were collected at 100X magnification using a CCD camera. Raman spectra 

were collected at 10 mW, 20 s integral time and 2 co-additions. For some experiments where 

strong fluorescence emerged, auto-fluorescence rejection function equipped in the OPUS 

software was utilized. Figure 2.8B shows a digital picture of Senterra system.  
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Figure 2.8 (A) Schematic of Raman scattering. (B) Bruker Senterra Raman system. 
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2.7.6 UV-vis spectroscopy 

UV-vis spectroscopy is based on the absorption of molecules in UV or visible light 

regions. In this thesis, UV-vis spectra were used to determine the concentration of molecules of 

interest released from hydrogel based on Beer‟s law, where the concentration of chemicals is 

directly proportional to intensity of absorption peaks.  

A=εbc                                           (2-4) 

Where A is absorbance (no units), ε is the molar absorptivity with units of L mol
-1

 cm
-1 

b is the path length of the sample, which is the path length of the cuvette in which the sample is 

contained, c is the concentration of the compound in solution, expressed in mol L
-1

. 

Ocean optics USB-4000 spectrometer equipped with DH-2000 UV-vis-NIR light source 

was used to collect UV-vis spectra (Figure 2.9). All collections were conducted inside quartz 

cuvette. 
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Figure 2.9 Digital pictures of UV-vis spectrometer. 
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2.7.7. Fourier Transform Infrared Spectroscopic Characterization 

Fourier Transform Infrared Spectroscopy (FT-IR) was widely utilized to identify 

structure of organic molecules. When infrared radiation passes through a sample, some portion 

of light is absorbed by the sample while other part passes through the sample. By plotting the 

intensity of absorption or transmission with wavelength of light, the resulting spectrum could 

represent the molecular absorption and transmission, which provide with information about 

functional groups and molecular structures of the sample. 

FT-IR spectra of PVA hydrogel as well as composite hydrogel were collected using 

JASCO 4100 FT-IR spectrometer at 1.0 cm
-1

 resolution with KBr pellet as background. FT-IR 

samples were prepared by mixing knife scratched hydrogels into pre-dried KBr (1%, w/w).   
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CHAPTER 3 

3.                                        RESULTS AND DISCUSSION 

 3.1 Synthesis and Characterization of Carbon Nanotubes 

Since the first discovery by Iijima back to 1991, CNTs have been attracting enormous 

attention due to its excellent electronic, mechanical, and optical properties. CNTs could be 

considered as concentric rolling of graphene sheets. Depending on layers of graphene sheets, 

CNTs can be categorized as single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs).  SWCNTs can be further classified based on its rolling vector. Different 

methods have been developed to fabricate CNTs include chemical vapor deposition, laser 

ablation, and electric arc. 

CVD process is one of the most scalable and high-throughput growth approaches for CNTs 

production.
8,25,26

 Our CVD approach utilized floating catalyst method, where xylene and 

ferrocene mixture was used as the carbon source and catalyst precursor, respectively. This was 

fed into a quartz tube CVD reactor along with H2/Ar gas mixture. The injector tip temperature 

allowed for the decomposition of ferrocene and xylene as the feed entered the reactor tube.
25

 The 

carrier gas (Ar) swept away the precursors to high temperature zone resulting in the formation of 

CNTs. Figure 3.1 shows the SEM and TEM images of the as-produced CNTs. These CNTs were 

also aligned on the quartz substrate as well as quartz tube inner walls as shown in Figure 3.1A 

(arrow). The high-resolution TEM images (Figure 3.1D and E) show the inter-planer or wall 
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spacing (~ 0.35±0.01 nm) of the graphene layers comprising the MWCNTs, consistent with c-

axis spacing of graphene sheets in graphite.
8,25

 This was further confirmed by electron diffraction 

results showing in Figure 3.1F. Electron diffraction showed Fe catalytic nanoparticles as body-

centered cubic (002), (112) (103), and (222) with lattice constants at around 0.287 nm.
62,63

 

Additionally, (10-10), (0004), and (11-20) planes of MWCNTs were labeled as hexagonal with a 

= 0.246 nm and c = 0.680 nm.
64,65

 As observed, our growth process left behind a few Fe catalyst 

nanoparticles inside the core of CNTs (shining dots in Figure 3.1B and black dots in Figure 

3.1C). ). In addition, TEM images did not show Fe nanoparticles outside CNTs but encapsulated 

inside the latter. This Fe content was estimated from EDX to be between 0.19 to 4.42% (Fe/C 

molar %, Figure 3.2). Since numerous CNTs were observed with nanoparticles at their tips (32%, 

counting from SEM images) as well as at their bases, it is concluded here that our growth 

approach simultaneously involved tip and root growth mechanism.
8
 In addition, there was a 

significantly lower amount of amorphous carbon on the surfaces of CNTs as observed in TEM 

(Figure 3.1E, arrows). This aspect of the as-produced CNTs made them readily available for the 

next step of direct nucleation of the nanoparticles on their surface without any cleaning or 

purification steps. In Figure 3.3, the diameter distribution of CNTs is demonstrated and it turns 

out that as-produced CNTs exhibited an average diameter of ~ 45.8±16.4 nm and length of         

~ 26.5 µm. Furthermore, Raman spectroscopy was utilized to characterize as-prepared CNTs. 

Two distinctive peaks showed at 1304 cm
-1

 and 1577 cm
-1

, which are well known as D band and 

G band from defected carbon and graphitized carbon, respectively.
66

 There is a shoulder located 

at 1598 cm
-1 

which is from end planes of graphene layers called D‟ band.  
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Figure 3.1 (A) and (B) SEM images of CNTs, the arrow in (A) shows the alignment of as-

produced CNTs. (C) Low resolution TEM image of CNTs. (D) and (E) High-resolution TEM 

images showing CNTs walls, inter-wall spacing of CNT, and negligible amount of amorphous 

carbon present on the CNTs surface (indicated by arrows in (E)). (F) Electron diffraction of as-

produced CNTs. Note the CNTs core is ~ 6 nm in diameter.   
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Figure 3.2 HADDF image of as prepared CNTs and typical EDX spectra.  
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Figure 3.3 Diameter distribution of CNTs. 
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Figure 3.4 Raman spectrum of as-prepared CNTs. 
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3.2 Synthesis and Characterization of CNC Heterostructures 

CNT-metal nanoparticle heterostructures have been prepared by a variety of methods that 

involve covalent chemistry, spontaneous reduction, and electrodeposition.
16

 In this thesis, nickel 

nanoparticles were heterostructured with CNTs in a single step synthetic approach without 

involving covalent bonding. It is known that CNTs disperse well in oleylamine.
24

 Thus, CNTs 

were mixed with oleylamine and nickel acetate, and heated in an inert (N2) atmosphere. This 

facilitated the formation of nickel complex with oleylamine
10,67

 on the surface of CNTs. In the 

next step, strong stabilizers such as TOPO and TOP were injected into the solution at higher 

temperatures resulting in the nucleation and growth of nickel nanoparticles directly on the 

surface of CNTs.
10,68

 Finally, rigorously washed and dried powder was exposed to air to surface 

oxidize nickel nanoparticles and result in CNC heterostructures. This synthetic approach resulted 

in non-contaminated heterostructures. SEM shows (Figure 3.5A) Ni/NiO core/shell nanoparticles 

uniformly decorating CNTs. Figure 3.5B shows that nanoparticle adhered strongly to the CNTs 

even after ultrasonication treatment (Bransonic 2510, 100 Watts, 40 kHz) for 30 min. This 

indicates the robustness of the heterostructure without any chemical bonding between CNTs and 

nanoparticles. EDX spectrum was also collected and detailed percentage of each element was 

presented in Figure 3.5C and D. Carbon, nickel, oxygen, and silicon are reasonable since we 

have CNTs and nickel/nickel oxide core shell nanoparticles dispersed on silicon wafer. 

Phosphorus was also detected due to the utilization of TOPO and TOP stabilizers. Before loading 

of nickel nanoparticles, CNTs show no magnetic behavior even though a small amount of iron is 

present. After loading, CNC heterostructures have a good magnetic response as indicated in 

Figure 3.6.   
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Figure 3.5 (A) SEM image of CNC heterostructures after rigorous washing. (B) SEM image of 

CNC heterostructure after ultrasonication for 30 min.  (C) EDX spectrum of as-prepared CNC 

heterostructures, (D) Percentages of different elements (silicon is from substrate). 
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Figure 3.6 (A) Magnetic characteristics of the CNC heterostructures after drying, the growth 

duration for these heterostructures after addition of stabilizers (TOP and TOPO) was 15 min. (B) 

The as-produced CNTs are non-magnetic and do not show attraction towards a magnet. 
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TEM characterization of CNC heterostructures could explain their crystal structure, 

morphology, and interfacial characteristics. Figure 3.7 shows the TEM images of CNC 

heterostructures and the uniformity of the nanoparticle coating on CNTs can be clearly seen. 

CNTs with smaller diameters (< 30 nm) resulted in negligible nucleation of nanoparticles as 

compared to larger diameters (> 30 nm). In addition, the process of nucleation of nanoparticles 

on CNTs was found to be 80% efficient. Thus, the curvature of the substrate affects the 

nucleation of nanoparticles and can be an important parameter in controlling density of 

nanoparticles on CNTs. These CNTs were multi-walled with a wall spacing (~ 0.35 nm) that 

corresponds to c-axis spacing of graphene sheets in graphite.
8
  TEM image at higher resolution 

shows the Ni/NiO core/shell nanoparticles (average diameter ~ 11.9±1.8 nm, Figure 3.8) 

attached onto a CNT. The interface is indicated by white dotted line in Figure 3.7C. The 

interplanar spacing (0.21±0.01 nm, Figure 3.7F) of the core nickel nanoparticles corresponds to 

(111) plane in face centered cubic (fcc) nickel.
69

 As observed, the NiO shell was polycrystalline 

with a thickness of ~ 2.1±0.4 nm. XRD confirmed the presence of different component in the 

CNC heterostructures (Figure 3.9). Reflections of cubic NiO (JCPDS card No. 47-1049) were 

confirmed by the presence of peaks corresponding to (111) and (220) planes. Similarly, fcc Ni 

peaks (JCPDS card No. 4-0850) were assigned to (111), (200), and (220) planes. A peak at ~ 26
o
 

corresponds to (002) planes of CNTs with an interplanar spacing (~ 0.35 nm).
70

 Electron 

diffraction was also collected to determine phases of CNC heterostructures. Peaks of (111), (200), 

and (220) nickel were identified (JCPDS 4-850). Since nickel is easily oxidized in air, (111) and 

(220) of NiO were also found (JCPDS 4-835). (10-10) and (11-20) of CNTs were also 

labeled.
64,65
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Figure 3.7 (A) TEM image of CNC heterostructure (scale bar: 0.1 µm). (B) High-resolution 

TEM of CNTs showing the wall morphology and spacing between the walls (scale bar: 5 nm). (C) 

TEM image indicating attached Ni/NiO core/shell nanoparticles on CNTs (scale bar: 5 nm). 

