
Edited by

Materials Chemistry 
of Fullerenes, 
Graphenes, and 
Carbon Nanotubes

Giuseppe Cirillo and Long Y Chiang

Printed Edition of the Special Issue Published in Molecules

www.mdpi.com/journal/molecules



Materials Chemistry of Fullerenes,
Graphenes, and Carbon Nanotubes





Materials Chemistry of Fullerenes,
Graphenes, and Carbon Nanotubes

Editors

Giuseppe Cirillo

Long Y Chiang

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Giuseppe Cirillo

Pharmacy, Health and

Nutritional Sciences

University of Calabria

Rende

Italy

Long Y Chiang

Chemistry

University of Massachusetts

Lowell

USA

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access

journal Molecules (ISSN 1420-3049) (available at: www.mdpi.com/journal/molecules/special issues/

Fullerenes Graphenes).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-2188-6 (Hbk)

ISBN 978-3-0365-2187-9 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/molecules/special_issues/Fullerenes_Graphenes
www.mdpi.com/journal/molecules/special_issues/Fullerenes_Graphenes


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Materials Chemistry of Fullerenes, Graphenes, and Carbon Nanotubes” . . . . . . ix

Luca Bellucci and Valentina Tozzini

Engineering 3D Graphene-Based Materials: State of the Art and Perspectives
Reprinted from: Molecules 2020, 25, 339, doi:10.3390/molecules25020339 . . . . . . . . . . . . . . 1

Elisa Thauer, Alexander Ottmann, Philip Schneider, Lucas Möller, Lukas Deeg, Rouven
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Preface to ”Materials Chemistry of Fullerenes,

Graphenes, and Carbon Nanotubes”

Nanocarbon compounds, including fullerenes, graphenes, and carbon nanotubes, have

attracted ever increasing interest in the materials science field owing to their superior physical,

chemical, mechanical, and biological features, associated with intrinsic characteristics nonexistent in

conventional organic substances. Such materials have been proposed and utilized in a large number

of applications across different research and technological disciplines, extending from chemistry and

engineering to subjects of molecular and polymeric electronics, photonics, materials science, energy

management, and biomedicine.

This Special Issue is intended as a platform for the interactive material science articles with an

emphasis on the preparation methods, functionalization chemistry, and structural characterization of

nanocarbon compounds, as well as all aspects of physical properties of functionalized, conjugated, or

hybrid nanocarbon materials, and their associated applications. Some recent advances in the field are

collected and presented here, providing new ideas for discussion among researchers working in this

multidisciplinary scenario and development.

Both recent research articles and review papers are collected, with the latter being presented at

the beginning of the Book Issue since they provide an extensive overview on the topics presented

herein with discussion of future perspectives.

In the first review article, Luca Bellucci and Valentina Tozzini made an overview on the strategy

and preparative methods for extending two-dimensional (2D) materials of graphene in nature into the

construction of 3D-architectural multilayer structures. The article outlined two main experimental

approaches with synthetic routes reported for bulk preparation in reference with theoretical

calculation and simulation studies of graphene-based 3D materials. These methods included the

mixing for effecting intercalation process and the functionalization with pillars molecules to separate

(r)GO sheet layers. It also provided the highlighting of the advantages and disadvantages of each

strategy applied. Finally, they introduced the possibility of a third approach involving the use of

epitaxial vapor deposition for laying regularly nano-patterned carbon buffer layer precursors prior

to graphene sheet attachments, giving a suggested improvement on 3D-architectural control.

In the second review article, Thauer, et al. demonstrated the potential importance of using

endohedral encapsulation of redox couplers inside multiwalled cabon nanotubes (MWCNT) to

serve as hybrid carbon-based hierarchical nanostructured anode materials in the fabrication of

lithium-ion batteries as electrochemical energy storage devices with high specific capacities. The

approach was taking advantages from the combination of nanosize effects for increasing the surface

area, enhanced electrical conductivity for facilitating the charge-transport/distribution, and better

CNT-shell protection for maintaining high-performance of the device against electrode cracking and

degradation of inorganic redox materials.

In the third review article, Curcio, et al. described the application of hybrid materials based

on carbon nanostructures in biomedicine and in cancer treatment. Authors discussed the most

relevant examples of hybrid nanosystems proposed for MDR reversal, taking into consideration the

functionalization routes, as well as the biological mechanisms involved and the possible toxicity

concerns.

This Special Issue also includes five research articles.

The first paper by Vrettos, et al. reported on the mechanical reinforcement of graphene aerogel

ix



with surface-functionalized carbon fibers by combining reduced graphene oxide (rGO) hydrogel and

carbon fibers as highly stable 3D-porous conductive composite materials, covalently linked by epoxy

and tetramines. Characterization, in terms of surface properties, as well as electrical behavior were

given with suggestions of potential light-weight conductive cable uses.

The second paper by Yang, et al. described the correlation of phonon scattering induced by the

degree of oxidative vacancy defects of graphene oxide to its thermal conductivity using large-scale

molecular dynamic simulation approach method. It provided the theoretical guidance in possible

design of tailored graphene oxide microstructures for thermal management and thermoelectric

applications by varying the oxidation degree of GO or rGO.

The third paper by Scholz, et al. described high-temperature graphitized multiwalled carbon

nanotube yarns made by a dry-spinning process to produce carbonaceous materials. The products

may have great interest for different applications due to their superior thermal conductivity, electrical

conductivity, and mechanical properties. In detail, they showed the strategies to enhance the

properties of such nanostructures to be used as a replacement for common materials in the field of

electrical wiring.

