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Preface

Nano means “small,” it is equal to one billionth of a meter, and generally the nanometer
scale runs from 1 to 100 nm while discussing the applications of nanomaterials. Nanomateri-
als have very high potency and emerge with large applications piercing through all the dis-
cipline of knowledge, leading to industrial and technological growth. Nanotechnology is
expected to have an impact on nearly every industry including food, medical devices, chem-
ical coatings, personal health, catalysis, sensors, water purification, computer games, solar
cells, water splitting, etc.

Nanotechnology is a multidisciplinary science that has its roots in fields such as colloidal
science, device physics, and biomedical and supramolecular chemistry. The scope of the top-
ic is quite large; however, the objective of this book is to cover maximum main areas focus-
ing on synthesis techniques, characterization of nanomaterials with various techniques like
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray powder dif-
fraction (XRD), transmission electron microscopy (TEM), energy-dispersive X-ray (EDX),
nuclear magnetic resonance (NMR) spectroscopy, and Fourier transform infrared spectro-
scopy (FTIR), etc., and their multiple applications.

This book is divided into two sections with “Non-carbon Compounds” and “Carbon Com-
pounds.” The synthesis, characterization, and applications of metal, metal oxides, and metal
hydroxide nanoparticles and composites are covered in the section “Noncarbon Com-
pounds,” while the section “Carbon Compounds” focuses on the carbon nanotubes, graph-
ite oxide, graphene oxide, etc.

I would like to thank the Publishing Process Manager Ms. Andrea Koric for her cooperation
throughout the process of publication of this book.

Dr. Muhammad Akhyar Farrukh
Nano-Chemistry Laboratory
GC University Lahore

Pakistan
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Chapter 1

Structural Characterization and Mechanical Behavior of
Al 6061 Nanostructured Matrix Reinforced with TiO,

Nanoparticles for Automotive Applications

S. Sivasankaran and Abdulaziz S. Alaboodi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65947

Abstract

The main aims of the present chapter are to: learn synthesis procedure of AA 6061-x wt.%
TiO, nanocomposites (x =0, 2, 4, 6, 8, 10 and 12 wt.%) by mechanical alloying (MA); inves-
tigate structural characterization of manufactured nanocomposite powders using X-ray
line profile analysis, scanning electron microscope (SEM) and transmission electron
microscope (TEM); examine consolidation method and mechanical behavior in terms
of sintered density, Vickers hardness and compressive stress-strain behavior; study the
improvement of ductility in nanocomposites; and simulate the mechanical behavior
using ANSYS. Here, the synthesized nanocomposites via MA were consolidated using
conventional uniaxial die compaction; then, the green compacts were sintered at differ-
ent temperatures. TEM microstructures of as-milled powder samples showed the matrix
crystallite sizes ranging from 45 to 75 nm, which depended on the amount of reinforce-
ment. A remarkable decrease in matrix powder particles size with the function of rein-
forcement was observed due to the ceramic nano TiO, particles acted as milling agent.
The sintered nanocomposites yielded maximum strength of 1.126 GPa. The study of tri-
modeled composite and its mechanical behavior revealed the possibility of achieving
improvements in ductility and toughness for nanocomposites. The simulated mechanical
behavior results using finite element method were good agreement with experimental
results.

Keywords: mechanical alloying, nanocrystallite matrix, nanoparticles, characterization,
mechanical behavior

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X R
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1. Introduction

Production of suitable materials to make our lives as comfortable, scientific development is
playing a major role nowadays. Materials science and engineering is establishing the appro-
priate relationship between atomic structure and physical properties of materials which
would design a novel material to attain improved properties [1]. The best performances of
most of the components can be achieved in the present scenario by nanocomposites. The
combined properties of metallic and ceramic materials compared with monolithic alloys
can be achieved by metal matrix composites (MMCs) as it possesses high tensile strength,
fatigue resistance, wear resistance and high elastic modulus. Several methods, namely,
powder metallurgy (P/M), stir casting, pressure infiltration etc., have been developed for
manufacturing of MMCs. In aerospace, space, automotive and structural parts, particulate
lightweight aluminum-based nanocrystallite matrix reinforced with nanoparticles have
outstanding properties [2] as it has an excellent combination of mechanical and physical
properties [3]. Amid all Al alloys, Al 6061 possesses outstanding formability besides its high
strength and excellent corrosion resistance [4, 5]. The superior performance of nanocompos-
ites can be obtained by uniform, homogeneous and embedding of nanoparticles over the
nanocrystallite matrix [6]. Agglomeration/clustering of very fine/nanoreinforcement par-
ticles over metal matrix would deteriorates the mechanical properties [7]. However, it can
be avoided by mechanical alloying (MA) which is one of the solid-state powder metallurgy
(P/M) process [2]. Further, uniform distribution and embedding of nanoreinforcement over
the matrix can be achieved which would improve the mechanical performances of materials.
The mechanical alloying is one of the severe plastic deformation (SPD) technique. During
mechanical alloying (MA), high strain is given on the material and the structural refinement
such as crystallite size reduction, lattice strain increment, changes in dislocation density,
lattice parameter variation etc., would occur by shear and fracture of powder phase mix-
tures. By this process, nanostructured/nanocrystallite materials can be manufactured [2].
Conventional cold uniaxial die compaction process is one of simple and economic one of
consolidation of powder materials into bulk-shaped products followed by sintering under
controlled atmosphere. Various authors have worked on P/M aluminum-based metal matrix
composites reinforced by ceramic particles such as graphite, silicon carbide particulate
(5iCp), aluminum oxide (Al QO,), titanium carbide (TiC), vanadium carbide (VC), aluminum
nitride (AIN), boron carbide (B,C), silicon nitride (Si,N,), titanium boride (TiB,), aluminum
boride (AIB,), zirconium carbide (ZrC) and magnesium boride (MgB,) which have been suc-
cessfully dispersed and investigated via mechanical alloying/mechanical milling. There is
no detailed study concerning TiO, powders used as a reinforcement in Al-based MMCs.
Titania (TiO,) has outstanding properties, namely, good wear and corrosion resistance, low
coefficient of thermal expansion, high thermal shock resistance, excellent catalytic perfor-
mance and thermal stability at high temperatures [8, 9]. The material selected as AA 6061-
TiO, particulate MMCs is mainly proposed for automotive and aircraft parts. For instance, it
can be suitable for automotive engine pistons and connecting rod, bicycle hub, bike frames,
valves and valve parts, brake pistons, hydraulic pistons, marine fittings, electrical fittings,
contactors, aircraft fittings and couplings.
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2. Synthesis and consolidation procedure of nanocomposites

2.1. Nanocomposite powders preparation

In the present investigation, the AA 6061 Al alloy reinforced with different weight percentage
of TiO, particulate nanocomposite powders was prepared by MA (high-energy ball milling)
method. The AA 6061 Al alloy matrix composition and powder size of each elemental pow-
der used in this study are given in Table 1. Figure 1(a) and (c) shows the morphologies of
as-received Al and TiO, powder particles, respectively, using secondary electron image (SEI)
of scanning electron micrograph (SE-SEM). From Figure 1(a) and (c), it can be observed that
the Al matrix powder particles were in irregular flake-like shape and TiO, particles were in
clustered tetragonal shape. Figure 1(b) and (d) shows the X-ray diffraction patterns of as-
received Al and TiO, particles, respectively, which indicated the well-crystalline nature of the
powders. The as-received TiO, particles are in anatase formed and tetragonal structure with
average clustered particles size of <1 um which was measured by laser scattering system tech-
nique. The prepared nanocomposites contained 0, 2, 4, 6, 8, 10 and 12 wt.% of TiO, powder
particles were completely embedded in the soft alloy matrix using the planetary type high-
energy ball mill (Insmart systems Ltd., Hyderabad, India) (Figure 2a). Nine highly hardened
stainless steel balls of 20 mm diameter (33.5 g mass of each ball, totally, 301.5 g) together with
30 g mass of AA 6061,,, —x wt.% TiO, (x=0-12 with a step of 2 wt.%) powder mixture under
toluene medium as a process control agent (PCA) were poured in a hardened stainless steel
vial. The ball-to-powder ratio (BPR) was set approximately 10:1. The plate (i.e., sun wheel)
speed of mill was set to 100 rpm (bowl/vial speed, 280 rpm). The milling was carried out in
wet medium using toluene (C,H,CH,) of sulfur free (Ranbaxy, India) to prevent undue oxida-
tion, agglomeration of powders, balls and vial with the powder [10]. The composite powders
containing the different wt.% of TiO, were milled up to 40 h. The milling was carried out up
to 20 min and then alternated with 20 min of cooling to avoid significant temperature rise. The

Name of the element(s) Purity, % Elements concentration Powder size, pm (mesh size)
(gravimetric, wt.%)

Silicon, Si 99.3 0.600 -45 (<325)
Iron, Fe 99.7 0.700 -75 to +45 (<200 to >325)
Copper, Cu 99.4 0.275 -45 (<325)
Manganese, Mn 99 0.150 -75 to +45 (<200 to >325)
Magnesium, Mg 99.7 1.000 -75 to +45 (<200 to >325)
Chromium, Cr 99.8 0.195 -45 (<325)
Zing, Zn 99.4 0.250 -45 (<325)
Titanium, Ti 99.3 0.150 -45 (<325)
Aluminum, Al 99.7 Bal -45 (<325)

Table 1. Chemical composition and powder size used to make AA 6061 Al alloy matrix.
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Figure 2. (a) High-energy planetary ball mill and (b) schematic diagram showing the synthesis of nanocomposite powders.
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schematic diagram of synthesizing the nanocomposite by high-energy ball milling method is
also shown in Figure 2b.

2.2. Synthesis of trimodeled composite powders

In order to evaluate the improvement of ductility while maintaining high strength and tough-
ness for nanostructured AA 6061-TiO, composite materials, trimodeled AA 6061-TiO, nano-
composite powders (three phases consisting of nanocrystallite matrix, nano ceramic and
coarse crystallite matrix) were synthesized by the same planetary high-energy ball milling.
For instance, first, the nanostructured composite powder of AA 6061-12 wt.% TiO, was syn-
thesized by 40 h of MA using the same ball milling parameters mentioned in Section 2.1 (con-
sists of nanocrystallite matrix and nano-TiO, ceramic). Then, these nanocomposite powders
were mechanically blended with 0, 5, 10, 15, 20, 25 and 30 wt.% coarse grains (CG) elemental
powders corresponding to AA 6061 alloy matrix composition in the same planetary ball mill.
Here, the BPR of 1:1 at 120 rpm for 2 h was carried out.

2.3. Consolidation of composite powders

A hydraulic press (Figure 3a) capacity of 40 tons made by Insmart systems, Hyderabad, India,
was used to do uniaxial compaction. The cold uniaxial compaction is an important process
in P/M to attain near net shape fabrication of engineering components prior to sintering [11,
12]. First, the precursor powders obtained from high-energy ball milling were cold compacted
using conventional cold uniaxial pressing in a rigid double end compaction type with com-
paction pressure of 500 MPa [13, 14]. The obtained dimensions of compacted samples called
green pellets were 10 mm in diameter and 6-7 mm thickness [15]. The die was made of high-
carbon high-chromium hardened and tempered steel (inner and outer diameters of 10 and
60 mm), and the two punches (10 mm diameter) were made of the same material as die to
consolidate the powders from top to bottom simultaneously. Zinc stearate [Zn (C,;H,,0,),]
was used as lubricant to minimize the friction between powder particles and die wall during
compaction process. Figure 3b shows the schematic design of the double end compaction die.

For investigating the sintering behavior, the consolidated nanocomposites of AA
6061, —xwt.% TiO, (x=0, 4, 8 and 12wt.%) of the green pellets compacted at 500 MPa
were degassed first at 350°C for 60 min [16]. Then, the degassed samples were sintered for
120 min in the temperature range of 400, 475, 550 and 625°C under reducing atmosphere [17]
in a mechanical pusher furnace as applicable to P/M industries. The schematic diagram of
mechanical pusher furnace is shown in Figure 4.

2.4. Consolidation of trimodeled composite powders

The synthesized trimodeled AA 6061-12 TiO2 nanocomposite consisting of 0, 5, 10, 15, 20, 25
and 30 wt.% CG 6061 alloy (obtained from elemental powders by mixing) matrix powders was
first dried and stress recovered at 343 K under N, atmosphere (mass flow rate of 63 /h and dew
point temperature of <-40°C) [17]. The stress recovering of trimodeled composite powders was
carried out to avoid the unwanted oxide phase at elevated temperature during sintering. These
stress recovered powders were then consolidated by cold uniaxial compaction at 500 MPa. The
post-compacts were degassed and then sintered at 823 K for 6 h under N, atmosphere [17].

7
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3. Structural characterization methods

3.1. Geometric characterization techniques

The transmission electron microscope (TEM) and X-ray diffraction (XRD) can be effec-
tively used for investigating the structural characterization of fine powders, polycrystalline
materials, amorphous materials and thin films. These two techniques are the commanding
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qualitative characterization techniques used in various areas of materials science [18, 19].
The structural characterization in terms of crystallites size, lattice strain, crystal structure,
crystallinity, composition and strain variance can be determined/investigated using these
instruments [20]. However, the morphology of powders such as powder shape, size etc., and
detailed microstructure of compacted and sintered samples can be studied qualitatively using
scanning electron microscope (SEM).

3.2. X-ray diffraction (XRD)

The XRD patterns are used to identify the structure and the different phases present in the
materials. The phase constitution of milled powders, post-compacts, post-sintered and post-
deformed preforms are evaluated by XRD using CuKa radiation. The used XRD equipment is
made by D/MAX ULTIMA 1II, Rigaku Corporation, Japan, operating at 30 mA and 40 kV. The
set 2°/min scanning speed and 20-100° scanning range were used here. It is well known that
the average crystallite size and lattice strain or microstrain or lattice distortions owing to the
presence of lattice defects which commonly occurred in MA products can be easily measured
by XRD peaks of line profile analysis [20]. During MA with respect to milling time and per-
centage of reinforcements in the matrix, XRD peak broadening occurs which depends upon
crystallite size and strain present in the nanocomposites/nanomaterials. Therefore, nanostruc-
tured materials/nanocomposites have a large volume of grain boundaries when compared
to bulk materials [21]. If a material is not having any strain mean, Scherer's formula can be
used to calculate crystallite size (Simplest method) [22]. Williamson-Hall (W-H) [23] and
Warren—Averbach (W-A) [24] analyses are other two analytical methods which are gener-
ally used to measure the strain and the crystallite size of nanomaterials/nanocomposites. The
W-A method is based on Fourier analysis of peak intensities in which Fourier coefficients are
used to separate the crystallite size and strain contribution from XRD peak profiles. However,
this approach needs peak intensities at high diffraction angles. But, it is difficult to use this
method when higher angle reflections are weak [25]. On the other hand, the W-H method is
used to investigate the same information at lower diffraction angle. Also, it is easy and suit-
able for lattice strain and crystallite size calculation of cubic crystals. Therefore, reduction in
crystallite size and rise in microstrain can be found out using W-H analysis of Eq. (1).

Bucos 0, = (%4)+ desing,, (1)
Here, K is the shape factor of 0.9, A is the X-ray wavelength of 1.5406 A, 0,,, is the Bragg angle
in degree and t is the effective crystallite size in nm and ¢ is the lattice strain. The X-ray line
profile breadth, B, after corrected instrumental broadening as a full width at half-maximum
(FWHM), was calculated on each reflection of 20. For constructing a linear plot of 3, ,cos0
against 4sin0, , for determining crystallite size and lattice strain, X-ray diffraction of first five
reflections (1 1 1), 200), (311), (222)and (4 0 0) was used. Then, crystallite size (t) was
obtained from the intercept c (i.e., c=kA/t) and the strain (&) from the slope (i.e., m=¢).

3.3. Scanning electron microscope (SEM)

The milled powder samples were analyzed for powder morphological evaluation by scan-
ning electron microscopy (SEM) using HITACHI S 3000 H operating at 8.5 mA and 20kV.

9
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Before examining the powder samples in SEM, sputtering was done on the surface of the
powders to conduct charge away from the surface. The microstructure of sintered preforms
(after polishing and etching) was examined by F E I Quanta FEG 200—high-resolution scan-
ning electron microscope (HR-SEM) with EDAX operating at 30-50 kV. In order to identify
and confirm the elements shown in the SEM micrographs, energy dispersion spectrometer
(EDS) was used. During analysis, both secondary electron image (SEI) mode and back-scat-
tered electron image (BSEI) mode were operated.

3.4. Transmission electron microscope (TEM)

To measure the matrix crystallite size exactly, and identifying the embedding and distribu-
tion of nano level reinforcement in the matrix grain, both dark and bright field image of trans-
mission electron microscope (TEM) can be used. Selected area of diffraction (SAD) patterns is
also used to confirm the NC nature of the samples. Here, PHILIPS CM 12 TEM was used with
spot EDAX facility. For powder samples, first the ball-milled powder particles were under
suspension in ethanol (volatile liquid) and then a drop of this suspension was allowed to dry
on a thin carbon foil supported by a conventional microscope grid leaving the powder par-
ticles ready for the observation. For sintered solid samples, manual polishing and mechani-
cal grinding were performed until the sample thickness <100 Aum was achieved. Following
mechanical grinding, the samples were then dimpled to sample thickness of approximately
50 Apm. Finally, ion milling was carried out on the dimpled samples using an ion miller of
Edwards Model E306A.

4. Mechanical testing methods

4.1. Density measurement

The density of the post-compacts and sintered preforms was estimated precisely by
Archimedes principle [26] using electronic density balance. This principle is based on first
measuring weight of sample in air column and then weighed in water column. Then, the ratio
of weight of sample in air column and apparent loss of weight (difference between weight
of air column and water column) give the specific gravity (SG) of post-compacts/sintered
preforms. Lastly, the density of post-compact/sintered density can be determined by multi-
plying the SG and density of water. Here, paraffin treatment was performed over the samples
to avoid infiltration of water into the sample [27]. The calculated error in the density treatment
was conformed within 1%. Three independent experimental readings were used and aver-
aged for investigation. In addition, theoretical density of sintered composites with different
percentage of reinforcements was determined using the rule of mixture.

4.2. Hardness measurement

Mechanical properties in terms of strength can be analyzed using hardness measurements.
The hardness of sintered preforms was measured using PC-based Ratnakar Vickers tes-
ter. Here, the hardness was tested at a load of 1kg. At least 15 measurements were taken
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in various places of polished samples for each sample. Then the average was taken for
investigation.

4.3. Simple compression test

The uniaxial simple compression test [28] was done using servo-controlled universal testing
machine with strain rate of 10® s™ at room temperature to determine the maximum compressive
strength. For compression test, the sample size of 5 mmx5 mmx=10 mm was used as per ASTM
standard [29]. The samples were cut from sintered one by wire-cut electrical discharge
machine; then polished by abrasive sheet of SiC paper to 1200 grit; further graphite lubricant
was applied at the top and bottom surface of samples to minimize friction effect. Here, three
samples were used in each composition, and the average was used for the interpretation.

5. Results and discussion

5.1. Morphology of nanocomposite powders as function reinforcement

The main purpose of studying the powder surface morphological examination is to inves-
tigate the powder particle shape changes while manufacturing of AA 6061, —xwt.% TiO,,
x=0, 2, 4, 6, 8, 10 and 12 wt.% particulate nanocomposite powders produced by MA. The
homogeneous distribution of reinforcement particles over the nanocrystallite matrix, embed-
ding of reinforcement particles inside the nanocrystallite matrix, presence of any agglomera-
tion or clustering of reinforcement particles with the nanocrystallite matrix, powder particles
shape and particle size can be investigated through the ball-milled powder particles as it
influences the mechanical properties. The powder morphology can be evaluated qualita-
tively by secondary electron image (SEI) of SEM and back-scattered electron image (BSEI)
of SEM. Figure 5 shows the influence of reinforcement addition in the nanocrystallite matrix
powders after 40-h MA. It can be clearly seen from Figure 5 that the size of the particle/
agglomerate decreased with the function of reinforcement considerably. However, almost
spherical-shaped and equiaxed particles were obtained in all the system with the same mill-
ing condition (40 h). These results implied the attainment of equilibrium state [30-32] after
40-h MA. The morphological results showed that the addition of TiO, particles in the matrix
produced the powder morphology size reduction of matrix steadily. This was attributed to
TiO, ceramic particles also acted as milling agent. Further, it was observed here that the
embedding and dispersing of nano-sized TiO, particles of around 119 nm with the soft Al
alloy matrix powder for AA 6061-12 wt.% TiO, nanocomposite (Figure 5h). The morphologi-
cal results showed that the addition of TiO, particles favors to refining of matrix particles
during MA. On the other hand, despite the ductile nature of the Al matrix, the formation of
large agglomerate size (Figure 5a) was diminished with the presence of TiO, particles. This
is due to the fact that the increasing percentage of TiO, particles in the soft matrix decreases
the ductility so as to increase the amount fracture in the matrix particles before impacts of
matrix particles that cause lamination. These results inferenced here that more amount of
work hardening occurred in higher amount of reinforcement. The decreasing of particle/
agglomerate size of the matrix with carrying reinforcement was also observed by several

11
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-x wt.% TiO, nanocrystallite/nanocomposite powder after 40-h MA: (a) 0%, (b)
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Figure 6. (a) EDAX mapping of AA 6061-10 wt.% TiO, nanocomposite powder after 40-h MA, red, green and blue
indicates Al, O and Ti elements, respectively and (b) the corresponding EDAX spectrum.

researchers related to Al-based MMCs processed via MA/MM [33-36]. Figure 6 shows the X-
ray mapping of 40-h powders which confirms the uniform TiO, particles within the Al matrix
(Red: Al, Green: O and Blue: Ti).

5.2. Effect of percentage of reinforcement on powder morphology of nanocomposite
powders

Figure 7 shows the influences of the addition of TiO, ceramic particles on nanocrystallite
AA 6061 matrix particles size. It was observed here that the intensity of fracture mecha-
nism increased and dominated the soft ductile matrix particle-particle cold welding as the
percentage of TiO, ceramic particles increased in the soft Al alloy matrix. These resulted the
formation of very fine particles/agglomerates in the case of 12 wt.% TiO,-reinfroced nano-
composites (Figures 5g and 7) when compared to unreinforced nanocrystallite alloy powder
(Figures 5a and 7) during the same milling condition (40 h). The increasing of hard ceramic
particles would accelerate the fracturing process which was also reported elsewhere [37].
It was attributed to importing more collisions on matrix powders which meant high-velocity
energy acted over the matrix powders. Thus, it was clear here that the tendency for fracturing
was higher than the cold welding for longer milling time of 40 h. In general, after reaching
the steady state of longer milling (40 h here) under wet milling, particle-particle cold weld-
ing on soft ductile alloy matrix would occur. Consequently, the particle/agglomerate size
would start to increase (Figure 5a) when compared to un-milled matrix powder (Figure 1a).
This was attributed to higher cold welding tendency overcoming the fracture process [38].
However, almost equiaxed with spherical-shaped and refined microstructure were obtained.
Further, the rate of soft alloy matrix particle-particle getting cold-welded started to decrease
as the percentage of TiO, ceramic particles increased. This was attributed to more domination
of fracturing tendency of TiO, particles. Therefore, the powder/agglomerate size started to
decrease in the case of higher reinforced nanocomposites (AA 6061-12 wt.% TiO,, Figures 5g
and 7). Similar kind of results was observed by Fogagnolo et al. 2003 [39] during ball milling
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Figure 7. Influences of TiO, ceramic particles on nanocrystallite AA 6061 matrix particles/agglomerate size after 40-h
MA.

of Al-AIN system. Also, it can be explained in another way that the strength increased as
the percentage of reinforcement particles increased according to Orowan strengthening
mechanism.

The particle size of reinforcement phase decreased in which the clustered average particle
size of TiO, of around 1 um (Figure 1c) was reduced to individual TiO, particles of 119 nm
(Figure 5h). The TiO, particle size after 40-h MA of AA 6061-12 wt.% TiO, nanocomposite
powders was checked using bright and dark field image of transmission electron micro-
scope (TEM) (Figure 8). Using several bright and dark field images of TEM, the average TiO,
particle size of around 120 nm was obtained (50 particles were counted), which coherent
with the results obtained from back-scattered electron image of SEM morphology. The pink
color arrow head indicates the TiO, particles. Hence, the result of the higher percentage of
TiO, phase in the soft matrix produced smaller particle/agglomerate size of the nanocom-
posite powders (40-h milling) (Figure 5g) [39-41]. The addition of TiO, powder particles
had great influence on the morphological characteristics of the fabricated nanocomposite
powders via MA.
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Figure 8. TEM image of AA 6061-12 wt.% TiO, nanocomposite powder: (a) bright field image and (b) dark field image.

5.3. Structural evaluation of mechanically alloyed nanocomposite powders

The process of manufacturing of MMCs powders through MA causes morphological and
structural changes. Severe plastic deformation of the powder particles during MA can lead
to grain refining, variation in the crystallite size, accumulation of internal stress, density of
dislocation and variation of the lattice parameter [42]. The objective of this study is to report
the structural characteristics of MAed powders (40 h) as the function of reinforcement (0, 2, 4,
6,8, 10 and 12 wt.% TiOz) using XRD, TEM and EDS.

5.3.1. XRD analysis

Figure 9 shows the XRD patterns of Al 6061-xwt.% TiO,, (x=0, 2, 4, 6, 8, 10 and 12 wt.%)
nanocomposites powders after 40-h MA. This figure clearly shows that the Al peak width,
for example, at (1 1 1) plane, increased with the percentage of reinforcement. This was due to
which TiO, particles were also acting as a milling agent which accelerated the milling process.
The inset of Figure 9 shows that the case of 12 wt.% TiO, nanocomposite powders more broad-
ened Al peak at (1 1 1) plane occurred than unreinforced nanocrystallite powders. It indicates
that more spatial coherent length confinement occurred in higher reinforced nanocomposite
[43]. Also, it can be noted from the inset of Figure 9 that shifting of Bragg's angle occurred in
the case of 12 wt.% TiO, particulate nanocomposite powders. These results show that more
distortion occurred in higher reinforced nanocomposite powder than unreinforced nanocrys-
tallite powder during the same milling time. Further, the shifting of Bragg's angle indicates
the changes in the lattice parameter value with respect to percentage of reinforcement during
40-h MA. The increasing of peak broadening of matrix phase by the addition of reinforcement
ceramic phase can be clearly seen from Figure 10. The structural characteristics such as crys-
tallite size, lattice microstrain, dislocation density, lattice parameter and the unit cell volume
of Al as the function of reinforcement after 40-h milling are reported in Table 2. Owing to
the characteristics of high-energy ball milling, large amount of structural defects in terms of
dislocations would occur due to severe plastic deformation [44]. Sever plastic deformation
(SPD) of high-energy milling brings about a deformed lattice with high dislocation density
during early stage of milling. These indicate the amount of dislocations pile up near the GBs
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Figure 9. XRD patterns of AA 6061, —xwt.% TiO, (x=0, 2, 4, 6, 8, 10 and 12%) nanocrystallite/nanocomposite powder
after 40 h of high-energy ball milling. Inset shows shift in Bragg's angle.

will be increased. When prolonged milling, sometimes the GBs might have turned to be soft
or relaxed. On this time, the amount of dislocations pileup near the GBs will be decreased.
Hence, for MAed powders, dislocations are the main defects of which dislocation density (p,,)

can be determined as [45]:

<€ >
pp = 23—, ()

where <g >is RMS lattice strain which is determined as:

(2 12 ( pd
<€r'm‘5> - (Tl) do(hkl))/ (3)

Ad = d, ~ dy,,, whered andd, are the calculated and observed interplanar spacing,
t is the crystallite size in m and b is the burgers vector of dislocation in m which is equal to
a/\2 for the FCC structure, a is the lattice parameter in m. The actual lattice parameter was
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Figure 10. XRD patterns of AA 6061, —x wt.% TiO,, x=0, 4, 8, and 12%, composite powder after 40 h of high-energy ball
milling.