White dotted line indicates the interface between the two. Note: There is certain extent of 

aggregation of nanoparticles on CNTs. (D) High-resolution TEM image of Ni/NiO core/shell 

nanoparticle showing the (111) interplanar spacing for core nickel nanoparticles (scale bar: 2 

nm).  
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Figure 3.8 Diameter distribution of nickel/nickel oxide core-shell nanoparticles. 
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Figure 3.9 X-ray diffraction for CNC heterostructures indicates peaks corresponding to Ni, NiO, 

and CNTs present in these heterostructures. 
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Figure 3.10 Electron Diffraction of CNC heterostructures. 
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Although NiO shell can be clearly observed in the high-resolution TEM image (shown by 

arrows in Figure 3.7C), this is further confirmed by Raman spectroscopy (Figure 3.11). Raman 

spectrum showed two peaks at 1313 cm
-1

 and 1591 cm
-1

, which were labeled as D and G bands 

for CNTs in CNC heterostructures.
66

 Spectrum region between 100 cm
-1

 and 1200 cm
-1

 showed 

peaks located at 418 cm
-1

, 513 cm
-1

, 723 cm
-1

, and 1049 cm
-1

. These peaks were identified as 

transverse optical (TO), longitudinal optical (LO), 2TO, and 2LO phonon modes of NiO, 

respectively.
71,72

 All peaks were shifted down in frequency about ~ 20 cm
-1

 as compared with 

NiO single crystal. This could be attributed to laser excitation wavelength (~ 785 nm) and 

polycrystalline NiO shell.
77 
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Figure 3.11 Raman Spectrum of CNC heterostructures, a star in the inset picture indicates the 

place where spectrum was collected. 
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 To understand the effect of CNTs surface functionality on the formation of CNC 

heterostructures, carboxylic (-COOH) derivatized CNTs
73

 were obtained after treatment with 

strong acids. Compared with the as-prepared CNTs, nanoparticles had poor coverage on –COOH 

derivatized CNTs (Figure 3.12A, 3.12B, and 3.12C). Such derivatization gave hydrophilic 

character to the CNTs and adversely affected the wetting of CNTs with alkyl-terminated and 

hydrophobic oleylamine. Oleylamine is a critical stabilizer in CNC heterostructure formation and 

assists in the formation of nickel complex, which is necessary for Ni nanoparticles nucleation 

and growth. Thus, poor oleylamine wetting of –COOH derivatized CNTs led to a non-uniform 

and poor nanoparticle coating. Moreover, aggregated nanoparticles were formed on the CNTs 

(dotted circles in Figure 3.12A) and clearly observed in Figure 3.12B and C. 
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Figure 3.12 SEM images of control sample made from acid-treated CNTs. 
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In order to determine the surface bond states and composition, X-ray photoelectron 

spectrums (XPS) were collected for both CNTs and CNC samples (Figure 3.13). All spectra were 

fitted by XPS peak 4.0 software.
61

 For CNT, C 1s peaks indicated existence of C-C bond (284.48 

eV), defects (285.43 eV, carbon atoms are not at tubular structure), small amount of C=O 

(288.78eV), C-O (286.78 eV), and carbonates (291.2 eV).
74

 For O 1s in CNT, two peaks, 531.92 

eV (–OH, C=O) and 533.2 eV (C-O) were obtained.
74

 Since in these experiments, raw CNTs 

without acid treatment or oxidation were used, the O 1s peak for CNTs has low intensity and 

signal-noise ratio. For CNC heterostructures, only strong C 1s and weak C-H, C-O peaks were 

observed. The primary reason is that the CNTs in CNC heterostructures were uniformly covered 

with nickel nanoparticles and carbon source came from stabilizers (TOPO and TOP).  P 2p peaks 

were collected to confirm the presence of phosphorus. Besides P 2p3/2 (130.08 eV) and 2p1/2 

(131.35 eV) peaks,
74

 another strong signal was also observed. This peak was identified as P-O 

peak from TOPO, which agrees well with other literature.
74

  For CNC heterostructure, O 1s 

spectrum consisted of two peaks, 533.64 eV and 533.10 eV, which are tagged as O 1s and –OH 

bond hanging on the surface of NiO, respectively.
74

 For Ni 2p, six main peaks were detected. 

Fitting showed there are 2p3/2 (853 eV), 2p1/2 (870.37 eV) for metallic Ni
0
 (Ni core), 2p3/2 (855.8 

eV), 2p1/2 (874.03 eV) for Ni
2+

 (NiO shell) and two other satellite peaks.
74

 Both the locations of 

peaks and distance between Ni 2p3/2 and 2p1/2 matched well with other‟s result. Moreover, N 1s 

peak for CNC heterostructure was also collected and the absence of a peak confirms that the 

oleylamine was completely washed away.  
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Figure 3.13 XPS spectra subtracted by linear background and fitted with individual peaks as well 

as overlapped peaks (indicated in Fig.3.13B). (A) C 1s and (B) O 1s spectra for as-produced 

CNTs. (C) C 1s, (D) O 1s, (E) Ni 2p, (F) P 2p, and (G) N 1s spectra for CNC heterostructures.  
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Table 1 Identification of XPS peaks  
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3.3 Structural Evolution of CNC Heterostructures Controlled by Single Parameter  

To eliminate the need for covalent linking of nanoparticles on the surface of CNTs, we 

utilized a novel single-step direct nucleation method to coat CNTs with uniform Ni nanoparticles 

in a chemical synthetic route as outlined in (Figure 2.3, step 1). Oleylamine served two main 

functions: 1) oleylamine easily wet the surface of CNTs; 2) oleylamine helped the formation of 

nickel complex directly on the surface of CNTs.
75

 Once the CNTs were mixed with oleylamine 

and nickel acetate precursor salt, the mixture was heated in an inert (N2) atmosphere for a fixed 

duration (40 min). Phosphine-based stabilizers (TOPO and TOP) were then added into the heated 

mixture and the temperature was stabilized at ~ 250 
o
C. In order to understand the morphological 

evolution of the nanoparticles on the surface of CNTs, this reaction was carried out for different 

durations (Figure 2.3, step 2) ranging from 15 min to 15 hrs and the resulting black precipitate 

(heterostructure) was washed and dried. Figure 3.14 shows SEM images of heterostructures 

grown for 15 min and 30 min (Figure 3.14A and B) and 15 hrs (Figure 3.14C and D). There was 

a big difference in the morphologies of the nucleated nanoparticles for these two growth 

durations. The nanoparticle coating for 15 or 30 min growth was uniform as compared to 15 hrs. 

The 15 hrs growth duration also resulted in several micron scale particles and aggregated 

nanoparticles that were not on CNTs (Figure 3.14B). Further details of morphological evolution 

of nanoparticles in these heterostructures are discussed next. 
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Figure 3.14 SEM images showing CNC heterostructures after (A) 15 min, (B) 30 min, (C) and 

(D) 15 hrs of growth duration. The nanoparticle coating in (C) is not uniform and large-sized 

particles are formed that do not decorate CNTs.  
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Morphological control of nanoparticles on the CNTs surface is very critical for 

applications of such heterostructures. For example, kinked corners in the nanoparticles
76

 on 

CNTs can lead to greater charge accumulation or chemical reactivity, excellent for their role as 

catalysts.
47

 In this regard, single-parameter control of morphology of nanoparticles on the surface 

of CNTs is highly desired. Thus, as a next step, we performed an in-depth study on the effect of 

only the reaction duration (after the stabilizer addition) on the growth, crystal structure, chemical 

composition, and morphology of the nanoparticles nucleated on the CNTs surface. Furthermore, 

we also analyzed the defects introduced in the CNTs during this process.  

Ni nanoparticles were directly nucleated on CNTs and allowed to grow after stabilizer 

addition for 15 min, 30 min, 2 hrs, 4 hrs, 6 hrs, 10 hrs, and 15 hrs. Further exposure of these 

heterostructures to air resulted in a thin (< 2 – 3 nm), polycrystalline oxide (NiO) shell around 

the Ni core. The synthesized samples were characterized using TEM (Figure 3.15). TEM images 

show that as the growth duration was increased, the morphology, size, and nanoparticle spatial 

density as well as spacing between them changed. Optimal nanoparticle characteristics 

(spherical), uniformity of the coating, and packing density were observed for 30 min growth 

duration (Figure 3.15C and D). Beyond 2 hrs growth duration, different shapes of the 

nanoparticles started evolving on the CNTs surface. It was observed that the lattice spacing of 

the coated nanoparticles matched predominantly with (111) planes of fcc Ni (~ 0.203 nm Figure 

3.15B, F, J, and L, JCPDS No. 4-850). A few hcp Ni lattices were observed corresponding to 

(002) and (010) planes with lattice spacing of ~ 0.217 nm and 0.230 nm (Figure 3.15B, D, and H, 

JCPDS No. 45-1027). The schematic shown in Figure 3.15M is derived from the TEM 

observations, and indicates the morphological evolution of the nanoparticles on CNTs surface as 

a function of reaction time.  
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Figure 3.15 TEM images of CNC heterostructures synthesized for (A), (B) 15 min, (C), (D) 30 

min, (E), (F) 2 hrs, (G), (H) 4 hrs, (I), (J) 6 hrs, and (K), (L) 10 hrs. Each pair of images and an 

inset correspond to low and high-resolution TEM images. The polycrystalline NiO shell is 

observed for the coated nanoparticles. Note: The high-resolution TEM images show the lattice 

spacing and corresponding planes of the coated nanoparticles. (M) Schematic indicating the 

morphological evolution of nanoparticles on the CNTs surface as a function of growth time. 
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 Figure 3.16 shows the detailed analysis of the effect of growth duration on the 

morphological evolution of the nanoparticles on CNTs using TEM characterization studies 

(Figure 3.15). The diameter distribution histogram (Figure 3.16A) shows that as the growth 

duration was increased, the size of the nanoparticles also increased. Table 2 indicates that the 

average size of the nanoparticles increased from ~ 12.5±2.1 nm (15 min of growth duration) to   

~ 51.8±9.8 nm (10 hrs of growth duration).  Based on TEM observations, it was possible to 

estimate the spatial density of nanoparticles (Figure 3.16B) and inter-particle spacing (Figure 

3.16C) on the surface of the CNTs. The spatial density or distribution of nanoparticles on the 

surface of CNTs was estimated to have decreased by 97.1% as the reaction duration was 

increased from 15 min to 10 hrs. In addition, as the size of nanoparticles increased and the spatial 

distribution decreased, inter-particle spacing increased by ~ 9 folds for 10 hrs as compared to 15 

min growth duration. Figure 3.16D shows that almost 95% of nanoparticles on the surface of 