The fourth paper by Chiang’s group described the synthesis of new 3D conformers to exhibit a

nanomolecular configuration with geometrically branched 2-diphenylaminofluorene chromophores

using a symmetrical 1,3,5-triaminobenzene ring as the center core. Authors stated that a

nanostructure with a non-coplanar 3D configuration in design should minimize the direct contact

or π-stacking of fluorene rings with each other during molecular packing to the formation of

fullerosome array. The materials consisted of electron donor–acceptor conjugations intended for

enhancing photoinduced intramolecular electron-transfer generation of reactive oxygen species

(ROS) for photodynamic therapy applications.

The fifth paper by Zohdi and co-workers presented experimental evidence on the preparation

of graphene oxide tablets based on a mixture of graphene oxide and polyethylene glycol on a

polyethylene substrate to be employed for the extraction and concentration of omeprazole in human

saliva samples with high efficiency.

Giuseppe Cirillo, Long Y Chiang

Editors
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Abstract: Graphene is the prototype of two-dimensional (2D) materials, whose main feature is
the extremely large surface-to-mass ratio. This property is interesting for a series of applications
that involve interactions between particles and surfaces, such as, for instance, gas, fluid or charge
storage, catalysis, and filtering. However, for most of these, a volumetric extension is needed, while
preserving the large exposed surface. This proved to be rather a hard task, especially when specific
structural features are also required (e.g., porosity or density given). Here we review the recent
experimental realizations and theoretical/simulation studies of 3D materials based on graphene.
Two main synthesis routes area available, both of which currently use (reduced) graphene oxide
flakes as precursors. The first involves mixing and interlacing the flakes through various treatments
(suspension, dehydration, reduction, activation, and others), leading to disordered nanoporous
materials whose structure can be characterized a posteriori, but is difficult to control. With the aim
of achieving a better control, a second path involves the functionalization of the flakes with pillars
molecules, bringing a new class of materials with structure partially controlled by the size, shape, and
chemical-physical properties of the pillars. We finally outline the first steps on a possible third road,
which involves the construction of pillared multi-layers using epitaxial regularly nano-patterned
graphene as precursor. While presenting a number of further difficulties, in principle this strategy
would allow a complete control on the structural characteristics of the final 3D architecture.

Keywords: graphene-based materials; nanoporous graphene; epitaxial graphene; molecular modeling

1. Introduction

Since the experimental confirmation of its existence [1], graphene has raised great expectations
because of its exceptional properties, stemming from a fortunate combination of the electronic structure
of carbon, the symmetry of its lattice, and its two-dimensional (2D) nature [2]. Besides the large charge
carriers’ mobility and the wide-band optical response, graphene displays extremely large resistance to
tensile strain associated to a very low bending rigidity [3], leading among other things to the emergence
of low energy transverse phonons [4] and ripples [5]. These properties associated to the low weight
have triggered the proposal of a plethora of possible applications [6–10].

With little exceptions, however, these require some sort of manipulation of the sheet: in general
nano-electronics requires doping to increase the density of states at the Fermi energy or to open a gap,
which can be achieved by chemical substitutions [11], introduction of adatoms [12] or defects [13,14] or
structure modulation [15,16]; for photovoltaics [9] different functionalization are required, depending
on the specific use proposed (anode, cathode or photoactive layer [17]). Catalysis or environmental
applications, such as water filtering, generally require sheet alteration, such as perforations of tailored
size [18]. Recently, a brand new branch of investigation has stemmed from graphene in-plane large
mechanical strength and elasticity [3], coupled to out of plane flexibility [5]: controlled local strain would
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create pseudo-magnetic fields [19], besides band-gap opening and other specific electronic structure
modifications [20,21] with interesting applications in nano-electronics and photonics; both in-plane
(strain [22]) and out-of-plane (rippling [23]) mechanical alterations were shown to locally change
chemical reactivity opening the way to controlled chemical nano-patterning [24,25]. Interestingly, all
of the suggested modifications correspond to controlled disruption of the perfect symmetry of the
crystal in a different way, which leads to viewing grapheme–rather than a single material–as a sort of
morphable platform to build a class of slightly different materials suitable to specific purposes [26,27].

In addition to the modification of the layer, a wide range of uses needs its volumetric extension,
with the requirement, however, that the 2D properties are preserved as far as possible. This is
the case in applications involving storage: fuel-gas storage (e.g., H2), or electro-chemical energy
storage (supercapacitors or batteries [28]), require a large exposed surface per unit mass (or Specific
Surface Area, SSA) to achieve a large gravimetric capacity (GC) [29], and the intrinsic capability
of adsorbing specific substances (gas or electrolytes). Similar requirements are needed in catalysis
applications [30]. Clearly, in this case the light weight of carbon and its intrinsic two-dimensionality are
crucial, electric conductance is also needed in supercaps and batteries, while electronic properties can
be an important added value. Finally, a number of applications related to coating can be considered as
in between superficial and volumetric ones. In these, graphene-based materials must be deposited
on a given surface in thin layers–but macroscopic on the atomic scale–to several purposes: protect
from atmospheric agents [31], make it conductive [32] or hydrophobic [33], yet maintaining elasticity
and resistance.