Composition Grain Lattice strain r.m.s.  Dislocation Lattice Unit cell Volume
size (t), (), % strain  density parameter volume fraction of
nm (x10%) (@) x10", m?  (a), A W), A3 TiO,

6061 AA 65+2.50  0.3254+0.0031 2.5961 4.8476x0.0025 4.0473+0.00020 66.297+0.0098 0

6061 AA+2% TiO, 60.5+1.85 0.1640+0.0018 1.3082  2.6150+0.0015  4.0471+0.00015 66.287+0.0042 0.01793
6061 AA+4% TiO, 58+5.00  0.1906+0.0024 1.5214  3.1988+0.0078  4.0471x0.00015 66.287+0.0074 0.03588
6061 AA+6% TiO, 53+3.2 0.1490+0.0020 1.1893  2.5629+0.0032  4.0470+0.00018 66.2973+0.0035 0.04937
6061 AA+8% TiO, 50+4.60  0.2231+0.0017 1.7805 4.3651+0.0034  4.0469+0.00020 66.286+0.0045 0.06587
6061 AA+10% TiO, 48.7+2.5 0.2165+0.0016 1.7276  4.2637+0.0021  4.0469+0.00024 66.286+0.0022 0.07896

6061 AA+12% TiO, 46+2.00  0.1993+0.0023 1.5903  3.9407+0.0019  4.0468+0.00015 66.272+0.0031 0.09862

Table 2. Structural characterization of AA 6061, —xwt.% TiO, composite powder after 40-h milling, x=0, 2, 4, 6, 8, 10
and 12%.

obtained as described by Cullity [22], by constructing the linear plot between the calculated
lattice parameter for each Bragg's angle and the corresponding value of cos?0/sin0.

5.3.2. TEM analysis

The TEM micrographs of AA 6061,,, —xwt.% TiO, (x=0, 4, 8 and 12 wt.%) nanocomposite
powder is shown in Figure 11a-1. The matrix crystallite size was calculated based on several

bright and dark field images (Figure 11), and minimum of more than 200 grains was counted
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Figure 11. TEM micrographs of as-milled nanocomposite powders: (a) bright field image (BFI) of 0% TiO,, (b) SAD
pattern of 0% TiO,, (c) EDAX analysis of 0% TiO,, (d) BFI of 4% TiO,, (e) dark field image (DFI) of 4% TiO, (inset shows
the SAD), (f) EDAX analysis of 4% TiO,, (g) BFI of 8% TiO,, (h) DFI of 8% TiO, (inset shows the SAD), (i) EDAX analysis
of 8% TiO,, (j) BFI of 12% TiO,, (k) DFI of 12% TiO, (inset shows the SAD) and (1) EDAX analysis of 12% TiO,. Note: single
arrow represents TiO, particle.

for each composition to get the average grain size. The calculated matrix crystallite size for
0, 4, 8 and 12 wt.% TiO, nanocomposite powders were to be around 69, 63, 54 and 49 nm,
respectively. From the selected area of diffraction (SAD), the continuous sharp ring pattern
was observed in all the system which confirmed the nanocrystalline nature of the Al matrix
in as-milled (MA, 40 h) condition [34]. Single arrow in the bright field images of Figure 11
indicates the TiO, particle embedded in the matrix. Further, the corresponding EDAX analy-
sis was also performed and tabulated in the respective figures. The presence and embedding
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of TiO, particles in the matrix were confirmed by EDAX spectrum in which the TiO, spectrum
was observed to increase with percentage of reinforcement.

5.3.3. Effect of percentage of reinforcement on structural changes

The XRD results from Figure 10 corroborate that an increase in the amount of TiO, in the
soft matrix results in a finer crystallite size. The crystallite size variation with percentage of
reinforcement is shown in Figure 12. The crystallite size of soft matrix was around 65, 60, 57,
53, 50, 48 and 46 nm for 0, 2, 4, 6, 8, 10 and 12 wt.% of TiO, particulate composite powder,
respectively, after 40-h MA. As the weight percentage of hard TiO, content increased, the
ductility of the alloy matrix particles decreased, resulting in the dominance of fragmenta-
tion which led to a finer grain size in the case of higher TiO, content. The estimated lattice
parameter (Table 2 and Figure 12) of Al matrix for all reinforced nanocomposite powder
was a lower value than the lattice parameter of pure FCC-Al at room temperature (4.0496 A).
This indicates that distortions occurred in the Al lattice and decreasing of lattice parameter
with percentage of reinforcement meaning that ceramic phase addition influenced the lattice
parameter considerably [46]. The decreased lattice parameter with percentage of reinforce-
ment was due to the balancing between the dissolution of Ti and O atoms in which O atoms
dissolution dominated at the higher reinforcement particulate composite powders. Because,
the atomic radius of O atom is lower than the atomic radius of Al atom and the atomic radius
of Ti atom is higher than Al. Therefore, the O atom can easily dissolve in the Al lattice which
decreased the lattice parameter. However, numerically, the deviation of lattice parameter
value with percentage of reinforcement was very little. This can be checked by calculating
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the percentage of solid solution of TiO, particles from XRD results. The percentage of solid
solution of TiO, increased with the percentage of reinforcement. Numerically, this value is
equivalent to zero.

5.4. Sintering behavior of nanocomposites

The excellent mechanical properties can be expected from P/M processed composites when
the second phase particles (here TiO, ceramic particles) is homogeneously distributed in the
matrix. Generally, in conventional metal matrix composites (MMCs), matrix-to-reinforcement
particle size ratio would affect the mechanical performances of MMCs. If matrix-to-particle
size ratio is greater than unity mean, clustering/agglomeration of reinforcement particles over
the matrix would occur which decrease the mechanical properties. This is owing to the fact
that reinforcement clusters/agglomerates cannot transfer tensile and shear stresses as it form
interparticulate boundaries that act cracks [46]. Therefore, the main objectives of the present
section are to investigate whether there is any effect on matrix-to-reinforcement particle size
ratio (here, all the samples are greater than unity) as here the reinforcement particles size is
around 119 nm, percentage of reinforcement and grain refinement on hardness and densifica-
tion behavior of nanocomposites.

5.4.1. Influence of reinforcement content on sintering of nanocomposites

Figure 13a shows the densification in terms of percentage of theoretical density of nanocom-
posite sintered over the temperature range 400-625°C with a step size of 75°C. The percentage
of theoretical density sintered nanocomposite at 400°C was 80.25, 81.50, 83.00 and 84.50% for
0,4, 8 and 12 wt.% TiO2 particles, respectively, which varied from 80 to 84%. It is interest-
ing to note that the percentage of theoretical density was increased from 80% (unreinforced
NC/UFG alloy) to 84% (12 wt.% reinforced nanocomposite) with the function of reinforce-
ment. The increasing percentage of theoretical density with the function of reinforcement was
attributed to abrupt changes in the powders morphology size reduction. The observed rate
of increased percentage theoretical density was marginally greater up to 4% TiO, and then,
it increased considerably up to 12 wt.% TiO,. This was attributed to a powder matrix particle
size reduction, uniform distribution and complete embedded/dispersed TiO, particles on the
soft alloy matrix. The sintering response with function of reinforcement and function of tem-
perature can be evaluated by a contour graph which is shown in Figure 13b. From Figure 13b,
the percentage of theoretical density curves increased steadily first over both the percentage
of reinforcement and sintering temperature up to 500°C. Beyond the sintering temperature
of 550°C, irrespective of the reinforcement, the percentage of theoretical density increased
slightly. One can notice that the percentage of theoretical density increased with the function
of reinforcement. The highest percentage of theoretical density can be achieved when the per-
centage of reinforcement is >10 wt.% between the temperature range from 500 to 550°C. The
highest percentage of theoretical density achieved on this region was attributed to powder
morphology size reduction and homogeneous with embedded nano-sized Titania particles
in the matrix [47]. Further, at the lower value of percentage of reinforcement (<2 wt.%), the
percentage of theoretical density can be achieved only around 80%. This worsened sintering
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Figure 13. (a) Densification of AA 6061, -xwt.% of TiO,, x=0,4, 8 and 12 wt.% nanocomposites, (b) contour graph of
sintering behavior in terms of % theoretical density.

behavior was attributed to very large agglomerate size with almost spherical morphology of
the matrix after 40-h milling (Figure 5a).

5.4.2. Structural evolution of sintered nanocomposites

The XRD patterns of 0, 4, 8 and 12 wt.% reinforced particulate nanocomposite sintered at 550°C
for 2 h are shown in Figure 14. The observed phases are mainly a-Al and TiO,. The crystallite
size of a-Al phase for these sintered nanocomposites was calculated by standard Williamson
Hall analysis. The calculated crystallite size after sintering at 550°C is 308, 265, 238 and 205 nm
for 0, 4, 8 and 12 wt.% reinforced nanocomposite, respectively. The measured crystallite sizes
were in ultrafine level. To confirm the crystallite size in ultrafine level, AA 6061-12 wt.% TiO,
sintered at 550°C sample was examined using TEM analysis. Figure 15a shows the bright field
image of 12 wt.% reinforced nanocomposite. From Figure 15a, the observed crystallite size of
a-Al matrix was almost equiaxed. Further, nanometer-sized Titania particles were uniformly
distributed and embedded in the a-Al matrix. Figure 15b shows the corresponding selected
area of diffraction (SAD) patterns which produced a ring pattern. These results confirmed
that the individual grains of a-Al matrix were separated by high-angle grain boundaries and
have a random orientation with neighboring grains. Also, the SAD ring pattern reveals that
a-Al grains are in ultra-fine level. Further, the average grain size of the a-Al matrix is found
to be around 225+15 nm based on 250 grains counted from the bright field images of TEM
microstructure.

Figure 16a shows the crystallite size of AA 6061, —x wt. % TiO, (x=0, 4, 8 and 12%) nano-
composites in as-milled and as-sintered at 550°C. Metal matrix composites are all immisci-
ble systems in which the diffusion (migration of atoms) of one kind into the other is usually
restricted because crystallite growth would occur based on diffusion. Therefore, MMCs,
in such immiscible systems very small crystal growth is expected on heating [48]. This is
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Figure 14. XRD patterns of AA 6061, —x wt.% TiO,, x=0, 4, 8 and 12 wt.% nanocomposite sintered at 550 °C for 2 h.
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Figure 15. (a) TEM bright field image of AA 6061-12 wt.% TiO, nanocomposite sintered at 550°C; (b) the corresponding
SAD ring pattern indicating UFG nature of matrix.

clearly evident from Figure 16a, wherein the growth of crystallite size of a-Al was restricted
significantly after sintering at 550°C for higher percentage of reinforcement. It is to be noted
here that an increase in the TiO, content of the nanocomposites, the nano-sized Titania
(~119 nm) particles pinned the matrix grain boundary and prevented the grain growth dur-
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ing sintering. An increase in the TiO, content reduced the probability of Al-Al contacts
and increased the probability of Al-TiO, interfaces and hence reduced their tendency for
crystallite growth due to the immiscible nature of the soft Al alloy matrix with hard TiO,
particles [49].

5.4.3. Influence of reinforcement content on hardness of sintered nanocomposites

The measured Vickers hardness values as function of sintering temperature is given in
Table 3. From Table 3, it was observed that the Vickers hardness values increased steadily
first up to 4% TiO, and then increased abruptly as the percentage of reinforcement
increased after 40-h milling. The highest value of hardness for AA 6061-12 wt.% TiO, nano-
composites was obtained after sintering at 625°C. This was attributed to crystallite refine-
ment occurred in the structure, very fine particle size of matrix and embedding of larger
quantity of TiO, particles in the matrix [46]. Figure 16b shows the variation in hardness
of the nanocomposites sintered at 625°C as a function of percentage of TiO, particles. The
hardness varied from 564 to 1126 MPa to the corresponding increase of TiO, content. This
higher value was attributed to their finer grain size and the presence of nano-sized TiO,
particles as dispersoid in the matrix and embedded in the soft matrix. Very high hard-
ness value was obtained at higher reinforcement [46], which was due to very fine par-
ticle size distribution, crystallite refinement, highly embedded TiO2 ceramic particles in
the matrix and improved dislocation density at the grain boundary. The hardness of AA
6061-12 wt.% TiO, nanocomposites was 1.41-2.11 times higher than that of unreinforced
AA 6061 unreinforced alloy. For instance, the observed size of the hardness indentation
for 0,4, 8 and 12 wt.% TiO2 nanocomposite sintered at 550°C was around 0.185, 0.179, 0.161
and 0.146 um, respectively. The matrix crystallite sizes based on peak profile analyses were
308, 265, 238 and 205 nm (Figure 14) for 0, 4, 8 and 12 wt.% TiO, nanocomposite, respec-
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Composition Vickers hardness, H,, , (MPa) (function of sintering temperature)
400°C 475°C 550°C 625°C

6061 Al alloy 488.14+35.6 497.91£50.5 540.78+54.8 564.60+£57.2
6061 Al alloy+2% TiO, 506.24+42.3 525.82+32.8 561.18+24.9 588.36+43.7
6061 Al alloy+4% TiO, 533.22+53.9 548.77+54.7 576.93+57.9 606.35+60.8
6061 Al alloy+6% TiO, 570.15+£52.4 602.48+37.2 645.31+46.7 710.80+24.6
6061 Al alloy+8% TiO, 608.73+62.4 648.66+65 712.54+72.0 810.47+81.5
6061 Al alloy+10% TiO, 621.35+42.8 724.89+27.5 790.35+£53.7 972.64+34.3
6061 Al alloy+12% TiO, 628.90+63.9 793.10+81 866.09+86.9 1126.12£115

Table 3. Vickers hardness as a function of sintering temperature.

tively. These results indicated that as the crystallite size decreases, the hardness impres-
sion was also decreases steadily due to more refinement occurs in the structure with the
reinforcement content in the same milling condition. It can be concluded here that there
was no possibility of clusters/agglomerates formation in these nanocomposites; the matrix-
to-reinforcement particle size ratio was insignificant in Vickers hardness. To conform this
one, the back-scattered electron images (BSEI) of 2, 6 and 8 wt.% TiO,-reinforced par-
ticulate sintered nanocomposite at 550°C is shown in Figure 17a—f. In this, left side of
Figure 17a, ¢ and e shows the microstructure of sintered preform at low-magnification
(400 x) value. The corresponding magnified view is shown on right side of Figure 17b,
d and f for 2, 6 and 8 wt.% reinforced composite, respectively. Even at high magnifica-
tion itself in all preforms, there was no clustering observed in the present manufactured
nanocomposite. In Figure 17, double arrow represents the distribution of reinforcement
particles on the matrix. Hence, better mechanical properties can be expected in the case of
nanocomposite which meant the effect of matrix-to-reinforcement particle size ratio on the
present nanocomposites was almost nil.

5.5. Mechanical behavior of nanocomposites
5.5.1. Compressive stress-strain curves of nanocomposites

The mechanical behavior in terms of simple uniaxial compressive stress-strain curves at room
temperature (303 K) of AA 6061-x wt.% TiO, (x=0, 4, 8 and 12 wt.%) nanocomposites is shown
in Figure 18. From Figure 18, it was observed that the compressive stress flow curve was
started to increase drastically when the amount of reinforcement of TiO, ceramic particles
increases in the nanocrystallite matrix. Maximum ultimate compressive strength of 442 MPa
was obtained in AA 6061-12 wt.% TiO, nanocomposite which was 1.6 times higher than AA
6061 nanocrystallite alloy. The observed ultimate compressive strengths were 275, 295, 365
and 442 MPa for 0, 4, 8 and 12 wt.% TiO,-reinforced nanocomposites, respectively. The cor-
responding decreased compressive strains were 0.076, 0.065, 0.052 and 0.039 for 0, 4, 8 and
12 wt.% TiO,-reinforced nanocomposites, respectively. The increase in value of compressive
strength and decrease in strain with the function of nano-TiO, particles were attributed to
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Figure 17. SEM/BSEI of sintered nanocomposite AA 6061

—xwt.% TiO, at 550°C. Left side of (a), (c) and (e) shows
2, 6 and 12 wt.% TiO, nanocomposite. Right side of (b), (d) and (f) shows magnified view of corresponding sintered
preforms. Note: double arrow represents the distribution of TiO, particles.
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Figure 18. Compressive stress-strain curves of experimental and finite element analysis of: (a) AA 6061 alloy, (b) AA
6061-4TiO,, (c) AA 6061-8TiO,, (d) AA 6061-12TiO, nanocomposites.

crystallite refinement in the matrix, uniform distribution and embedding of reinforcements
over the matrix. Due to this, effective load transfer between matrix and reinforcement had
occurred.

5.5.2. Finite element simulation of compressive stress-strain curves of nanocomposites

Finite element simulations were also carried out using simple uniaxial compressive stress-
strain data. In the simulation, 3D solid model of 5 mmx5 mmx=10 mm as per ASTM stan-
dard specimen was used; one end of model was set as fixed support, and the other end was
used to give compressive load. Before simulations, the material properties such as density,
Young's modulus value, Poisson's ratio and ultimate compressive strength were given as
input in ANSYS workbench software. Figure 18 in dashed line shows the finite element
results. Excellent agreement between experimental results and finite element results was
observed. Figure 19a and b shows the stress distribution at ultimate compressive strength
of AA 6061 and AA 6061-12 wt.% TiO, nanocomposites, respectively. It can be observed
from Figure 19 that the stress concentration at the bottom of developed/simulated model
was more in AA 6061-12 wt.% TiO, nanocomposite when compared to AA 6061 nano-
crystallite alloy. This was attributed to more crystallite refinement, uniform distribution
of nano TiO, particle and more amount of embedding of TiO, ceramic particles over the
matrix.
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5.5.3. Compressive stress-strain curves of trimodeled nanocomposites

It was observed from Figure 18 that the manufactured nanocomposites exhibited highest com-
pressive strength. However, it showed poor in toughness and ductility. Therefore, in order to
improve toughness and ductility by sacrificing the strength slightly, trimodel-based nanocom-
posites were successfully fabricated. These trimodel nanocomposites were consisting of nano-
crystallite matrix (after 40-h MA), nano TiO, particles (~119 nm) and coarse crystallite matrix.
It was expected that the addition of coarse crystallite matrix in the nanostructured materials
would enhance the toughness and ductility. As an example, AA 6061-12 wt.% TiO, nanocom-
posites (after 40-h MA) were taken here for investigation. Figure 20 shows the compressive
stress-strain curves of AA 6061-12 wt.% TiO,- y wt.% CG nanocomposites (y=0, 5, 10, 15, 20,
25 and 30) of both experiment (Figure 20a) and finite element (Figure 20b). Inspection of AA
6061-12 wt.% TiO, nanocomposite curves showed that there was a poor strain (poor in ductil-
ity) of around 0.039 mm/mm only; however, it exhibited an ultimate compressive strength
of 442 MPa. The poor value of strain (ductility) for nanostructured alloy/composites via Ma
was attributed to MA processing which causes residual moisture during cold consolidation
led to pores after sintering [50], segregation of impurities created by milling medjia (i.e., balls
and vial material) [51] and the dispersoid-matrix interface de-cohesion [52]. The measured
ultimate compressive strength for 0, 5, 10, 15, 20, 25 and 30% CG nanocomposites were 442,
449, 454, 474, 461, 438 and 427 MPa, respectively. These results revealed that the ultimate com-
pressive strength was started to increase up to 15 wt.% CG matrix in AA 6061-12 wt.% TiO,
nanocomposites, and then, it started to decrease from 20 to 30 wt.% CG matrix in the nanocom-
posites. Indeed, as the CG matrix increases in the nanocomposites, it tries to accommodate the
dislocation mobility. Further, the CG tries to arrest the crack propagation that usually occurs
in nanocomposites as it is subjected either tensile force or compressive force. Around 7% of
increased ultimate compressive strength was observed in AA 6061-12 wt.% TiO,-15 wt.% CG
nanocomposites when compared to AA 6061-12 wt.% TiO, nanocomposite. The corresponding
compressive strain was 0.039, 0.050, 0.057 and 0.071 mm/mm for 0, 5, 10 and 15 CG nanocom-
posites, respectively. This was attributed to enhanced densification by increasing soft phase
and uniform distribution of CG matrix in nanocomposite structures. However, the observed
ultimate compressive strength started to decrease when the CG matrix addition was beyond
15%. This was expected to the domination of softer CG matrix and coalescences of CG par-
ticles which might have decreased the effective load transfer rate. In contrast, the ductility was
improved in a better manner as the large number of CG matrix phase in the nanocomposites
might have effectively delayed the crack initiation in nanocomposites during deformation.
The compressive ductility for 30% CG trimodel nanocomposite was around 520>0% CG nano-
composites. To conform the uniform distribution and coalescence of CG matrix in nanocom-
posite, the microstructures of AA 6061-12 TiO,- y wt.% CG (y=0, 10, 20 and 30) nanocomposites
were taken and the same is shown in Figure 20a—d. From the microstructures, two different
regions, namely, gray regions and white regions were seen. The gray region characterizes
ultra-fine grain (UFG) matrix phase embedded with nano-TiO, ceramic particles, whereas the
white region characterizes CG matrix phase. From Figure 21b—d, it was very clear that a good
homogeneous distribution of CG matrix phase was observed in UFG matrix. Further, it can
be observed that as the percentage of CG matrix phase increases, the size of CG domain also
increases. Due to this, the dislocations move a significant distance without crystallite bound-
ary interruption when trimodel material is deformed [53, 54]. Therefore, it was expected to
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Figure 19. Stress distribution at ultimate compressive strength of simulated model of: (a) AA 6061 nanocrystalline alloy,
(b) AA 6061-12 wt.% TiO, nanocomposite.
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Figure 20. Compressive stress-strain curves of AA 6061-12 wt.% TiO, - y wt.% CG nanocomposites (y=0, 5, 10, 15, 20, 25
and 30): (a) experimental results and (b) finite element results.

Figure 21. Trimodel microstructures of as-sintered AA 6061-12 wt.% TiO, composites containing x wt.% CG matrix: (a)
x=0%, (b) x=10%, (c) x=20% and (d) x=30%. The gray regions represent UFG matrix reinforced with nano Titania, the
bright regions represent CG matrix.
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have improvement in ductility of nanocomposite material by incorporating CG matrix. The
size of CG matrix phase was not increased up to 15% CG-blended nanocomposites. The
measured average CG size was less than 45 um up to 15% CG-blended composites due to
non-coalescence of individual CG matrix particles. Conversely, the average size of CG matrix
phase started to increase when CG matrix content increases beyond 15% (Figure 21c and d).
From Figure 20d, AA 6061-12 wt. TiO2-30% CG nanocomposite is clearly showing a very large
size of CG matrix phases due to coalescence of individual CG matrix particles. Witkin et al.
[55] have also observed the same behavior while studying the bimodal crystallite size of Al-Mg
alloy (0, 15 and 30% CG matrix phase) prepared by cryomilling and blending. Due to this, a
good ductility was observed by slight decrement of compressive strength.

6. Summary and conclusions

A new nanocomposite of AA 6061 Al alloy reinforced with different weight percentage of
titania particles was developed and was successfully synthesized and investigated for its
mechanical behavior. It was found that the matrix powder particle size, shape and its morphol-
ogy, reinforcement particle size and its distribution on the matrix, amount of reinforcement,
crystallite size of the matrix and type of microstructures (bimodel and/or trimodel) were
reflected and influenced the performance of the fabricated light weight-based nanocomposite
which is suitable for automotive and structural applications.

6.1. Powder surface morphology

The powder morphology of nanocomposite powders with the function of reinforcement
was investigated. It was experimentally found that the incorporation of hard ceramic rein-
forcements in the nanocomposite powders exhibited drastic changes on the morphological
characteristics of MMCs. The produced nanocomposite powders morphology showed that
all powder particles regardless of the reinforcement were almost in spherical-shaped and
equiaxed particles which indicated the attainment of steady-state condition during 40-h MA.
On the other hand, the irregular flake-like morphology of as-received soft matrix powder
particles was eliminated after 40-h MA and changed to a shape near the equiaxed. Further,
nano-sized TiO, particles are completely embedded in soft matrix of nanocomposite powder
after 40 MA. There is no way of forming of reinforcement clustering in nanocomposite pow-
der via MA during the time taken (40 h) for the present investigation.

6.2. Structural evaluation

The structural characteristics of ball-milled mechanically alloyed powders were investi-
gated and reported. These results confirmed the occurrence of structural refinement in
nanocomposites with the function of reinforcement through mechanical alloying, and hence,
decreased crystallite size was observed. The MA time selected for this study produced the
crystallite size of around 46 and 65 nm for 12 wt.% reinforced particulate nanocomposite and
unreinforced nanocrystallite powders, respectively. The nanocrystalline nature of the matrix
powder particle and aggregation of nanocomposite powder particle was confirmed by TEM
analysis.
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6.3. Mechanical strength and sintering behavior

Nanostructured AA 6061 Al alloy reinforced with different weight percentage of TiO, particles
processed via MA followed by cold consolidation and sintering yielded maximum strength
(hardness) of around 1.126 GPa of matrix grain size of 200-300 nm (UFG) embedded with nano-
sized Titania (~119 nm). This was attributed to structural refinement contributed from various
strengthening mechanisms such as grain size, dislocation, solid solution and dispersion strength-
ening. Here, the matrix to reinforcement particle size ratio of nanocomposite was greater than
unity and even very higher value. However, excellent behavior in terms of densification, sinter-
ability and Vickers hardness was obtained. These results indicated that the effect of matrix to
reinforcement particle size ratio was insignificant in the case of nanocomposite because there
was no possibility of reinforcement clusters while manufacturing of MMCs via MA.

6.4. Compressive stress-strain behavior

The compressive stress-strain curves of nanocomposites were started to increase drasti-
cally with the function of reinforcement which indicated the enhancement of compres-
sive strength while it exhibited the decreased value of ductility with the function of
reinforcement. These results were attributed to more crystallite refinement and complete
embedding of titania ceramic particles in the matrix. A trimodel grain size distribution for
enhancing the ductility and toughness of high strength AA 6061-TiO, nanocomposites was
fabricated successfully and the uniaxial compressive deformation behavior through simple
compression test at room temperature was studied, analyzed and reported. These results
explained that the addition of coarse crystallite powder particles in the nanostructured
materials would enhance the ductility, delay the plastic instability and enhance toughness.
In other words, the addition of CG matrix phase decelerates the micro-crack nucleation
cum proliferation in nanostructured phase during deformation. Therefore, the ductility
in nanocomposite materials can be improved which would be suitable for manufacturing
of automotive and structural components. Here, the 30% CG-incorporated nanocompos-
ite exhibited improved ductility of around 500% more than that of 0% CG incorporated
nanocomposite.
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Abstract

In order to control microbial resistance against commonly used antibiotics, it is indis-
pensable to develop novel and efficient antimicrobial agents. For this purpose, metallic
nanoparticles (mainly inorganic) with their antimicrobial activites represent an effective
solution for this global problem. However, synthesis of nanoparticles involves the use of
expensive, poisonous and dangerous chemicals responsible for different biological and
environmental hazards. This fact increases the necessity of developing environment-
friendly procedure by means of green synthesis (using plants) and extra-biological meth-
ods (using microbes such as bacteria and fungi). More recently, metallic nanoparticles,
derived from fungal sources, have demonstrated their potential not only as a new-gener-
ation antimicrobial agents but also as anticancer agents. Therefore, this chapter is aimed
to explore the various nanoparticles producing fungi with ultimate objective of eluci-
dating the possible (i) mechanism of biosynthesis of metallic NPs by various fungi and
(ii) mode of action of these mycosynthesized NPs on bacterial cell. This chapter would
certainly increase our knowledge about interaction of nanoparticles with bacterial cell for
their use in health biotechnology.

Keywords: nanoparticles, silver, myconanosynthesis, fungi, cancer,
antibacterial activities

1. Introduction

In the field of nanotechnology and nanomaterial, more specifically, nanoparticles are extremely
important because of their unique optical, physicochemical, and biological facets. Though their
biological synthesis is still at early stages and many material scientists around the globe are
working on the production of nanoparticles from different sources including plants, animals,
microbes, and metallic compounds like gold, silver, platinum, etc. Various studies on biosyn-
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thesis of nanoparticles have been carried out using a wide array of microorganisms such as
algae, bacteria, actinomycetes, fungi, yeasts, and viruses [1, 2]. Among the many possible bio-
resources, biologically active products from fungi and yeast represent excellent scaffolds for
this purpose. Since fungi and yeast are very effective secretors of extracellular enzymes and
number of species grow fast and therefore culturing and keeping them in the laboratory is
very simple [3]. They are able to produce metal nanoparticles and nanostructure via reducing
enzyme extracellularly [3, 4]. Not only the harvesting of extracellularly synthesized nanopar-
ticles from fungi is easy and inexpensive [2, 5], they can also be manipulated by controlling
the pH, temperature, substrate concentration (metal ions), and reaction time [6, 7]. Therefore,
the biosynthesis could be ideally used for large-scale production of nanoparticles for several
industrial applications [3]. Importantly, fungi have also secreted fairly large amount of pro-
teins and secondary metabolites extracellularly, and hence, the fungal biomass could reduce
the metal ions more easily leading to the rapid formation of nanoparticles [8]. Because of
these advances, the myco-based extracellular synthesis method is often considered as a better
resource for higher productivity of nanoparticles [4].