CNTs were spherical (or circular, if a planar projection is considered) for 15 min reaction 

duration as compared to different shapes observed for higher reaction duration (> 2 hrs). The 

percentage of spherical nanoparticles reduced to 24% for 10 hrs of growth duration and various 

shapes (planar projections) of nanoparticles were observed such as 21% pentagonal, 35% 

quadrilateral, and 6% triangular. Furthermore, the average area of a nanoparticle (Figure 3.16E) 

on the CNTs surface increased by ~ 17 fold from 15 min growth duration to 10 hrs growth 

duration. This average area estimation is also a better indicator of size increase of nanoparticles 

with increasing growth duration because of the evolution of different nanoparticle shapes.  
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Figure 3.16  Detailed analysis of Ni/NiO core/shell nanoparticles formation on CNTs surface as 

a function of growth time. (A) Diameter distribution, (B) Spatial distribution (number of 

nanoparticles/µm
2
), (C) Inter-particle spacing, (D) 3-D plot showing morphological evolution as 

well as percentages of different shapes evolved, (E) Average nanoparticle projection area. Note: 

All the data analysis presented in this figure is for nanoparticles on the CNTs surface. More than 

100 nanoparticles per sample were considered for nanoparticle area estimation and this includes 

all the shapes for the respective samples.   
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Table 2  Average diameter or size of Ni nanoparticles on the CNTs surface as a function of 

reaction duration. 
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All the observations (Figure 3.16) indicate the role of several competing mechanisms and 

factors involved during the formation of CNC heterostructures and these include surface tension 

forces, nickel content on CNTs, and decomposition of stabilizers as a function of reaction time.  

The observation of shape evolution of Ni nanoparticles as a function of reaction time is attributed 

to the rupture of stabilizer (TOPO and TOP) micelles as the reaction continued above the flash 

point of the stabilizers.
75

 Thus, a similar mechanism for the shape evolution of Ni nanoparticles 

on the CNTs surface was observed here. For solution-based growth without CNTs, the shape 

evolution of Ni nanoparticles was also initiated beyond 2 hrs as reported here for CNC 

heterostructures.
75

 This further proves that the shape evolution duration was independent of the 

type of nucleation site (i.e., with or without CNTs) and depended entirely on the rupture of the 

stabilizer micelle as the reaction continued with time. However, having high surface-to-volume 

ratio CNTs as nucleating substrate/site allowed for greater loading of Ni-oleylamine complex (Ni 

content).
75

 Thus as the stabilizer micelle ruptured, the growing nanoparticles encountered greater 

local concentration of Ni and grew in size (Figure 3.16A). However, this was not observed in the 

case when there were no CNTs present in the synthesizing solution.
75

 Another effect of the 

longer reaction time proposed here is based on the surface tension forces on CNTs. The rupturing 

of stabilizer micelle
75

 with increased growth duration led to the elimination of stabilizer not only 

from the growing nanoparticles but also from the CNTs surface exposed to the solution. 

However, the bulk concentration of the stabilizers in the surrounding solution was still relatively 

high but slightly lower in density due to the surfactant loss. This led to high surface tension 

forces with increasing reaction time and thus separated the growing particles (minimizing their 

contact with the CNTs surface) and ultimately increasing the inter-particle spacing and lowering 

the spatial density of the nanoparticles on CNTs surface.   
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In order to explain the growth kinetics of nickel nanoparticles on CNTs, different theories 

were applied to fit experimental data. It has been reported that nanoparticles growth capped with 

stabilizers is governed by diffusion-limited growth, Lifshitz-Slyozov-Wagner (LSW) theory. 

Assume that the average radium of nanoparticles is r and diffusion coefficient is D, the flux of 

reactants, J could be written as: 

J=4πx
2
DdC/dx    (3-1) 

Jx
-2

dx=4πDdC    (3-2) 

Integrate on both sides and assume the bulk concentration of reactants, concentration of reactants 

at interface, and solubility of a nanoparticle with a radius of r are Cb, Ci, and Cr, respectively.  

J=4πDr(r+δ)(Cb-Ci)/δ   (3-3) 

where δ is the thickness of the diffusion layer.  

This flux is equal to the consumption rate at the surface of nanoparticles. 

J=4πr
2
kd(Ci-Cr)   (3-4) 

kd is the rate constant of a simple first order deposition reaction.  

Now consider   

dr/dt=JVm/4πr
2
   (3-5) 

Thus 

   (3-6) 

The terms Cb and Cr are related to the particle radius. According to Gibbs-Thompson equation: 



84 

 

   (3-7) 

   (3-8) 

Since the diffusion layer thickness is much greater than the size of nanoparticles, r<< δ 

   (3-9) 

For diffusion controlled growth, D<<kdr 

    (3-10) 

      (3-11) 

After integration, it was found that volume of nanoparticles is proportional to growth time.
77

   

r
3
-r0

3
=Kt      (3-12) 

where r0 is the average radius of the particle at time t = 0. K is given by the expression  

      (3-13) 

where ζ is the interfacial energy, Vm is the molar volume, C∞ is the concentration of a flat 

particles, D is the diffusion constant of the system, R is the gas constant and T is the temperature.  

It was found that for nanoparticles synthesized at 10 hrs, it could not be fitted into LSW 

theory. Only nanoparticles grown at less than 4 hrs will be fitted as shown in figure 1B, where 

the R
2
 coefficient is around 0.97 and K is 3.9282. Compared with nanoparticles synthesized 

without CNTs, where size of nanoparticles remained the same after several hours, it could be 
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conclude that after 4 hrs, the increase of nanoparticles size could be resulted from Ostwald 

ripening.  

The remaining data was then fitted according to two stages Ostwald ripening:
78

 

D-D1=k(t-t1)
1/n      

(3-14) 

where t is reaction time, t1 is the starting time, k is a temperature-dependent material constant 

appropriate to the value of the exponent n, and D1 is the average particle diameter at t=t1. When 

the exponent n is equal to 2, it is inferred that crystal growth is controlled by the diffusion of ions 

along the solution-particle boundary; when n=3, the growth is controlled by the volume diffusion 

of ions in the solution; and when n=4, it is deduced that growth is controlled by dissolution 

kinetics at the solution-matrix interface. From LSW theory, it is reasonable to assume that 

Ostwald ripening start at around 4 hrs and D1 is 20.3 nm. In order to determine the controlled 

step, different exponent n (from 2 to 4) were selected. The R
2
 coefficient was plotted against 

exponent n. It clearly demonstrated that n=3.8 is the best fitting. Thus, Ostwald ripening at this 

stage controlled by both the volume diffusion of ions and dissolution kinetics at the solution-

nanoparticles interface. 
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Figure 3.17 (A) Plot of volume of nanoparticle to reaction time. (B) Linear fitting of volume of 

nanoparticles to reaction time at the first 6 hrs. (C), (D) (E), (F), and (G) Fitting of two stage 

Ostwald ripening at different exponent. (H) Plot of  R
2
 coefficient to  different component. 
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Another interesting observation for CNC heterostructures, irrespective of the growth 

duration, was the bending of graphene layers or defective CNTs walls in the space between two 

adjacent nanoparticles (Figure 3.18). As showing in Figure 3.18G, the average inter-wall spacing 

changed from ~ 0.35 nm to ~ 0.38 nm in these regions. Radius of curvature of approximately     

~ 4.22 nm developed for the bent sections of the graphene layers. However, this was only 

observed when the adjacent nanoparticles were nucleated with perfect packing or less than 2 – 3 

nm apart as shown on the edges of the CNTs walls (Figure 3.18). Thus, nanoparticles with 

significant spacing between them (Figure 3.15J) did not result in bending of CNTs walls. Such 

an observation has not been reported before and the authors propose that this could be due to the 

oxide shell formation, lattice incompatibility between nanoparticles and the CNTs, and the 

flexibility of graphene layers in the CNTs walls.
79

 The former is indeed the dominating 

mechanism of CNTs wall bending because the polycrystalline NiO shell and the core Ni 

nanoparticle had a very large lattice mismatch (>15%) as shown in Table 3. This lattice 

mismatch could have led to compressive strains in the NiO shell and as this polycrystalline shell 

tend to relax, it pinched or bent the contacting graphene layers in the CNTs walls. Such stress 

relaxation mechanism has been reported
80

 for Ni/NiO core/shell nanoparticles and resulted in 

hillock formation in the oxide shell that has also been observed in our study (Figure 3.18F). In 

addition, the inner section of the bent portion of the flexible CNTs wall is in a state of 

compression and as the lattice spacing increased on the outer side, it resulted in a state of tension. 

Another theory for the bending is due to the interaction between nanoparticles and CNTs. As 

showed from XPS that after decoration of nanoparticles, π- π* transition disappeared, which tells 

us the strong interaction between CNTs and nanoparticles. This strong interaction could result in 

charge polarization and Van der Waals force, which causes the bending of graphene shell.   
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Figure 3.18 High resolution TEM images of CNC heterostructures corresponding to the 

nanoparticle growth time of (A) and (B) 15 min, (C) 30 min, (D) 4 hrs, and (E) 6 hrs. The dotted 

lines indicate the bending of the graphene layers (or CNTs walls) between nanoparticles. (F) 

Lattice spacing of polycrystalline oxide shell. (G) Schematic showing bending of CNTs walls 

(radius of curvature is r) and increase in inter-wall spacing as a function of wall thickness 

between the adjacent nanoparticles. 
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Table 3 Lattice mismatch  between the core Ni nanoparticle and the polycrystalline NiO shell as 

observed using TEM and XRD. Note: XRD shows all the crystal planes for the individual 

component. 