Indeed, preserving the needed properties and possibly enhancing or tailoring them in the 2D to
3D passage has turned out extremely complex. Up to now, two main routes were considered, both
using graphene flakes as precursors. In the first, these are created by graphite exfoliation (usually
after oxidation) and suspended in various solvents, resulting in a mixture of flakes with randomly
distributed sizes and shapes; upon dehydration, they form 3D scaffolds with random structure and
porosity [34]. These techniques, described in the next section, have the advantage of producing
in cheap and scalable way a range of different 3D graphene-based nanoporous materials (GNM).
The disadvantage is the high level of disorder, and the poor capability of controlling structural and
mechanical properties, which are usually characterized a posteriori.

Building multi-layered structures separated by molecular “pillars” is considered an alternative to
control the properties of the final 3D construct: theoretically, porosity and density in such structures
are determined by the size and concentration of pillars, allowing the possibility of engineering the
3D structure via the pillar molecule design. Up to now, this route, has been followed using organic
molecules as pillars [35,36] coupled to suspended flakes, with encouraging but still not optimal results
due to the difficulty of controlling the location of pillars on the randomly shaped flakes. The latest
advances in this field are reviewed in Section 3.

Clearly, the optimal route should involve the control of the pillars positioning at the nano-scale on
the precursor sheets, i.e., the combination of controlled chemical nano-patterning with the possibility
of stacking the patterned multilayers in a controlled way. In Section 4 we illustrate the perspective to
reach these objectives using the epitaxial graphene as precursor. A summary and conclusions follow in
the last section.

2. Graphene-Based Nano-Porous Materials: Production and Computer Modeling

GNM are part of a broader class, the nano-porous carbons, which comprises activated carbons,
carbide derived carbons, nanofoams and nanotubes, among others. While the synthesis of scaffolds
with micrometer porosity has reached quite a high level of maturity thanks to the use of nano-to-micro
particles as templates [37], strictly nano-porous GNMs are more difficult to produce with controlled
structural characteristics. They are generally obtained with top-down techniques, using as precursors
suspension of flakes. Flakes obtained from direct exfoliation of graphite (e.g., by liquid phase
exfoliation [6,7]) have more regular structure and better conductive properties, and are therefore
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more suitable for electronics applications, but are also more expensive and difficult to obtain and
handle. Therefore, for the 3D scaffold building, usually, the process starts from the oxidation of
graphite to graphite oxide, e.g., by Hummer’s method [38], followed by exfoliation-reduction either
thermally [39], leading to Thermal Exfoliate Graphite Oxide (TEGO), or using microwaves, leading
to Microwave Exfoliate Graphite Oxide (MEGO) [40,41], resulting in materials with SSA usually not
exceeding 800 m2/gr [42,43]. Samples can be subject to additional treatments, such as further reduction,
or chemical activation (e.g., with KOH), which modify the edges with the result of increasing the
porosity to specific pore volume (SPV) greater than 2 cm3/g [30,44] and improving the SSA up or
exceeding the graphene limit (2630 m2/g). The result are 3D structures with randomly distributed
sp2 areas interconnected to form a tangled scaffold with pores of size ranging in the nanometer scale
(Figure 1). Overall, these materials display SSA values between 500 and 3500 m2/g, maintaining good
electrical conductivity, high mechanical strength and chemical stability [45,46]. The performances as
gas absorbers are basically proportional to the SSA, reaching an excess H2 adsorption of 7% at 77 K [44].
The actual structural features, measured by SSA and PSV and some other additional parameters, such
as the pore size distribution (PSD) and the mass density ρ [47] (see Table 1), depend on all the phases of
the production: the exfoliation process, determining the size and shape distribution of the flakes, the
reduction, influencing the intrinsic perforation and defects of the flakes, and the activation, modifying
the porosity and surfaces. Consequently, the gas adsorption could in principle be tuned provided a
full control of the production process is possible.

The structure control is even more crucial when GNM are proposed as storage mean in electric or
electrochemical form. Being a conductor with large surface, graphene could be used as a capacitor,
whose capacitance can be largely increased adsorbing electrolytes, potentially making it a super-cap [40].
To this aim, besides the already mentioned SSA directly related to capacitance and improved by
activation [48], also the intrinsic capability of adsorbing electrolytes or ionic liquids becomes a key
feature [49]. Therefore, though the capacitance is generally inversely proportional to porosity, the pore
sizes must also be optimized based on the size of the ionic species [50,51]. A fine tuning of the porosity
can also produce ion desolvation and the consequent increase of efficiency via a pseudo-capacitance
effect [52]. Similar properties are required to develop materials suitable for batteries. In particular,
electric conductivity and chemical stability, besides porosity are the main requisites for the electrodes
for lithium-based batteries [53,54]. Finally, GNM are attractive also as gas sorters or filters for
environmental applications, e.g., water or air purification and CO2 sequestration [55].

In summary, the need for large GC for gas or electrolytes adsorption calls for large SSA and
low ρ [10,55], undermining the structural stability. On the other hand, volumetric capacity (VC)
increases with ρ, and the pore size must be tuned to the adsorbed fluid [26]. Clearly, the capability
of finely controlling the structural parameters has a main role [56]. This task is not only difficult,
but also somehow ill-defined, since the experimental structural determinations of GNM are limited
to the measurement of pair distribution functions (PDF) and average pore size or at most the PSD.
Computer modeling and simulations have been called into play to compensate for the lack of detailed
knowledge. However, the intrinsic disorder leaves quite a large amount of under-determinacy for
model building. As a consequence, models including a degree of approximation or idealization are
often used. The “perforated graphene” models [44] uses flat flakes not reconstructed at the edges and/or
with regularly spaced pores [57]. Other studies are even simpler, including either the ideal slit-pore
geometry [58–60] or defected [61]/rippled [62] multilayers. Finally, a number of models is based on
periodic 3D structures, such as the open-carbon-frameworks [63,64] or the carbon honeycomb [65].