On the other hand, increasing incidence of microbial resistance to clinically approved classes
of antibiotics has emerged in recent years and is a major health problem, requiring to develop
novel and effective antimicrobial agents [4, 9-11]. Owing to their antibacterial activities, metal-
lic nanoparticles (mainly silver and gold) represent a novel and an effective solution for over-
coming bacterial resistance. In general, nanoparticles are divided into two groups, i.e., organic
and inorganic, where the later one being significant biomedical agents [12]. These silver and
gold nanoparticles, derived from microbial sources, have demonstrated their potential not
only as a new generation antimicrobial [13] agents against a broad spectrum of Gram-positive
and Gram-negative bacteria including multidrug-resistant human pathogens, but also as anti-
cancer agents [3]. They have also significantly enhanced the bactericidal activity when used in
combination with standard antibiotics [14]. However, synthesis of nanoparticles involves the
use of expensive, poisonous, and dangerous chemicals responsible for different biological and
environmental hazards. This fact increases the necessity of developing environment-friendly
procedure by means of green synthesis (using plants) and extra biological methods (using
microbes such as bacteria and fungi) [15]. Therefore, as a part of our continuing search to
identify microorganisms with the potential to synthesize nanoparticles with amazing biologi-
cal properties, interest has spurred on microbes [11], especially fungi. Indeed a few fungal
species around the globe have been reported to secrete nanoparticles. Therefore, the present
chapter is aimed to provide an overview of nanoparticles producing fungi, with the ultimate
objective of producing effective antimicrobial agents.

2. Biosynthesis of nanoparticles by fungi

In the last decade, biomineralization has been developed as an emerging and attractive tech-
nique for the synthesis of metallic nanoparticles. In which microbial cells are preferably being
used for the synthesis of nanosized material involving the oxidation/reduction of metallic
ions (like silver, gold, platinum, etc.) giving rise to nanostructures and nanoparticles [16].
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This green synthesis of metallic nanoparticles undergo three necessary steps (Figure 1)
that are (i) choice of appropriate solvent medium, (ii) choice of appropriate reducing agent
(environment friendly), and (iii) stabilizing agents or substances for silver nanoparticles sta-
bility [17]. Generally, this reduction is carried out by means of microbial enzymes (Figure 1),
present in microbes, and considered to be responsible for synthesis of nanoparticles by those
organisms [18, 19].

For this purpose, various fungi have been used as novel and assuring resources for manufac-
turing of nanoparticles extracellularly as well as intracellularly, such as Aspergillus, Pencillium,
Fusarium, and Verticillium. Though synthesis of metallic nanoparticles (NPs) having defined
size, shape, and composition by fungi are major challenges in this field [20, 21]. In general,
fungal enzymes with reducing capabilities are mostly responsible for reduction of metal ions
(Figure 1) to their corresponding nanoparticle(s) as described earlier [22]. We will discuss
biosynthesis of NPs from various fungi one by one.

2.1. Biosynthesis of nanoparticles by Fusarium

Several fungal strains belonging to genera Fusarium have been studied for the production of
metallic nanoparticles. Dias and coworkers [23] have screened different Fusarium species to
be used as potential candidate(s) for biosynthesis of silver NPs. They have obtained the tiniest
size silver-nanoparticles (Ag-NPs) by Fusarium oxysporum through extracellular reduction of
Ag*ions in aqueous medium [24-26]. Generally, two methods were used to evaluate the syn-
thesis of silver nanoparticles by Fusarium species involving (i) silver reduction method that
involve the fungus biomass in conical flask containing AgNO, solution and distilled water. In
other method, fungal filtrate were obtained by keeping fungal biomass in distilled water for
72 h at 28°C that was further challenged with AgNO, solution (10 M). In this study, several
strains of Fusarium oxysporum were exposed to AgNO, solution (10 M) leading to the reduc-
tion of silver ions and thereby formation of silver hydrosol. The silver nanoparticles produced
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Figure 1. Intracellular and extracellular biosynthesis of metallic nanoparticles (NPs) by fungi.
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were in range of 20-50 nm in diameter as a result of nitrate-dependent reductase and shuttle
quinone extracellular activities [27]. Similar study was also performed using similar fungal
species, i.e., Fusarium oxysporum by Mohammadian et al. [28] who observed that synthesis of
silver nanoparticles was extremely rapid even at ambient conditions that can compete with
chemical synthesis, highly stable even for months in darkness (without light). To date, various
Fusarium species have been reported to produce metallic nanoparticles for silver [13, 29-33],
zirconia [34, 35], platinum NPs intra- and extracellularly [13, 32].

2.2. Biosynthesis of nanoparticles by Penicillium

Certain filamentous fungi such as Penicillium were also investigated for the synthesis of
metallic nanoparticles. For this purpose, various studies have been carried out using different
species of Penicillium including (but not limited to) P. brevicompactum [36], P. fellutanum [37],
Penicillium sp. [38], P. citrinum [39], P. fellutanum [36], and P. purpurogenum [40]. Nanoparticles
produced by Penicillium spp. are relatively more stable at neutral pH (>8.0) due to repul-
sion as they possess zeta potential (negative) [41]. In another study, where P. fellutanum was
challenged with silver ions, it could reduce metallic ions in 10 min, when it came in contact
with fungus filtrate [37]. Presence of single protein having molecular weight of about 70 kDa
was observed in gel electrophoreses. The authors supposed that nitrate reductase enzymes
could possibly be responsible for the reduction of silver ions (Figure 1). In addition, the whole
reduction process could be manipulated by controlling concentration and exposure time to
Ag*ions, pH, and temperature [37, 42]. Although exact mechanism commanding the Ag*ions
reduction is not yet comprehended, however, authors have assumed that reducing agents are
secreted by fungi as a response to stress posed by metal ions [40, 42]. Moreover, these silver
NPs were uniformly distributed over fungal mycelium (Penicillium sp.) suggesting that silver
NPs were bound with cells of fungal surface. This was further confirmed by FTIR spectros-
copy. In which it was described that both carbonyl groups from amino acid residues and pep-
tides of protein(s) had strong affinities for binding with Ag* ions in order to form protective
covering around silver NPs to avoid their clustering [36].

2.3. Biosynthesis of nanoparticles by Aspergillus

Biosynthesis of NPs from species belonging to genera Aspergillus is more desirable and eco-
nomically important due to its occurrence in natural habitat along with easy culturing on
growth media [43]. In the same study, five species belonging to genus Aspergillus, i.e., A.
nidulans, A. flavus, A. terreus, A. fumigatus, and A. niger, were synthesized, in which A. terreus
was proved to be more potent NPs producer among all and was further investigated. It was
observed that silver NPs were highly stable even after 4 months due to the presence of stabi-
lizing agents mostly “protein” that would allow functionalizing the NPs with other biological
molecules [44]. Their proper functionalizing is an important factor for appropriate antimicro-
bial activities of these metallic nanoparticles (NPs). In addition, FTIR analyses revealed amide
linkages between amino acid residues and NPs. Most active functional groups involved in
the reduction of silver ions being the hydroxyl, carboxyl, and carbonyl groups [10, 43, 45-48].
Depending on the biological system used, different sizes and shapes of NPs had been reported
ranging from 5 to 45 nm [49] with spherical NPs being the dominant [43].
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In another study, AgNP were synthesized using aqueous supernatant of A. niger. Synthesized
silver NPs were mainly round shape ranging in size from 1 to 20 nm [50]. Various studies have
shown the mycosynthesis of silver nanoparticles extracellularly through the reduction of Ag+
ions using different species belonging to genus Aspergillus, such as A. niger [51], A. flavus [52],
A. terreus [53], A. clavatus [54, 55], A. fumigatus [56], and A. tamari [57]. Majority of these NPs
were in the range of 1-20 nm with spherical shape.

2.4. Biosynthesis of nanoparticles by other fungi

Various other fungal genera were also exploited for the synthesis of silver nanoparticles.
Metallic NPs can be synthesized using fungal biomass and cell-free supernatant. Among
eukaryotes, yeast was repeatedly explored for the formation of metallic nanoparticles. Since
then, many studies were carried out in order to evaluate the fungal potential as potent pro-
ducer of silver nanoparticles. For example, cadmium nanoparticles (CdS) were synthesized
intracellularly by Schizosaccharomyces pombe and Candida glabrata when challenged with Cd*
ions [42, 58-60]. The authors proposed that these NPs were covered with phytochelatin [42].
Similarly, other studies have also reported the biosynthesis of metallic nanoparticles using
fungi such as Toluropsis sp. for Pb nanocrystals [60] and for Cu NPs using Humicola sp. [61].
Formation of gold nanoparticles was described in yeast Yarrowia lipolytica NCIM 3589 that
were highly stable [62, 63]. As described earlier, shape and size of NPs mainly rely on the reac-
tion conditions like temperature, pH, metal concentrations, and reaction time [16].

However, first example of intracellular mycosynthesis of silver and gold NPs was demon-
strated using Verticillium sp. biomass, challenged with aqueous silver ions [64, 65]. Although
the mechanism of biosynthesis was not clearly understood, however, it was assumed that
metal ions (silver or gold) either (i) adsorbed on cell surface or enter into cytoplasm via diffu-
sion. In both cases, these metallic ions were reduced by enzymes present on the cellular mem-
brane and/or cytoplasm [64, 65]. Similarly, different species belonging to genus Trichoderma
and Phoma were also screened for the synthesis of metallic NPs with dimensions ranging from
8 to 60 nm [66, 67] for the selection of potential species as a new synthesizer of silver NPs.

3. Application of mycosynthesized nanoparticles in biomedics

Mycosynthesized nanoparticles are of extreme importance because of their unique optical,
physicochemical and biological facets. These nanosized particles are continuously being used
in different fields including electronics [68], catalytic processes [69], optical devices [12], sen-
sor technology [70], biological labeling [71], and may suppress the expression of proteins
associated with adenosine triphosphate production [72], agriculture, pharmacology, and
environmental monitoring [73]. More recently they are being used as novel antimicrobial and
anticancer agents [61, 74-82]. Antimicrobial mediators can be either synthetic and/or partially
modified natural compounds [82, 83]. Type of antimicrobials agent(s) may vary according to
targeted pathogens, e.g., antibacterial (for bacteria), antifungal (for fungi), and antiviral (for
virus). Similarly, their mechanism of action on microbial cell varies according to the nature of
the antimicrobial agents and pathogens. Main targets for antimicrobial compounds could be
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Figure 2. Possible mechanism of action of silver NPs on bacterial cell.

cell wall (cephalosporins, bacitracin, penicillins, etc.) and protein synthesis, DNA replication
(tetracyclines, chloramphenicol, lincosamides, etc.) and metabolism (intermediary) processes
(valinomycin, Gramicidin A, etc.), and DNA-synthesis (rifampicin, sulfonamides, quinolones,
etc.) as described in Figure 2 [82]. However, abusive use of antimicrobials against various
pathogens has evolved into the development of highly adapted and resistant microbes. In
addition, these resistant microbes are now being spread globally, challenging the treatment to
common infections, and posing significant health threat around the globe. Multidrug-resistant
bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant
enterococci, have emerged as a symbol of global health hazard during the last decade.

4. Antibacterial activity of mycosynthesized nanoparticles

Uses of nanoparticles in medicine, particularly in the treatment of bacterial infections, have
proved them as effective and novel healing tools against microorganisms. Though for cen-
turies, natural silver has already been considered as one of the most safe and nontoxic inor-
ganic antimicrobial agents [84]. Even silver nanoparticles have also exhibited broad-spectrum
antimicrobial properties due to its unique physiochemical and biological characteristics [85].
Recently, silver NPs have shown excellent antimicrobial efficacy against certain bacterial
pathogens such as Bacillus subtilis, Staphylococcus aureus, Escherichia coli, Staphylococcus epider-
mis, Leuconostoc mesenteroides, Klebsiella pneumonia, and K. mobilis [84]. Reason for their higher
antimicrobial efficacy lies with higher surface area-to-volume ratio of AgNPs that enables
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them to bring large portion of Ag atoms in contact with the environment (i.e., microbial
cell). However, mechanism of antibacterial activity of silver NPs has not been completely
understood [84-88].

Silver nanoparticles have shown inhibitory effect on growth in both Gram-positive and
Gram-negative bacteria. As described earlier, larger surface area of silver nanoparticles are
believed to be key player in interaction with bacterial cell wall and would have resulted
in more antibacterial activity. Although mechanism of action of silver NPs on bacterial
cell is debatable; however, assumed mechanism include (i) adherence of AgNPs with bac-
terial cell wall causing membrane lysis, ultimately releasing cellular contents leading to
destruction of cell structure and death [89-91], (ii) interaction of Ag ions with free thiol
groups (-SH) and disulfide bridges (-S-S-) of cellular enzymes and membrane of bacteria
to downregulate or inactivate the cellular protein synthesis by interfering the translation
[72, 91, 92], (iii) blocking DNA replication [93], and (iv) inhibition of signal transduction by
dephosphorylation of peptide substrates on tyrosine residues (Figure 2) [91]. Furthermore,
inhibitory effect of AgNPs varied for different bacterium, e.g.,, Gram-positive bacteria
were more susceptible to silver nanoparticles as compared to Gram-negative one [84]. The
authors have found larger inhibition zone (diameter) in case of S. aureus than that of E. coli
suggesting that variation in inhibitory response could be attributed to difference in cell wall
and capsular composition, S-layer thickness, cellular metabolism and its byproducts, or a
combination of these [84].

5. Anticancer potential of mycosynthesized nanoparticles

About 10 million people are being diagnosed with cancer annually, with higher mortality rate
around the globe [94]. It is generally developed due to disturbance in various physiological
processes like cell signaling and apoptosis [94]. In this disease, continuous growth of cancer
cell due to resistance to wide range of anticancer agents has become the major challenge to
pharmacist while treating the disease [95, 96]. Certain factors such as insufficient drug con-
centrations approaching tumor cells, intolerable cytotoxicity, nonspecific distribution of anti-
cancer agents, and poor monitoring of drug responses particularly in developing countries
has made cancer incurable [97, 98].

Recently, the emerging field of nano-biomedicine has highlighted the possibility of metallic
NPs to be used for disease diagnosis and cancer treatment in humans [94]. Among various
metallic NPs, silver nanoparticles are considered as novel and promising nanoproducts that
can be exploited in the field of nanomedicine due to their unique and distinctive properties.
Although antibacterial activity of Ag nanoparticles is well established, however, their anti-
cancer activities have recently been reported against various cancerous cell lines [94, 99], and
mechanism of action of AgNPs are still under evaluation and there are many ambiguities that
should be addressed in future research.

Itis well established that silver nanoparticles when interacting with various biomolecules, such
as DNA, proteins, and carbohydrates, may cause cell death due to apoptosis or cytotoxicity
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probably through reactive oxygen species (ROS) [32, 94]. Various factors influencing cytotox-
icity of silver nanoparticles include dosage, contact time, and size of particles. For example,
in case of human epidermoid larynx (Hep-2) cell line, cellular damage was dose dependent,
causing cell death through ROS [96, 100, 101]. In another study, silver nanoparticles have
shown cytotoxic effect through loss of mitochondrial integrity and activation of caspase-cas-
cade exhibiting the apoptotic effect leading to cell death. In a recent study, AgNPs from plant
extract, inhibited proliferation of human colon cancer cell line HCT15 while suppressing its
cellular growth, inhibiting the G /G,-phase, interfering DNA synthesis, and ultimately caus-
ing cell death through apoptosis [102]. Another important criterion for efficient anticancer
drug is its ability to induce apoptosis cancer cell since they generally escape from programed
cell death [103]. In recent studies it has been shown that silver nanoparticles possess this
property [104]. The authors have treated the tumor-bearing mice (in vivo) with AgNPs that
have reduced the tumor weight and increased its life span. The hematologic studies revealed
reduced white blood cell (WBC) and platelet count in diseased mice as compared to control
(disease free) suggesting that silver NPs were relatively nontoxic and did not produce any
change in hematologic parameters and controlled the WBC that were important constituent
of immune system of body. The authors further proposed that silver NPs could be used as
potent therapeutic agents in order to delay the tumor progression in DLA cell lines through
growth suppression and cytotoxic effects that increased vascular permeability leading to
tumor cell death that could be linked to caspase enzyme activation. However, mode of action
of silver NPs due to which they inhibit cell proliferation and viability causing tumor cell death
has not been clearly understood.

6. Conclusion

The use of nanoparticles in the field of medicine is proving to be a novel and promising
technique in order to treat various infections. Among various NPs, silver NPs have proved
to possess therapeutic alternative that can be exploited in diagnostic and treatment of certain
bacterial infections and cancer. To date, various fungi have been reported to biosynthesize the
silver nanoparticles. A few among them have been evaluated for the treatment of infection(s)
caused by bacterial pathogens providing evidence for their potential role as a new generation
antimicrobial agents against a broad spectrum of Gram-positive and Gram-negative bacteria
including multidrug-resistant human pathogens. In addition, monodispersed silver NPs can
be synthesized by controlling various parameters (such as pH, temperature, etc.) to avoid
toxic effects on human cells. Furthermore, biosynthesized silver NPs have successfully exhib-
ited the anticancer activities against different cancer cell lines through inhibiting cell progres-
sion (cell proliferation), ROS formation, blockage of DNA synthesis, and apoptosis. However,
further research work is required to understand possible mechanism of action of antibacte-
rial and anticancer activities of silver NPs on microbial cell. Various factors (physiochemical
and biological) affecting bioavailability, biocompatibility, and cellular toxicity of silver NPs
at molecular level should also be addressed in future research that will open new insight for
their application alone or in combination with other bioactive agents to control and treat the
microbial infections and cancer.
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Abstract

Due to excellent physical and chemical properties, cerium oxide (ceria, CeO,) has
attracted much attention in recent years. This chapter aimed at providing some basic
and fundamental properties of ceria, the importance of oxygen vacancies in this
material, nano-size effects and various synthesis strategies to form diverse structural
morphologies. Finally, some key applications of ceria-based nanostructures are
reviewed. We conclude this chapter by expressing personal perspective on the probable
challenges and developments of the controllable synthesis of CeO, nanomaterials for
various applications.

Keywords: biofilm, wastewater treatment, biofilm technologies, molecular methods,
biofilter media, ceria, metal oxide, nanostructure, nanocomposite, redox reactions,
oxygen vacancies

1. Introduction

In nanotechnology, nanomaterials play a vital role in various fields of science, such as physics,
chemistry and materials sciences. As a key component of nanomaterials, nanoparticles are
single particles or species whose diameter ranges from one to few tens of nanometres. Over
the past few years, considerable efforts were made to develop many nanoparticles/nanocrys-
tals for the development of new cutting-edge applications in communications, energy storage,
sensing, data storage, optics, transmission, environmental protection, cosmetics, biology and
medicine. Due to their limited size and a high density of corner or edge surface sites, the
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nanocrystals can exhibit unique physical and chemical properties, including optical, electrical
and magnetic properties.

Due to reduced sizes, the nanoparticles possess high surface to volume ratios, which make
them highly reactive with distinct characteristics. It is highly desirable to tune the properties
of materials through various means such as shapes, morphologies and surface to volume ratios.
Over the past few years, the researchers and scientists have made enormous efforts to develop
nanoparticles with controlled morphologies, shapes and size. There are various possible
synthesis routes, including liquid (chemical method), solid and gaseous media [3-15] for the
synthesis of nanocrystals. However, chemical routes are considered as the most popular
methods to synthesize nanoparticles, which can offer the advantages of low cost, eco-friend-
liness and reliability over other methods. Moreover, this method can also offer rigorous control
on shape- and size-controlled synthesis of the nanoparticles.

Till now, nanoparticles of many materials, including metal oxides, ferrites, rare-earth oxides
and so on, have been developed. Cerium (Ce) belong to rare-earth family and its abundance
is much higher than copper and tin (66.5 and 60 ppm, respectively) [1-2]. Its high abundance
made this material technologically important with wide applications in various sectors, such
as auto-exhaust catalyst [3], low-temperature water-gas shift (WGS) reaction [4], oxygen
sensors [5], oxygen permeation membrane systems [6], fuel cells [7, 8], glass-polishing
materials [9], electrochromic thin-film application [10], as well as biotechnology, environmen-
tal chemistry and medicine [11, 12].

It is generally believed that the reduced particle sizes may originate at high interface densities
and hence may lead to enhanced non-stoichiometry levels [13]. Based on this, a lot of attention
was paid to explore the nanostructures’ ceria interfacial redox reactions and transport
properties with respect to bulk ceria.

This chapter is organised as follows. Section 2 presents cerium oxide (CeO,) and material
properties of CeO,. Section 3 describes imperfections/defect chemistry in CeO,. Section 4
describes the importance of oxygen vacancies in ceria. Section 5 presents nano-size effect. In
Section 6, applications of CeO, in various fields are described. Finally, Section 7 presents
concluding remarks and outlook.

2. Cerium oxide (CeQO,): material properties

2.1. Electronic structure

Cerium dioxide (CeO,/ceria) is considered the most stable oxide of the cerium. Cerium is the
second member and the most reactive element in the lanthanide series. Being electropositive
in nature, cerium exists in dual oxidation modes, Ce* and Ce*. The Ce* oxidation state is
usually considered more stable than 3+ due to Ce(4+) electronic structure [Xe]4f® being more
stable state as empty than [Xe]4f' for Ce*.Cerium usually has two types of oxides named
cerium dioxide (CeO,) and cerium sesquioxide (Ce,Oj;), but in a larger context, CeO, is used
as cerium oxide due to higher stability over Ce,O;.
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2.2. Crystal structure

Cerium dioxide (CeO,) has a fluorite structure (FCC) with space group Fm3m and it consists
of a simple cubic oxygen sub-lattice with the cerium ions occupying alternate cube centres as
shown in Figure 1. Figure 1 illustrates the structure of the stoichiometric CeO, with the four
coordinated oxygen (represented by solid red big balls) and the eight coordinated cerium
(represented by solid blue small balls). Cerium is at the centre of tetrahedron whose corners
are occupied by oxygen atoms [14].

.p

Figure 1. FCC structure for CeO, [14].

2.3. Microstructure

The microstructure of CeO, thin films can be of various shapes depending on substrate
material, deposition method, deposition parameters and composition contents. Therefore, the
film growth can result in epitaxial films on the one hand or polycrystalline films with varying
grain sizes from few nanometres up to several hundred micrometres on the other hand.
Polycrystalline films consist of a certain number of grains, which can play a key role in the
electrical conduction process in thin films by forming depletion layers with low conductivity
similar to Schottky barriers in metal-insulator junctions [15].

(a) (b)

Figure 2. (a) Cross-section of a polycrystalline thin film capacitor showing grains. The crystal orientation and size of
the grains depends on the preparation parameters. (b) Space charge region and the consequent change of the conduc-
tivity at the grain boundaries.
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Figure 2(a) represents a schematic cross-section of a ceramic thin film capacitor with grains
randomly distributed in between capacitor plates. The region between the grains in Figure 2(b)
shows the space-charge region and the reduced conductivity due to the immovable positive
charges. For thin films with smaller grain sizes, the space-charge region can exceed the grain
size, leading to entirely depleted films with locally distributed conductivities far below the
bulk conductivity of the material [16].

3. Imperfections/defect chemistry in bulk ceria

For an ideal crystalline solid, atoms are periodically arranged in a regular and symmetrical
way. The formation of a crystal structure is based on the combination of a basis and infinite
space lattice. This space lattice can be further split into unit cells and the combination of
identical cells forms the entire crystalline structure. Imperfections in crystal structures are
occurred by displacing atoms from their lattice positions that lead to break symmetry of the
perfect periodic crystal lattice. In ceria, the intrinsic and extrinsic defects can exist. The presence
of intrinsic defect may be due to thermal disorderness in crystal, which can be formed by redox
reactions between the solid and surrounding atmosphere. Frenkel and Schottky defects are
considered to be more plausible crystalline intrinsic defects. The extrinsic defects in crystal
may be formed by introducing foreign dopant or due to impurities.

CeO, Ce0,,, Ce,0,

(a) (b)

Figure 3. Schematic electronic structures of (a) stoichiometric CeO,, (b) partially reduced CeO,,, and (c) Ce,O;. Blue
blocks represent filled bands, whereas green and red blocks are drawn as empty boxes.

The most dominant and stable known defects in ceria are linked to the presence of oxygen
vacancies under a wide range of conditions. A reversible transition in the oxidation state of
two cerium ions from Ce® to Ce*" may generate neutral oxygen vacancies in ceria. The process
can be shown as

0" +2Ce*" —2Ce™ + %02 (g) 1)
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Thus, a neutral species 120, (g) is formed if an oxygen ion (O%*) leaves the ceria lattice. The two
electrons left behind were trapped at two cerium sites, i.e. they become localized at two cerium
sites. At such cerium sites, the electron prefers to occupy an empty Ce4f state that splits the
Ce4f band into two sub-bands: an occupied Ce4f full band and an empty Cedf empty band as
shown in Figure 3.

Practically, the reduction limit of non-stoichiometric ceria is Ce,O,, where all cerium ions are
found in a Ce* oxidation state. The electronic band structure of Ce,O; bears resemblance to
that of partially reduced ceria, in which Ce4f empty and Ce5d bands have been merged
together in the conduction band as shown in Figure 3(c).

4. Importance of oxygen vacancies in CeO,

Cerium oxide can accommodate high oxygen deficiency by the substitution of lower valent
elements on the cation sub-lattice. Due to this property, high oxygen ion conductivities are
expected, which indicate towards its potential applications as a solid electrolyte in solid oxide
fuel cells (SOFCs) [17]. At the same time, CeO, is also well known to release significant levels
of oxygen at low oxygen partial pressures (PO,) and elevated temperatures leading to a mixed
ionic electronic conductivity. Due to ease in redox-based reactions, ceria can easily occupy
multiple oxidation states such as Ce(3+) and Ce(4+); therefore, electrons in ceria can be thought
to exist as small polarons. The motion of the electrons in the ceria lattice can be imagined as a
thermally mediated hopping mechanism [18]. For carrier and transport properties, the
concentration of vacancies that are more mobile and can contribute to oxygen-ion transport in
the solid solutions should be taken into account [19].

Generally, three low-index lattice planes exist on the surface of CeO, nanocrystals: (100), (110)
and (111). From Figure 4, the stability of all three planes is different and follows the sequence
(111) > (110) > (100), whereas the activity follows the reverse order [20-23].

Figure 4. (a) Face-centred crystal cell of the CeO, structure. (b-d) The (100) [or (200)], (110) and (111) planes of the CeO,
structure. (Reprinted with permission from reference [24] © 2003 American Chemical Society.)
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The formation energy of oxygen vacancies at (111) exposed facet is higher than (110) and (100)
facets; therefore, there are more oxygen vacancies on the (110) and (100) planes than (111). For
example, nanoparticles usually constitute octahedral or truncated octahedral shapes and they
are mainly exposed to most stable (111) facets to keep surface energy as minimum as possible.
While 1D nanostructures such as nanorods and nanowires possess the (110) and (100) planes,
3D nanocubes can expose (100) planes. Therefore, nanorods and nanocubes should have more
oxygen vacancies on their surfaces. Meanwhile, the concentration of oxygen vacancies in the
crystal can also be influenced by many other internal or external factors, such as temperature
and doping elements, etc. [25]. The existence of oxygen vacancies and their transportation in
crystal are very important phenomena. Higher concentration of oxygen vacancies provides
ease in the movement of oxygen atoms within crystal, which favour redox reactions on its
surface for excellent catalytic activities.

5. Nano-size effects

By decreasing particle size, ceria nanoparticles demonstrate the formation of more oxygen
vacancies. The large surface area to volume ratio existing in a nanoparticle enables CeO, to
react differently resulting in unique properties. For instance, two orders of magnitude high
catalytic activity for CO oxidation was observed by synthesizing 3—4 nm sized CeO, nanopar-
ticles supporting Au over a regular bulk cerium oxide support medium [26, 31]. Therefore, it
is feasible to tune the specific reactivity of ceria nanoparticles by controlling their size.
Furthermore, nano-sized CeO, can have enhanced electronic conductivity, size lattice relaxa-
tion and many other effects as compared to bulk ceria.