Nickel Spacing Nickel Oxide Spacing 

Lattice mismatch 

(%) 

(111) 0.203 

(111) 0.241 15.77 

(220) 0.148 37.16 

(200) 0.176 

(111) 0.241 26.97 

(220) 0.148 18.92 

(220) 0.124 

(111) 0.241 48.55 

(220) 0.148 16.22 
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To confirm the presence of individual phases and materials in the multi-component CNC 

heterostructures, XRD analysis (Figure 3.19) was performed for samples grown for different 

durations. It was observed that for growth durations ranging from 15 min to 10 hrs (Figure 3.19 

a-f), Ni, NiO, and CNTs peaks were observed. Very low intensity XRD peaks for CNTs in 

samples could be attributed to the limitations of the XRD instrument, less amount of sample 

dispersed on the substrate, larger size or tight packing of the coated nanoparticles, and the 

presence of remaining oleylamine and stabilizers. It is known that the washing process after the 

synthesis of heterostructures does not completely eliminate the stabilizers from the surface of 

these heterostructures. On the other hand, TEM and SEM results (Figure 3.14 and Figure 3.15) 

clearly prove that CNTs were always present in all the samples and were coated with 

nanoparticles with respective spatial densities and morphologies (Figure 3.15). Furthermore, 

high resolution TEM (Figure 3.15D) and XRD (Figure 3.19e) shows the presence of a few 

nanoparticles with hcp Ni core. However, fcc Ni was the dominant crystal structure of the core 

nanoparticles present in these heterostructures.  
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Figure 3.19  XRD of (a-f) CNC heterostructures showing the peaks of Ni ((JCPDS No.4-0850), 

NiO ((JCPDS No. 4-835) corresponding to the Ni/NiO core/shell nanoparticles, and (g) CNTs 

coated with Ni12P5 nanoparticles ((JCPDS No. 74-1381). Note: A low intensity peak (∆ or dotted 

line) is also observed around ~ 26
o
 corresponding to c-axis spacing of graphene layers in CNTs. 

(*) indicates hcp Ni (JCPDS No. 45-1027) and the corresponding planes (left to right are (010), 

(002), (012), and (110)).  
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Interestingly, a new set of XRD peaks emerged for 15 hrs growth duration (Figure 3.18g), 

where none of the peaks corresponded to Ni and NiO but only to Ni12P5. Thus, the growth 

duration of 15 hrs led to phosphide nanoparticle formation or CNT-nickel phosphide 

nanoparticle heterostructures. This motivated us to do a detailed microscopic characterization of 

samples grown for 15 hrs (Figure 3.20). The average diameter (Figure 3.21A) of the 

nanoparticles on the CNTs surface was observed to be ~ 11.1±1.8 nm and ~ 26.6% of the 

nanoparticles exhibited hollow cores (Figure 3.20A and arrows in Figure 3.20C) with average 

shell thickness of ~ 2.9±0.4 nm. These nanoparticles were nearly uniformly coated (spatial 

density ~ 2170 /μm
2
 and inter-particle spacing ~ 13.08 nm) on the CNT surface (Figure 3.20A-D) 

and several micrometer-sized irregular nanoparticles were also observed in SEM (Figure 3.14B) 

and TEM (Figure 3.20E). In addition, high-resolution TEM image (Figure 3.20D) clearly shows 

the lattice spacing of ~ 0.207 nm corresponding to (330) planes of Ni12P5 (JCPDS No. 74-1381). 

In regard to the shape distribution (Figure 3.21B) of the nanoparticles on CNTs surface, it was 

observed that ~ 77.2% of nanoparticles were spherical (or circular projection area) and the 

remaining were other shapes such as hexagonal (~ 7.5%), pentagonal (~ 8.8%), quadrilateral 

(~2.5%), and triangular (~ 3.7%). 

Based on the above characterization studies and analysis, the following mechanism for 

the formation of phosphide nanoparticles on CNTs has been proposed here. As the stabilizer 

micelle already ruptured in the 15 hrs growth duration, the phosphide nanoparticle formation 

could be attributed to the reaction between phosphine-based stabilizers (TOPO and TOP) that are 

in the bulk of the surrounding solution and the growing Ni nanoparticles.
81,82

 The difference 

between the sizes of phosphide nanoparticles nucleated on the CNTs surface as compared to 

micrometer-sized particles dispersed in the same solution can be attributed to the Ostwald‟s 
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ripening effect for 15 hrs growth duration, that became the dominant nanoparticle growth 

mechanism as most of the stabilizer micelle ruptured.
83

 Due to this effect, as soon as the 

phosphide nanoparticle formation took place, the larger particles started growing at the expense 

of smaller ones and thus reduced the size of nanoparticles on the CNTs surface. These 

micrometer-sized particles must have grown independently in the synthesis solution or maybe 

initially nucleated on the CNTs surface but eventually (in 15 hrs) detached themselves from the 

CNTs and dispersed in the solution due to their bulky size. Finally, it was also observed that 

there is no bending of graphene layers in CNTs walls (Figure 3.20F), in spite of several locations 

having closely packed phosphide nanoparticles. This further confirms that oxide shell formation 

on Ni nanoparticles (for growth duration ≤ 10 hrs) was the key in bending of graphene layers in 

the CNTs walls as stated earlier in this report.  
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Figure 3.20 Hollow and solid Ni12P5 nanoparticles formed on CNTs (Schematic in A) after 15 

hrs. (B) and (C) High-resolution TEM images shows numerous nanoparticles that are hollow 

(indicated by arrows in C) and with different shapes. (D) High-resolution TEM image shows the 

lattice spacing and the corresponding plane. (E) TEM image shows large-sized irregular Ni12P5 

particle observed for 15 hrs. These particles are isolated and do not form on the CNTs surface. (F) 

No bending of CNTs walls between adjacent nanoparticles is observed for these heterostructures. 

(G) Schematic shows proposed growth mechanism and formation of CNT-nickel phosphide 

nanoparticle heterostructures.  
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Figure 3.21 (A) Size distribution of Ni12P5 nanoparticles on the CNTs surface. The average 

diameter of the nanoparticles was observed to be ~ 11.1±1.8 nm. The schematic in (A) shows the 

dimensions of nanoparticles that were hollow had a shell thickness of ~ 2.85±0.42 nm. 

Approximately ~ 26.6% of nanoparticles were hollow. (B) Shape distribution of Ni12P5 

nanoparticles on the CNTs surface. 
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3.4 Synthesis and Characterization of Composite Hydrogel  

Freeze-thawing approach was utilized to synthesize PVA hydrogel without chemical 

cross-linking (Figure 3.22A, dotted rectangle in left). This resulted in crystalline domains in the 

polymer network that makes PVA hydrogel insoluble in water. Using similar approach, CNC 

heterostructures were mixed in the PVA solution and then freeze-thawed for two cycles resulting 

in CNC heterostructure-PVA hydrogel (Figure 3.22A, right). Transparency of the pure PVA 

hydrogel is significantly lost by adding CNC heterostructures to it. The dark color of the CNC 

heterostructure-PVA hydrogel also indicates the uniformity of dispersion of the heterostructures 

inside the hydrogel. The transmittance spectra showed ~ 30% transmittance in the visible region 

for CNC heterostructure-PVA hydrogel and ~ 90% transmittance for PVA hydrogel (inset, 

Figure 3.22A). Figure 3.22B and C shows SEM images for both the hydrogels in shrunken state. 

Inset in Figure 3.22C indicates CNTs emanating out of ruptured CNC heterostructure-PVA 

hydrogel. TEM characterization of these hydrogels was not possible due to the high electron 

beam intensity and temperature leading to burning of the polymer film.  

The synthesized hydrogels with and without CNC heterostructures showed good swelling 

and shrinking characteristics indicated by EWC in DI water (Figure 3.22D). Irrespective of 

whether the CNC heterostructures were or were not incorporated in the PVA hydrogel, swelling 

of the hydrogel in the presence of water reached saturation within 1 hr (Figure 3.22D). 

Compared to pure PVA hydrogel (EWC ~ 75%), the CNC heterostructure-PVA hydrogel 

exhibited slightly lower EWC after saturation (~ 73%). Although the transmittance of the 

hydrogel was significantly reduced, the slightly lower EWC indicates minimal effect on the 

porosity/pore volume of the PVA hydrogel after incorporating CNC heterostructures. 
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The PVA used in this study is 99+% degree of hydrolysis with a few acetate groups. In 

order to understand the functional groups of PVA hydrogel and CNC heterostructure-PVA 

hydrogel, FTIR spectra (Figure 3.23) were recorded. Figure 3.23A(a) shows the FTIR spectrum 

of pure PVA with C–H alkyl stretching band (ν = 2850-3000 cm
-1

) as well as weak hydroxyl (-

OH) for free alcohol (non-bonded –OH stretching) and hydrogen bonded band (ν = 3100-3650 

cm
-1

). Due to the hydrophilic nature of PVA hydrogel, intramolecular and intermolecular 

hydrogen bonding were expected to occur among PVA chains. The peaks observed between 

1650-1750 cm
-1

 corresponded to C=O stretching due to the small amount of acetate groups. The 

peaks between 1085 and 1150 cm
-1

 corresponded to C-O-C stretches in PVA and CH2 groups are 

showed by peaks at 1410-1465 cm
-1

. The former region also indicates the presence of crystalline 

domains in the PVA (indicated by a shoulder around 1140 cm
-1

).  

Incorporating CNC heterostructures in PVA hydrogel resulted in multi-component 

system and thus FTIR study was critical. As shown in Figure 3.23A(b), peaks corresponding to 

PVA could be easily identified. The peaks around 2929 and 2876 cm
-1

 corresponded to CH2 

stretching of TOP (adsorbed stabilizer) that was used during CNC heterostructure preparation 

(Figure 3.23B(b)). In addition, C–P stretching peaks (Figure 3.23C(b)) of TOP were also 

observed at 1170, 1076, and 1032 cm
-1

. The peak at 728 cm
-1

 related with (–CH2) stretches of 

TOP was also observed (Figure 3.23C(b)). Moreover, peaks at 1494, 1456, and 1381 cm
-1

 

originated from the asymmetric in-plane and symmetric rocking mode of terminal methyl group 

of TOP (Figure 3.23C(b)). Oleylamine is also involved in the synthesis of CNC heterostructures 

and thus, weak NH2 bending modes at 909, 964, and 993 cm
−1

 and NH2 scissor mode at 

1568 cm
−1 

(Figure 3.23C(b)). The peak at 1042 cm
−1

 could also be due to the C–N stretch due to 

the C–N bonds in amine groups indicating unwashed oleylamine on CNC heterostructures. The 
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peak at 1468 cm
−1

 is associated with the C–H bending mode and the two peaks at 2865 and 

2921 cm
−1

 represented C–H stretching modes of the oleylamine carbon chain (Figure 3.23B and 

C(b)). The presence of various N–H peaks suggests that amines are adsorbed on the surface of 

the nickel nanoparticles. The FTIR spectra also showed the stretching modes of alkyl chains and 

P–O at 2800–3000 and 1085 cm
−1

, respectively, revealing that the TOPO was also adsorbed 

(Figure 3.23B and C, (b)) on the surface of NiO shell in CNC heterostructure. 
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Figure 3.22 (A) Digital image of PVA hydrogel (left, dotted rectangle) and CNC heterostructure-

PVA hydrogel. Inset shows the transmittance spectrum in visible range for both hydrogels. (B) 

EWC graph of both PVA and PVA-CNT/Ni hydrogel. (C) SEM image of PVA hydrogel (scale 

bar: 1 µm). (D) SEM image of PVA-CNT/Ni hydrogel (scale bar: 1 µm) and inset shows high 

magnification of CNT/Ni inside hydrogel. 
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Figure 3.23 (A) Full range (500-4000 cm
-1