While regular structures cannot allow a comprehensive throughput screening of the whole
structural diversity landscape of GNM, clearly, the major issue in building realistic models for
nanoporous scaffolds is their intrinsic disorder, difficult to include and needing large model systems to
mild the effects of the boundaries or of the superimposed artificial periodicity of the model super cell.
A number of computational approaches to generate disordered GNM model systems were adopted,
differing in the description of the interactions between carbon atoms [66], and in the technique used to
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sample the structural parameters space. In the molecular dynamics (MD)-based techniques, atomistic
empirical force fields (FF) are used to handle the interactions. These must be able to describe the
different possible hybridization states of carbon based on the bond-order evaluated “on the fly” [67,68]
and/or the formation/dissociation of the different kinds of C-C bonds [69,70]. The model generation
can then proceed ‘’bottom up”, starting from a random distribution of carbon atoms in gas phase,
which are subsequently subject to molecular dynamics simulated annealing cycles (heating up to
104 K and slow quenching [71]). Different structural morphologies can be obtained by changing
the annealing conditions [72] (temperature, pressure [73] or density [74]), which is the simulation
equivalent of changing the experimental conditions of production. This “from scratch” procedure is
very computationally expensive, limiting the size of the model system to tens of nm, and preventing
an extensive exploration of the structural parameters space and–consequently–a fine control over the
resulting structures. A completely different point of view is taken in reverse Monte Carlo methods,
where the atoms configurations are generated randomly and optimized until the simulated PDF matches
the experimental one. In principle, the bare version of this method returns the best approximation
of the inter-atomic interaction with a two-body potential as a side result, and structures compatible
with it [75]. However, the nature of the C-C interaction is intrinsically many-body, therefore further
restrains (geometric or energetic) are needed during the procedure [76]. This method is less expensive
and can then generate larger model systems, giving good results in the meso-scale, but needs accurate
structural determinations as input, which necessarily introduce an experimental bias.

To the aim of combining a modest computational effort with realism of the final model, a good
strategy is using as precursors already formed graphene portions [77,78] instead of atoms. On this road,
a step forward was recently done using a model building algorithm that mimics the real synthesis [55,79].
The starting point is a mixture of flakes with size and shape distributed according to the experimentally
known composition of the suspension. These are mixed to reproduce the real density and allow
intersections. These, the edges and the perforations are then optimized using bond order or reactive
FFs, and possibly functionalized with other species, mimicking the various experimental treatments.
The system is finally refined by thermalizing MD cycles. The results realistically match the PDF
and can be controlled by the starting concentration/size distribution/perforation of the flakes. Using
already formed flakes as precursors, not only leads to more realistic structures, but also limits the
computational effort allowing the generation and extensive study of large model systems. An overview
of the available disordered GNM materials, models and their characteristics is reported in Figure 1 and
Table 1.

Table 1. Disordered GNM and their structural characteristics.

Precursor Method/Treatment SSA m2/g
PSV cm3/g
or Avg Pore

Size

Density
cm3/g

H2 Uptake (% at 77K)
or Capacitance (F/g)

Ref.

Graphite oxide TEGO, TEGO +
KOH 2300 5% 2015 [29]

Graphite oxide TEGO + KOH 3300 2.2 (PSV) 7% 2015 [44]

Graphite oxide TEGO + KOH 2900 1.4 (PSV) ~1 5.5% 2015 [78]

Slit pores Modelling 5100 0.95 (PSV) ~1 6.5% 2015 [78]

Graphite plasma-induced
exfoliation ~800 ~0.8 nm 2% 2016 [79]

Graphite-/diamond-like Heating/Quenching
MD simulations 600–3000 0–1.6 (PSV) 0.5–3.5 2017 [72]

activated carbon Thermal treatment 2220 0.67 nm 1.95 5.5% 2015 [47]

Carbon atoms Quench MD
simulations ~1900 3–15 nm ~0.9 123 F/g 2019 [71]
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Figure 1. Structure diagram of graphene-based nanoporous materials (GNMs). The Specific Surface
Area (SSA) vs specific pore volume (SPV) is reported for various experimental determinations and
simulation studies. The blue shaded area encloses the experimental determinations of pillared structures,
the one shaded in pink encloses the area spanned by experimental determinations of the disordered
GNM scaffolds, both from various literature works cited in the text and in Table 2 (magenta star:
Ref. [44]). The squared blue dots are simulations for pillared materials (Refs. [74,76,80]). Brown and
reddish shades and dots are from simulations. The brown dots are preliminary from ref. [55], and
roughly accumulates on lines at different decreasing density (smaller and larger simulated density are
reported); red oval shade and orange shade are extracted and processed from ref. [74]. The brown
lines separate areas at increasing excess GD evaluated at 77K. The region typically spanned by the
Metal Oxide Frameworks is reported in green. Sample structures for the pillared (blue border) and
disordered GNM (red border) are reported as insets.