Additionally, for determining particle reactivity, building nano-sized particle is very crucial in
a way that the lattice of nanoceria expands if the particle size is reduced. The expansion of
lattice would decrease its oxygen release and reabsorption capabilities. A detailed electron
diffraction study on nanoceria was conducted previously [27] in which a systematic lattice
expansion was observed by reducing the size of ceria particles down to nanoscale over bulk
ceria. Their findings suggested that by having ultra-small-sized (1.1 nm) ceria nanoparticle, a
large fraction of the cerium atoms occupy fully reduced state, even though the ceria nanopar-
ticles retain a cubic-shaped lattice rather than hexagonal lattice [27]. In another theoretical
study on ceria nanoparticles, the simulation calculations revealed that by increasing ceria
particle size the formation energy of oxygen vacancies is reduced [28].

6. Applications of ceria

Being technologically important functional material, ceria has remarkable applications in
many diverse fields. In this section, a brief discussion on some of the most widely known
commercial and industrial applications of ceria and nanoceria is presented.
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6.1. Solid oxide fuel cells

Solid oxide fuel cells (SOFCs) are considered to have great potential in providing clean and
reliable electric power; therefore, research in this area attracts great attention in recent years.
Many reports suggest that ceria-based ion conductors possess huge resistance to carbon
deposition and have potential to allow unstoppable supply of dry hydrocarbon fuels to the
anode [29, 30].

Gorte and Vohs [31] first demonstrated a direct electrochemical oxidation of hydrocarbons
such as methane and toluene using SOFC at 973 and 1073 K with copper and ceria composite.
The anode was designed as Cu/CeO,/YSZ, with Cu primarily utilized as the current collector
and the function of CeO, was to impart catalytic activity for the required oxidation reactions.
These anodes were found to have inherently high redox stability, large sulphur tolerance and
were operative with sulphur contents up to 400 ppm without losing its significance perform-
ance [32].

Ceria-based ceramics are well known to exhibit mixed ionic and electronic conductivity in a
reducing atmosphere due to reversible redox transition between Ce* and Ce*. Additionally,
their excellent catalytic activities also correspond to ease in an oxygen-vacancy formation
mechanism. Another effective method to increase the reforming reactions of hydrocarbon, i.e.
to facilitate C-H bond breaking process is the addition of noble metals, such as Pt, Rh, Pd and
Ru.

Figure 5. Metal pattering on ceria thin films. (a) Schematic figure showing the macroscopic reaction sites and the steps
involved for surface reaction and bulk diffusion. (b) Patterned electrode with an embedded current collector that re-
stricts the metallic phase contribution. (c-h) After electrochemical characterisation, the SEM SEM images were record-
ed under humid atmospheres at 650C. (SDC ¥4 Sm0.2Ce0.801.9d, YSZ ¥4 Y0.16Zr0.8401.92). (Reprinted from reference
[35] with permission from Nature Publishing Group.)
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Gd-doped CeO,-based electrolyte films having Ru and Ni as incorporated metals were
fabricated to evaluate the role of metal catalysts in anode reactions by Hibino et al. [33, 34].

The anodes were directly operated on various hydrocarbons at 600°C and the results demon-
strated that the presence of Ru catalyst favours the reforming reactions of unreacted hydro-
carbons by steam and carbon dioxide. This further avoids the gas-phase diffusion of fuels by
restricting the interference of steam and CO,. The obtained power density in this case was 750
mW cm? with dry methane, which was quite analogous to the power density of 769 mW cm™
achieved with wet hydrogen [33, 34].

The reduction of activation over potential for hydrogen oxidation by having ceria-based
anodes for SOFC has been exemplified in many reports. Moreover, well-defined geometry and
having porous or composite electrodes structure based on ceria were also described. Inareport,
Chueh et al. [35] demonstrated well-defined interferences occupied ceria-metal structures, in
which near-equilibrium H, oxidation reaction pathway was subjugated by electrocatalysis at
the oxide-gas interface with a minimal contribution that was observed from oxide-metal-gas
triple-phase boundaries as shown in Figure 5. The similar phenomenon was observed even
for structures with reaction site densities approaching those of commercial SOFCs [35].

By keeping the ceria-catalysed reaction site density fixed as 2PB, the density of metal-catalysed
reaction site (3PB) was varied by a factor of 16; no substantial change was observed in the
electrochemical activity. Later on, the addition of metals did not put much impact on the
electrochemical activities, respectively. They conclude that the rational design of ceria nano-
structures promote electrochemical activities and thus provide a new route to achieve high
performance [35].

6.2. Catalytic applications

The tendency of oxygen uptake and release of ceria due to reversible transition between Ce*
and Ce* makes this material a key ingredient for catalytic applications and reactions. Various
nano-micro ceria structures have been fabricated, and their catalytic applications are exten-
sively reported in recent years.

Carbon monoxide (CO) oxidation is the most exclusively studied reaction in this category.
During CO oxidation, ceria nanomaterials can elevate the oxygen storage capability of catalysts
atlow temperatures. Generally, high surface area occupied nanomaterials are considered ideal
for this application. The high surface area provides a greater tendency to active species to
contact with reactants, and therefore an enhanced catalytic performance can be expected. There
are different reports that discuss various morphologies to evaluate the CO oxidation perform-
ance. For instance, nanotubes exhibit inner and outer surfaces that unadventurously provide
active sites for the reactants adsorption that leads to better catalytic performance in CO
oxidation [36]. On the other hand, nano-sized particles also exhibit high surface area, but
demonstrate poor catalytic performance; while nanorods, with low surface area and larger
diameter, were found to be more active in CO oxidation [37—40]. This unusual behaviour of
diverse morphologies is mainly attributed to the exposed planes. For example, the nanopar-
ticles have dominant (111) exposed planes, whereas the nanorods’ edges are terminated by
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(110) and (100) planes. The (110) and (100) planes are considered to be more active than the
(111) plane and hence are found to express significantly enhanced redox properties required
for excellent catalytic activities in CO oxidation.

In astudy, Kayama et al. [41] introduced a new concept of fabricating ceria particles’ aggregates
around central silver metal (rice-ball-like structure) which is quite different than conventional
core-shell-like configuration. The catalytic activities of fabricated structure were evaluated,
and it was found that below 300°C CeO,-Ag oxidizes soot much more efficiently than pure
CeO, and Ag-CeO, that oxidize soot above 300°C as shown in Figure 6.

[
Cel.-Ag @Cel, ANone AMone @Cel. BCel,-Ag
#AGICa0,
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Temperature [C)

Figure 6. (a) Transmission electron microscopy image of rice-ball nanostructured CeO,-Ag; (b and c) evaluation of
properties in the presence and absence of a catalyst; (b) evaluations of carbonaceous soot oxidation; (c) Arrhenius
plots.(Reprinted with permission from reference [41]. Copyright 2010 American Chemical Society.)

In the absence of rice-ball nanostructure, the oxidation by the catalyst was inefficient at low
temperatures below 300°C. Therefore, it was suggested that the synthesis mechanism of the
rice-ball-like structure can potentially be extended to other compositions.
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Figure 7. Conversion profile of carbon monoxide versus temperature. (Reprinted from reference [42] with permission
from Elsevier Ltd.)
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Doping foreign elements into ceria matrix can considerably tune the inherent physical and
chemical properties of ceria. To keep this in mind, Y-, La-, Zr-, Pr- and Sn-doped ceria were
reported by Xiao et al. [42]. In their work, they fabricated a flower-like structure, and the
catalytic activities towards CO oxidation were recorded for all dopant elements as shown in
Figure 7.

From the figure, two main observations were recorded. (i) The doping of Sn and Pr enhanced
the catalytic activities of ceria-based nanoflower structure and this behaviour was attributed
to the variable valence states of Pr and Sn. (ii) The doping of Y, La and Zr in CeO, did not
express considerable catalytic activities, and this trend was explained on the basis of the stable
valence states of dopants. Also, they suggested that the doping cations having stable valence
state partially suppress the redox reactions, i.e. Ce* to Ce* conversion which ultimately
suppress the oxygen storage capacity in ceria.

6.3. Photocatalysis

Globally, efficient visible light photocatalytic water splitting is an active area of research for
renewable energy as well as water and air purification. A novel and efficient Au-supported
CeO, nanoparticle-based photocatalysts were fabricated, and its visible light activities were
reported by Primo et al. [43]. Excellent photocatalytic activity of ceria nanoparticles was
observed for oxygen generation from water as shown in Figure 8.
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Figure 8. (a) Oxygen evolved upon visible light (A > 400 nm) illumination of an aqueous AgNO3 suspension containing
the photocatalysts. m Au (1.0 wt%)/CeO, (A); o Au (1.0 wt%)/CeO, (B); ¥ Au(3.0 wt%)/CeO, (A); V Au (3.0 wt%)CeO,
(B); A WO3.CeO, (A) was prepared by biopolymer template synthesis whilst CeO, (B) was obtained from Aldrich. (Re-
printed with permission from reference [43]. Copyright 2011 American Chemical Society.)

Figure 8 shows the evolved oxygen over time for visible-light illumination for various Au
loadings on CeQ, catalysts. The sample, with 1.0 wt% loading of Au, renders a more profound
photocatalyst than 3.0 wt% Au. Under UV light illumination, the ceria sample (A) prepared
by the novel biopolymer template procedure having smaller particle size was found to be more
efficient than the large particle-sized occupied commercial CeO, (B) sample. Their observations
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were quite different from other reports on TiO, and WO;, in which under UV light, the
photocatalytic activity was poor and reduced, while Au-supported CeO, delivers outclass
photocatalytic response under visible light.
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Figure 9. Schematic diagram of the degradation mechanisms for the MO dye with indium doped CeO,nanocrystals
under ultraviolet-visible light irradiation. (Reprinted with permission from reference [44].)

Recently, our group has successfully synthesized ultra-small-sized ceria nanocubes. The effect
of indium doping on oxygen vacancies’ concentration and subsequently on photocatalytic
response was investigated in detail [44]. Various In doping concentrations ranging from 0, 5
to 15% were fabricated and their photocatalytic responses were evaluated. By increasing
Indium doping concentration, the photocatalytic activities were found to be enhanced up to a
certain extent (10% In doping). After this doping concentration, the photocatalytic activities
were suppressed. The possible reason may be due to the presence of In*, which may serve as
an electron acceptor and electron donor simultaneously (from In** to In** and/or from In* to
In*) to localize the charge carriers. This localization may further enlarge the separation of
electron-hole pairs by trapping at energy levels in close approximity to the valence and
conduction bands [44]. This effect is schematically described in Figure 9.

Ceria nanomaterials have also a potential application for environmental remediation. The
photocatalytic activities of CeO, nanotubes and nanoparticles were investigated and compared
with commercial TiO, (P25) as shown in Figure 10 [45]. A well-known toxic pollutant named
‘aromatic benzene’ that is commonly found in urban ambient air and is of substantial concern
regarding environmental health was used in photocatalytic measurements.

The results in Figure 10 demonstrate that at the reaction time of 22 h, the CeO,-NT expressed
excellent photocatalytic performance towards the gas-phase degradation of benzene. The
amount of CO, over CeO,-NT was maintained at 29 ppm even after 10 h of reaction time. On
the contrary, ceria nanoparticles and P25 nanoparticles demonstrate quite uneven photocata-
lytic behaviour of benzene degradation.
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Figure 10. Time-online data for gas-phase photocatalytic degradation of benzene over the samples of commercial P25,
CeO, nanoparticles (NPs) and the as-prepared CeO, nanotubes (NTs). (Reprinted from reference [45] with permission
from Royal Society of Chemistry.)

7. Concluding remarks and future outlook

In this chapter, some fundamental physical and chemical properties of ceria were addressed
in the beginning. In the later half, recent progress in the shape-controlled synthesis and
morphology-dependant performance of ceria nano-microstructures was highlighted. Al-
though, the microstructures, morphologies, characterization approaches and theoretical
studies of ceria-based nanostructured materials are extensively investigated in recent years
with the achievement of some exceptional encouraged results. However, there are still
numerous contests such as cost-effective synthetic processes for morphology-dependent
catalytic and biomedical applications that required more efforts to tackle the key fundamental
issues.

Another important fatal issue in the preparation of ceria-based materials is ‘Sintering'. Particles
can easily agglomerate at high temperatures, which is a big reason for sudden drop in specific
surface area of nanomaterials and reduced crystal defects. Although, the addition of rare-earth
elements somehow facilitates anti-sintering phenomenon; however, this restricts the limitation
of special additives in ceria-based nanomaterials. Therefore, to spread the span of nanoceria
applications, this problem needs to be addressed comprehensively. Finally, vast scale produc-
tion of ceria nanomaterials is also challenging. It is essentially required to develop and improve
more valuable preparation of technologies for industrial and commercial applications com-
bined with deepening comprehension of the formation mechanisms.
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Abstract

Layered double hydroxides (LDH) and layered hydroxide salts (LHS) are widely
studied as matrices to design new materials with applications in several areas of science
and technology. Both LDH and LHS are composed of molecular layered units with
surfaces fully covered by hydroxyl groups and positive-charge residues within the
layers; therefore, anions in the interlayer space are needed. Even though these anions
are described as interlayer species without a covalent interaction with the molecular
layered units, the substitution of hydroxyl groups is also possible; in other words, the
functionalization of the surface could occur. This chapter reviews results previously
published related to the functionalization phenomenon in LDH and LHS, which is not
considered in most of the scientific reports of new materials derived from these
compounds. In this text, the use of copper probes to study electron paramagnetic
resonance spectra, reinforced with infrared spectroscopy to confirm functionalization,
is described. The occurrence of functionalization instead of a simple anion exchange
provides a change of properties in the final nanosized material.

Keywords: functionalization, layered double hydroxide, layered hydroxide salt, elec-
tron paramagnetic resonance
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1. LDH

1.1. Layered double hydroxides

Layered double hydroxides (LDH) form a class of ionic lamellar inorganic materials that are
positively charged. These compounds are also named as anionic clays or hydrotalcite-like
compounds. The structure of these compounds is formed by metal cations octahedrally
coordinated by hydroxyl groups. The resulting octahedra share their edges to form infinitely
large layers where hydroxyl groups cover both surfaces of each layer. The peculiar feature in
LDH is that metal cations must be a combination of divalent and trivalent cations with ionic
radii close to that of Mg? [1]. The trivalent cations in the layers produce a positive charge residue
in the octahedra where they are located.

The interlayer domain contains charge compensation anions and solvation molecules. The size
and orientation of species intercalated inside the interlayer region influence the interlayer
distance and basal space of the resulting materials [2]. The basal space of LDH observed by
powder X-ray diffraction is around 7-10 A [3]. Anions may be small, e.g., CO;*, CI, SO,
RCQO,;, or large such as methotrexate, 5-fluoruracil, and ibuprofen [4-6].

The chemical composition of LDH is represented by the general formula [M*,- M?* (OH),]**
(A"),/,.zH,0, where M and A".— correspond to metallic and anionic species, respectively. The
most common M?* are Mg?, Zn*, Ni*, Ca*, Co*, Cu*, and Mn*, whereas M* are Al*, Ga¥,
Fe*, and Mn* [7]. The x mole fraction of the trivalent cation is normally between 0.2 and 0.4
[8]. This fraction determines the electrostatic charge density in the layers, thus influencing the
size of the interlayer space and a variety of physicochemical properties such as adhesion,
reactivity, ion-exchange capacity, and rotation of chemical species into the interlayer space and
on the surface [7]. More details related to the structure of LDH can be found in some published
revisions [9, 10].

1.2. Reversible ion exchange

The LDH have a flexible interlayer space, which allows it to retain ions with different sizes,
such as proteins, enzymes, deoxyribonucleotides, viruses, pesticides, drugs, and dyes. The
intercalated species improve their solubility and biocompatibility as they are protected from
degradation by external chemical and biological attack, thus extending half-life and function.
The intercalation of this large variety of anions is reversible and this effect is used to design
nanoparticles for controlled release. The releasing mechanism in LDH is carried out by ion-
exchange reaction due to the presence of electrolytes or due to the partial dissolution of layers
in slightly acidic conditions, thus the molecule intercalated or functionalized into LDH can be
released in a controlled manner [11, 12].

1.3. Synthesis

A number of easy and low-cost synthetic techniques have been successfully employed in the
preparation of LDH. The most commonly used is a simple coprecipitation method; the second
is based on the classical ion-exchange process; the third is the reconstruction or memory effect
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process [1, 13], although a recent analysis demonstrates that this “memory effect” is merely a
direct synthesis [14].

The coprecipitation method with alkali is performed with a solution of inorganic salts. The
most used salts are nitrates, chlorides, or carbonates. In some cases, an ageing step is required
to increase crystallinity or the particle size [8].

The ion-exchange method is based on the exchange of the anions present in the interlayer
region. In addition, it is strongly influenced by the electrostatic attraction between the layers
and the new anion [8]. Nitrate ions are usually used as precursors for ion-exchange reactions
because they are easily replaced [1].

The synthesis by calcination reconstruction has been widely reported. It is based on the
capacity of layered hydroxides to be transformed in oxides by calcination and then converted
reversibly to layered double hydroxides by hydratation for 24 hours. This process can be
realized in the presence of organic ions/molecules to intercalate them inside the interlayer
galleries of LDH. However, the recent analysis of the grow process determined that the divalent
metal oxides (with alkaline nature) react with the amphoteric aluminum oxide in water, thus
this method is not an actual reconstruction [14].

Some other methods, such as salt hydrolysis [15, 16], sol-gel synthesis using ethanol and
acetone solutions, and a fast nucleation process followed by a separate aging step at elevated
temperatures, have also been reported [8].

1.4. Advanced applications

LDH have found a wide field of applications in the last two decades, which reflects the
importance of studying these compounds. Advanced applications have been found in the
biomedical field as nanovehicles for delivery of ibuprofen, enalaprilate [17], 5-fluoracil,
methotrexate [18], DNA segments [19], cosmeceuticals [20], as well as nanoparticles for
diagnoses through fluorecent or magnetic analyses [21-23].

2. Layered hydroxides salts

Layered hydroxide salts (LHS) forrm a family of inorganic crystalline compounds with a
similar layered structure of that found in LDH and a similar anion-exchange ability [24, 25].
The particles of LHS can be synthesized in the nanometric scale and they have been used as a
basis to produce novel materials with tunable properties [26, 27].

Although the first articles reporting the anion-exchange property in LHS appeared in the early
1970s [26], the use of these compounds to prepare new materials by exchanging the interlayer
anion occurred after 1990 [28, 29]. In order to understand the anion-exchange process and the
possibility of functionalization events in LHS, the structure and composition will be described
in the next section.
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2.1. Structure and composition

The structure of LHS, as well as that of LDH, is based on the layered organization of single
hydroxides, such as Brucite, Mg(OH), [30], where a divalent cation occupies the octahedral
position coordinated, in principle, by hydroxyl groups (Figure 1a). A single hydroxide, when
synthesized in the presence of other anions, could retain them while conserving the coordi-
nation of the metal cations exclusively by hydroxyl groups. This is the case of a-nickel
hydroxide, which is capable of allocating nitrate anions between two electrostatically neutral
hydroxide layers (Figure 1b). However, by modifying synthesis parameters detailed in the
bibliography [31], the nitrate anions can isomorphically replace some hydroxyl groups, thus
producing an LHS structure: nickel hydroxide nitrate with composition Ni;(OH),NO;. This
structure is represented in Figure 1c and is the most common LHS containing chloride, nitrate
sulfate or acetate (Figure 1b) [24, 32, 33]. The molecular formula to represent this type of LHS
is M(OH),.,(A™),,,, where M is the divalent cation and A" is an anion with #” charge. Regarding
the metal cation, LHS have been prepared with Mg*, Ni*, Zn*, Ca*, Cd*, Co*, and Cu?*, which
can be combined in the same structure [28].

A
WRRR < ﬁngz‘
ﬂ{,-c ? o

Figure 1. Single-layer representation of (a) single hydroxide, (b) single hydroxide with intercalated nitrate ions, (c) an
LHS with isomorphic hydroxyl substitution by nitrate ions, (d) dentate LHS layer with functionalized tetrahedral, and
(e) dentate LHS layer with loose nitrate ions.

Another structural change observed in LHS with respect to Brucite, especially those composed
by zinc cations, is that 2/5 of M* is displaced from the octahedral center to the surface of the
layers producing tetrahedrons and giving the aspect of dentate layers as shown in Figure 1d
And 1e [33]. The metal cation in the center and three hydroxyl groups in the base, shared with
the octahedrons, form the tetrahedrons. The apex can be occupied either by the A" anion or
by a water molecule. In the former case the A" directly coordinates the metal center
(Figure 1d), whereas in the structure where water occupies the apex, the A" remains free in
the interlayer space (Figure 1e) [33]. Examples of both structures are zinc hydroxychloride
(Zn;(OH)4CL,.H,0) and zinc hydroxynitrate (Zns;(OH)s(NOs), (2H,0), respectively [34, 35].
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2.2. Synthesis

Layered hydroxide salts are synthesized by the same procedures used to prepare layered
double hydroxides. The precipitation of salt solutions with sodium hydroxide is the easiest
and most practical method [35, 36-38]. This method is recommended when a large amount of
product is desired. For example, when a copper acetate solution reacts with sodium hydroxide,
the copper hydroxide acetate is obtained [39].

Another method based on the slow decomposition of urea allows to obtain different compo-
sitions by changing the synthesis parameters [40]. For example, a mixture of cobalt nitrate with
urea heated inside an oven at 80, 100, 120, and 160°C produces Co(OH),,(NO;),s,
Co(OH);7(NO;);.0.35H,0, Co(OH), 75(NO5))25.0.66H,O, and Co(OH),(NOj;),5.0.66H,0,
respectively [40].

2.3. Surface modification with organic anions

The growing interest in studying LHS is based on the ability to exchange the interlayer A™
anion either by organic or inorganic anions. The wide number of possible combinations in
composition results in materials with novel properties. Nonetheless, the insertion of a new
anion isnot always a simple task, thus the researchers have developed some strategies to obtain
new LHS. According to common definitions of functionalization [41, 42], the modification of
an LHS surface with new molecules or ions produces a functionalized LHS; however, in a
deeper perspective, the effective functionalization of layered units is related to the substitution
of hydroxyl sites. The methods to modify the LHS are presented in this section regardless of
whether they produce an effective functionalization or simply substitution of A" anions.

2.3.1. Anion exchange

This is the most applied method to modify an LHS. First, an LHS must be synthesized by the
precipitation or urea method as described above, and preferably the interlayer A" anion in the
starting compound should be weakly attracted by the metal cation-like acetate, chloride, or
nitrate. Otherwise, anions with a large negative charge density (e.g., carbonate) are strongly
retained by the layers and reduce the exchange efficiency [1].

An example of an anion exchange is the reaction of copper hydroxide acetate dispersed in
ethanol, mixed with benzoic acid and stirred for 36 h. The benzoate anions substitute acetate
and produce the LHS copper hydroxide benzoate [39].

2.3.2. Coprecipitation

The coprecipitation method is adequate to intercalate A" anions with large volume, for
example, dyes or surfactants [43]. The layered units of the hydroxide salt are formed during
the synthesis in the presence of A" anions that are captured to stabilize the stacking and form
the particles. This process avoids the high activation energy needed to expand the interlayer
space in the anion-exchange reactions. A representative experiment to obtain a modified LHS
by coprecipitation requires an aqueous solution starting with the addition of zinc nitrate to a
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vessel with water and sodium dodecylbenzenesulfonate. This solution is slowly mixed with
an NaOH solution. The white suspension formed contains nanoparticles of zinc hydroxide
dodecylbenzenesulfonate [43].

2.3.3. Solid state

The solid-state method was developed to reduce or avoid the use of solvents. This method
requires one M?*" salt mixed with a reagent providing the counter ion and urea. One reaction
was exemplified above with the cobalt hydroxide nitrate compounds. Another example where
the A™ anion is organic has been found in the reaction of magnesium nitrate, urea, and benzoic
acid. The heat of this mixture at 110°C produces a magnesium hydroxide benzoate compound
[44].

Although the aim of this method is also to increase the selectivity of products and reduce
purification steps, the reaction periods are larger and temperatures are higher [31, 40, 44].

2.4. The nanometric dimensions of LHS

Size of LHS nanoparticles depends on the synthesis method followed. Commonly, particles
obtained by precipitation or coprecipitation present nanometric dimensions. The scanning
electron microscope image presented in Figure 2 corresponds to a zinc hydroxide nitrate salt
prepared by precipitation of a zinc nitrate solution with sodium hydroxide. The histogram
demonstrates that the particle sizes, although with large dispersion, fall in the nanometric
dimensions.

Figure 2. Scanning electron microscope image of zinc hydroxide nitrate obtained by precipitation and the histogram
demonstrating that the particles presented nanometric dimensions.

3. Functionalization studies in LDH and LHS

Functionalization of materials is defined as the insertion of chemical functional groups in the
surface of materials regardless of their crystalline or amorphous nature [45]. Functionalization
reactions can be conducted in metals [46], ceramics [47], and synthetic or natural polymers [48,
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49]. The aim of functionalization is to modify, tune, or add surface properties to a material once
they play a key role in the overall performance of materials [42], especially those with nano-
metric sizes. For example, the functionalization of silica with sulfonic or thiol groups enables
the scavenging of Cr*" and Pb? cations from aqueous solution [50, 51]; gallium nitride nano-
particles become stable in aqueous suspension after functionalization with cysteine [52];
bismuth germanate (Bi,Ge;O,,) nanoparticles could recognize leukemia cells after functional-
ization with a monoclonal antibody [53]; and functionalization could also be useful to reduce
toxicity of nanoparticles (like hydroxyapatite) in biomedical applications [54].

A recent review has detailed the strategies of functionalizing ceramic oxides and gave an
important classification to understand them. This classification comprises three groups:
physical, chemical, and biological reactions [42].

However, itis important to point out that this classification is one of the approaches to organize
the description of functionalization methods. Another classification of ceramics functionali-
zation includes surface coating and in situ surface modification [41].

At this point, in both classifications it is necessary to identify that the functionalization term
is not limited to the insertion of a chemical functional group to a surface in a covalent manner,
and the surface modification through a coating or physisorption is also contemplated [42]. In
this regard, adsorbed molecules onto materials with high porosity are also named function-
alized materials. Examples of typical functionalization reports are represented in Figure 3.
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Figure 3. Representative examples of functionalization reactions. (a) Covalent functionalization of silica with propyl-
sulfate [50], (b) ionic modification of an LDH with dodecylsulfate [55], (c) gallium nitride surface functionalized with
amino groups [56], (d) LDH functionalized with lipoxygenase [57], (e) silica functionalized with carbodiimide and then
with a protein [42], and (f) hydroxyapatite functionalized with glucuronic acid [54].

The following section strictly focuses on those functionalization reactions where the crystal-
lographic sites of hydroxyl groups in layers of LDH and LHS are partially substituted by other
anions, i.e., when the insertion of new functional groups in the surface strictly occurs.
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3.1. Functionalization in layered double hydroxides and layered hydroxide salts

The covalent growth of layered units with divalent and trivalent cations involves the coordi-
nation with hydroxyl groups. Under this condition, the octahedral arrangement—where the
metal cation is coordinated by six ions—satisfies the number of ligands determined by the 4th
rule of Pauling [58], and the presence of additional anions to stabilize the residual positive
charge located in those centers occupied by trivalent cations is strictly restricted in the first
coordination sphere. Then, the anions beyond this sphere satisfy the electrostatic neutrality.
The overall arrangement corresponds to layers fully covered by hydroxyl groups and A™
anions loosely attached to this hydroxylated surface. Nonetheless, it is possible to find
structures where anions substitute the hydroxyl sites [59].

Regarding LHS compounds, the natural functionalization — or substitution of hydroxyl groups
by anions—is observed in the structures of Figure 1c—e. As demonstrated, these anions can be
further substituted through a low-energy anion-exchange reaction [28]. Although several new
materials prepared by exchange reaction have been reported, a detailed study to determine if
the resulting material is functionalized or simply intercalated is not always conducted.

The following section presents a case study using Cu?* cations spread in cationic sites of LDH
and LHS as probes to determine if functionalization occurs by means of electron spectroscopy.

3.2. Synthesis of LDH and LHS with Cu* probes

Divalent copper cations, Cu*, are paramagnetic species with at least one unpaired electron.
The magnetic coupling of this electron with a nuclear spin equal to 3/2 results in a spectrum
with four signals under an isotropic environment. In solid compounds, the anisotropic effect
produces more lines, in principle, one set of four signals per orientation of the electron with
respect to the applied magnetic field [60].

On the other hand, LDH and LHS are composed of metal cations with a similar radius to that
of Mg*, and therefore Cu* cations can be used to prepare these structures and they serve as
EPR (Electron Paramagnetic Resonance) probes if they are spread along the layers [59, 61, 62]
or on other solid compounds [63].

The experiment to determine the amount of copper needed to obtain a single crystal phase
along with a clear EPR signal comprised the synthesis of LDH and LHS particles with different
contents of Cu?* cations [62].