) FT-IR spectra of PVA hydrogel and CNC 

heterostructure-PVA hydrogel. (B) and (C) Magnified region of FTIR spectra showing different 

peaks for PVA hydrogel and CNC heterostructure-PVA hydrogel.  
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3.5 Absorption and Concentration Ability of Composite Hydrogel  

PVA hydrogels have been of significant interest for biomedical devices.
84,85 

However, 

multi-functionality of the hydrogel remains a big challenge. The integration of nanostructures 

within PVA hydrogels can influence the functionality as well as the selectivity of the individual 

components in such a hybrid materials.
86

 In this regard, each of the two hydrogels (PVA and 

CNC heterostructure-PVA) in this study was immersed in different solutions containing one or 

more chemical species. This caused sudden swelling of hydrogel in the solution resulting in 

entrapment or rejection of molecules present in the solutions. Unique to this study is the reversal 

of the functionality of the Ni/NiO core/shell nanoparticles in the CNC heterostructure-PVA 

hydrogel. Ni/NiO core/shell nanoparticles have strong affinity for histidine-tagged molecules.
68

 

Even though these nanoparticles have small amount of adsorbed stabilizers after rigorous 

washing, still they have shown significant affinity for histidine. However, instead of entrapment 

of such molecules, it was observed that CNC heterostructure-PVA hydrogel 

concentrated/rejected them in the solution. Control sample (PVA hydrogel) and CNC 

heterostructure-PVA hydrogel were studied for concentrating L-histidine and histidine-tagged 

GFP. In addition, it was demonstrated that a dye molecule (model molecule: methyl orange), not 

having any affinity for CNC heterostructure-PVA hydrogel, could be easily separated from a 

solution containing L-histidine and methyl orange. All these molecules have comparable size    

(~ 0.8-1 nm)
87,88

 and can be characterized using UV-vis spectroscopy with distinct absorbance at 

263 nm (GFP), 465 nm (methyl orange), and 210 nm (L-histidine).     

It was observed that methyl orange concentration (Figure 3.24A) decreased in the 

solution with PVA hydrogel or CNC heterostructure-PVA hydrogel immersed in it. This 

indicates that both hydrogels easily absorb methyl orange and do not show any selectivity toward 
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it. Also consistent with the EWC results, the methyl orange absorption was lower in CNC 

heterostructure-PVA hydrogel as compared to the PVA hydrogel. In addition, the curve is steep 

for the first 20 min (Figure 3.24A) of methyl orange absorption in the hydrogels, which is due to 

the swelling of hydrogel leading to the initial burst. A series of similar experiments were 

performed for solutions containing histidine-tagged GFP (Figure 3.24B), L-histidine (Figure 

3.24C), and mixture of L-histidine and methyl orange (Figure 3.24D). It was observed that L-

histidine could be concentrated in solution by immersing PVA hydrogel, which is obvious, as the 

hydrogel tends to absorb more water. However, this concentrating effect was enhanced when the 

CNC heterostructure-PVA hydrogel was immersed in the solution (Figure 3.24C). The trend in 

this curve shows that there was an initial burst (due to the swelling of the hydrogel) in the water 

absorption inside both the hydrogels (until 20 min). After 60 min, PVA hydrogel started 

absorbing L-histidine as indicated by the decreasing concentration of the molecules in the 

solution (Figure 3.24C). On the other hand, concentration of L-histidine in the solution 

containing CNC heterostructure-PVA hydrogel increases further. Similar trends were observed 

in histidine-tagged GFP solution containing PVA hydrogel or CNC heterostructure-PVA 

hydrogel (Figure 3.24B). The initial burst of water absorption still existed in these samples. GFP, 

due to its larger size as well as charge characteristics, could block the pores of the hydrogel and 

reduce the water absorbing capability of either hydrogel samples as compared to solution 

containing L-histidine. Overall, it was observed that histidine-based molecule concentrated to a 

greater extent for solution containing CNC heterostructure-PVA hydrogel than pure PVA 

hydrogel. Such a reversal of functionality of CNC heterostructures has not been observed earlier 

and can be very useful for separating one kind of molecule while simultaneously concentrating 

another molecule in a solution containing mixture of molecules. In this regard, the mixture of L-
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histidine and methyl orange was studied. As observed for L-histidine (Figure 3.24C) or methyl 

orange (Figure 3.24A), similar trends were observed with the PVA hydrogel or CNC 

heterostructure-PVA hydrogel when either of these were immersed in solution containing both 

the molecules. CNC heterostructure-PVA hydrogel tend to absorb methyl orange but 

significantly concentrated L-histidine in the solution. However, the mechanism of reversal in the 

functionality of Ni/NiO core/shell nanoparticles, in CNC heterostructure-PVA hydrogel, for 

histidine-based molecules is still under investigation. This can be attributed to charge 

characteristics of hydrogel and boundary layers formed around incorporated CNC 

heterostructures when immersed in the solution containing histidine-tagged species.  
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Figure 3.24 Behavior of hydrogels in different chemical environments was indicated by 

concentration and amount of species in solution as a function of time. (A) Absorption of methyl 

orange in hydrogels. (B) and (C) Concentrating histidine-tagged GFP and L-histidine. (D) 

Selectively concentrating L-histidine from a mixture of methyl orange and L-histidine. (E), (F), 

(G) and (H) Changes of total amount plotted against time. 

E F 
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3.6 Controlled Release with External Magnetic Field 

In order to understand the properties of as-prepared CNC heterostructures, 

multifunctional hydrogel based on CNC and PVA was prepared. There are several advantages 

for this system: (1) Bio-active Nickel nanoparticles were dispersed on high surface area CNTs, 

which effectively avoid the aggregation problems; (2) PVA hydrogel was bio-compatible and 

was commonly used; (3) As-prepared CNC hydrogel is magnetic active, by rational design of the 

material scheme, multifunctionality could be demonstrated and efficiently utilized; (4) By 

dispersing CNTs inside the hydrogel, the mechanical properties of as prepared hydrogel can be 

also greatly enhanced.  

CNC hydrogel was then tested with external magnetic field. Shrunken composite 

hydrogel was immersed inside DI water for ~ 30 min and then secured one-side with tape on 

glass slide. Then a magnet (0.2T) was placed near the hydrogel. Because of magnetic response of 

hydrogel, by slowly removing magnet away from hydrogel, there will be an actuated angle. It 

was found out that bending angle as high as 60° caused by magnetic field could be achieved by a 

magnet (Figure 3.25). In order to determine the effect of magnetic field for molecules releasing, 

hydrogels loaded with L-histidine was immersed into water to release histidine. Interestedly, 

external magnetic field can affect the release rate of L-histidine. With magnetic field, the final 

absorbance of L-histidine was 0.35, which is higher than without magnetic field (0.31, Figure 

3.26B). Based on the elastic properties from hydrogel itself and incorporated CNC inside 

hydrogel, magnetic field with different duty cycles were also applied and the effects were 

showed in Figure 3.26C. By adjusting magnetic duty cycle, release rate can be further increased 

and the faster the change of magnetic field, the high the release rate. The possible reason is by 
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repeatedly varying magnetic field, the hydrogel was shrunken and swollen with certain period, 

and at the same time, water was absorbed and released accordingly, which can effectively 

accelerate the release process.   
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Figure 3.25 Actuation of composite hydrogel by magnet.  
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Figure 3.26 Controlled releasing of molecules with (B) constant and (C) cycled magnetic field 

stimulation. 
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3.7 Thermal Stability of CNC Heterostructures and Carbon Nanotubes  

Ability to tailor morphologies of Ni/NiO core/shell nanoparticles on the CNTs surface as 

a function of growth duration is unique. However, it is also important to understand the stability 

of these heterostructures. One of the important aspects of these heterostructures and the synthetic 

approach presented here is the strong binding of nanoparticles with CNTs and yet not involving 

covalent bonding or a linker molecule. Thus, it becomes critical to study the thermal and 

chemical stability of these heterostructures. Our previous report demonstrated that high-power 

ultrasonication
89,90

 could result in controlled detachment of nanoparticles from the surface of 

CNTs in these heterostructures and that too in a long sonication time (> 30 min). In addition, this 

extremely valuable post-synthetic step allowed for the tailoring of spatial density and spacing 

between the coated nanoparticles. On the other hand, of particular interest for high temperature 

applications (e.g., catalysis, chemical sensors) of CNC heterostructures is their
 
 thermal stability. 

Thus, in this report, we selected the most optimized CNC heterostructure condition (30 min 

growth) that resulted in uniform nanoparticle coating on CNTs with majority being spherical 

nanoparticles. Thermal stability was analyzed by annealing CNC heterostructures at 125 
o
C,   

200 
o
C, 400 

o
C, 600 

o
C, and 750 

o
C in a N2-rich atmosphere. The N2-rich atmosphere implies 

that the box furnace was not leak proof and a small amount of O2 (from ambient) was inevitable 

in the annealing process. In contrast to high percentage O2 environments or air, such an 

annealing atmosphere was deliberately established in order to evaluate the effects of relatively 

low amounts of O2. This also aided in understanding the damage to CNTs during the annealing 

process at a slow and noticeable rate. These studies were performed after dispersing CNC 

heterostructures on a cleaned silicon wafer. As the annealing temperature was increased, five 

main effects were observed: (1) nanoparticles on CNTs started migrating on the flat silicon wafer; 
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(2) these migrating nanoparticles aggregated around the CNTs but on the silicon wafer; (3) CNTs 

were damaged beyond 600 
o
C and eventually decomposed while some reacted with Fe catalyst 

nanoparticles as well as Ni/NiO core/shell nanoparticles to form carbides; (4) Ni/NiO core/shell 

nanoparticles as well as Fe catalyst nanoparticles oxidized at high temperature and a few hollow 

NiO nanoparticles resulted beyond 200 
o
C; (5) CNTs in CNC heterostructures decomposed at 

750 
o
C. These results were also compared with the as-produced CNTs that were annealed under 

similar conditions. The as-produced CNTs, without any nanoparticles, survived only till 400 
o
C, 

and completely disappeared beyond this temperature, and the damage to these CNTs was 

initiated at 125 
o
C.  