3. Pillared Materials: State of the Art and Open Problems

In disordered nanoporous materials the porosity of the final structures depends on how the
flakes interlace during all the phases of the preparation, which introduces a high degree of disorder
and stochasticity. In order to reduce this issue and improve the control over the outcome, the idea
rose of synthesizing layered structures separated by molecular pillars, i.e., organic molecules suitably
designed with given lengths, rigidity and possibly other physic-chemical properties. The size of the
pillars determines the inter-layer spacing, and controls the average pore size, together with the relative
distance of the pillars on the sheets. The first realization of such structures traces back to almost two
decades ago when, inspired by metal-organic frameworks chemistry, layered structures separated by
diboronic acid molecules were first proposed [81]. The pillars adhesion exploited the reactivity of
hydroxy groups of graphene oxide (GO) with the acidic groups, leading to GO frameworks (GOF).
These were subsequently characterized via Xray diffraction and neutron scattering, and tested through
their H2 adsorption capability, whose low value indicates rather a small SSA value (hundreds of m2/g).
The synthesis procedure was recently optimized [34], obtaining values of SSA up to ~600 m2/g and
pores size up to 2 nm. At the same time, it was shown that in some cases, in polar solvents these
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material exhibits reversible swelling, posing doubts on the complete covalent nature of the layer
linkage [35]. Using as pillars di-amine of different lengths [82] resulted in materials with tuneable
interlayer distance in the range 0.8–1.1 nm, generally hydrophilic and insulating. In fact, ab initio
calculations with simplified model systems demonstrated that achieving electric conductivity in these
materials is not easy, due to the rupture of the aromaticity at the linkage sites [80].

The optimization of these materials depends on their use: for electric energy storage, both a
finely tuned pore size and the conductivity are important. Therefore different synthesis routes were
explored, involving reduction of GO, either ex post [83] or directly starting from reduced GO (rGO);
in the latter case, most of the proposed reaction exploit the chemistry of diazonium salts radicals,
selectively reacting with the defective sites of rGO [84–86]. Among the best performances in terms
of SSA where obtained with a two-step procedure: the rGO was first functionalized with benzoic
acid [85], obtaining a layered material with good porosity, but scarce conductivity. Polyaniline was
subsequently synthesised in situ obtaining a composite material with larger average inter-layer distance
though smaller average pore size, and with improved electric conductance. Alternative routes to tailor
inter-layer distance and porosity involve cross-linking by aryl-aryl reaction of rGO functionalized with
iodo-phenyls [86] or Zn+ coordination of rGO functionalized with azobenzoic acid [87]. A summary
of the recent literature on experimental and theoretical structural determinations of these materials is
reported in Table 2. The main structural characteristics are also reported in Figure 1.

Table 2. Pillared materials derived by Graphite Oxide (GO) or reduced GO (rGO) flakes and their
structural characteristics.

Precursor Pillars Reaction/Method SSA m2/g Structural Features
H2 Uptake (%

at 77K)
Ref.

GO Diboronic acid
Solvothermal

Acid+OH
dehydration

~200 ~11 Å interlayer spacing;
pillars distance: 7–8 Å

1% experiment
5% simulation 2010 [80]

GO Diboronic acid Solvothermal 500–600 Interlayer: 8–15 (swelling)
Pore size > 2 nm ~1.5% 2015 [34]

GO “tetrapod” amine Solvothermal >660 Interlayer: 10–13 to ~16 Å
(swelling)

~1.5% 2017 [35]

GO Different types of
diamine

Cross-linking,
thermally promoted

Interlayer 8.5–11 Å
Pillar dist ~10 Å

2019 [84]

GO reduced 1–6 diaminohexane Cross-linking 150–200 Inter layer: 7.8 Å
Pore size: 1 nm, 15 nm

2018 [85]

rGO Aryl bis-diazionium
salts (and variants) Radical reaction 200–400 Interlayer: 5–10 Å

inter-pillar ext: ~5 Å
2016 [86]

rGO Benzoic acid,
polyaniline

Polyaniline is grown
on benzoic acid on

flakes

330 Inter layer 1.5–2.5 nm
Density 0.68 g/cm3

Pore size 0.8 nm

2015
[87]

rGO 4-iodophenyl
diazionium salts

Aryl-aryl coupling
reaction for

cross-linking
Pore size 1–10 nm 2015 [88]

rGO Azobenzoic
acid-based ligands

Zn2+ coordination for
cross-linking

inter-layer distance ~3 nm
in the hydrogel 2012 [89]

graph Diboronic acid
variants

Density Functional
Theory, Tight binding

Interlayer 1.1–2.2 nm
inter pillar 3–5 Å 1.5% 2019 [84]

graph nanotubes
Density Functional

Theory, Grand
Canonical MC

1.2 nm interlayer,
1.5 nm inter-pillar 6% 2017

[71,72]

GO, gr Organic aromatic
pillars

Reax FF
Grand Canonical MC

Pore size 0.8,1,1.1 nm
Inter-layer ~3 nm ~4% 2017

[73,74]

Although steps forward have been done in the control of the functionalization, the performances
of these materials are not better than those of disordered GNM: SSA is at best several hundreds, far
below the theoretical limits and below the simulation predictions. In fact, both the carbon-only model
systems including nanotube-pillars [88,89] and the molecular-pillared model systems [81,90], display,
in simulations, GD uptake (and SSA) 5–10 times larger than the measured ones, besides the theoretical
capability of efficient gas sorting [91], desalinization [92], and interesting mechanical properties [93].
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Although the origin of the theory-experiment discrepancy is not clear, it was shown that ideal structures
with nearly flat sheets and regularly spaced pillars display a better performances in simulations [84],
and that the adsorption performances depend on the fine tuning of the pillars distance, which must be
large enough to allow the molecules access and hosting in a layer on the surface, but not too large, in
order to maximize the GD. Therefore, a regular and controlled patterning seems the key for obtaining
highly performing pillared materials.