The synthesis of an LDH group was prepared by precipitation of a solution with nitrate salts
of Zn* and AI* cations mixed with three contents of Cu®: 0.2, 1.0, and 10.0 mol% with respect
to Zn*. Regarding the synthesis of the LHS, the nitrate salt solution only contained zinc cations
and the same atomic percent of copper. Details of this synthesis can be found in the literature
[62].

The analysis by X-ray diffraction of these compounds revealed profiles of layered structures
and no second phases of copper compounds were observed in the LDH modified with 0.2 mol
% of Cu*, and therefore the compound was suitable for the intercalation/functionalization
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study. Another important piece of information from these diffractograms is that LDH were
formed, therefore cations —including Cu*- occupied octahedral positions.

In the case of the LHS, the diffraction patterns confirmed that the structure of a zinc hydroxide
salt was properly formed. This structure corresponds to that depicted in Figure 1le, where
cationic sites occupy both octahedral and tetrahedral positions. The compound selected for
the functionalization study was the LHS modified with 1.0 mol% of Cu*".

3.3. Functionalization studies by electron paramagnetic resonance spectroscopy

Once the LDH and LHS are prepared with a low amount of copper cations, the EPR spectro-
scopy analysis can be conducted.

The most representative EPR spectra to discuss functionalization correspond to the LDH with
0.2 mol% of Cu* and the LHS with 1.0 mol% of Cu*". The spectra plotted with black lines in
Figure 4 correspond to experimental data from the LDH and LHS. The former is composed of
four lines and one intense signal of axial and parallel components of Cu* ions in Oh coordi-
nation, which is confirmed with a simulated spectrum of Cu* in octahedral coordination,
fitting the experimental data. With the aid of the SimFonia software, the crucial parameters to
achieve the fitting were the g factor and the spin-nucleus coupling constant A, with values of
Sxxyy =2-069 and A, . =13 x 10™* cm™ for two parallel components, respectively, and g,, = 2.362
and A,, =139 x 10* cm™ for the perpendicular components, respectively [59, 61]. Once g, = g,y
and g, > &,. > 2, the copper cations underwent a high distortion affected by the elongation
of the z-axis [60, 64]; furthermore, the g, /A, ratio (2.069/13 x 10* cm™ = 172 cm) is close to
200 cm, and this value has been associated with such tetrahedral distortion [65, 66]; therefore,
the simulated spectra correspond to copper cations in octahedral sites.
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81

A B

Figure 4. (A) EPR spectra of LDH modified with 0.2 mol% of Cu?" and the LHS modified with 1.0 mol% of Cu*. Adapt-
ed from [62]. (B) Left: layer of LDH with octahedral units, where Cu?" cations replace zinc positions (red octahedra);
right: layer of LHS with octahedral and tetrahedral units, where Cu* cations replace both zinc positions (red polyhe-
dra).

Regarding the spectra of the LHS, more absorption signals are present, and they were re-
composed with the sum of two spectra: one similar to that proposed for the LDH with cop-
per in octahedral coordination with values of g, = 2.089, A, =15 x 10* cm’; g,, = 2.400

and A,, = 113 x 10* cm™; and a second spectrum with g,, = 2.274, A =41 x 10* cm™; g, =
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2.020 and A,, = 80 x 10* cm™ associated with copper center in tetrahedral coordination [59].
These results indicate that copper cations are located in both octahedral and tetrahedral
sites in the LHS as represented in Figure 4.

Regarding the octahedral positions, the g and A parameters, and especially the g,/A; ratio,
undergo a change when the crystal field of copper is modified; in other words, the substitution
of hydroxyl groups from the coordination sphere by other anions corresponds to a function-
alization phenomenon revealed by a change in the g;/A, ratio [59, 61, 62].

The spectra in Figure 5 belong to an LDH subjected to an exchange reaction with adipic
(HOOC—(CH,),—COOH) and azelaic (HOOC—(CH,),—COOH) acids. Dotted lines in the
spectrum indicate that the signals after intercalation of adipic acid are in the same position,
indicating that the crystal field of copper cations did not change, i.e., the hydroxyl groups were
not substituted since the adipic acid only replaced nitrate ions and remained hydrated and
“loose” in the interlayer space as depicted in Figure 5B. Conversely, the spectrum of the
compound treated with azelaic acid presented shifted lines and appeared closer to each other
as result of a lower spin-nucleus coupling, detected through the simulated spectrum where
A,,=123 x10* cm™ [59]. Simultaneously, the g,, factor increased to 2.385. Both of these changes
indicate that the crystal field was modified, and therefore the functionalization of the layers
was accomplished with azelaic acid. This crystal field change of the Cu* sites is represented
in Figure 5B.
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Figure 5. (A) EPR spectra of LDH modified with 0.2 mol% of Cu?" and the intercalation products with adipic and azela-
ic acids. (B) Intercalation products of LDH with adipic acid where the exchanged anions are loosely retained between
the layers and azelaic acid substituting the hydroxyl groups of the layers (functionalization).

The evidence of functionalization in the LHS was also demonstrated with the EPR spectra of
the intercalation products with adipic and azelaic acids (Figure 6A). First, the product with
adipic acid produced the same spectrum profile found in the initial LHS; in fact, similar g and
A parameters were found in the simulated spectrum of copper in the octahedral and tetrahedral
sites [59]. However, more information obtained from infrared and nuclear magnetic resonance
indicated that the carboxylate group was probably coordinated to a metal center; in this case,
only copper in octahedral position could be affected since the g and A parameters, from the
octahedral simulated component, were modified slightly (Figure 6B).
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Figure 6. (A) EPR spectra of the LHS modified with 1.0 mol% of Cu** and (B) a representation of the intercalation prod-
ucts with adipic and azelaic acids.

The product from the reaction with azelaic acid has a clearer shift of the EPR spectrum. The
simulation to fit the experimental data revealed that the coupling constant A increased for
copper in the octahedral position and decreased for that in the tetrahedral position (from A,,
=80x10*cm?to A,,=72x10*cm™) [59]. This data indicates thatboth octahedral and tetrahedral
units experience a change in the crystal field associated with functionalization of azelaic acid
as presented in Figure 6B.

The use of EPR spectroscopy and Cu* probes demonstrated to be a useful tool to assess the
functionalization of LDH and LHS layers. The information obtained is important from the
point of view of basic science and can help to interpret the performance and properties of new
materials based on layered hydroxide compounds.

3.4. Functionalization studies by infrared spectroscopy

Infrared spectroscopy is one of the most important techniques to analyze materials once it
provides molecular information in a very short time; it is non-destructive and, in most cases,
the sample does not need special treatments. Although commercial equipment is provided
with detectors for the middle region of the infrared spectrum and details for the metal-oxygen
bonds are not clearly observed, the information obtained from the interlayer anions, especially
those related to symmetry changes, is relevant to determine if functionalization occurs, mainly
in LHS.

The functionalization or effective pillaring in LDH is scarcely studied and the specific study
is reported in the articles analyzed in the EPR section [59, 61, 62]. A confirmation of function-
alization exclusively based on infrared spectroscopy has not been reported to the best of our
knowledge. One of the deepest studies by infrared spectroscopy only determined the orien-
tation of nitrate ions with respect to the layers [67] and the different anion-exchange ability
influenced by such orientation [68]; however, the substitution of hydroxyl groups was not
detected according to elemental analysis.
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On the contrary, the infrared spectra on LHS, in several cases supported by X-ray diffraction,
were enough techniques to determine that hydroxyl sites were substituted by other anions,
resulting in the structure depicted in Figure 1d.

A representative example of layers exclusively formed by cations octahedrally coordinated by
hydroxyl groups and functionalized with nitrate ions is found in a copper hydroxide nitrate
reported by Aguirre et al. [69]. In this case, the functionalization by nitrate ions is clearly
determined by infrared spectroscopy, where the nitrate ions presented two intense bands at
1426 and 1343 cm™ corresponding to asymmetric and symmetric stretching, respectively, of
nitrate anions coordinating some copper cations [69].

Other researchers observed the same spectral profile with two signals at 1420 and 1338 cm™
for nitrate in functionalized layers, whereas free nitrate produces a single band at 1370 cm™
[70]. This splitting caused by a clear functionalization phenomenon with nitrate anions is
observed in Figure 7, where the band at 1375 cm™ in nonfunctionalized layers splits and
produces two signals at 1447 and 1351 cm™ when nitrate is directly coordinating the metal
cations in an LHS structure [62]. These examples demonstrate that infrared spectroscopy is a
practical technique to determine functionalization of layers with nitrate ions.
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Figure 7. Infrared spectra of a zinc hydroxide nitrate salt precipitated at different pH, 6.12 and 8.10.

4. Properties of LDH and LHS dependent on functionalization

Some of the consequences of functionalization in LDH and LHS are presented in the following
cases.

A physical reduction of the interlayer space is observed. Commonly, an LDH with free nitrate
ions presents basal spaces between 8 and 9 A. If nitrate ions functionalize the hydroxylated
layers, the basal space decreases to 6 A as presented in Figure 8 [69].
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The chemical reactivity clearly modified by a functionalization was observed in the LHS with
composition Zns(OH)s(NOs),.2H,0. The structure typically contains free nitrate ions in the
interlayer space and therefore produces a single IR band of the symmetric stretching at 1375
cm™ in Figure 7. This solid compound was added as heterogeneous catalyst to an esterification
reaction with lauric acid and methanol and no activity was detected (Figure 9). On the contrary,
the addition of the compound with the nitrate-functionalized layers leads to ester formation
with yields higher than 95% [71].

0.9 nm

Figure 8. Basal space dependent on the interlayer anion that can be (A) “free” or (B) functionalizing the layers.
+

s

Non-functionalized Functionalized
catalyst catalyst

No reaction W

Figure 9. Methyl esterification of lauric acid is catalyzed in high yield with an LHS where nitrate ions functionalize the
layers. The compound with free nitrate is not active in this reaction.

A property derived from the direct graft of nitrate anions is that nitrate functionalizing the
layers in Figure 8 has a restricted rotation degree unlike that in the LDH where nitrate is free
and therefore two orientations can be adopted, one parallel and another perpendicular to the
layers. Further, these two orientations influence physicochemical properties evidenced by the
different anion-exchange ability [67, 68].

The functionalization of layers presented in Figure 8B favored a higher crystallinity degree in
nickel hydroxide layers regarding better stacking. Conversely, loose intercalation of nitrate
promotes rotation of layers causing a stacking disorder known as turbostraticity [31].
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Another consequence observed when nitrate ions functionalize the layers is the change in
thermal stability of the functionalizing anions. This effect was demonstrated with a set of LDH
composed by Cu?, Mg, Zn*, and Ni*, where the nitrate ion decomposes at a temperature
dependent on the charge density of the metal cation, thus the main decomposition step
occurred at 220-300, 200-320, 290-420, and 380-500°C for the LHS composed by Cu*, Zn*,
Ni?*, and Mg* cations, respectively [72]. This thermal stability is derived from the direct bond
between the nitrate and the metal cation.

5. Conclusions

Surface functionalization of LDH and LHS can be produced by physical and chemical methods.
Physical modification through anion-exchange processes is the most common phenomenon to
add new properties to the layered compounds. Although this physical modification is also
considered functionalization, this text discussed functionalization as a chemical reaction where
hydroxyl groups were substituted by other functional groups. Based on this concept, the data
demonstrated that the functionalization of hydroxylated layers in LDH or LHS is capable of
modifying the physicochemical properties of those particles. Such modification of nanometric
particles is relevant to adjust properties needed in specific applications.

Some of the properties modified by chemical functionalization of LDH and LHS compared to
those in anion-exchanged compounds are as follows: (i) the lower interlayer space, (ii) chemical
reactivity, (iii) anion-exchange capability, and (iv) thermal stability. The analyzed bibliography
proves that infrared spectroscopy is a practical tool capable of confirming functionalization
with nitrate ions. However, the use of EPR spectroscopy and Cu* cations as probes gives
deeper information to confirm the functionalization with different anions in LDH and LHS
nanoparticles. The relationship between functionalization and properties could be better
understood if the functionalization phenomenon was studied in detail through these spectro-
scopic techniques. Therefore, a rational design of new materials with controlled properties
could be achieved.
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Abstract

Herein, we report on the intercalation of Cg-fullerol into graphite oxide. This was
achievable due to the solubility of the guest species in water and the exfoliation/
reconstruction properties of the layered host. The resulting nanocomposite materials
were characterized using a wide variety of techniques, including infrared spectrosco-
py, powder X-ray diffraction, thermogravimetric analysis, and electron microscopy.

Keywords: intercalation, fullerol, graphite oxide, exfoliation, nanocomposite

1. Introduction

Cy-fullerene (or buckminsterfullerene) was the first compound to be discovered in the
fullerene family of carbon allotropes. It is obtained by the purification of soot derived from
the pyrolysis of graphite [1]. Each carbon is covalently bonded to three other carbon atoms in
the nanostructure. The remaining electrons participate in delocalized double bonds which give
rise to the electrical conductivity of the material. The atoms are arranged in a cage structure
that confers excellent thermal stability to the material.

Fullerenes, and many of their derivatives, are relatively nontoxic and therefore have been
considered as possible replacements for harmful substances such as heavy metals in some
materials applications [2]. An interesting feature of fullerenes is the region of low electron
density generated in the centre of the cage structure which allows for the possibility to trap
other atoms or small molecules within, resulting in binary compounds known as endohedral
fullerenes [3]. Hence, these materials could serve as protecting agents, for example, in pro-
tecting the active ingredients of medications from being eliminated too quickly by the immune
system. However, the use of fullerenes in biological applications has been hampered due to
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their insolubility in the aqueous environment of living cells. To explore such applications,
water soluble derivatives of fullerene must therefore be synthesized, for example, by multiple
hydroxylation of the fullerene cage structure to obtain fullerol. This synthesis can be achieved
using a solvent-free reaction as described by Sheng et al. [4].

Graphite oxide (GO) is the oxidized form of graphite, which is usually obtained through the
reaction of graphite with potassium permanganate in concentrated sulfuric acid in a process
known as the Hummer’s method [5]. This method adds oxygen-containing functional groups
along the surface of the material, such as hydroxyl and carbonyl groups, and epoxide bridges,
without breaking or severely interrupting the carbon sheet structure of graphite. Because of
these functional groups, the material can be exfoliated in water and subsequently restacked,
allowing other molecules such as polymers to be trapped between the layers [6]. Also, because
GO is relatively nontoxic, this remarkably versatile substance has found use in biological
applications, for example, as a biosensor for monitoring DNA hybridization [7].

Intercalating Cg-fullerol into GO may lead to the discovery of a hybrid material with inter-
esting properties, especially for applications where the protection of small molecules is
important. For example, the inclusion of an endohedral fullerene derivative into a lamellar
material could allow for a more controlled release of the trapped molecule in the carbon cage.
In general, intercalated materials have enhanced thermal and mechanical properties [8], which
may also lead to more stable protecting properties. GO is an excellent choice as a host material
for fullerol as both have been shown to form strong m-electron stacking interactions [9, 10].
Experiments were performed to determine whether Cy-fullerol can be successfully interca-
lated into GO via exfoliation and restacking of the layered host, as has previously been reported
with compounds containing delocalized m-electrons [9].

2. Experimental section

2.1. Materials

Cyo-fullerene, sodium hydroxide, hydrogen peroxide, methanol and hydrochloric acid were
purchased from Aldrich. Graphite oxide was prepared as described in Ref. [5].

2.2. Synthesis of Cy-fullerol

Cy-fullerol was prepared using the solvent-free method as described in Ref. [4]. Cy-fullerene
was placed in a mortar with 60 equivalents of both solid sodium hydroxide and 30% aqueous
hydrogen peroxide, forming a suspension. These were ground together for at least 15 min to
ensure complete reaction. The resulting yellow-brown sludge was dissolved by stirring in
deionized water and then filtered by gravity to remove impurities. The resulting solution was
concentrated under high vacuum until a brown precipitate appeared. The solid was fully
precipitated by adding methanol and separated from the solution by centrifuging for 30 min,
followed by decanting of the excess methanol. The solid was washed with methanol and
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centrifuged twice more to remove any remaining sodium hydroxide, and then freeze-dried to
obtain the brown hydroxylated product.

2.3. Intercalation of C,-fullerol into GO

The process for the intercalation of C-fullerol into GO was adapted from Ref. [9]. C-fullerol
and GO were placed in separate round bottom flasks. Deionized water was added to the flasks,
and they were then sonicated for 30 min to ensure dispersion/dissolution of the solids. The
fullerol solution was then added to the flask containing GO which was again sonicated for 30
min, then stirred overnight. Five drops of concentrated hydrochloric acid were then added,
followed by another night of stirring. The reaction mixture was cast on a glass substrate in
order to monitor the change in structure of the material by XRD, heated to 60°C for 90 min and
then allowed to cool to room temperature. A small portion of the resulting suspension was
cast on another glass substrate for XRD analysis, and the rest centrifuged for 30 min. The wet
solid was then collected and freeze-dried to give the final product.

3. Instrumentation

Nuclear magnetic resonance spectroscopy was performed on samples of the synthesized Cg,-
fullerol on a Bruker 300 MHz NMR spectrometer. All samples were prepared in D,0O, and a
total of 6228 scans were performed for *C NMR and 174 scans for 'H NMR.

Cyo-fullerol, GO and all intercalation products, were analyzed using a Bruker ALPHA FT-IR
spectrometer equipped with an attenuated total reflectance (ATR) sampling unit. The samples
were run over the range 4000-400 cm™. The resolution of the instrument was 0.9 ecm™,and 17
scans were used.

Powder X-ray diffraction was performed on all materials using a Bruker AXS D8 Advance
diffractometer, equipped with a graphite monochromator, variable divergence and antiscat-
tering slits, and a scintillation detector. Cu (Ko radiation (A = 1.542 A) was used for the
measurements which were run in air from 2 to 60° (20). Intermediate samples were prepared
as casts on glass substrates as mentioned in Section 2.3, while samples of the final products
were pressed on double-sided scotch tape on silicon substrates.

Thermogravimetric analysis was performed on a TGA Q500 from TA instruments using a
heating rate of 20°C/min.

Scanning electron microscopy (SEM) was performed using a Hitachi TM 3000 tabletop
scanning electron microscope. An accelerating voltage of 15 kV was used. The samples were
mounted on a carbon black tape prior to the imaging.

High resolution transmission electron microscopy (TEM) was performed on a Hitachi 7500
Bio-TEM, using an accelerating voltage of 80 KV. The powdered samples were dispersed in
deionized water with the help of ultrasonication, and the dispersed samples were cast on
carbon-coated copper grids.
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4. Results and discussion

Cy-fullerol synthesized in this research was characterized using various techniques to confirm
hydroxylation of the fullerene structure and the number of hydroxyl groups added, in order
to determine average molar mass and product yield. The intercalated product was character-
ized in order to confirm insertion of fullerol and determine the material’s properties such as
stoichiometry, structure, thermal properties, and solubility in water.

Hydroxylation of fullerene was confirmed using IR and NMR spectroscopy. The IR data are
summarized in (Table 1), and NMR data are provided in (Table 2).

Compound Frequency (cm™) Intensity Assignment
Fullerene (Aldrich) 1427 w C=C stretch
794.8 m C—C stretch
Fullerol (Batch 1) 2446 w, broad O—H stretch
1419 s C=C stretch
855.7 m C—C stretch
Fullerol (Batch 2) 2447 w, broad O—H stretch
1423 s C=C stretch
877.2 m C—C stretch
Fullerol (Batch 3) 3323 w, broad O—H stretch
1419 s C=C stretch
877.1 m C—C stretch

Table 1. IR signals for fullerene and derivatives.

Compound NMR type Shift (ppm) Multiplicity Assignment
Fullerol (first batch) H 3.353 s —O—H

BC 166.0 s —C—OH
Fullerol (third batch) H 3.349 s —O—H

Table 2. NMR chemical shifts.

The IR spectra contain the characteristic fullerene C=C stretch peak at 1420 cm™, although
the intensity differs. This is because some double bonds are lost when electrons are used
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to form bonds to the hydroxyl groups. During hydroxylation, double bonds also rear-
range so that only carbons with single bonds are hydroxylated, in order to maintain the
integrity of the cage structure. As a result, the position of the C=C signal remains virtual-
ly unchanged, while the C—C signal is shifted to higher frequency due to the effects of
the hydroxyl group. However, the hydroxyl signal in the IR spectrum is much less intense
and is usually observed at around 3323 cm™ (batch 3). However, for batch 1 and batch 2,
the —OH band is shifted to a lower wave number ca 2440 cm™, and this is attributed to
hydrogen bonding between the fullerol molecules, via the hydroxyl groups.

'"H NMR spectroscopy was performed on the synthesized fullerol (batch 1 and batch 3),
and the observed chemical shifts were compared to the literature [11]. A singlet is ob-
served at 3.35 ppm which corresponds to the fullerol hydroxyl proton and is in good
agreement with the literature. '"H NMR spectroscopy does confirm the successful synthesis
of fullerol.

3C NMR was also performed on fullerol (batch 1), and a single strong peak is observed at 166
ppm. This is in very good agreement with the literature and represents the fullerene carbon
signal shifted upfield due to the deshielding effect of the oxygen atoms [11].

TGA was conducted on the synthesized fullerol (batch 1 and batch 3). The data show that
the fullerene cage structure is more stable when hydroxylated, as it decomposes above
900°C, while fullerene itself decomposes between 500 and 600°C. Using the residue per-
centage at the final decomposition along with the hydroxyl decomposition observed at an
early stage in the thermogram allows for calculation of the molecular formula and hence
molecular weight of the fullerol. The assumption made in the calculation is that the com-
pound fullerol consists of 60 carbon atoms similar to the starting fullerene. Knowledge of
the molecular formula and molecular weight allowed for calculation of the percent yield
of the synthesized fullerol. The average molecular formula, molecular weight, and per-
centage yield are tabulated in (Table 3).

Batch Molecular formula Molecular weight (g/mol) % Yield
First Ceo(OH)s g9 820.9 87.7
Second Ceo(OH)s 597 820.9 100.0
Third Cso(OH),3, 896.1 86.3

Table 3. Reaction products and yields for fullerol synthesis.

Powder X-ray diffraction shows that the synthesized fullerol is completely amorphous.
The powder pattern is featureless as there are no diffraction peaks present (Figure 1).
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Figure 3. TEM images of fullerol.
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SEM (Figure 2) and TEM (Figure 3) provide supporting evidence that the synthesized fullerol
is, in fact, amorphous. The SEM and TEM micrographs display complete lack of crystallinity,
and hence the absence of long range structural order in fullerol in the solid state.

Intercalation of fullerol into GO was performed by adapting the synthetic methodology
described in Ref. [9]. Using the molecular weight of fullerol as calculated from TGA, the mole
ratio of fullerol to GO used in the intercalation experiments were 0.6:1, 1.2:1, and 2.4:1, and the
resulting products will be referred to as the first, second, and third intercalate, respectively.
Confirmation of intercalation and elucidation of the structural features of the intercalates were
performed using IR, XRD, SEM, and TEM.

Compound Frequency (cm™) Intensity = Assignment
GO 3201 s, broad O—H stretch
1717 m C=O0 stretch
1575 m C=C stretch (GO)
1368 m C—C stretch
1045 s C—O stretch
First intercalate (fullerol: GO = 0.6:1) 3100 s, broad O—H stretch
1717 s C=0 stretch
1576 m C=C stretch (GO)
1375 w C—C stretch
1223 m C—0 stretch (Cy)
1053 S C—O stretch (GO)
Second intercalate (fullerol:GO =1.2:1) 3210 s, broad O—H stretch
1714 s C=O0 stretch
1582 m C=C stretch
1371 w C—C stretch
1217 S C—O stretch (Cy)
1036 S C—0 stretch (GO)
Third intercalate (fullerol:GO = 2.4:1) 1716 s C=0 stretch
1565 m C=C stretch (GO)
1428 w C=C stretch (Cq)
1227 s C—0 stretch (Cq)
1046 S C—0 stretch (GO)

Table 4. IR signals for GO and intercalated products.
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It is worthy to note that the IR spectrum of graphite oxide contains, as expected, peaks
characteristic of hydroxyl, carbonyl, and other C—O functional groups. The IR spectra of the
first two intercalates closely resemble that of graphite oxide; however, they also contain two
different absorptions in the region for C—O stretching. The one just above 1200 cm™ may be
related to the fullerol C—O bond as it is more intense for the second intercalate where a higher
ratio of fullerol was used in its formation. For the third intercalate, where almost twice as much
fullerol was used in comparison to the second intercalate, the intensity of the peak is reduced,
and the hydroxyl peak disappeared. However, a peak at 1428 cm™ characteristic of the fullerene
cage structure is observed. This is a good evidence for intercalation, as it suggests that adding
enough fullerol causes the hydroxyl groups in the material to react with functionalities on the
GO layers in some way that prevents them from absorbing in the IR region. This could, for
example, be a hydrolysis reaction of the hydroxyl groups, creating an ester linkage between
the fullerene cage and graphite oxide layers. The major peaks from the IR spectra are recorded
in (Table 4).
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Figure 4. XRD of (a) graphite, (b) graphite oxide, (c) first intercalate after acid treatment (cast), (d) first intercalate, after
acid followed by heat treatment (cast), and (e) first intercalate (final solid, freeze-dried product).

XRD was performed on the final solid products of the three intercalation reactions. In addition,
XRD was run on cast samples during the formation of the first intercalate, after acid and heat
treatments (Figure 4). For comparison, the XRD scans of graphite and GO are also included in
Figure 4. The X-ray diffractograms show that addition of acid and heat treatment during the
intercalation process leads to the formation of a more ordered intercalated material. Acid and
heat treatments cause the appearance of a peak with a d-spacing value of 2.8 A (20 =32) which
is not seen in the diffractograms of the starting materials. This is actually supporting evidence
for the hydrolysis mechanism proposed from the IR data, a likely mechanism for the interca-
lation of fullerol into GO. The appearance of a peak with a d-spacing of 8 A (higher than that
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of GO) is also good evidence for intercalation, and this peak is much more intense in the
product with higher fullerol content. However, it is interesting to note that the final freeze-
dried product does contain an amorphous character, and this could be due to the fact that the
XRD was run on the solid sample adhered to double-sided scotch tape on silicon substrate.

Although the above experiments offer excellent evidence for intercalation, full intercalation
would, however, result in a d-spacing value higher than 8 A, as the diameter of the fullerene
cage is over 1 nm. Therefore, the most likely explanation is partial intercalation of fullerol into
the graphite oxide layers. Hence, the best evidence for determining the detailed structure of
these materials is by SEM (Figure 5) and TEM (Figure 6). With these techniques, one can
directly observe the surface of the materials and between the layers, as well. In some of the
images shown in Figures 5 and 6, amorphous clumps resembling those of fullerol can be seen
packed between the layers, as well as attached to the surface of the layers. This is the clearest
evidence that at least partial intercalation did occur.

200304n3 1T WL 20138407 10T AL

Figure 5. SEM micrographs of (a) graphite oxide, (b) first intercalate, (c) second intercalate, and (d) third intercalate.
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Figure 6. TEM micrographs of (a) graphite oxide, (b) second intercalate, and (c) third intercalate.
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TGA studies were used to determine the stoichiometry of the intercalated materials by making
use of the observed mass losses, molecular weight of fullerol, and that of GO as reported in
Ref. [9]. As an illustration, the thermogram of the second intercalate (fullerol:GO = 1.2:1) is
depicted in Figure 7; the other two intercalates show similar decomposition patterns. The mass
loss seen at around 400°C is due to the release of the fullerene cage structure from the inter-
calated material, and the loss at around 800°C is attributed to be oxidation of carbon residues
remaining from graphite oxide (Figure 7). Using this information, the stoichiometries of the
intercalated materials were calculated and are shown in (Table 5). The evidence suggests that
increasing the fullerol ratio increases the amount of fullerol contained in the final product, but
not all of the fullerol ends up in the gallery space of the GO, especially at higher molar ratios
where any excess fullerol will end up on the surface and edge of the layered structure as
evidenced by SEM.
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Figure 7. TGA of second intercalate.
Experiment Fullerol:GO ratio Calculated stoichiometry
1 0.60:1 (Coo(OH)5 597)0. /GO
2 1.2:1 (Coo(OH)1052)05GO
3 2.4:1 (Coo(OH)10.22)1,GO

Table 5. Stoichiometries of intercalated products.