Figure 3.27 and Figure 3.29 show SEM and TEM images of the CNC heterostructures 

annealed at different temperatures. As observed, when annealed at 125 
o
C (Figure 3.27A and 

Figure 3.29A), a few CNTs with minor graphene layer straining were observed (inset in Figure 

3.29A) and a very low extent of nanoparticle migration was observed. There was no CNTs wall 

damage observed at this temperature. After annealing at 200 
o
C, majority of the nanoparticles 

that were coating CNTs, surface migrated onto the silicon wafer (Figure 3.27B) and a few 

hollow nanoparticles evolved (Figure 3.29B, indicated by arrows). The migrated nanoparticles 

were spreading out around CNTs on the silicon wafer as shown in Figure 3.27B. In addition, 

CNTs walls were not yet damaged or broken as observed in Figure 3.29B. As the temperature 

increased to 400 
o
C (Figure 3.27C), the CNTs started being damaged, the walls got strained 

(Figure 3.29C, inset), and the majority of nanoparticles migrated to silicon wafer and aggregated 

on it. However, this nanoparticle aggregation was more obvious along the interfaces of the CNTs 

and silicon wafer and was not dispersed as compared to that at 200 
o
C annealing temperature 

(Figure 3.27B). Figure 3.29D (annealing temperature ~ 600 
o
C) shows that the CNTs were 
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damaged more with some amorphous carbon on the outer surface and some of them broke into 

smaller pieces while larger-sized aggregates of particles were also observed (Figure 3.29D). It 

must be noted here that as the interface between graphitic CNTs walls and silicon wafer is 

disrupted, several particle aggregates are also formed away from damaged CNTs on the silicon 

wafer. This indicates the role of surface curvature in nanoparticle migration at higher 

temperatures. In addition, CNTs tips were damaged resulting in tapered geometry (Figure 3.29E). 

The authors have previously reported migration of nanoparticles on nanowire surface, where the 

migration behavior was explained based on the chemical potential of the nanowire surface.
91

 

This can help understand surface migration of Ni/NiO core/shell nanoparticles on silicon wafer 

from CNTs surface because chemical potential is much lower for a flat surface as compared to 

the high curvature CNTs. Finally, annealing of CNC heterostructures at 750 
o
C led to complete 

decomposition of CNTs (Figure 3.27E and Figure 3.29F) and irregular aggregated particles 

formed on the silicon wafer. Large-sized aggregates were also observed in TEM images as 

shown in Figure 3.29F. Another theory for the migration of nanoparticles is due to the force 

imbalance at interface between NiO and SiO2 as showed in Figure 3.28. From previous data 

analysis (Figure 3.16), diameter of nanoparticles, distance between nanoparticles, and diameter 

of nanotubes could be calculated. The angle was calculated as 65.6°. When γ1>γ2×sin65°, there is 

a tendency for nanoparticles to migrate from CNTs to silicon wafer surface. 
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Figure 3.27 SEM images of CNC heterostructures dispersed on silicon wafer after annealing for 

1 hr at (A) 125 
o
C, (B) 200 

o
C, (C) 400 

o
C, (D) 600 

o
C, and (E) 750 

o
C. Note: The CNC 

heterostructures were synthesized for 30 min growth duration. Inset images are showing a 

detailed view of the annealed CNC heterostructures. 
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Figure 3.28 Schematic shows nanoparticle migration due to surface energy imbalance. 
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Figure 3.29 TEM images of CNC heterostructures after annealing for 1 hr at (A) 125 
o
C, (B)   

200 
o
C (arrows indicate hollow nanoparticles), (C) 400 

o
C, (D) and (E) 600 

o
C, and (F) 750 

o
C. 

Note: CNC heterostructures were synthesized for 30 min reaction duration. These TEM images 

are taken for the samples observed in the SEM shown in Figure 3.26.The TEM samples were 

prepared by scratching the samples from the silicon wafer. 
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In order to understand the chemical compositions and phases of the individual component 

in CNC heterostructures as well as to quantify them as a function of annealing temperature, 

individual element XPS scans were conducted from high binding energy to low binding energy 

(Figure 3.30 and Figure 3.31, Table 4). Detailed peak deconvolution and data fitting was 

conducted. Ni 2p, Fe 2p, O 1s, and C 1s peaks were analyzed to gain information about Ni/NiO 

core/shell nanoparticles, Fe catalyst nanoparticle trapped inside the CNTs cores and CNTs itself. 

However, due to sample preparation limitations, it was not possible to maintain consistency in 

the sample amount on the substrate as heterostructures were randomly dispersed on the silicon 

wafer. In addition, the left-over surfactants (oleylamine, TOPO, and TOP) acted as a mask layer 

reducing the peak intensity as well as introducing minor binding energy shifts (< 0.1 eV). Thus, 

intensity of the XPS spectra were not comparable for different annealing samples and only the 

relative peak intensity, peak area, and peak location were analyzed.  

For Ni 2p, there are overall six deconvoluted peaks for CNC heterostructures annealed 

below 400 °C (Region 1, Table 4), that were assigned to Ni
2+

 2p1/2 satellite, Ni
2+

 2p1/2, Ni
0
 2p1/2, 

Ni
2+

 2p3/2 satellite, Ni
2+

 2p3/2, and Ni
0
 2p3/2, respectively (Table 4. Region 1).

58
 In regard to 

Auger peaks (Table 4, Region 3), CNC heterostructures, irrespective of annealing process, 

showed a peak at 712.8 eV, which was consistent with Ni L3M23M45(
1
P).

74
 For samples annealed 

above 400 °C, disappearance of metallic Ni peaks (Table 4, Region 1, Ni
0
 2p1/2 and Ni

0
 2p3/2) 

were clearly observed, implying the oxidation of Ni core into NiO nanoparticles as shown in 

Figure 3.32. Due to the distinct chemical shifts for Ni
2+

 and Ni
0
, atomic percentages of Ni

2+
 and 

Ni
0
 were also calculated. From the ratio between corresponding peak, it was concluded that with 

the increase in annealing temperatures, percentage of metallic nickel (Ni
0
) decreased while 

oxidized nickel (Ni
2+

) increased resulting in NiO nanoparticles (Figure 3.32A) with the threshold 
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temperature being 400 
o
C. The percentage of Ni

0
 (Figure 3.32A) at lower annealing temperatures 

or for non-annealed samples was much smaller than Ni
2+

 and this could be attributed to the 

nature of XPS characterization as the technique is only for surface analysis and encountered 

significant amount of NiO as compared to the metallic core. Previous studies on core/shell 

nanoparticle characterization using XPS have reported similar observations for other material 

systems, where signal from the core was suppressed by the shell.
92

  

Since CNTs were grown from catalytic Fe nanoparticles in CVD process, it was expected 

that Fe would be present in these heterostructures and this is evidenced by a peak at 706.91 eV 

corresponding to Fe 2p3/2 line.
74

 This peak is slightly shifted (Table 4, Region 3) for CNC 

heterostructures before and after annealing and that could be an additional contribution from Ni 

L3M23M45(
3
P) Auger peak.

74
 However, overlapping of the peak for Fe 2p3/2 and/or Ni 

L3M23M45(
3
P) made it difficult to resolve it further. For the as-produced CNTs, there were 

clearly two peaks (Table 4, Region 2) at 719 eV and 706.91 eV from Fe 2p1/2 and Fe 2p3/2,
74

 

respectively and these peaks were observed for CNC heterostructures without annealing as well 

as for heterostructures annealed below or at 400 
o
C.  A new peak (~ 710 eV) emerged when the 

annealing temperature was above 400 °C and corresponded to the oxidized form of iron (e.g., 

FeO, Fe2O3, and Fe3O4, denoted as Fe
x+

 in Figure 3.32B, where x can be 2 or 3).
74

 The oxidation 

of Fe is also indicative of CNTs damage, opening, and cutting at these annealing temperatures as 

the Fe catalyst nanoparticle is slowly exposed to the annealing environment. Based on XPS 

analysis, percentage of Fe
x+

 was plotted as a function of annealing temperature (Figure 3.32B) 

and shows the presence of Fe
x+

 species beyond 200 
o
C. The percentage of Fe

x+
 was observed to 

increase from 0% (at 200 °C) to ~ 65% (above 600 °C). This indicates some CNTs were 

damaged above 200 
o
C and these CNTs could have been the ones that were not having good 
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Ni/NiO core/shell nanoparticle coverage as the process of heterostructure formation is not 100% 

efficient.  

Usually interpretation of O 1s peak is difficult because of complexity of oxides peaks and 

co-existence of oxygen in CNC heterostructures (e.g., TOP, TOPO, -COOH, -OH, NiO, FexO).
74

 

There are several conclusions from this set of XPS spectra (Table 4, Region 4).  For the as-

produced CNTs, O 1s peak located at 532.37 eV is due to surface adsorbed carboxylic acid        

(-COOH) species or hydroxyl (-OH) on CNTs.
93

 The O 1s peak shift to 531.79 eV (non-annealed 

CNC heterostructures) and to 531.96 eV, 531.97 eV for heterostructures annealed at 125°C, 

200 °C, respectively. These can be attributed to oxygen from TOPO and TOP.
94

 However, when 

the temperature was much above the boiling point of TOP (~ 291 °C) and TOPO (~ 202 °C), 

(MSDS, Sigamaldrich) these stabilizers evaporated away. Thus, for samples annealed at 400 °C 

and 600 °C, O 1s main peaks shifted back to 532.4 eV and 532.17 eV, respectively. There was 

another O 1s shoulder peak at ~ 529 eV beyond 400 
o
C annealing temperature, which could be 

assigned to metal oxides from Ni and Fe.
74,93

   

Since C 1s peaks were used to correct all the spectra and the presence of carbon species 

was not only from CNTs but also from surfactants and XPS contamination, detailed 

deconvolution is not performed here. However, there are several important observations (Table 4, 

Region 5). First, for C 1s from the as-produced CNTs, there was a peak at ~ 290.65 eV due to π-

π* transition and adsorbed oxygen species.
93

 However, for samples loaded with Ni, this peak 

disappeared and the authors believe that it is because of a strong interaction between CNTs 

surface and nanoparticles as well as remaining stabilizer molecules. CNTs were more exposed as 

nanoparticles migrated to the silicon substrate (Figure 3.27), but XPS results do not show π-π* 
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transition for these samples. This could be due to amorphous carbon coating on CNTs at high 

temperatures (also indicated in Figure 3.29). Second, for samples annealed above 400 °C, there 

was a low-intensity shoulder close to C 1s (Figure 3.31), which was assigned to carbides of Fe 

and Ni.
74

 Thus, as the annealing temperature was increased, more CNTs damage occurred and to 

some extent, the metals present, reacted with this carbon resulting in carbides. 

Although TEM and SEM showed presence of CNTs at high temperature, small sampling 

area might cause some inaccuracy. Thus, Raman spectra (Figure 3.33) were collected for 

samples annealed above 400 °C. It was found that D and G bands existed as high as 600 °C 

while disappeared at 750 °C. Thus CNTs must decompose at temperature range from 600 °C to 

750 °C. Another interesting thing is the decreasing of G/D band ratio, which directly 

demonstrates formation of defects at high temperature annealing.  
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Figure 3.30 XPS spectra of CNTs and CNC heterostructures before and after annealing at 

different temperatures. Table 4 shows the precise peak locations for each constituent present. 