4. Multilayers from Epitaxy: A Perspective

The reason why the pillars distribution is poorly controllable is encoded in the use of GO (or rGO)
flakes as precursors: the covalent bonding of pillars or anchors exploits the presence of epoxy/hydroxy
groups or defects, which are reactive sites [94]. However, these are randomly distributed, and their
concentration is variable, and not easily tailorable [95]. In addition, flakes edges are also very reactive,
attracting a relatively large number of functional groups, which introduces further disorder in the
structure. Finally, the environmental conditions that promote the reaction (temperature, solvent,
etc.) can favor aggregation in an almost unpredictable way. From this point of view, using epitaxial
graphene as precursor would in principle bring some advantage, mainly related to the regularity of the
material and to its laying on an extended solid support. In fact, this would allow a direct control over
functionalization and check of results e.g., with atomic resolved microscopy techniques. One popular
technique to produce supported graphene is chemical vapor deposition of carbon-rich compounds
over metal substrates (after their cracking) [96]. Alternatively, one can use carbon rich substrates, such
as SiC, and let the carbon layers reconstruct in the honeycomb lattice by selective evaporation of Si
from surfaces with specific symmetries [97]. In both cases, one obtains macroscopic almost defectless
single layers. In general, perfect graphene is poorly reactive, because of its fully delocalized stable sp2

electronic system. Clearly, reactivity can be brought back by reintroducing defects, e.g., by nitrogen
sputtering [98], which creates either substitutional or structural defects, proven to act as seeds for
adhesion of metal clusters or hydrogen [99]. However, these defects are introduced randomly, pushing
back to the same problems as in GO flakes.

Indeed, specific kinds of epitaxial graphene offer different possibilities, which exploit the interaction
with the substrate. For instance, radicals of diazonium salts are able to attach to sp2 sites but manifests
a preference for graphene on hydrophilic substrates [100], due to charge accumulation effects. A similar
effect is observed for graphene on metals such as iridium or ruthenium [101,102], where, in addition,
a spatially modulated reactivity is created following the nano-metric moiré pattern of corrugation.
This open the road to substrate driven functionalization, with the possibility of creating chemical
nano-patterns following the symmetry of the moiré superlattice. Similar effects were obtained
by intercalating metal clusters in between graphene and an insulating substrate [103], where the
preferential adhesion of the radicals was observed in proximity of the metal cluster. The enhancement
of reactivity (towards aryl radicals) is also observed on non-metallic substrates, such as patterned
SiO2 [104] and on the protruding areas of the natural moiré corrugation lattice of monolayer graphene
on SiC (towards atomic hydrogen [26]). In these cases, it is attributed to the curvature [24]. In fact,
both rippling and strain [105] produce charge inhomogeneities. Therefore, supported graphenes with
moiré patterns are very promising materials for substrate driven regular nano-patterning.

We now focus on graphene on SiC, to further explore this concept. It is important to observe
that graphene on SiC is not a single material but includes different types of 2D carbons [106] that can
be obtained with different procedures (see Figure 2a). Upon Si evaporation from the Si-rich surfaces
with hexagonal symmetry, excess carbon produces in the first instance a hexagonal carbon buffer layer
(BL) [107], covalently bound to the substrate, and partially sp3 hybridized. The bonds and corrugations
follow a moiré pattern, due to the mismatch of the two lattices, displaying a hexagonal super-lattice
of ~3.2 nm side, made of sharp crests and peaks with sp3-like pyramidal configuration [15]. Fully
sp2 graphene can be obtained continuing evaporation: another BL forms under the first one, which
is detached and becomes the so-called Mono-Layer graphene (MLG), characterised by a corrugation
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pattern with the same symmetry as BL, though smother [108]. Alternatively, the BL can be detached
by intercalating H [108] or metals [109], obtaining the Quasi-Free-Standing Monolayer graphene
(QFMLG) [110]. This is ideally flat, but displays in reality localized concavities, occupying the sites of
a lattice roughly corresponding to 6 × 6 of SiC [111] with ~1.8 nm side, which were associated with
vacancies of H in the intercalating layer [112]. The electronic structure is strongly affected by these
defects, since Si dangling bonds produce electronic states localized near the Fermi level [113].

Figure 2. (a) Summary of the production of graphenes on SiC: the Buffer layer (BL by evaporation of Si),
graphene monolayer (GML by subsequent evaporation) and quasi-free-standing monolayer (QFMLG,
by intercalation of H or metal). The simulated Scanning Tunnel Microscopy images are reported for
the BL, for the ML and for the QFSML with defects in the intercalation coverage layer. (b) Scheme
of possible functionalization reactions exploiting the corrugation pattern of the BL. (c) Scheme of a
possible strategy to build pillared multilayers: after pillaring (1), the cross-linking should occur with a
previously detached functionalized sheet (2 to 3), and be re-iterated (4, 5 . . . ) to give a regular structure.