The intercalation compounds were tested for their solubility in water. The third intercalate
dissolved readily, while the first and second intercalates could only be dispersed in water, with
observed pieces of solids settling down over time. This suggests a clear trend that having more

101



102

Functionalized Nanomaterials

fullerol in the composite material increases its polarity and thus its solubility in a polar solvent
such as water.

5. Potential applications of materials

The intercalated materials synthesized in this research could potentially be used as drug
delivery systems. Graphite oxide (GO) and fullerol are both nontoxic materials which can be
dispersed or solubilized in an aqueous environment. Our research shows that fullerol can be
partially intercalated into GO. Hence, drug molecules entrapped within the cage structure of
fullerol can potentially be inserted into layered GO, and the resulting intercalated systems
would allow for the slow and controlled release of these drugs in humans and animals.

6. Conclusion

Cyo-fullerol was successfully synthesized and partially intercalated between the layers of
graphite oxide. The stoichiometry of these nanocomposite materials was determined via TGA,
and their structure elucidated using a variety of techniques. Solubility tests showed that the
intercalate with highest fullerol content was more soluble in water, and IR analysis suggests
that the mechanism of intercalation is the hydrolytic formation of bonds between the fullerene
cage structure and functionalities on the GO layers. The lower than expected d-spacing value
of the intercalates as observed by XRD suggests partial intercalation of the fullerol into the GO
layers. SEM and TEM proved to be valuable characterization techniques for this research, as
they allowed for direct observation of the fact that fullerol was, indeed, partially intercalated
into the layered structure.

In perspective, if endohedral fullerenes can be successfully intercalated into GO, the chemical
and thermal stability of the resulting intercalated nanocomposites materials could make them
useful in applications that require protection for sensitive or reactive molecules. In addition,
their water solubility could make them useful materials as drug delivery systems, since
fullerene and GO are both nontoxic allotropes of carbon. Further research is required in order
to determine the types of fullerenes that can be intercalated into GO, as well as the properties
of the resulting nanocomposite materials.
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Abstract

Nano-graphene, which is entirely composed of aromatic carbon atoms is relatively a
new material, with two dimensional periodic structures and possess amazingly inter-
esting chemical and mechanical properties. Graphene and graphene oxide (GO) mate-
rials have been explored widely as supports due to their tunable electrical properties
and high surface area as well as different functional groups. The covalent modification
of surface oxygen of carbon based materials, like graphene oxide and nano graphene
oxide (NGO) with organo amine and other functional groups is very opt for various
applications. Covalent immobilization of various organic functional moieties and
metal modified organo functionalized species on nano-graphene oxide surface enables
a robust immobilization of the reactive catalytic sites through strong binding on the
support surfaces. Such materials prevent the leaching of active metals and improve
their recyclability, when used as catalysts in solution phase. As the stability of metal
depends also on the functionalization of the NGO support, metal modified/ covalently
functionalized nano-graphene oxide materials are widely used in fine chemical syn-
thesis. The functional group of NGO also prevents the aggregation of the catalytically
active metal species during the reaction time. Both amine functionalized and metal (Pd)
modified amine functionalized nano graphene oxide exhibit excellent activity towards
fine chemical synthesis, such as with multicomponent reactions, oxidation reactions
and C-C coupling reactions.

Keywords: graphene oxide, different amine functionalized, metal nanoparticles,
oxidation reaction, one-pot reaction multicomponent reaction, coupling reactions
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1. Introduction

High surface-to-volume ratio as well as distinctive thermal, electrical, mechanical, as well as
optical characteristic can be named as the main advantages of the nano materials. Generally,
carbon-based nanomaterials, with at least 1D in nanometer size, possess exceptional and
innovative properties in their specific structure. Carbon allotropes, fullerene, carbon nano-
tube (CNT), graphene, graphite etc. exist in different forms in zero, one, two, or three dimen-
sions. Some of the carbon based nanomaterials are preferred as a support for active materials
in catalysis. Among these materials, nano-graphene oxide is prefer to be an ideal 2D catalytic
support, because of its outstanding electrical and thermal conductivity as well as mechani-
cal strength with high surface area [1-15]. The characteristics of graphene nanomaterials
enable them to interact with organic molecules through both covalent and non-covalent
bonds. H-bonding, m—mt stacking, m—cation interaction, m-anion interaction, hydrophobic
interaction, and van-der Waals bonding etc. are examples of such non-covalent interactions.
Covalent bonds happen between organic molecules and graphene based carbon nanomateri-
als with certain functional groups, such as carboxyl, hydroxyl, and epoxy group, facilitating
the functionalization of graphene based nano materials. Pristine forms of these graphene
based nanomaterials are water insoluble and in most of the organic solvents. Exploiting the
exceptional property, a variety of plans have been established to obtain stable and uniform
dispersions of active materials [16-18]. Chemical modification is an outstanding, alternative
for the connection of organic group on the graphitic surface of these nanomaterials [4, 6, 19].
Metal modified functionalized graphene based nano materials prevent the leaching of the
nano metals.

Many researchers contributed to the improvement in the activity and selectivity of function-
alized graphene based nanomaterials in different applications, relative to the pristine mate-
rial. This chapter provides an insight into the covalently functionalized nano-graphene oxide
and metal modified covalently functionalized nano-graphene oxide materials and their ver-
satile applications in the field of catalysis plus their applicability in fine chemical synthesis.

2. Carbon nanomaterials and their allotropes

Carbon receipts its designation from the Latin word ‘carbo” meaning charcoal, and forms
the more well-known stable allotropes compare to other element. While, the basic carbon
atom builds up with tetrahedral lattice of sp3 hybridization in diamond, the sp2 hybridized
extended networks are responsible for the formation of graphite. In past three decades,
different allotropes of carbon have been discovered with periodic binding networks of
alternate —sp®, —sp2 and sp hybridized carbon atoms. Among the allotropes, buckminster-
fullerene (C60), carbon nanotubes (CNTs) and graphene are most famous. These carbon
allotropes appear in zero, one, two, or three dimensions and in different forms (Figure 1).
While many allotropes of carbon like carbon nanofibers, amorphous carbon etc. exist,
depending on the type of hybridization and shape of the materials, these allotropes exhibit
varied exciting properties. The reporting of first stable two dimensional graphene material
with extraordinary properties in 2007 may be considered as a breakthrough in the Nano
carbon chemistry arena [2].
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Figure 1. Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D Bucky balls, rolled into 1D nanotubes or stacked into 3D graphite
[reproduced with permission from Ref. [2]].

3. Graphene

Graphene is a tightly packed monolayer of sp2-bonded carbon atoms into honeycomb two
dimensional (2-D) crystal lattice. Graphene has fascinated both physicists and chemists due to
its extraordinary properties such as thermal conductivity, an excellent electronic properties,
high specific area etc. Graphene can be prepared by various methods and each process enjoys
diverse advantages and limitations.

4. Synthesis of graphene
Literature survey reveals that graphene can be synthesized by using different techniques and

starting materials. Quality of graphene synthesis can be achieved either by top-down or bot-
tom-up approaches as summarized in the Figure 2.
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4.1. Top-down Synthesis

In top-down method, the graphene oxide and reduced graphene oxide are produced from the
graphite powder. Generally using a large quantities of graphite, graphene oxide (GO) was
obtained through oxidation process, while graphene was generated by reduction or exfolia-
tion process of GO. Although reduced graphene oxide and graphene have similar properties,
the surface of reduced graphene oxide possess some functional groups and carbon vacancies.
Due to the similarity in properties, many researchers have used reduced graphene oxide in
place of graphene. The different methods were developed by Brodie (1860) [20], Staudenmaier
(1898) [21], and Hummers and Hoffeman (1958) [22] for the preparation of graphene. Out of
these Hummers and Hoffeman Method gained more popularity and this method involves
stoichiometry amounts of numerous strong acids and oxidizing agents such as con. nitric
acid, con. sulfuric acid, sodium nitrite, and KMnO, for oxidation. The synthesis of graphene
oxide (GO), followed by modified Hummers method with sonication method for exfoliation
of few-layer stacked graphite oxide to graphene oxide. Successful exfoliation totally depends
on the sonication time, energy and solvents used. The advantages of this process are easy
preparation in short reaction times and lower generation of toxic gases.

4.2. Bottom-Up process

In bottom up process for synthesis of graphene sheets by pyrolyzation is called as solvother-
mal method. In this method sodium and ethanol are used for sodium ethoxide, and sodium
ethoxide was pyrolyzed into stacked layers of graphene. The stacked layered graphene is
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converted into single layered graphene sheet by sonication. This method is highly cost-
effective, but provides defective graphene. Another approach for synthesis of graphene is
by unzipping or unwrapping of CNTs. Chemical vapor deposition (CVD) is also an alter-
nate method for synthesis of graphene [23-27]. The main advantages of CVD are the quality
parameters, such as size, shape, and morphology of anticipated material which can be tuned
by controlling the conditions of chemical vapor decomposition.

5. Functionalized Graphene Oxide

Surface functionalization is fundamental technique in material science, in which new func-
tional groups are added onto the surface of the materials by chemical methods. Modification
and functionalization of graphene oxide surface is possible only due to presence of different
oxygen containing functional groups. Covalent and non-covalent methods are the two ways
for functionalization of carbon based graphene oxide materials with different advantages
and drawbacks. The final characteristics of the materials will be dependent on the nature of
functionalization.

5.1. Non covalent Functionalization

In noncovalent modification can be achieved through van-der Waals force between planer
groups and the carbon atom. Noncovalent modification avoids disrupting the construction
of the carbon materials, allowing their original characteristics to be reserved. Non covalent
functionalization is a type of physical adsorption, just likes the weak interactions, which does
not affect the basal plan structure of carbon based graphene sheets. Sometime metal modified
carbon based materials and also some heteroatoms such as N, O, and S doped on to the carbon
based materials have also been used to support metal nano particles to enhance the reactivity
as well as stability through the interactions of active metal clusters and carbon vacancies. The
main approaches for the non-covalent modification/functionalization of carbon based materi-
als to form metal nano particles are wet impregnation and dry synthesis [28].

Many researchers have proposed non covalent functionalization of metal nano particles
over carbon based materials by wet synthesis method. Wet synthesis procedure often
undergoes from several drawbacks, such as non-homogeneous distribution and adhesion
and many sources such as the type of organic solvents, reducing agents, metal precursors
concentration and temperature also influence the quality of the product. Thus, this method
is less used.

The dry synthesis method has been receiving vital consideration due to its simplicity and
advantage of controlling parameters plus enhanced adhesion. Generally, carbon based mate-
rials are of hydrophobic nature, which can be lessened through decoration with metal nano
particles via dry synthesis method. In this method to creates bridging of functional groups of
support materials with nano metals [29, 30]. Thus the problems associated with wet synthesis
procedure have been resolved by dry synthesis approach for preparation of carbon based
materials loaded with metal Nano particles.
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5.2. Covalent Functionalization

Covalent modification/functionalization makes covalent linkage of chemical bonds or func-
tional groups onto the surface. The chemical bond is formed between different chosen func-
tional groups such as carboxylic, hydroxyl and epoxy groups with oxides of the graphene
oxide. The covalent modification of carbon based materials mainly changes the hybridization
of carbons in sp2 to sp3. Not only functionalization with mono-, di- or tri- amine groups [4,
31], different hetero atoms such as P, B, and O also can be introduced to the carbon network
of graphene oxide. The inorganic complexes/nano composites have also been introduced
on to the carbon based graphene through covalent modification. The covalent modifica-
tion enhances both physical and chemical properties of nano graphene such as solubility,
catalytic activity, electron mobility and introduces hydrophilicity to the materials. Co-pre-
cipitation method is one of the techniques to achieve covalent functionalization of carbon
based materials which enhances activity, selectivity and stability of materials. Hydrothermal
method is the other method for covalent functionalization of Nano graphene oxide, which
not only improves the activity, selectivity and stability of materials, but also affords good
morphology. In hydrothermal method, Specific temperature and pressure with constant rate
are maintained to facilitate the morphology of the materials. Thus, hydrothermal method is
considered the ideal technique for preparation of covalent functionalizatin of carbon based
Nano graphene oxide.

6. Catalytic Applications

Catalyzed organic transformation reactions display an important role in industries for the
synthesis of natural products, pharmaceuticals product, and agricultural derivatives [32,
33]. Carbon based materials such as graphitic carbon and their functionalization and metal
modified functionalized graphitic carbon based compounds have been used as catalysts for
fine chemical synthesis. Functionalized carbons based materials are often more active and/or
more selective catalysts than the un-functionalized carbon based materials. Nitrogen inser-
tion into the graphene materials is one of the interesting modifications, which includes the
pyrrolic N, pyridinic N, graphitic N, or different of amino groups in to graphene structures.
Functionalized carbon based graphene materials are active for a different reactions including
selective oxidative oxidation of aromatic compounds [34], dehydrogenation of hydrocarbons
[35, 36], decarboxylation of fatty acids [37], base catalyzed reactions and one-pot multicom-
ponent reactions [12].

6.1. Catalysis by GO based materials

Graphene oxide (GO) based materials have been festooned with different oxygen functional
groups, including carbonyl, epoxy, hydroxyl, and carboxylic acids. These functional groups
impart graphene oxide inherent acidity, and oxidative properties, chemical and catalytic
activity. Due to the oxygen containing groups, GO based materials have been successfully
explored as catalysts for a variety of fine chemical syntheses reactions involving oxidation,
epoxidation, oxidative coupling, dehydrative polymerization, Claisen— Schmidt coupling and
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hydrogenation. Bielawski and coworkers have reported [38] the oxidation reaction of alcohols
to ketones and aldehydes, as well as alkenes to diketones using graphene oxide catalyst at 150
°C. GO itself a solid acid catalyst, so it has been employed for the synthesis of dipyrromethane
and calix-4-pyrroles [39]. GO was found to be good to catalyze the Aza-Michael additions
[40], Claisen— Schmidt coupling reactions [41], ring opening polymerization [42] and Friedel-
Crafts reactions [43]. Some fine chemical syntheses using graphene oxide based catalysts are
summarized in Table 1.

6.2. Catalysis by Functionalized nano GO Catalysts

Although graphene oxide is a solid acid catalyst, researchers have modified its surface char-
acteristics through functionalization according to their requirements. Modifying the GO by
covalent modification of its surface silanol groups with different nitrogen containing organo
amines increase the basicity of this materials making them suitable for base catalyzed reac-
tions such as knoevenage condensation and MCRs. Rana et al have reported a method for
covalent modification of organo-functionalized graphene oxide which showed excellent
activity towards one-pot synthesis of pyrazolo-pyranopyrimidine derivatives [12]. Graphene-
based solid acid materials anchored with both amine and sulfonic acid containing groups
proved good for both acid and base catalyzed reactions, such as decartelization of nitro aldol
reactions [44]. The graphene-based solid acid catalyst prepared by anchoring with sulfonic
acid-containing group to a graphene oxide/reduced graphene oxide surface reportedly exhib-
ited excellent activity towards acid catalyzed reactions of esterification of acetic acid with
cyclohexanol gave 58.9% yields [47]. Details of various reactions catalyzed by functionalized
GO based materials are shown in Table 2.

6.3. Catalysis by metal modified amine functionalized nano carbon based catalysts

Hybrid materials involving inorganic graphene oxide and organo amine groups have an extra
advantage in binding the metal atom strongly as compared to un-functionalized GO. The
amine functionalized graphene oxide as support material has high surface area to enhance
catalytic activity as well as dispersion capacity. The metal remains strongly covalently
bounded to the support of graphene oxide and also it does not leach in the reaction medium.
Hence it will be reusable for several cycles. Furthermore, the functionalized amine possess
external binding capacity, which will readily provide more number of active sites. Generally,
metal modified amine functionalized graphene oxide (GO)/reduced graphene oxide/ gra-
phene based materials are also decorated with selective oxygen functional groups, including
carbonyl, epoxy, carboxylic acids and nitrogen containing group as well as metal particles.
These groups impart graphene oxide their inherent acidity, basicity and oxidative properties
and their chemical and catalytic activity.

The activity of the metal modified amine functionalized carbon based graphene materials
depends on type of metal and also on the oxidation state of the metal particles. Among the
noble metals particles, generally, palladium metal particles have been more promising in nan-
otechnology and catalysis. Palladium having zero oxidation state will be more active towards
coupling reactions, while the bivalent palladium metal particles will be active for oxidative
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Starting Material Product Conditions Catalyst Yield (%)  Ref.
(wt% GO)
OH 0 OH 24 h, 100 °C 200 92 [38]
RT - 285 [39, 40,
H 42]
Ry N
AN N
NH ]k
/ )
R R=H, CH,
R,=Et, n-Pr, n-Bu, Bz
R,=Et, n-Pr, n-Bu, Bz
7 X X=CN, CONH,, COOC
80-100 °C, 200 RorR" [41]
OH 14-24h Electron
| donating
group >50
0 RorR"
+ P Electron
withdrawing
Q group <30
R'
1-6 h, RT 10-50 52-94 [43]
H
| x—N
R—4—
P
+
=R H
Rl_/— 2 N

R,=COCH;, NO,
R,~CH,, Aryl

R

Table 1. Some reactions catalyzed by graphene oxide (GO).
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Starting Materials Product Conditions Catalyst Yield (%) Ref.
CHO 45-60 min,  Diamine <93 [12]
functionalized
o) o)
= GO
oSO8
z - ~
R il
o)
1a-i 2

5a-i
10h N-doped [45]
HO latm O,, graphene
40-70°C
Rz RZ
Rl

\O 10h 1° and 3° amine 100 [46]

™ NOZ 100 °C functionalized
graphene oxide
+ CH3N02 ©/\/
100 °C Sulfated 58.9 [47]
OH 0\"/
O + CH;COOH O/ o

graphene
Table 2. Reaction catalyzed by functionalized GO and hetero atom doped.

reactions. Researchers have described the C-C coupling reactions with inert conditions and
various type of organic solvents by different catalysts loaded on acidic supports. For exam-
ple, the palladium modified montmorillonite as catalyst for C-C coupling reaction with 92%
yield was reported at 150 °C and reaction time of 2-3 h [48]. A 35 % conversion towards C-C
coupling reaction with organic solvent at 3 h reported by Corral et al., [49]. Melania et al.
have published the C-C coupling reaction with PdA@GO/Pd@RGO catalysts and using organic
solvents at 80 °C >90% yield after 20 h [50]. Rumi et al. presented that, GO-PdNPs gave C-C
coupling products (85% yield) with toluene at 110 °C in 24 h [51]. Xiang et al. reported that,
Pd*/GO gave C-C coupling products (85.5% yield) with DMA/H,O at 80 °C in 24 h [52]. Li et
al. have employed Pd-Ni/RGO catalyst with ethanol and water solvent at 300 °C for 5 h and
reported 98.6% yield towards C-C coupling products [53].
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Siamaki et al. have reported the C-C coupling by Pd/G catalyst gave excellent yields with
Turnover frequency (TOF) = 108,000 h' [54]. Nie et al., have reported that C-C reaction with
Pd-Ni/RGO catalyst gave TOF = 38,750 h* [55]. Turnover frequency (TOF) provides the clear
information about the efficiency of catalyst, which will be necessary for any applications.
The TOF totally depends on the metal concentration of the materials. Mulhaupt et al. have
reported a coupling reaction over Pd* exchanged graphite oxide with turnover frequency of
TOF = 39000 h™* [56].

Earlier, we have reported the design and fabrication of hybrid materials such as amine func-
tionalized nano graphene oxide materials and metal modification with Pd(II)/Pd(0) [1-3]. We
have also studied the C-C Suzuki reaction with Pd(0)-AAPTMS@G catalyst and observed an
impressive TOF =185 078 h! with recyclability of catalyst up to 6% run using eco-friendly
water as solvent [4] In this review, we include our latest results on the scope of GO and amine
functionalized GO-based materials/ metal modified amine functionalized GO based mate-
rials in selective coupling reactions. We evaluated the activity of different graphene based
vtmaterials catalysts in C-C coupling of idobenzene with phenylboronic acid and different

_J5 -\ ha -
| v [CEEL L e " e ;
LH-!I A Alenpe s WO Al i ]_ s Bl = M WO = W =

Figure 3. SEM Image of (a) graphene oxide, Scale bar = 200 nm (b) amine functionalized graphene oxide, Scale bar = 100
nm, (c) Pd(0) modified amine functionalized graphene, Scale bar =2 um and (d) Higher magnification of Pd(0) modified
amine functionalized graphene, Scale bar = 200 nm [reproduced with permission from Ref. [4]].
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Figure 4. TEM Image of (a) graphene oxide, scale bar = 100 nm (b) amine functionalized graphene oxide, scale bar = 100
nm (c) Pd(0) modified amine functionalized graphene, scale bar = 100 nm and (d) Higher magnification of Pd(0) modified
amine functionalized graphene, scale bar = 50 nm. [reproduced with permission from Ref. [4]].

halo benzenes with varied halo pyridines. Considering the bond energies of C-I, C-Br and
C—CI, bonds are 222.6, 281.4 and 340.2 kJmol™ respectively, the C-I bond breaks easily to form
C-C coupling product then others. Thus, idobenzene benzene gave excellent yields (98%) in
short reaction time (25 min) with Pd (0)-AAPTMS@G material. The organo amine modified
GO sheets serve to stabilize the Pd metal nanoparticles as well as to supply suitable electron
density to the metal species. The catalyst is stable in aqueous medium due to strong interac-
tion of amino group and metal particles. Up to the 6™ cycle the recycled catalyst showed full
efficacy with minimal loss of activity and 7th onwards some reduction in its efficiency was
observed.

Al-Marri et al reported that, Pd@graphene nanocomposite gives 100% conversion towards
oxidation of benzyl alcohol with toluene solvent at 100 °C [57]. MnO,/graphene oxide at 80 °C
and in 3 h gave 91 % yield towards conversion of benzyl alcohol to benzaldehyde reported by
Kadam et al. [58].
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Earlier we reported the controlled oxidation of benzyl alcohol to benzaldehyde with Pd(II)-
AAPTMS@GO as the catalyst, which showed excellent (95%) conversion and 99% selectivity in
1 h under eco-friendly room temperature and solvent free conditions [6]. It is also observed that
metal modified amine functionalized nano graphene oxide materials showed excellent activity
and stability then metal modified graphene materials. Scanning/ Transmitted electron micros-
copy gave the clear evidence about the nano graphene sheet and metal nano particles. SEM/
TEM Image of graphene oxide (a) amine functionalized graphene oxide(b) Pd(0) modified amine
functionalized graphene (c) and Higher magnification of Pd(0) modified amine functionalized
graphene (d) are illustrated in Figures 3 and 4. In these figures, the net-like structure performed
after functionalization over the graphene oxide surface and graphene oxide sheets get converted
to Nano graphene sheets. A perusal of the Figure 4 confirms the uniform distribution of metal
Nano particles on the surface. Solvents used and sonication process play important role in the
changes in building blocks and stacking modes between graphene oxides based composites and
covalent functionalization of different nano structures of final materials obtained.

7. Conclusions

Although metal deficient, GO is used in many catalytic reactions due to its surface oxy groups.
To overcome the deficiency, covalently functionalized nano-graphene oxide/ metal modified
functionalized nano-graphene oxides of metal have been developed, which are ideal to cata-
lyze the C-C coupling and oxidation reactions. The surface functionalized/ metal modified
surface functionalized materials proved superb with increased stability, reusability as well
as activity towards fine chemical synthesis. With various potential applications, these surface
functionalized materials have opened new opportunities in the fields of nanotechnology and
catalysis. In this book chapter, we have summarized the recent advances in covalent function-
alization of Nano graphene oxides, plus the stability and activity relationship in the in the
field towards fine chemical synthesis.
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Abstract

Polymer nanocomposites containing carbon nanoparticles have exhibited remarkable
thermal, mechanical and electrical properties. This review is concerned with a narrow
sector of polymer nanocomposites, namely those based on engineering polyesters,
which are of great industrial interest. The various functionalization methods of
modifying carbon nanotubes and graphene derivative forms to allow interacting with
polymer matrices will be summarized. Moreover, the review on the processing
techniques of obtaining polymer nanocomposites with the emphasis of their effect on
the final properties of the obtained material will be highlighted. The light will be also
shed on the nanofiller dispersion in the polymer matrix. Finally, the opportunities and
challenges in the high-performance polymer nanocomposites will be presented.

Keywords: polymer nanocomposites, thermoplastic polyesters, carbon nanoparticles

1. Introduction

Engineering polyesters, such as poly (ethylene terephthalate) (PET) and poly (butylene
terephthalate) (PBT), constitute a group of engineering thermoplastics. However, this group
is now expanded by new members of the polyester family, that is, poly (trimethylene
terephthalate) (PTT) and poly (ethylene-2, 6-naphthalate) (PEN). They combine excellent
mechanical, electrical and thermal properties with very good chemical resistance and
dimensional stability. Moreover, with excellent processing characteristics and high strength
and rigidity, they are widely used in industrial applications. However, still at a commercial
level the aforesaid properties, one can further improve through an addition of suitable
modifying agents such as nanofillers. There is a wide array of organic and inorganic nanofillers
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some of which have been studied more thoroughly than others. An addition of carbon
nanofillers (CNF) such as carbon nanotubes (CNT) and graphene derivative forms (GDF) may
seem particularly interesting from the point of view of their influence on the enhancement of
a wide array of material characteristics.

The properties of polymer nanocomposites that can be improved due to the presence of carbon
nanoparticles (CNP), such as carbon nanotubes (single- and multi-walled carbon nanotubes)
and graphene derivatives (graphene, expanded graphite, graphene oxide, etc.), include tensile
strength, tensile modulus, toughness, thermal properties, electrical and thermal conductivity,
optical and barrier properties. However, the aforementioned properties one can obtain only
when the nanofillers are uniformly dispersed and aligned in the polymer matrix. However,
since carbon nanoparticles usually tend to form aggregates/agglomerates due to the van der
Waals interactions, obtaining proper dispersion is a critical issue. The functionalization of CNP
is an effective way to prevent their aggregation, which helps for a better disperse within the
polymer matrix. The second approach is the preparation method such as solution mixing, melt
blending and in situ polymerization. Herein, the study on the functionalization of carbon
nanoparticles and preparation of polymer nanocomposites will be emphasized.

There are several approaches for developing multifunctional polymer nanocomposites
utilizing unique properties of carbon nanotubes and graphene derivatives. The key issue is the
development of methods that improve the dispersion of carbon nanoparticles in the polymer
matrix since the proper dispersion enhanced the properties in the strongest manner. Addi-
tionally, the light will be shed on the influence of CNP on the crystallization behavior of the
selected engineering polyesters, especially on PET and PTT. Despite various methods of
obtaining polymer nanocomposites, such as melt blending or in situ polymerization, there are
still challenges and opportunities that need to be found in order to improve the dispersion and
thus modify the interfacial interactions. Therefore, the greatest emphasis will be placed on the
in situ polymerization method, which in our opinion seems to have the greatest opportunity
to transfer into an industrial scale.

2. Functionalization of carbon nanoparticles (CNP)

2.1. Functionalization of CNT

Because CNT usually tend to agglomerate due to van der Waals forces, one can find dispersing
and aligning CNT in the polymer matrix extremely difficult. Therefore, a valid approach
toward developing high-performance polymer/CNT nanocomposites is to implement indi-
vidual CNT into the polymer matrix in order to achieve better alignment and dispersion, strong
interfacial interactions and improvement in the load transfer across the CNT-polymer matrix
interface [1]. One can find functionalization of CNT as an effective way to prevent nanotube
aggregation, which allows for a better dispersion and stabilization of the CNT within a polymer
matrix. There are many approaches for functionalization of CNT, and however, defect
functionalization, covalent functionalization and non-covalent functionalization [2] will be the
main ones described herein.
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In the methods of defect functionalization, defects are preferentially observed at the open ends
of CNT [1]. CNT are purified by oxidative methods in order to remove amorphous carbon or
metal particles from the raw materials [3, 4]. The purified single-walled carbon nanotubes
(SWCNT) comprise oxidized carbon atoms in the form of -COOH group [5, 6]. In these
oxidizing methods, SWCNT are fractured to very short tubes with lengths of 100-300 nm [7].
The functionalized CNT are more soluble in organic solvents than raw CNT [1].