„CNT‟ represents as-produced CNTs. 
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Figure 3.31 XPS spectra of (a) C 1s, (b) Fe 2p, (c) O 1s, (d) Ni 2p for different annealing 

temperatures. The dotted lines in (d) for the spectra at 125 
o
C and 200 

o
C are shown as d1 and d2. 

Note: Spectra for as-prepared CNC heterostructures and those annealed at 125 
o
C are nearly 

overlapping. Thus, indicating minimal changes in chemical composition at low temperatures.   
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Table 4 Binding energy (eV) chart derived from XPS study for as-produced CNTs, CNC 

heterostructures, and CNC heterostructures after annealing. 

 

 
Peak 

Assignment 

Binding Energy (eV) 

Region 
CNT CNC 

CNC  

(125 °C) 

CNC  

(200 °C) 

CNC  

(400 °C) 

CNC  

(600 °C) 

CNC  

(750 °C) 

 
   

Ni 
    

 Ni
2+

 2p1/2 

satellite 
/ 879.25 879.87 880.995 879.01 878.654 880.711 

 Ni
2+

 2p1/2 / 873.35 873.56 874.668 872.411 872.106 874.578 

1 Ni
0
 2p1/2 / 870.37 870.3 870.366 / / / 

 Ni
2+

 2p3/2 

satellite 
/ 861.17 860.97 861.15 860.713 860.172 862.066 

 Ni
2+

 2p3/2 / 855.38 854.98 855.794 854.624 854.144 856.358 

 Ni
0
 2p3/2 / 852.7 852.45 852.678 / / / 

 
   

Fe  
    

2 Fe 2p1/2 719 719.34 720.95 720.5 721.22 721.3 722.62 

 Fe
x+

 / / / / 710.05 709.62 710.17 

3 

Ni and Fe Auger peaks 

Ni 

L3M23M45(
1

P) 

/ 712.8 712.95 712.94 713.28 712.06 712.85 

Fe 2p3/2 or 

Ni 

L3M23M45(
3

P) 

706.91 706.42 706.34 706.75 705.07 703.63 705.27 

 
   

O  
    

4 O 1s 532.37 531.79 531.96 531.97 532.4 532.17 531.24 

 O 1s 

shoulder 
/ / / / 529.35 528.72 

 

5 

   
C  

    
π-π* 290.65 / / / / / / 

C 1s 

shoulder 
/ / / / 288.27 288.15 287.89 

C 1s 284.8 284.8 284.8 284.8 284.8 284.8 284.8 
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Figure 3.32 Phase change of Ni
0
 (present in Ni/NiO core/shell nanoparticles) and Fe

0
 (catalyst 

present in the CNTs inner core) observed as a function of annealing temperature for CNC 

heterostructures. (A) Conversion of Ni to Ni
2+

 (NiO) and (B) conversion of Fe to Fe
x+

 (various 

oxides of Fe such as FeO, Fe2O3, and Fe3O4). 

 

 

 

A B 
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Figure 3.33 Raman spectra of CNC heterostructures showing D and G bands of CNTs after heat 

treatment at a) 400 
o
C, b) 600 

o
C, and c) 750 

o
C. 
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  Kinetics of nickel nanoparticles oxidation was also analyzed. .For the XPS analysis, the 

analyzing depth is usually at 1-10 nm. Thickness of NiO shell could be calculated from TEM 

images and ratio of Ni
0
 and Ni

2+
 at room temperature could be calculated from XPS. Thus, it is 

possible to estimate the analyzing depth of the coated nanoparticles on CNTs in XPS. Since the 

volume for a spherical cap could be calculated using  

     (3-15) 

where r is the radii of sphere and h is the height of the cap. 

Since the diameter of nanoparticle is ~ 11.9 nm and thickness of shell is ~ 2 nm (Figure 

3.8), when the XPS analyzing depth is h nm, the volume of Ni core is  

  (3-16) 

and the volume of NiO shell is 

(3-17) 

From XPS spectrum 

     (3-18) 

Analyzing depth could be calculated.  

h=6.36 nm 
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Assuming that oxidation of nanoparticles is isotropic, thus, thickness of oxide shell (a) at 

different temperature could be calculated through Ni% from XPS (Figure 3.31). 

                     (3-19) 

In general, it was assumed that the rate of oxidation, dα/dt, is a linear function of a 

temperature-dependant rate constant, k(T), and a temperature-independent function of the 

oxidation ratio, f(α),
95

 

        (3-20) 

where α is the oxidation ratio and the rate constant k(T) is typically expressed by the Arrhenius 

relation: 

K(T)=k0exp[-Ea/kBT]        (3-21) 

Thus, 

         (3-22) 

where k0, the pre-exponential factor, is assumed to be independent of temperature, Ea is the 

activation energy, T is the absolute temperature, and kB is the Boltzmann constant. Since in our 

experiment, time is kept as constant. After integration at both side,  

        (3-23) 

      (3-24) 
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Therefore, the natural logarithm of oxidation ratio should be linearly proportional to 

inverse of temperature as showed in Figure 3.34. From the linear function and the fixed time, 

pre-exponential factor (k0) and activation energy (Ea) could be calculated. 

ln(tk0)=0.0084 

k0= 0.0168 min
-1 

Ea/kB=0.0167 K 

Ea=2.3×10
-25

 J 
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Figure 3.34 (A) Volume of spherical cap. (B) Oxidation of Ni core into NiO shell, (C) Kinetic 

fitting of oxidation. 

h 

Ni+1/2O2 = NiO 

 

A B 

C 
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Table 5  Shell thickness and conversion percentage at different temperatures 

Temperature (°C) Shell thickness (nm) Oxidation Percentage (%) 

25 1.8 66 

125 3.69 94 

200 4 96.5 

400 6.63 100 
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 To compare the thermal (or oxidative) stability of CNC heterostructures with the          

as-produced CNTs, similar annealing experiments were conducted for the latter and studied 

using Raman spectroscopy and electron microscopy.  Figure 3.35 shows Raman spectra for the 

as-produced CNTs and the effect of annealing temperatures. Two principal bands (Figure 3.35A) 

corresponding to the disordered sp
2
 carbon (maximum at ~ 1299 cm

-1
, also referred as D-band) 

and well-ordered graphitic band (maximum at ~ 1570 cm
-1

, also referred as G-band or E2g band) 

were observed.
66

 It is well known that the D bands originate due to defects present in CNTs and 

as shown in Figure 3.35A, the intensity of D-band slightly increased with annealing temperature 

(for 125 
o
C and 200 

o
C). This increase in intensity indicates the formation of defects in CNTs 

and similar trends have been observed in high temperature treatment of CNTs.
96

 A shoulder is 

also observed (Figure 3.35A) at ~ 1610 cm
-1

, that corresponded to D‟ band consistent with end 

planes of graphene layers.
93

 With increasing annealing temperature, it was observed that these 

peaks and the shoulder disappear beyond 400 
o
C indicating complete decomposition of CNTs at 

this temperature. Thus, as compared to CNC heterostructures where CNTs were still present but 

damaged at 600 
o
C (Figure 3.27D, Figure 3.28D, and Figure 3.28E), the as-produced CNTs 

decomposed completely at a lower temperature (beyond 400 
o
C). In addition, the damage to 

CNTs walls in case of the annealed as-produced CNTs can be further understood by the 

emergence of breathing-like modes (BLMs)
97

 as shown in Figure 3.35B. These Raman modes 

are similar to radial breathing modes for SWCNTs and were recently reported for low diameter 

(< 5 nm) MWCNTs. BLMs majorly arise due to coupling between the shells of such 

MWCNTs.
94

 This could indicate that as the annealing temperature was increased from 125 
o
C to 

400 
o
C (Figure 3.35B), the CNTs were decreasing in wall thickness and as a result, several CNTs 

with very low diameters emerged. Finally, beyond 400 
o
C, the remaining CNTs reacted with the 
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surrounding oxygen present in the N2-rich atmosphere and decomposed. Figure 3.35C clearly 

shows the intensity ratio between the G-band and D-band (IG/ID) from the Raman spectra as a 

function of annealing temperature. It shows that the graphitic content of the CNTs significantly 

lowered with increasing temperature. However, slight increment in the ratio beyond 200 
o
C 

indicates that the CNTs just below their decomposition temperature corresponded to relatively 

low diameter and graphitic CNTs.  

On the other hand, it can be clearly seen that a few peaks below 1000 cm
-1

 (Figure 3.35A) 

emerged as the annealing temperature was raised beyond 400 
o
C and these peaks (225 cm

-1
, 295 

cm
-1

, 410 cm
-1

, and 605 cm
-1

) correspond to the oxidized form of Fe catalyst (mostly Fe2O3),
98

 

which is present in the as-produced CNTs. The optical images (Figure 3.35D a-e) show the 

regions that were evaluated in the Raman spectroscopy for the as-produced CNTs after the 

treatment at various annealing temperature. It can be seen that beyond 400 
o
C, a reddish brown 

precipitate was left over the substrate demonstrating the formation of oxides of Fe catalyst and 

decomposition of CNTs. To further validate our spectroscopic and optical imaging results, SEM 

and TEM characterization studies revealed more interesting information on the thermal stability 

of the as-produced CNTs, which was noticeably different from CNC heterostructures. Although 

not evident from the SEM images, (Figure 3.36) TEM images clearly show thinning of CNTs 

walls and tips at 125 
o
C annealing temperature. Stress marks on CNTs, graphene layer cutting, 

disappearance of CNTs core, and coalescence of Fe catalyst nanoparticles could be easily seen in 

the TEM images (inset, Figure 3.36B and C) corresponding to 200 
o
C and 400 

o
C. Furthermore, 

beyond 400 
o
C (i.e., 600 

o
C and 750 

o
C), CNTs completely decomposed and only aggregated 

Fe2O3 nanoparticles were observed on the substrate (Figure 3.36D and E). This aggregation 

significantly increased at 750 
o
C. The lattice spacing of Fe2O3 (0.415±0.005 nm for (101), 
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JCPDS No. 13-534) nanoparticles is showed in Figure 3.36E (inset). Overall, it can be stated that 

the CNTs when loaded with Ni/NiO core/shell nanoparticles showed a higher decomposition 

temperature and greater thermal stability (or oxidative resistance) as compared to the                

as-produced CNTs in similar annealing conditions. This unique observation is very useful for 

high temperature applications of CNC heterostructures.  
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Figure 3.35 (A) Raman spectra of as-prepared CNTs and CNTs annealed at various temperatures 

(125 – 750 
o
C). (B) Breathing-like modes (BLMs) of MWCNTs up to 400 

o
C annealing 

temperature. (C) The IG/ID ratio for CNTs as a function of annealing temperature. (D)a-e The 

optical images of CNTs before and after annealing corresponding to the region considered for 