While all of the different carbon layers on SiC display charge inhomogeneities following a regular
nano-pattern induced by the interaction with the substrate, either mediated by the hybridization,
by the corrugation or by the vacancies in the intercalation coverage, only the GML was tested on
its reactivity, showing selective H adhesion on the crests [26]. On the other hand, the localised
electronic states forming on the QFMLG in corresponding of H-vacancies have various sizes and
shapes, depending on the number and relative location of vacant sites and their energy is organized in
groups of levels near the Fermi energy [113], indicating a possible propensity to electrophile attack.
Even more interesting from the functionalization is the buffer layer (Figure 2b) since it displays the
strongest deviation from graphene symmetry and the sharper definition of the moiré pattern [15].
Specifically, the sp3 cusps at the vertices of the moiré super-lattice are likely to be highly reactive sites
in general, not only towards radicals, but possibly also towards e.g., dissociative chemisorption of
H2. Conversely, the protruding crests, organized in diene like structures, and the intruding areas,
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organized in “benzene-like” rings [15] are likely to be attractive for cyclo-addition reactions [114],
leading to a spatially complementary selectivity.

Clearly, the BL functionalization should be viewed as the first, yet fundamental, step of a procedure
involving the multilayer formation (see Figure 2c): once the molecular anchors are attached, pillars of
different length can be added exploiting, e.g., solvothermal de-hydration reactions; subsequently the
layer should be exposed to similarly functionalised layers (previously detached by the substrate by
intercalation) which have to be stacked and cross-linked. These steps are also taken in the already
realized synthesis of pillared materials from GO or rGO flakes [90–99]. However, using regularly
patterned precursors would offer two unique advantages: first, the space matching of cross-linking
groups can potentially trigger the self-assembly of the sheets, greatly impring the efficiency of the
process, and second, the final result would be a structure with pillars at controlled distance in the range
of 2–3 nm. This, together with the inter-layer distance controlled by the pillar length, will result in a
structure with pre-determined porosity. Clearly, exploring experimentally this strategy would benefit
of preliminary computer simulations, which are currently work in progress.

5. Summary, Conclusions and Possible Developments

In summary, we have reported three possible routes to produce graphene-based materials with
porosity on the nano-scale, ordered by increasing capability of control and tailoring of the final structure.
The first class produces the disordered nanoporous scaffolds from GO or rGO flakes. These can reach
large values of SSA and are, up to now, the most interesting for gas storage. However, controlling their
final structure is not straightforward, because of the disordered structure of the precursors and of the
stochastic nature of their combination during the production procedure. With the aim of controlling
at least a part of the variables determining the porosity, the second strategy introduces on the flakes
pillars molecules with pre-determined lengths and shapes. This produces a class of materials with
average pore sizes at the nano-metric scale, matching with the size of electrolytes and therefore suitable
for the use in electric and electro-chemical storage. However, the average value of the SSA of these
materials is rather low, and the poor control over the distribution of the pillars on the sheet introduces
disorder, preventing a full optimization, not only for supercapacitors and batteries, but also in catalysis
and filtering applications.

A third route is currently in its infancy, which would provide a full control over the distribution
and location of the pillars. This considers as precursors epitaxial graphene and exploits the electronic
inhomogeneities of the sheet produced by the interaction with the substrate, typically following a
nano-metric moiré pattern, for the controlled chemical functionalization. Although the first timid
steps (selective functionalization with atoms or small molecules) were demonstrated, the way is long
towards the production of multi-layers.

The support of computer modeling and simulations is essential in all cases: in the case of disordered
scaffolds, the main issue is to create realistic models and to understand the relationship between
production procedure and final structure, and between the latter and the adsorption performances; for
the pillared (r) GO materials, the challenge is to control the concentration and location of the pillars
and predict the properties as a function of the used pillar. Most of all, computer modeling will be of
outmost importance in the pillared multi-layers building from epitaxial graphene. In this case, the
simulation of the pillaring, stacking and cross-linking would be essential to give indications for the
experimental realization of the procedure. Though extremely challenging, this strategy might give
a full control over all the structural features of the resulting structure, and–acting on the nature of
pillars–might allow to create brand new materials with tailored and unprecedented properties, such as
locally tuned elasticity or conductivity, reactivity to external fields, optical response, and others.
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Abstract: Downsizing well-established materials to the nanoscale is a key route to novel functionalities,
in particular if different functionalities are merged in hybrid nanomaterials. Hybrid carbon-based
hierarchical nanostructures are particularly promising for electrochemical energy storage since they
combine benefits of nanosize effects, enhanced electrical conductivity and integrity of bulk materials.
We show that endohedral multiwalled carbon nanotubes (CNT) encapsulating high-capacity (here:
conversion and alloying) electrode materials have a high potential for use in anode materials
for lithium-ion batteries (LIB). There are two essential characteristics of filled CNT relevant for
application in electrochemical energy storage: (1) rigid hollow cavities of the CNT provide upper
limits for nanoparticles in their inner cavities which are both separated from the fillings of other CNT
and protected against degradation. In particular, the CNT shells resist strong volume changes of
encapsulates in response to electrochemical cycling, which in conventional conversion and alloying
materials hinders application in energy storage devices. (2) Carbon mantles ensure electrical contact
to the active material as they are unaffected by potential cracks of the encapsulate and form a
stable conductive network in the electrode compound. Our studies confirm that encapsulates are
electrochemically active and can achieve full theoretical reversible capacity. The results imply that
encapsulating nanostructures inside CNT can provide a route to new high-performance nanocomposite
anode materials for LIB.