The non-covalent functionalization of nanotubes is of particular interest because without
affecting the physical properties of CNT it improves solubility and processability. This type of
functionalization mostly engages surfactants, bio-macromolecules or polymers’ wrapping. In
one of the nondestructive purification methods, nanotubes can be transferred to the aqueous
phase in the presence of surfactants [8, 9], where the nanotubes are surrounded by the
hydrophobic components of the corresponding micelles. The interactions become stronger
when the hydrophobic part of the amphiphilic contains aromatic group. CNT can be well
dispersed in water using anionic, cationic and nonionic surfactants [10-13]. The interactions
between CNT and the surfactants depend on the nature of the surfactants (its alkyl chain
length, headgroup size and charge). Moreover, the dispersion of CNT in both water [14, 15]
and organic solvents [16] may be further improved by the physical coupling of polymers with
CNT, which can be explained by the ‘wrapping’ mechanism [15] attributed to the specific
interactions between the polymer matrix and CNT. The supramolecular complexes can be
formed when the polymers wrap around CNT [17, 18], where the m-stacking interactions
between the polymer and the nanotube surface are responsible for the close coupling of the
structures [1]. Moreover, the non-wrapping approaches have also been used for the dispersion
and solubility of CNT in different media [19, 20]. In both cases, copolymers efficiently act as
stabilizers and may be tailored so as to disperse the tubes in a variety of solvents.

In the case of covalent functionalization, the translational symmetry of CNT is discomposed
by changing sp2 to sp3 carbon atoms, and thus their properties, such as electronic and
transport, are affected [21]. However, this type of CNT functionalization can improve both
solubility and dispersion in solvents and polymers. Moreover, such improvement can be
achieved by modification of surface-bound carboxylic acid groups on the nanotubes or direct
reagents to the side walls of nanotubes [1]. In general, functional groups such as carboxyl or
hydroxyl groups are initiated on the CNT during the oxidation process using various oxidizing
agents, among others oxygen, air, concentrated sulfuric acid, nitric acid, aqueous hydrogen
peroxide and mixture of acids [7, 22]. The presence of such groups on the nanotube surface
allows attaching organic [23, 24] or inorganic materials, which is important from the solubi-
lizing point of view. However, the presence of -COOH groups on the nanotube surface is more
suitable than the others groups due to a variety of chemical reactions that can be conducted
with this group. In order to enhance CNT” dispersion and solubilization in solvents and in
polymer matrices, CNT can be either functionalized at end caps or at the sidewall [25, 26].
Functionalization with polymer molecules (polymer grafting) [27, 28] is of particular interest
from processing of polymer/CNT nanocomposites” standpoint. Two main categories, that is,
“grafting to” and “grafting from” approaches, have been reported for the covalent grafting of
polymers to nanotubes [1]. The “grafting to” approach consists in attaching as-prepared or
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commercially available polymer molecules on CNT surface via chemical reactions, such as
esterification, amidation, radical coupling, etc. [1]. In this approach, the polymer has to possess
suitable reactive functional groups for preparation of composites, whereas, in the “grafting
from” approach, the polymer is combined with CNT surface through polymerization of
monomers in the presence of reactive CNT or CNT supported initiators. The greatest advant-
age of this approach is that the polymer/CNT composites can be prepared with high grafting
density [1].

The last method of functionalization of CNT raised herein is the “click” chemistry that is an
ideal reaction for material synthesis and modification and for self-assembly of nanomaterials.
It also provides an unexpected advantage of introducing azide and alkyne groups into organic
and polymer molecules, the stabilization of these groups in many reaction conditions, etc. [1].
The click chemistry benefits its toleration of other functional groups, a short reaction time, high
yield, high purity and regiospecificity, as well as its suitability for the use under aqueous
conditions [29]. The wide range of examples of applying the click chemistry has been presented
by Sahoo et al. [1]. By using this approach, CNT can be easily functionalized with desired
molecules, which enhance their importance from nanoelectronics to nanobiotechnology. The
breadth of attached molecules can enhance the validity of click chemistry and opens the new
prospect of CNT-based nanomaterials.

2.2. Functionalization of graphene sheets

By the reason of great interest of using graphene as a reinforcing filler of polymer matrices in
order to obtain multifunctional materials, a variety of methods for the graphene surface
modification has been developed [30]. Among many other factors, the nature of the interfacial
interactions between the filler and the matrix has a significant impact on the final properties
of the composite material. At the same time, most dispersion methods allow to obtain
composites where polymer matrix and the filler interact through relatively weak dispersive
forces. Thus, there is a growing research interest on introducing covalent bonding between
GDF and the polymer matrix, since the chemically functionalized graphene can be processed
further by solvent-assisted techniques [31]. Moreover, the proper functionalization of
graphene sheet staves off further agglomeration of single-layer graphene (SLG) during
reduction in solvent phase and supports the maintenance of the inherent properties of
graphene. Graphene oxide (GO) has been widely employed as a starting material for the
synthesis of GDF. There are several methods for producing GO from natural graphite, and
however, the modified Hummers method is the most fruitful nowadays [32]. The surface of
GO sheet, which is highly oxygenated, can significantly alter the van der Waals interactions
and lead to a range of solubility in water and organic solvents [31], while, in order to prepare
graphene, the chemical, thermal or photochemical reduction in GO needs to be carried out.
Nonetheless, the GO reduction without suitable stabilizers leads to precipitation of graphite
particles restacking due to the rapid and irreversible aggregation of graphene sheets. There-
fore, prior to the reduction process, surface modification of GO sheets is usually carried out
by covalent modifications or non-covalent functionalization, followed by reduction. The
covalent modification of graphene can be achieved in four different ways: nucleophilic
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substitution, electrophilic addition, condensation and addition [31]. The first method takes
place very facilely, both at room temperature and in an aqueous medium. Thus, the nucleo-
philic substitution is handled to be a promising method for a large-scale production of
functionalized graphene. Additionally, all types of aliphatic and aromatic amines, amino acids,
amine terminated biomolecules, ionic liquids, small molecular weight polymers, etc. have been
successfully applied in the preparation of functionalized graphene [31]. Electrophilic substi-
tution reaction with graphene involves the displacement of the hydrogen atom by an
electrophile. An example of such reaction can be the spontaneous grafting of aryl diazonium
salt to the surface of graphene [33]. In turn, a condensation reaction is a chemical reaction in
which two molecules (functional groups) combine with another in order to form one single
molecule with a loss of entropy. In this case, condensation occurs with isocyanate, diisocyanate
and amine compounds through the formation of amides and carbamate ester linkages [31],
while, in the last method, in organic addition reactions, two or more molecules combine to
form a larger molecule. Many examples of the above-mentioned method provide Kuila et al
[31] in the review study on the chemical functionalization of graphene.

Similarly as in the case of CNT, the non-covalent interactions primarily involve van der
Waals, hydrophobic and electrostatic forces and require the physical adsorption of suitable
molecules on the surface of graphene. Non-covalent functionalization is achieved by poly-
mer wrapping, adsorption of surfactants or small aromatic molecules, etc. [32]. Further-
more, one can utilize GDF as a support to disperse and stabilize nanoparticles [30].
Particularly interesting tend to be metallic nanoparticles that can play an important role in
wide number of applications such as display devices, microelectronics, photovoltaic cells,
but also in medical or biological applications. The majority of the papers concerning the
preparation and applications of the new class of graphene-based materials utilize precious
metals like gold [34, 35], platinum [36], palladium [37] and silver [38]. However, there is also
a growing interest in the use of other metals like, iron, cooper, tin and cobalt [32]. Muszyn-
ski et al. [39] presented the preparation of graphene/metal material using organic spacers,
like octadecylamine, to anchor the metallic nanoparticles to the graphene surface or organic
solvents such as tetrahydrofuran, methanol and ethylene glycol. Nevertheless, the in situ
synthesis of the metal nanoparticles in the presence of GO has received particular interest,
as it enables control over the growth of the nanoparticles on the surface of graphene
through the utilization of the precursors of the metallic particles, which are then subjected
to reduction by the addition of reducing agents and reducing GO at the same time. Inas-
much as the functionalization of graphene via different chemical, electrochemical and other
methods has been discussed above, and since the reduction is an essential step to obtain
functionalized graphene from functionalized GO, few words will be given below. The most
commonly used reducing agents that can be applied in the reduction in pure GO or func-
tionalized GO are hydrazine monohydrate, sodium borohydrydride (NaBH,), p-phenylene
diamine, hydroquinone and sodium hydrosulfite [40, 41]. However, these chemicals are haz-
ardous to human health and the environment. Therefore, some alternative methods have
been recently proposed [42, 43].
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3. Preparation of polymer/CNP nanocomposites

To enlarge the benefits of CNP as effective reinforcement for high strength polymer nanocom-
posites with at the same time improved electrical, thermal and/or barrier properties, etc., the
CNP should not form aggregates/agglomerates and must be well dispersed to enhance the
interfacial interactions with polymer matrix. In past review paper, several processing methods
available for fabricating CNP/polymer composites based on either thermoplastic or thermo-
setting matrices have been described [30, 44, 45]. They mainly include melt blending, in situ
polymerization and solution mixing.

3.1. Melt mixing

Melt mixing is a typical and simple method, particularly useful for thermoplastic polymer
nanocomposites. It is an eco-friendly, cheap and suitable method for mass production in
industrial applications. The compounding is generally achieved in a single- or twin-screw
extruder where the polymer and the nanoparticles mixture are heated to form a melt [46]. CNP
are mechanically dispersed in a polymer matrix using a high temperature and high shear force
mixer. The shear forces help to break apart the nanofiller aggregates/agglomerates or prevent
their formation. Better dispersion is achieved with MWCNT than SWCNT [47]. Moreover, by
changing the process conditions, that is, screw configuration, one can better control shear and
mixing. Another advantage of melt mixing is the lack of necessity of using organic solvents
during the process. The prepared CNP/polymer nanocomposite (usually in the form wire) one
can further processed using the typical processing techniques such as injection molding, profile
extrusion, blow molding, etc. However, the large number of variables referring to the process
(temperature, screw-speed and shear stress) but also to the characteristics of the nanofillers
(agglomerate structure, packing density, length to diameter ratio and purity) requires proper
optimization of process parameters. Additionally, the polymer matrix (mainly its viscosity)
can affect the quality of the dispersion. Thus, the amount of CNT introduced in melt mixing
process must be lower due to high viscosities of the composites at higher loading of CNT [48].
Most of the studies reported CNT-based nanocomposites involved polymer matrices such as
polyolefins, polystyrene (PS), polycarbonate (PC) but most of all polyesters [44, 45, 49].
However, no significant improvement in mechanical properties was observed in the melt
blended nanocomposites. Only in case of functionalized nanotubes that interacted with
polymers containing functional groups, one can observe the enhancement in the degree of
dispersion along with the enhancement in selected physical properties [50]. On the other hand,
in the case of GDF/polymer nanocomposites, there are a limited number of studies. Probably,
low thermal stability of most chemically modified graphene derivatives and the low bulk
density of graphene makes the use of melt processing difficult. Despite the fact that high shear
melt mixing has been used to fabricate GDF-based nanocomposites with polylactid (PLA) [51],
PET [52], etc., high shear forces can cause buckling, rolling or shortening of graphene sheets
[53], thus reducing its aspect ratio.
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3.2. Solution mixing

Solution mixing is another approach of producing polymer nanocomposites containing
CNT and GDE. This is a widely used method due to the facile nature of the process consist-
ing of the dispersion of nanoparticles in a polymer that is dissolved in a solvent before cast-
ing in a mold and evaporating the solvent. The difficulties with obtaining proper dispersion
of CNP in the solvent by simple stirring are well known. Therefore, a high power ultrasoni-
cation process, which found to be more effective, is applied more and more often. The ag-
gregates/agglomerates of CNP can be effectively crumbled utilizing the multitasking of
ultrasonication. However, the crucial challenges in solution mixing are to minimize the re-
sidual solvents [54] and obtain proper dispersion of the fillers in viscous polymeric solu-
tions [55]. Therefore, in the case of thermoplastic polyesters, which have excellent resistance
to most substances, such as acids, oxidizers (ex. hydrogen peroxide), hydrocarbon fuels,
oils, and lubricants, this method does not find a wider use. Despite the fact that the solution
mixing generally leads to better particle dispersion than melt mixing process, slow solvent
evaporation often induces particle re-aggregation, especially since the complete drying to
eliminate residual solvents is needed. The aggregated graphene or GO nanoplatelets, due to
the poor solubility or gravimetric precipitation by unexfoliated graphene or GO nanosheets,
are a critical problem often occurring in nanocomposites obtained via solution mixing.
Therefore, in the case of GO, its thermal reduction should be carefully considered because
GO can easily decompose, even at low temperatures (below 150°C). This can often lead to
the local structural deformations in the polymer matrix that cause a significant loss of the
physical properties in the obtained polymer nanocomposites. However, the solution mixing
approach is a convenient method when residual solvents can be eliminated completely and
an excellent dispersion can be achieved.

3.3. In situ polymerization

In situ polymerization method is another way for preparing homogenously distributed
CNT and GDF in the polymer matrix, where nanoparticles are dispersed in monomer fol-
lowed by polymerization. A higher percentage of CNP may be easily dispersed in this
method, and however, the viscosity generally increases, which may cause deterioration in
processability of nanocomposites [55]. In comparison with melt and solvent mixing meth-
ods, in situ polymerization may amend the dispersion state and cause better compatibility
between CNP and the polymer through the introduction of additional functional (active)
groups on the nanoparticles surfaces but also due to the additional step of dispersing proc-
ess (mechanical stirring and ultrasonication) that can be added in advance [55-58]. Besides,
this method requires monomer units and a lot of reagent for the polymerization procedure,
and thus, it might be less applicable in the case of naturally existing polymers [59]. More-
over, in situ polymerization should also be performed in the solution state. Therefore, the
elimination of residual solvents should be addressed when one uses the solution mixing
method [55].
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4. Functional properties of polymer/CNP nanocomposites

4.1. Morphology and crystallization behavior

Since properties enhancement strongly correlates with nanocomposite microstructure, proper
characterization of morphology is important to establish structure-property relations for these
materials. Lots of research efforts have been directed toward manufacturing polymer
nanocomposites containing CNP for functional and structural applications [60, 61]. However,
it is worth mentioning that the nature of the dispersion problem for CNT differs from other
conventional fillers, such as spherical particles and carbon fibers, due to the small diameter
in nanometer scale with high aspect ratio (>1000) and thus extremely large surface area of
CNT [62]. Ma et al. [62] compared the dimensions of commonly used fillers, including carbon
fibers, Al,O; particles, graphite nanoplatelets (GNP) and CNT and the number of particles
corresponding to a uniform filler volume fraction of 0.1% in a composite of 1.0 mm? cube.
They found that in the composite, only two pieces of Al,O; particles can be found, and this
number increases to 65 thousands when GNP are added and further increases to ca. 442
million pieces when CNT are introduced, all with the same filler volume fraction. Therefore,
aforementioned observation clearly displays that simply due to the sheer order of magnitude
a uniform dispersion of CNT in a polymer matrix is more difficult than the other fillers.
However, as mentioned above the yield of CNP/polymer nanocomposite depends on the
dispersion of CNP in the matrix and interfacial interactions between the CNP and the polymer.
For instance, Yoo et al. [63] prepared PET nanocomposites by melt extruding mixtures of PET
and benzyl isocyanate and phenyl isocyanate functionalized MWCNT. Nanocomposites with
functionalized MWCNT showed better dispersion of nanotubes in the PET matrix due to
enhanced interactions between PET chains and nanotubes in comparison with pristine
MWCNT/PET and MWCNT-COOH/PET nanocomposites. In turn, Jin et al. [64] used the
surface-modified MWCNT having acid groups (acid-MWCNT) and diamine groups (dia-
mine-MWCNT) in order to improve the dispersion of MWCNTs in PET matrix. Due to van
der Waals interactions, pristine MWCNT exhibited high degree of aggregation, whereas, the
acid-MWCNT, which has been treated with sulfuric and nitric acids, showed a lower degree
of entanglement due to shortened nanotube lengths. Moreover, the diamine-MWCNT was
also characterized by a lower degree of aggregation as compared to pristine MWCNT which
was attributed not only to the functional groups, such as carboxyl and diamine, but also to
their shorter lengths. The increased interfacial interaction was also evident in PET/diamine-
MWCNT nanocomposites, resulting from good wetting of the diamine-MWCNTs in the PET
matrix. This was explained by the fact that the acid and diamine groups on the surface of acid-
MWCNT and diamine-MWCNT, respectively, may have reacted with PET during in situ
polymerization, resulting in good dispersion of acid-MWCNT and diamine-MWCNT.
Additionally, Lee et al. [65] prepared via in situ polymerization PET-based nanocomposites
with two types of functionalized MWCNT: methoxybenzoyl-functionalized (MeO-MWCNT)
and ethoxybenzoyl-functionalized (EtO-MWCNT) nanotubes. It was found that the PET/
MWCNT system has poor MWCNT dispersion in comparison with the PET/MeO-MWCNT
system. However, EtO-MWCNT in PET matrix was most homogeneously dispersed, and the
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interfacial boundary between EtO-MWCNT and PET matrix was practically indiscernible. In
our previous study [58], nanocomposites based on poly (ethylene terephthalate) prepared by
in situ polymerization with expanded graphite (EG) were compared to those with function-
alized graphite sheets (GO). It was found that no big difference in the level of filler dispersion/
exfoliation was observed (SEM) between GO and EG-filled composites at the same loading of
0.4 wt.%, suggesting that at low loadings the presence of functional groups on the surface of
GO does not lead to significant improvement in GO exfoliation in PET matrix. However, GO
seemed to be covered with polymer matrix in the stronger manner, which might suggest that
some interactions between functional groups of GO and PET matrix occurred. The presence
of functional groups such as carboxylic groups on the surface of GO can improve interfacial
adhesion between graphene sheets and polymer matrix mainly due to the possible interaction
of hydrogen bonding between the COOH groups of GO and the ester groups in polymer
matrix, as it was described above for functionalized carbon nanotubes. However, in this case,
same was not observed.

In the case of research on other thermoplastic polyesters, similar remarks were made. For
instance, Szymczyk et al. [66] in the in situ prepared PTT/MWCNT-COOH nanocomposites
observed homogenous distribution of carbon nanotubes in the PTT matrix. Individual
nanotubes, some entanglements or bundles of CNT, apparently pulled out from the matrix
during fracturing are observed on the surface. Moreover, most of the nanotubes showed
pulling out and sliding at the surface of nanocomposite, suggesting a limitation of load
transfer. Similar observations were seen for PTT-based nanocomposites with pure (non-
functionalized) MWCNT [67]. Despite the fact that control over the dispersion degree of
nanotubes in a polymer matrix is difficult due to strong intermolecular forces that exist
between nanoparticles, and lack of functional groups on the surface of CNT, we were able to
obtain well-dispersed MWCNT in the whole volume of polymer matrix. As can be seen, the
high shear forces along with alternately applied ultrasounds introduced by high-speed
mechanical stirring and sonication, followed by in situ polymerization, were sufficient to
disperse the MWCNT in PTT matrix. However, the residual functional groups on the surface
of GNS improved both the interfacial interaction with PTT chain and stabilize the dispersion
of MWCNT-COQOH, thus affecting electrical conductivity [68]. Several studies on the influence
of the functionalization of CNT on PBT-based nanocomposites were also published by the
group of prof. Z. Roslaniec [69, 70]. In both cases, it was confirmed that functionalization of
nanotubes allows for the better distribution of nanotubes in the whole volume of polymer
matrix. Nanotubes seem to be wrapped with PBT matrix suggesting that a strong interaction
exists between the PBT matrix and functionalized MWCNT. Moreover, the presence of a
modified epoxy resin seems to stabilize the MWCNT dispersion by interaction with the PBT
matrix [71]. However, there is still no study on how the influence of the modification of
graphene surface affects the dispersion properties in PBT matrix. However, Fabbri et al. [72]
demonstrated that all prepared PBT/graphene composites showed a good dispersion of
graphene into the polymer matrix. Moreover, they proved that interfacial adhesion between
polymer and graphene nanoplatelets appeared thanks to the applied in situ polymerization
of the ultra-low viscosity CBT oligomers. It is also worth mentioning that Kim et al. [73]
compared nanocomposites reinforced with graphite platelets to those with functionalized
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graphite sheets (FGS) prepared by partial pyrolysis of graphite oxide. FGS, a thermally
exfoliated graphite oxide and graphite were melt blended into PEN using a small scale, twin-
screw extruder. It was found that in the case of PEN/graphite nanocomposites no delamination
of graphene layers was observed, since each stack was composed of ~100 single graphene
layers. This was probably due to strong van der Waals binding between the closely spaced
graphene layers. As compared to PEN/graphite composites, high aspect ratio FGS exhibit
better dispersion state in the whole volume of PEN matrix. The statistical analysis conducted
for 88 FGS particles yielded a thickness and mean diameter of 2.9 and 222 nm (~8 single
graphene layer—the interlamellar spacing equals 0.34 nm), respectively, which is far much
lower than in the case of PEN/graphite nanocomposites.

In the case of semicrystalline polymers, incorporation of nanofiller (depending on its type,
aspect ratio, etc.) can affect degree of crystallinity, crystallite size and spherulite structure and
can even cause crystallization of otherwise amorphous polymers [73, 74]. Depending on the
type of the polymer, incorporation of CNT and GDF has been reported to cause an increase [57,
63, 66, 75-77], decrease [78] or no change [79] in the degree of crystallinity of a semicrystalline
polymer matrix. Changes in the polymer melting and crystallization temperature have also
been reported [57, 66, 69]. Yoo et al. [63] observed that the crystallinity of the PET/functional-
ized MWCNT nanocomposites was significantly higher than that of the pristine and acid-
treated MWCNT. Nanotubes accelerated PET crystallization via change in conformation in the
ethylene glycol residue from gauche to trans conformation. In turn, graphene oxide nanosheets
displayed a nucleating effect on the PET crystallization due to the increase in the onset and
peak crystallization temperature of nanocomposites compared to neat PET [57]. The degree of
crystallinity of the nanocomposites containing of 0.3 and 0.5 wt.% of GO was higher than for
the neat PET. Analysis of nanostructure parameters for PET/0.5GO composite and neat PET
has shown that non-isothermally crystallized composite and neat PET have comparable values
of long period. Moreover, the study on the isothermal cold crystallization of amorphous PTT
and its nanocomposites [66] revealed that the presence of MWCNT-COOH affected the
crystallization rate, especially at higher concentration (0.3 wt.%) of CNT. The melting and glass
transition temperatures of nanocomposites obtained by non-isothermal crystallization were
not significantly affected by the presence of CNT. Moreover, nanocomposites exhibited slightly
higher degree of crystallinity than neat PTT. Similarly, in PBT-based nanocomposites [69],
carbon nanotubes accelerated crystallization during cooling and in consequence, the crystal-
lization peaks of the DSC curves shifted toward higher temperatures. With increasing CNT
concentration (to 0.1 wt.% oxidized SWCNT), the crystallization temperature also increased,
suggesting that interactions between the CNT and the matrix occurred.

4.2. Mechanical properties

The extraordinary mechanical properties, low density and large aspect ratio [44, 45] make CNT
particularly attractive as candidates for the development of CNT-reinforced polymer nano-
composites. However, the in-plane elastic modulus of pristine, defect-free graphene is
approximately 1.1 TPa and is the strongest material that has ever been measured on a micron
length scale [80]. In both cases, processing and dispersion of CNT and GDF including GO in
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the polymeric hosts constitutes the main challenge before implementation of high-perform-
ance CNP-based nanocomposites. So as mentioned before, the chemical functionalization of
the nanofillers has been found to be a feasible and effective way for improving the dispersion
of CNP and interfacial bonding between the CNP and the matrix. Indeed, a wide range of
polymer matrixes has been used for the development of such nanocomposites. The PET-based
composites containing functionalized MWCNT showed a large increase in the tensile strength
and modulus [64]. The PET-based composites containing diamine-MWCNT exhibit maximum
tensile strength and modulus increases by 350 and 290% at 0.5 and 2.0 wt.%, respectively, as
compared to neat PET. In turn, Yoo et al. [63] observed that the addition of MWCNT-benzyl
and MWCNT-phenyl at the same loading of 3 wt.% improved the tensile strength and modulus
of the PET matrix. The MWCNT-phenyl nanocomposite provided the most enhanced tensile
strength. The highest modulus was obtained in the PET/MWCNT-phenyl composite. Consis-
tently, it was concluded that the incorporation of functionalized MWCNT can make a great
input to the polymer reinforcement due to the enhancement of the dispersion of MWCNT in
the whole volume of polymer matrix and consequent stress transfer between MWCNT and
the matrix. In addition, Szymczyk et al. [66] demonstrated that along with the increasing
content of MWCNT-COOH (to 0.3 wt.%) the tensile strength and Young's modulus also
increased. However, further addition of MWCNT (0.4-0.5 wt.%) lowered tensile strength and
Young's modulus, but their values were still comparable or higher (modulus) to neat PTT. The
values of elongation at break are higher or comparable to the neat PTT. Additionally, in PBT-
based nanocomposites [69], it was observed that with an increase from 0.01 to 0.1 wt.% of
oxidized SWCNT, the Young's modulus, tensile strength and strain to failure increased. This
was probably due to better performance of the carbon nanotubes when incorporated in the
PBT. However, in the case of GDF-based nanocomposites, not so many reports were published
on the improvement in thermoplastic polyester matrices. Several different types of GDF as
reinforcing agent in PET and PTT matrices were described in details in Ref. [81]. It was found
that the presence of the nanoparticles resulted only in a moderate (compared to the neat
polymer) increase in the mechanical properties, including tensile strength.

4.3. Thermal properties (thermal stability and dimensional stability)

The exceptional thermal properties of CNT and GDF and CNP-based materials have been
harnessed as fillers to improve the thermal stability and dimensional stability of polymers.

A significant number of reports have reported increased thermal stability (typically defined
by the maximum mass loss rate measured by thermogravimetric methods) of polymers using
CNT and GDF as nanofiller, but herein only those referring to thermoplastic polyesters will be
mentioned. For instance, Yoo et al. [63] reported that the chemical modification of MWNT-
COOH resulted in a higher degree of thermal degradation due to the COOH group. However,
the MWCNT-benzyl and MWCNT-phenyl showed higher thermal stability than pristine
MWCNT. On the other hand, Szymczyk et al. [66] showed that the thermal and oxidative
stability of PTT is independent of the COOH functionalized MWCNT content. Moreover, the
incorporation of expanded graphite and graphene nanoplatelets into PET and PTT matrices
[81] did not affect the thermal stability of the obtained via in situ polymerization nanocom-

133



134

Functionalized Nanomaterials

posites at inert atmosphere. However, the addition of CNT and GDF individually and in the
mixture of both caused an enhancement of thermo-oxidative stability (shifting the beginning
of the chemical decomposition temperature of up to 20-25°C).

4.4. Electrical conductivity

CNP exhibit high aspect ratio and high electrical conductivity, which makes them excellent
candidates for conducting composites. Percolation theory predicts that there is a critical
concentration at which composites containing conducting fillers in the insulating polymer
matrices become electrically conductive. The electrical percolation threshold in polymer/CNT
nanocomposites depends on the dispersion [82], alignment [82, 83], aspect ratio [82], degree
of surface modification [84] of CNT, polymer types [44, 45] and composite processing methods
[82]. However, in the case of GDF, although GO can be readily dispersed in many solvents
(even in water) and provides functional groups that allow for better interactions with polymer
chains, it is electrically insulating and thermally unstable [85]. Therefore, at least partial
reduction in graphene oxide is necessary to restore electrical conductivity. Bauhofer and
Kovacs [86] reviewed experimental and theoretical work on electrical percolation of carbon
nanotubes (CNT) in polymer composites. They gave a comprehensive survey of published
data together with an attempt of systematization. Therefore, only some newer papers on the
polymer/CNT nanocomposites will be mentioned along with review on the GDF-based
nanocomposites. Zhang et al. [52] presented that the electrical conductivity of PET/graphene
composites increased rapidly from 2.0 x 10"* S/m to 7.4 x 102 S/m with only small addition of
graphene (from 0.47 to 1.2 vol.%). On the other hand, the percolation threshold of PET/graphite
composites equals to 2.4 vol.%. The incorporation of EG to the PET resulted in a sharp insulator-
to-conductor transition with a percolation threshold (o.) as low as 0.05 wt.% [87]. Additionally,
the influence of the degree of crystallinity on the conductivity was studied. Amorphous films
found to be exhibited higher conductivity than semicrystalline films. In turn, Hernandez et al.
[88] compared how the preparation method affects the percolation threshold. Nanocomposites
prepared by direct mixing showed a low electrical percolation threshold (¢ =0.024 wt.% of
SWCNT) and were more transparent to light than samples prepared by in situ polymerization.
However the electrical percolation threshold of 0.9 wt.% has been found for PET/MWCNT,
nanocomposites prepared by coagulation method [89]. It was noticed that at 1 wt.% of MWCNT
loading, the conductivity level exceeded the antistatic criterion of thin films (1 x 10® S/cm). By
the addition of MWCNT into PTT matrix, the conductivity of nanocomposites increases by 10
orders of magnitude, approaching a value of 107 S/cm for PTT/0.3 MWCNT. The percolation
threshold was below 0.1 wt.% of nanotubes’ concentration. In turn, the PTT/MWCNT-COOH
nanocomposites [66] at concentration below 0.2 vol.% (0.4 wt.%) exhibited strong frequency
dependence of the conductivity. In addition, in PTT-based nanocomposites prepared via in
situ polymerization, the effect of the EG flake size on the electrical conductivity was measured
[90]. It was clearly found that smaller platelets (50 um) enabled to obtain conductive thin
polymer films with a nanoplatelet content of 0.3-0.5 wt.%. At the same time, nanocomposite
based on PTT with 0.5 wt.% of EG with the flake size of 500 um proved to be nonconductive.
Moreover, Li et al. [91] demonstrated that the electrical volume resistivities decreased dra-
matically at the exfoliated graphite (E x G)content between 3.0 and 5.0 wt.% for nanocompo-
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sites based on PTT prepared via melt compounding. Additionally, the conductivity percolation
for PEN/FGS nanocomposites was obtained with as little as 0.3 vol.% FGS, whereas 3 vol.%
was required for graphite [77].