Raman spectra acquisition. Note: Since CNTs were dispersed on silicon wafer, two silicon peaks 

(518 cm
-1

 and 930 cm
-1

) were observed at higher annealing temperatures.  
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Figure 3.36  SEM and TEM (inset) images for the as-produced CNTs after annealing for 1 hr at 

(A) 125 
o
C, (B) 200 

o
C, (C) 400 

o
C, (D) 600 

o
C, and (F) 750 

o
C. The images demonstrate the 

various outcomes of the annealing process on the as-produced CNTs and show that these CNTs 

are damaged at as low as 125 
o
C. 
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Chapter 4 

4.                                  CONCLUSION AND FUTURE WORK 

CNC heterostructures were fabricated in a single-step, simple synthetic approach by directly 

nucleating narrow-sized Ni/NiO core/shell nanoparticles (average diameter ~ 12±2 nm) on the 

surface of CNTs. High surface area CNTs allowed for uniform dispersion and ideal packing of 

core/shell nanoparticles. These heterostructures were thoroughly characterized for their crystal 

structure, morphology, phase, and interface using microscopic and diffraction techniques. The 

structural control of Ni/NiO core/shell nanoparticles on the CNTs surface was achieved in a 

single-step synthesis by only varying the duration of the nanoparticle growth reaction after the 

addition of stabilizer molecules to the solution. This resulted in well-controlled shapes, sizes, 

spatial densities, and inter-particle spacing of Ni/NiO nanoparticles on CNTs surface as observed 

in SEM, TEM, and XRD. As the growth time was increased from 15 min to 10 hrs, average size 

of the nanoparticles increased from ~ 12.5±2.1 nm to ~ 51.8±9.8 nm, the spatial density of 

nanoparticles on the surface of CNTs decreased by 97.1%, inter-particle spacing increased by ~ 9 

folds, and different shapes (circular, pentagonal, quadrilateral, and triangular) of nanoparticles 

evolved beyond 2 hrs. A detailed morphological evolution mechanism was also derived based on 

stabilizer micelle rupturing coupled with surface tension forces and nickel content on the CNTs 

surface. Another interesting observation for CNC heterostructures, irrespective of the growth 

time, was the bending of graphene layers or defective CNTs walls in the space between two 

adjacent nanoparticles. In addition, for much prolonged growth time (15 hrs), the growing Ni 

nanoparticles on the CNTs surface reacted with the phosphine-based stabilizer to result in CNTs-

Ni12P5 nanoparticle heterostructures. These phosphide nanoparticles (diameter ~ 11.1±1.8 nm) 
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exhibited different shapes as well as ~ 26.6% of the nanoparticles were hollow with average shell 

thickness of ~ 2.9±0.4 nm.  

CNC heterostructure were then uniformly incorporated into a PVA hydrogel resulting in 

novel hybrid materials (CNC heterostructure-PVA hydrogel), which showed ~ 73% of water 

absorbing capacity comparable to pure PVA hydrogel (~ 75%). This indicated that CNC 

heterostructures had negligible effect on the porosity/pore volume of the hybrid material. FTIR 

spectroscopy was utilized to understand chemical functionalities in CNC heterostructure-PVA 

hydrogel. These hybrid materials were studied for their use as selective chemical and biological 

separation or concentrating media. It was also demonstrated in a series of chemical separation 

experiments that the functionality of Ni/NiO core/shell nanoparticles, present in CNC 

heterostructure-PVA hydrogel, was reversed for histidine and histidine-tagged proteins. 

Interestingly, CNC heterostructure-PVA hydrogel showed no affinity for histidine or histidine-

tagged protein and assisted in concentrating these molecules in solution. Chemical separation of 

methyl orange from a mixture of methyl orange and L-histidine was also achieved using CNC 

heterostructure-PVA hydrogel immersed in the solution. Such selective and reversed-

functionality hydrogels can be very useful for developing advanced chemical and biological 

sensors, protein concentrating and chemical separation media, drug delivery, and smart analytical 

platform that incorporates multiple components in one system.  

The ability of as-prepared composite hydrogel in drug delivery was also tested. It was found 

that hydrogel could slowly release pre-loaded molecules. Interestedly, it was found that external 

cycled magnetic field could be used to control the release rate due to the magnetic behavior of 

CNC heterostructures.  
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Finally, thermal stability of CNC heterostructures and the influence of annealing 

temperatures on their morphology, phase, crystallinity, and chemical composition were studied. 

It was observed that CNTs in the CNC heterostructures decomposed at higher temperatures 

(beyond 600 
o
C) as compared to the as-produced CNTs (beyond 400 

o
C). Structural and 

chemical changes in CNTs were fully evaluated for the given annealing conditions using SEM, 

TEM, XPS, and Raman Spectroscopy.  

Future of this thesis will involve developing multifunctional and multicomponent CNTs-

nanoparticle heterostructures for developing selectively chemical and biological sensors, as well 

as high temperature catalysts. The proposal is to selectively load two different nanoparticles onto 

CNTs, and then utilize the diverse surface chemistry of the heterostructures to derive complex 

devices and nanocomposites. This whole approach will involve through fundamental understand 

via characterization method and growth studies. The knowledge of structures and properties of 

these heterostructures will lead to realization of the real life prototype analytical devices.  
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APPENDIX 

 

Figure A1 Detailed XRD peaks for CNC heterostructures as a function of reaction duration (15 

min – 10 hrs). Red dotted line indicates location of CNTs peak and (*) represents peaks for NiO. 

Note: The duration indicated represents the nanoparticle growth reaction duration.  
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Peak location Peak area Assignment 

852.7 1898.18 Ni
0
 2p3/2 

855.38 7402.9 Ni
2+

 2p3/2 

861.17 3882.64 Satellite 

870.37 1438.02 Ni
0
 2p1/2 

873.35 5551.792 Ni
2+

 2p1/2 

879.25 568.26 Satellite 

 

Peak location Peak area Assignment 

852.45 2400.7 Ni0 2p3/2 

854.98 7466.75 Ni2+ 2p3/2 

860.97 2619.83 Satellite 

870.3 2175.8 Ni0 2p1/2 

873.56 5766.98 Ni2+ 201/2 

879.87 12471.65 Satellite 

Ni 2p scan from CNC heterostructures annealed at 125 °C  

Ni 2p scan from as-prepared CNC heterostructures 
A 
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Peak location Peak area Assignment 
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 2p3/2 

855.794 6518.694 Ni
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Peak location Peak area Assignment 

854.624 106204.7 Ni
2+

 2p3/2 

860.713 152899.2 Satellite 

872.411 57754.97 Ni
2+
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879.010 141979.3 Satellite 

 

Ni 2p scan from CNC heterostructures annealed at 400 °C 

Ni 2p scan from CNC heterostructures annealed at 200 °C 
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Peak location Peak area Assignment 
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Peak location Peak area Assignment 
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 2p3/2 (could be 3+ too) 
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Ni 2p scan from CNC heterostructures annealed at 750 °C 

Ni 2p scan from CNC heterostructures annealed at 600 °C 
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C 1s scan for CNC heterostructures annealed at 125 °C 

C 1s scan for as-prepared CNC heterostructures 

 

C 1s scan for as-produced CNT 

B 
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C 1s scan for CNC heterostructures annealed at 600 °C 

C 1s scan for CNC heterostructures annealed at 400 °C 

C 1s scan for CNC heterostructures annealed at 200 °C 
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C 1s scan for CNC heterostructures annealed at 750 °C 
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O 1s scan for as-prepared CNC heterostructures annealed at 125 °C 

O 1s scan for as-prepared CNC heterostructures 

O 1s scan for as-produced CNTs C 
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O 1s scan for as-prepared CNC heterostructures annealed at 600 °C 

O 1s scan for as-prepared CNC heterostructures annealed at 400 °C 

O 1s scan for as-prepared CNC heterostructures annealed at 200 °C 
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O 1s scan for as-prepared CNC heterostructures annealed at 750 °C 
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Peak location Peak area Assignment 

706.91 2009 Fe 2p3/2 

719.00 1019.44 Fe 2p1/2 

 

 

Peak location Peak area Assignment 

706.42 4037.10 Fe 2p3/2/ Ni L3M23M45(
3
P) 

712.8 3219.33 Ni L3M23M45(
1
P) 

719.34 2310 Fe 2p1/2 

 

Fe 2p scan for as-prepared CNC heterostructures 

Fe 2p scan for as-produced CNTs 

D 
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Peak location Peak area Assignment 

706.34 7037.47 Fe 2p3/2/ Ni L3M23M45(
3
P) 

712.95 9423.47 Ni L3M23M45(
1
P) 

720.95 2454.2 Fe 2p1/2 

 

 

Peak location Peak area Assignment 

706.75 13528.1 Fe 2p3/2/ Ni L3M23M45(
3
P) 

712.94 18346.8 Ni L3M23M45(
1
P) 

720.5 8769.4 Fe 2p1/2 

Fe 2p scan for as-prepared CNC heterostructures annealed at 200 °C 

Fe 2p scan for as-prepared CNC heterostructures annealed at 125 °C 
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Peak location Peak area Assignment 

705.07 26137 Fe 2p3/2/ Ni L3M23M45(
3
P) 

710.05 22586.5 Fe
x+

 

713.28 45300 Ni L3M23M45(
1
P) 

721.22 68261 Fe 2p1/2 

Fe 2p scan for as-prepared CNC heterostructures annealed at 400 °C 
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Peak location Peak area Assignment 

703.63 38502.1 Fe 2p3/2/ Ni L3M23M45(
3
P) 

709.62 70433.1 Fe
x+

 

712.06 80931.2 Ni L3M23M45(
1
P) 

721.3 71177.4 Fe 2p1/2 

 

 

 

Peak location Peak area Assignment 

705.27 16045.3 Fe 2p3/2/ Ni L3M23M45(
3
P) 

710.17 29491.3 Fe
x+

 

712.85 37022.2 Ni L3M23M45(
1
P) 

722.62 54814.2 Fe 2p1/2 

 

Figure A2. Detailed deconvulated XPS peaks for A) nickel, B) carbon, C) oxygen, and D) iron 
 

Fe 2p scan for as-prepared CNC heterostructures annealed at 750 °C 

Fe 2p scan for as-prepared CNC heterostructures annealed at 600 °C 
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Figure A3 High resolution TEM images of CNC heterostructures grown for different durations. 

(A) 15 min, (B) 30 min, (C) 2 hrs, (D) 4 hrs, (E) 6 hrs, (F) 10 hrs, and (G) CNT-nickel phosphide 

nanoparticle heterostructures formed at 15 hrs growth duration. Note: Different shapes are 

showed with dotted outlines.  
 

15 hrs G 