4.5. Gas barrier properties

There is a strong demand for improving the gas barrier properties of existing polymers used
in food packaging applications, which require the near-perfect exclusion of gas molecules.
The high aspect ratio of GDF insinuates their potential use for reducing gas permeability of
polymer foils/films. Gas permeability through a polymer nanocomposite containing high
aspect ratio impermeable flakes can be significantly lowered via both reduced crosssection
for gas diffusion and a tortuous path mechanism [77]. Study of the oxygen transmission rate
through nanocomposite and neat PET films has shown that the exfoliated structure of GO in
PET matrix improved their oxygen barrier properties. The improvement in oxygen permea-
bility for PET nanocomposite films at 0.3-0.5wt.% loading of GO over the neat PET was
approximately factors of 2-3.3. These improvements in oxygen barrier properties of PET are
important from the application point of view in packing industry. Moreover, two series of
PTT nanocomposites with EG with the flake size of 50 and 500 um [91] demonstrated a
significant enhancement in impermeability to CO, and O,. The PTT/0.3EG50 um and PTT/
0.5EG50 pm nanocomposites showed over 10-fold improvement in barrier properties with
respect to carbon dioxide. However, the hydrogen permeability of PEN with 4 wt.% FGS [77]
was decreased by 60%, while the same amount of graphite reduced permeability only 25%.
Gas barrier performance of composites reinforced with FGS was superior to that of graphite
composites, and this was attributed to its higher aspect ratio.

5. Concluding remarks

There are number of approaches for developing high-performance CNP/polymer nanocom-
posites taking advantage of the unique properties of CNP. Thermoplastic polyesters were
chosen as polymer matrices, due to their great importance in industrial applications. However,
the crucial challenge is to develop the methods of nanofillers” dispersion improvement in the
polymer matrix since it greatly affects the mechanical, electrical and thermal properties of
nanocomposites. Despite diverse methods, such as melt mixing, solution processing and in
situ polymerization along with chemical functionalization, challenging is to enhance the
dispersion and modify interfacial interactions. One of the issues that need to be resolved is to
obtain the optimal functionalization of CNT that can maximize interfacial adhesion between
nanofillers and the polymer matrix. A proper functionalization of both CNT and GDF allows
for strong interfacial interactions between CNP and polymer matrix, which may at the same
time improve the dispersion of CNT in the whole volume of polymer matrix. Moreover, in the
case of semicrystalline polymers (especially PET and PBT), by incorporating the nanofiller, one
can affect the crystallization behavior and thus the morphology of the samples. Since the degree
of crystallinity can indirectly affect mechanical and electrical properties of polymer nanocom-
posites, one should particularly pay attention to this factor. The enhancement in mechanical
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properties of CNP/polymer nanocomposites may represent a compromise between carbon-
carbon bond damage and increased CNP-polymer interaction due to CNP functionalization.
Moreover, the incorporation of nanofillers like nanotubes or graphene reduces the thermal
expansion of polymers by constraining the movement of a significant volume of polymer
chains because of their interaction with the filler. Additionally, the electrical conductivity of a
CNP/polymer nanocomposite is determined by the negative effect of carbon-carbon bond
damage and the positive effect of improved CNP dispersion due to the chemical functionali-
zation. However, in the case of oxidized graphene nanosheets, the partial reduction has to be
employed in order to restore its conducting behavior. However, in each case, the choice and
control over chemical modification of CNP are necessary. Moreover, composites containing
fillers with large aspect ratio (like GDF) can impede and affect the diffusion path of penetrating
molecules. Well-dispersed fillers create a tortuous path for gases. To achieve the best perform-
ance of CNP/polymer composites, it is important to choose the functionalization method, a
suitable polymer matrix for CNT dispersion as well as polymer composite processing condi-
tions. To conclude, the CNP functionalization and polymer matrix design for the dispersion
of CNP and interfacial interactions between nanofiller and a polymer matrix are the key issues
for the development of high-performance CNP composites.
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Abstract

Semiconductor nanoparticles of very small size, or quantum dots, exhibit fascinating
physical properties, completely different from their bulk varieties, mostly because of the
quantum confinement effect. Due to their modified band structure, they particularly
show attractive optoelectronic characteristics. Carbon nanotubes are a class of
nanomaterials, which also possess wonderful optoelectronic properties and can revolu-
tionize modern semiconductor technology to a great extent. Carbon nanotube field-
effect transistors (CNTFETs) can replace standard MOSFETs in an array of devices and
can function in a more effective way. When these two optoelectronic components com-
bine together in nanocomposites, one may get advanced optoelectronic devices for
widespread application in sensors, solar cells, energy storage devices, light-emitting
diodes, electrocatalysts, etc.

Keywords: nanocomposites, nanohybrids, quantum dots, carbon nanotubes, optoelec-
tronics

1. Introduction

Advanced research in Materials Science introduced a new direction to control the properties of
materials with grain size at nanometer level (1-100 nm). At such reduced scale, materials
exhibit fascinating physical properties completely different from their bulk counterparts. The
properties of this new class of materials, called nanomaterials, can be tuned by changing their
grain size and hence find a wide range of applications. Semiconductor nanoparticles are useful
ingredients for the development of optoelectronic devices. This is due to their striking optical
and optoelectronic properties, which strongly differ from those of the corresponding bulk
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materials. In principle, this is related to the existence of quantum confinement effects of
excitons in the nanoparticles. Bandgaps are significantly changed with the size of the
nanoparticles, thus modifying the mechanism of radiative recombination of the electrons and
holes, which lead to large changes in the emission wavelengths of the excited nanocrystals.
Thus, even Si-based nanoelectronic structures may become luminescent with visible light
emission, leading to the vast possibilities of optoelectronics [1].

Due to quantum confinement effect, the continuous energy states split into discrete states,
with effective blue-shift in the bandgap of the nanomaterials relative to that of bulk mate-
rials. Presence of defects such as vacancies, interstitial atoms, surface and grain boundaries
in the semiconductor nanocrystals and also doping with appropriate dopants introduce
discrete energy levels, which alter the luminescence property of such nanomaterials. An
increase in energy bandgap with decrease in particle size leads to a blue-shift in the absorp-
tion spectrum. The influence of particle size is found not only in the absorption spectrum but
also in the wavelength of the emitted photons. Carbon nanostructures and carbon nanotubes
(CNTs), in particular, have such remarkable electronic and structural properties that they are
used as active building blocks for a large variety of nanoscale devices. Precisely, the use of
carbon nanotubes as active components in electronic and optoelectronic nanodevices has
great potential. When nanostructures are synthesized with the hybridization of the above
two promising optoelectronic components, a new set of functional nanocomposites appear
with fascinating optoelectronic characteristics that may lead to the fabrication of advanced
optoelectronic devices for a great variety of potential applications.

2. Quantum confinement in semiconductor nanoparticles

If the size of a nanoparticle becomes comparable to or smaller than the radius of the orbit of the
electron-hole pair, then we have a quantum dot (QD) and the case of quantum confinement
arises. Quantum confinement can be well explained by applying the laws of quantum mechan-
ics. Quantum confinement is observed in the case of interaction of very small nanocrystals
with radiation, when free electrons and holes are created. The hole and the electron form a
hydrogen-like system called an ‘exciton.” The radius of the exciton, called the ‘excitonic Bohr
radius,”’ may range from a fraction of a nanometer to a few nanometers. Quantum confinement
occurs when at least one dimension of a nanocrystal is smaller than the diameter of the exciton.
In this case, the absorption and emission of light are strongly particle size-dependent and the
phenomenon can be explained by the mechanism of quantum confinement. The behavior of
subatomic particles is understood by using Schrédinger equation. In a bulk semiconductor, the
electrons of the conduction band and the holes of the valence band are free to move through-
out the crystal and their motion can be described by the linear combination of plane waves
with wavelength of the order of nanometers. Whenever the size of a semiconducting solid
becomes comparable to these wavelengths, a free charge carrier confined in this structure will
behave as a particle in a potential box. In such a case, the solutions of the Schrodinger equation
are standing waves confined within the potential well, and the energies associated with two
distinct wave functions are in general different and discontinuous. Thus, the energy of the
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Density of States

E

Figure 1. Density of states for a particle in a zero-dimensional nanostructure.

particle exhibits a discrete energy level spectrum. Brus [2] modelled in a simple way the
excited electronic states of semiconductor crystallites of sufficiently small size. He expressed
the energy of the lowest excited state as:

E =hr?/2R*(1/m, + 1/my)-1.8¢%/esR + €% /Rf (e1, &2) (1)

where, R is the radius of the spherical particle with dielectric coefficient, &, which is
surrounded by a medium of coefficient, &;; E is the shift with respect to the bulk bandgap; m,
and 1, the effective mass of electron and hole, respectively, and ¢ is the charge of the electron.

In Eq. (1), the second term describes the increase in energy due to confinement effects, while
the third term describes the decrease in energy due to Coulomb interaction between electrons
and holes.

For a zero-dimensional nanostructure, such as a quantum dot, the density of states is given by:
p(E)op = Xi20(E-E;) (2)

where, 6(E — E)) is the Dirac d-function. The density of states for 0D nanostructure is shown in
Figure 1.

2.1. Optoelectronic properties of QDs

In this section, some significant recent research investigations on the striking optoelectronic
properties of semiconductor nanocrystals will be discussed. Liu et al. [3] reported a facile
chemical synthesis of SnSe nanocrystals with tunable sizes, by using common
alkylphosphine-Se precursors in combination with SnCl,. The optoelectronic properties of
colloidal SnSe NCs were studied by fabricating a SnSe NC thin film between interdigitated
gold electrodes (Figure 2(A)). The current-voltage (I-V) curves were measured in the dark and
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Figure 2. (A) Interdigitated microstructure of metal — semiconductor — metal (MSM) device. (B) Photoresponse of SnSe
NC thin-film to AM 1.5 illumination. Reprinted with permission from Liu et al. [3].
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Figure 3. Schematic diagrams of (a) device heterostructure and (b) energy vs. position of intraband transitions demon-
strating photocurrent generation in epitaxial InAs/GaAs quantum dot infrared photodetectors. (c) Atomic force micros-
copy image of epitaxial InAs/GaAs QDs demonstrating important structural characteristics. Reproduced with permission
from Stokes et al. [4].
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under AM 1.5 simulated solar illumination. The film showed a significant photoresponse
(Figure 2(B)). The photoresponse of the SnSe nanocrystal thin-film to simulated solar light
indicates that the materials have potential for use in solution-processed photovoltaic and
optoelectronic devices.

Stokes et al. [4] reported a wet chemical synthesis of semiconductor quantum dots (SQDs),
such as cadmium sulphide (CdS) or cadmium selenide (CdSe), etc. They stabilized
nanocrystals and controlled their size for specific optical and electronic properties, by chemical
capping using some organic capping agent, such as tri-n-octylphosphine oxide (TOPO). They
further manipulated their properties by using a core-shell structure of SQDs. Core-shell struc-
tures are made by covering the surface of a SQD with a shell of another SQD, which has a
greater bandgap than the core (e.g., ZnS over CdS or CdSe). Also as discussed by them,
epitaxial quantum dot films (EQDs) of III-V compound semiconductors (InAs/GaAs) have
been widely used in infrared photodetectors. Figure 3 shows the schematics of a typical
epitaxial InAs/GaAs infrared photodetector.

3. Carbon nanotubes

The atomic structure of carbon nanotubes depends on tube chirality, which is characterized by
the chiral vector Cj, and the chiral angle 0. The chiral vector, is defined as a line connecting two
crystallographically equivalent sites on a two-dimensional graphene layer, and can be
represented in terms of lattice translation indices (1, m) and the basis vectors a; and a, as
follows:

Cp=na; +may (3)

where, n > m (Figure 4).

CNT is constructed by rolling up the graphene sheet such that the two end-points of the vector
C), are superimposed. This CNT is denoted as (11, m) tube with diameter as:

(ST

D = |Cy|/n = a(n® + nm +m?*)*/m. (4)
where a = laq| = la,| is the lattice constant of the graphene sheet. The tubes with m = n are
commonly referred to as armchair tubes, while m = 0 as zigzag tube and others having m # n
are called as chiral tubes. A chiral angle is represented as:

0= tan"'[3"m/(m + 2n)] (5)

For an armchair tube, 6 = 30°. In the case of a zigzag tube, 0 = 0° and all tubes having chiral
angle, 0° < 6 < 30°, are called chiral tubes. A tube made of a single graphitic layer is called a
single-walled carbon nanotube (SWCNT), a tube formed by two coaxial graphitic layers is
called a double-walled carbon nanotube (DWCNT), and a tube comprising of several coaxial
graphitic cylinders is referred to as a multiwalled carbon nanotube (MWCNT). Through

149



150

Functionalized Nanomaterials

{R.n) (B)
15}
5 md,
n0) ;v

S

L

-

=
e . -
6 n a,

Figure 4. Geometrical structure of carbon nanotubes (CNTs): (A) honeycomb structure and basis vectors, (B) the chiral
vector.

theoretical calculations and experimental observations, it has been found that C-C bond length
dee = 0.142 nm or a = la;| = la,| = 0.246 nm, while the intertube spacing d;, = 0.34 nm in a
MWCNT. A carbon nanotube can be semiconducting or metallic depending upon its band
structure, which in turn depends on the chirality and diameter of the tube. The electronic
structure of the SWCNTs is related to a 2D graphene sheet, but, because of the radial confine-
ment of the wave function, DOS in graphite divides into a series of spikes in SWCNTs (shown
in Figures 5A and 5B), which are referred to as van Hove singularities [6]. Density of states
gives the number of available energy states and electrons in a given energy interval. For all
metallic nanotubes, the density of states per unit length along the tube axis is constant and is
given by:

N(Ep) = 8/, [3nay, 6)

where 7 is the lattice constant of the graphene sheet and v, is the nearest neighbour C-C tight
binding overlap energy. The density of states near the Fermi level Er located at E = 0 for
semiconducting nanotubes is zero (Figure 5A), but is non-zero and small in the case of metallic
nanotubes (Figure 5B). Semiconducting nanotubes show that their energy gap depends upon
the reciprocal of the nanotube diameter D and is independent of the chiral angle. Thus,

E, = ,a/V3D (7)

Electronic transitions between the energy bands of carbon nanotubes and their standard
designations are illustrated in the diagram below for single-walled carbon nanotubes
(SWNTs), synthesized in three different techniques, namely hi-pressure carbon monoxide-
chemical vapour deposition (HiPCO-CVD), laser ablation, and arc discharge method. Their
absorbance characteristics are shown along with following Niyogi et al. [6] (Figure 5C).
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Figure 5A. Band structure and density of states for a (5, 5) armchair nanotube within the zone-folding model. Adapted
with permission from Ref. [5].
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Figure 5B. Band structure and density of states for a (9,0) zigzag nanotube within the zone-folding model. Adapted with
permission from Ref. [5].
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Figure 5C. Electronic transitions between the energy bands of SWNTs, observed by transmission spectroscopy of films,
together with a schematic of the nomenclature used to designate the intraband transitions. Reprinted with permission
from Ref. [6].

3.1. Optoelectronic properties of carbon nanotubes

A great characteristic of carbon nanotubes is their ability to withstand a very high current
density, exceeding 10° A/cm?® [7-9]. For metallic nanotubes, the current-carrying capability
may even rise up to a value of 25 uA, limited by Joule self-heating, and by the scattering of
optical phonons. The saturation current limit for semiconducting nanotubes is controlled by
the Schottky barrier electrical resistance at the nanotube-metal contact, which in turn depends
on the diameter of the tube and the work function of the contact metal.

A promising material for fabricating cold cathodes for the next-generation high-performance
flat-panel devices is carbon nanotubes (CNTs). Sridhar et al. [10] synthesized a forest of
vertically aligned MWCNTs on Inconel 718 substrate and studied its field emission properties.
Compared to similar CNT structures grown on silicon, the ones on Inconel substrate were
found to possess lower switching fields (~1.5 V/um), higher operating current (~100 mA/cm?),
and higher amplification factor (~7300), and thus promised enormous potential for use as cold
cathodes in microwave vacuum devices, etc. (Figure 6).

As explained by Kinoshita [11], a carbon nanotube field-effect transistor (CNTFET) may be
designed in a simple way, with the carbon nanotube providing the transport channel when
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Figure 6. Plots of emission current density as a function of applied electric field in repeated experiments for CNTs grown

on (a) Si and (b) Inconel. Reprinted with permission from Ref. [10].
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Figure 7. Schematic diagram of a carbon nanotube field-effect transistor (CNTFET).

contacted on each end by bulk metal, and a heavily doped Si substrate acts as the back gate,
with SiO, performing the function of the gate dielectric. Unlike a conventional MOSFET, a
CNTEFET operates as a Schottky barrier transistor where the gate controls the Schottky barrier
and the injection of carriers. In a CNTFET, one can obtain an I/l ratio of 10°-10” and an on-
current of ~1 HA at the operating drain-source voltage Vpg of 1V, as observed by Kinoshita
[11]. The details of the conduction characteristics depend on the tube diameter, the choice of
the contact metal, etc. (Figure 7).

Topinka et al. [12] studied carbon nanotube network field-effect transistors (CNTN-FETs).
They investigated the microscopic transport mechanism of such devices and observed that in
CNTN-FETS the voltage dropped abruptly at a point in the channel where the current was
constricted to just one tube. They varied the semiconducting/metallic tube ratio and studied
the effect of Schottky barriers on conductance of the channel.

4. Nanoparticle-carbon nanotube composites

When the external surfaces of carbon nanotubes are decorated with semiconductor
nanoparticles or quantum dots (NPs/QDs), a new class of functional materials is produced
with remarkable properties, which combine the unique characteristics of the individual com-
ponents. Such nanostructures are known as CNT-NP (or CNT-QD) hybrids, or
nanocomposites. These nanocomposite materials are potentially useful in a wide range of
advanced applications, in the field of chemical sensors [13], biosensors [14], electrocatalysis
[15], fuel cells [16], and nanoelectronics [17]. Semiconductor NPs of very small size are known
as quantum dots (QDs), as they exhibit interesting size-dependent optical and electronic
properties, due to quantum confinement effect. As observed by Georgakilas et al. [18] CNTs
hybridized with QDs of II-VI or III-V semiconductors are ideal optoelectronic materials and
can be used in solar cells, light-emitting diodes, etc.

Therefore, varieties of semiconductor NPs, such as CdSe, CdS, CdTe, PbSe, ZnS, ZnO, SiO,,
TiO,, and In,S;, have been bound to CNT surfaces and properties studied by several
researchers.

The electronic interaction between CNTs and the externally attached nanocrystals (NCs) plays a
crucial role in constructing optoelectronic devices [19, 20]. Hybridizing semiconductor NPs on
CNT surfaces can modify their optical characteristics and luminescent property significantly
and hence can find application in assembling photoelectrochemical cells [21], in tailoring
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light-emitting diodes [22], in organizing sensor systems, and in fabricating electrochromic
devices [23].

4.1. Synthesis and characterization of the CNT-QD composites

There are several methods to decorate carbon nanotubes with nanoparticles. Chen and Lu [24]
proposed an efficient gas-phase route of the electrostatic force directed assembly (ESFDA)
process. The locally enhanced electric field near CNTs results in directed assembly of charged
aerosol nanoparticles onto CNTs. They coated MWCNTs with a mixture of SnO, and Ag
nanocrystals by using this method.

However, the most widely exploited route for synthesis of semiconductor nanoparticle-coated
carbon nanotubes is the wet chemical process. In this method, the size of the QDs can be tuned
and the proportions of the two components of the composite can be adjusted to obtain the
desired properties. Carboxyl groups on the surface of acid-treated CNTs are often used to

attach amine-terminated or mercapto-terminated inorganic nanoparticles through amide
bonds.

Banerjee and Wong [25] used a multistep procedure to attach modified CdSe QDs to carboxyl-
group functionalized CNTs (Figure 8).

Liet al. [26] used polyamine- and amino-functionalized MWCNTs (MWCNT-NH,) templates
to load CdTe quantum dots (QDs) and Fe;O, magnetic nanoparticles by the electrostatic
self-assembly approach, synthesizing MWCNT/CdTe and MWCNT/Fe;0, nanohybrids
(Figure 9).
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Figure 8. Multistep process for linking modified CdSe QDs to CNTs via amide bonds, involving (1) the oxidation of CNTs
in KMnOj, and functionalization with ethylenediamine and (2) the thiolization of CdSe and termination with acid groups.
Reprinted with permission from Ref. [25].
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Figure 9. Synthesis procedure for preparation of MWCNT/nanoparticle hybrids from multiamino-functionalized
MWCNTs by the electrostatic self-assembly approach. Reprinted with permission from Ref. [26].

Robel et al. [27] investigated the single-walled carbon nanotube-CdS nanocomposites as light-
harvesting assemblies and studied their photoinduced charge-transfer interactions, undertak-
ing a simple solution-mixing synthesis of the samples as shown in Figure 10.

Paul et al. [28] reported a simple chemical precipitation technique for the synthesis of a hybrid
nanostructure of single-wall carbon nanotubes (SWCNT) and titania (TiO,) nanocrystals of
average size 5 nm (Figure 11). They prepared SWCNT/TiO, nanohybrid structures by mixing
purified SWCNT in TiCl; solution and stirring the mixture in a magnetic stirrer. NH,OH
solution was added in drops to attain pH neutrality and the mixture was further stirred for a
few hours. Then, they centrifuged the colloidal solution at 9°C, washed it with deionized water
and 2-propanol, and dried up at room temperature. They did structural and morphological
characterization of the samples, and studied their optical and electrical properties.

In the absorbance spectra of the nanohybrid material, a blue-shift was observed by them,
confirming the charge transfer between SWCNTs and titania nanoparticles. There was a

Figure 10. Chemical synthesis of SWCNT/CdS hybrid structure in THF solution is shown on the right part of the figure.
The different stages of formation of the nanocomposite are shown in a labelled flowchart. The left part shows the charge
transfer mechanism between excited CdS nanoparticles and SWCNTs. Reproduced with permission from Ref. [27].
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Figure 11. HRTEM micrograph of SWCNT/TiO, hybrid; insets showing the HRTEM micrograph of pristine SWCNT,
SAED pattern of the composite material and the particle size distribution of TiO, NCs. Copyright © 2013 Techno-Press,
Ltd.

considerable visible emission in the photoluminescence spectrum with the peak emission at
400 nm.

Figure 12 shows the Raman spectrum of pristine SWCNT and that of SWCNT/TiO, hybrid.
The peaks at 150, 408, and 650 cm™" of the hybrid sample correspond to the photoelectronically
active TiO, anatase phase. There is an upshift by 12 cm™ in the position of G-band indicating
charge transfer to SWCNTs from TiO, NCs. Ip/I for pristine SWCNT was 0.546, while that for
SWCNT/TiO; hybrid was found to be 0.939.

Study of DC conductivity of pristine SWCNT showed a crossover from a semiconductor-like
temperature dependence of conductivity to a metal-like one with the increase of tempera-
ture, transition temperature being 180 K (Figure 13). When coated with TiO, NPs, the whole
material behaves as a semiconducting material and its conductivity decreases by several
orders of magnitude. A broad luminescence in the visible region in the range of 325-500 nm
was observed, which could be attributed to the charge transfer from the titania NCs to the
SWCNTs. Thus, the hybridization of TiO, nanoparticles with SWCNTs rendered an
advanced functional material with improved photocatalytic response due to reduced recom-
bination of photoelectrons. Also, this nanocomposite could find application as a useful
optical material for sensor devices.
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Figure 12. Raman spectrum of pristine SWCNT and SWCNT/TiO, composite. Copyright © 2013 Techno-Press, Ltd.
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Figure 13. Variation of log of DC conductivity of SWCNT/TiO, hybrid with 1000/T (K'); inset shows the higher
temperature plot of DC conductivity of the hybrid. Copyright © 2013 Techno-Press, Ltd.

4.2. Optoelectronic applications of CNT-QD composites

Yang et al. [29] synthesized In,S;-carbon nanotube nanocomposites through a facile refluxing
wet chemistry process, as shown in the migrograph (Figure 14). The as-synthesized In,S;-CNT
nanocomposites were used as selective and active visible-light driven photocatalysts toward
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Figure 14. Typical TEM images (a—c) and high-resolution TEM (HR-TEM) image (d) of the sample of In,S3-3% CNT; the
inset of panel (c) is the corresponding SAED pattern. Reprinted with permission from Ref. [29].

120
NO, NH 777 Conversion
1004 oy, ‘L"s_.l .
[ e
- 4
) ” L. :
~— 804 1 1
i OH oM % 3
E i ]
I 40+ —“’ 1 T
[ 4 V4
[+9 7 : 1 |7
|7 1 i 7
204 E"'"' E i : i :
odl £ ! : L

5

-9 1\
o » WO 0 A.i,c,\‘i R
W WPt @ e

Figure 15. Photocatalytic selective hydrogenation of 4-NP over blank In,S; and In,S;-CNT nanocomposites under visible
light irradiation for 1 h in water with the addition of ammonium formate as a hole scavenger and N, purge at room
temperature. Reprinted with permission from Ref. [29].

hydrogenation of nitroaromatics to amines in water, with enhanced photocatalytic perfor-
mance (Figure 15).

Shi et al. [30] reported a simple process for the synthesis of a sandwich structure of SWCNT-
CdSe hybrid film (thickness ~ 200 nm), in between two SWCNT films (each thickness ~ 36 nm).
They tested it as an optoelectronic conversion device under the illumination of simulated solar
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Figure 16. (A) Schematic diagram of an optoelectronic device using SWCNT-CdSe hybrid film. (B) Photocurrent vs. time
under alternating light on and light off condition (a) for the device using calcined SWCNT-CdSe film as the middle layer.
Curve (b) is for the device using SWCNT-CdSe film without calcination. Curve (c) is for the device using pure SWCNT
film. (C) On/off light cycles of photocurrent and (D) photocurrent for a long-time illumination with light of 100 mW ¢m ™.
Reproduced with permission from Shi et al. [30].

light. They found that the device could generate photocurrent with high sensitivity and their
observations are illustrated in Figure 16.

5. Conclusion

Attachment of semiconductor nanoparticles or quantum dots on the surfaces of carbon
nanotubes has opened up innumerable possibilities of their applications in a variety of
advanced nanodevices in various areas of nanotechnology. Combining the remarkable opto-
electronic properties of the two outstanding nanoscale components, a vast array of fascinating
optoelectronic devices is being proposed by researchers every day all over the world. In our
brief review, we have touched upon a few of such applications.
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Edited by Muhammad Akhyar Farrukh

Generally the nanometer scale covers from 1 to 100 nm while discussing the
nanomaterials. Nanomaterials have very high potency and emerge with large
applications piercing through all the discipline of knowledge, leading to industrial and
technological growth. Nanotechnology is a multidisciplinary science that has its roots
in fields such as colloidal science, device physics, and biomedical and supramolecular
chemistry. The main objective of the book is to cover maximum areas focusing on
synthesis, characterization with various microscopic techniques, and multiple
applications. This book is divided into two sections with Non-carbon Compounds and
Carbon Compounds. The synthesis, characterization, and applications of metal, metal
oxides, and metal hydroxide nanoparticles are covered in the section Non-carbon
Compounds, while the section Carbon Compounds focuses on the carbon nanotubes,
graphite oxide, graphene oxide, etc.
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