Keywords: filled carbon nanotubes; lithium-ion batteries; hybrid nanomaterials; anode material
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1. Introduction

Lithium-ion batteries (LIB) offer high gravimetric and volumetric energy densities which renders them
particularly suitable for mobile applications. In order to optimize their performance, in particular with larger
energy density, there is a continuous search for novel electrode materials. Electrode materials based on
conversion and alloying mechanisms promise extremely enhanced electrochemical capacities in lithium-ion
batteries as compared to conventional materials [1–3]. However, severe fading of the electrochemical
capacity due to fractionation, resulting from pronounced volume changes upon electrochemical cycling,
is one of the major drawbacks with respect to application. In addition to volume changes associated with
the conversion reaction, low electric conductivity of many conversion materials seriously hinders their
applicability in secondary batteries [4]. Nanosizing promises enhanced capability to accommodate strain
induced by electrochemical cycling and may reduce kinetic limitations of the macroscopic counterparts of
electrode materials [5–7] since downsizing particles yields shorter diffusion lengths and hence enhances
rate performances of electrode materials. However, low density limiting volumetric energy densities of
actual electrodes as well as high surface areas are relevant issues to be considered in nanomaterials as well.
High reactivity associated with high surface area typically promotes irreversible processes and associated
electrolyte consumption. In this respect, due to carbon’s restricted voltage regime of electrochemical
activity, carbon (nano) coating is a valuable tool to protect active nanomaterials, thereby avoiding enhanced
electrolyte degradation and associated (and potentially dangerous) gas production [8]. Downscaling
materials towards carbon-shielded hybrid nanomaterials hence offers a route to obtain electrode materials
for LIB with enhanced performance.

Rational design of electrode materials has to tackle the abovementioned issues of low electronic
conductivity limiting many promising electrode materials as well as of large volume changes during
electrochemical cycling, with the latter particularly causing electrode structure and particles distortions
and hence strong performance fading. Hierarchical nanocomposite carbon/active material structures
offer an effective way to solve these issues as such materials exploit size effects of the nanoscaled
building blocks [9–14]. Mechanical strain arising from volume changes is additionally buffered
by the hierarchical structures. In this way, such materials optimally maintain the integrity of the
bulk material while offering improved electrical conductivity owing to a carbon-based backbone
structure [15–28]. Moreover, a strong backbone structure improves the stability of the composite with
respect to mechanical strain arising from volume changes during electrochemical cycling.

We report CNT-based composite nanomaterials with enhanced electrochemical performance realized
by filling material into CNT (for a schematics see Figure 1) which is electrochemically active when
nanoscaled [30]. CNT display excellent conductivity as well as mechanical and chemical stability
which renders them an excellent carbon source in hybrid nanomaterials [31]. However, in conventional
approaches using exohedrally functionalized CNT, synthesis of uniformly sized and shape-controlled
nanoparticles is challenging. In addition, while the interconnected network of carbon nanotubes provides
an electrically conducting backbone structure, decorated nanoparticles onto the outer CNT-walls tend to
lose electrical contact upon cycling-induced disintegration and particular methods have to be developed to
improve connection to CNT [32–35]. Our results demonstrate successful synthesis of hybrid nanomaterial
of CNT filled with Mn3O4, CoFe2O4, FexOy, Sn, and CoSn and show the electrochemical activity of
encapsulated materials. Encapsulates are either conversion or alloying electrode materials which perform
the following general reactions upon electrochemical cycling, respectively [2,36,37]:

Conversion: MaOb + 2bLi+ + 2be−↔ aM0 + bLi2O (1)

Alloying: M + x Li+ + x e−↔ LixM (x < 4.25) (2)
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Figure 1. Schematics of nanocomposite material formed by interconnected carbon nanotubes (CNT)
filled with high-capacity electrode materials. Essential characteristics are (1) size-controlled nanoparticles
in the inner cavities of CNT which are separated from encapsulates in other CNT, (2) electrical contact of
the incorporated material to a stable conductive network of CNT, (3) limitation of direct electrolyte/active
material contact yielding and hence improved chemical stability. Created with Avogadro [29].

In this work, we demonstrate that in the case of conversion materials filled inside CNT,
the encapsulated material completely participates in electrochemical cycling, i.e., the theoretical
capacity is fully accessible. The backbone network of CNT is indeed unaffected by cracks of encapsulate
which usually inhibit long-term stability. Our data hence imply that endohedrally functionalized CNT
offer a promising route to new nanohybrid anode materials for LIB.

2. Synthesis and Characterization of Filled CNT

We report studies on hybrid nanomaterial of multiwalled carbon nanotubes (CNT) filled with
Mn3O4, CoFe2O4, FexOy, Sn, and CoSn which have been fabricated by a variety of methods. Mostly,
CNT of type PR-24-XT-HHT (Pyrograf Products, Inc., Cedarville OH, USA) have been used as templates.
For introducing materials into the inner cavity of the CNT, mainly extensions of solution-based approaches
reported in [38–43] have been applied [44,45]. This is illustrated by the example of Mn3O4@CNT which
has been obtained by filling CNT with a manganese salt solution and a subsequent reducing step yielding
homogeneously MnO-filled CNT (MnO@CNT) [4]. Subsequent heat treatment of MnO@CNT yields the
complete conversion into Mn3O4@CNT, as confirmed by the XRD pattern in Figure 2. In case of filling
with Co-Fe spinels, nitrate solutions of Fe(NO3)3·9H2O (grade: ACS 99.0–100.2%) and Co(NO3)2·6H2O
(grade: ACS 98.0–102.0% metal basis) were used in stoichiometric ratios with respect to the metal ions
(i.e., Fe:Co = 2:1). After adding CNT and treating the mixture in an ultrasonic bath with appropriate
washing steps, the solid residue was dried and afterwards calcinated under argon flow atmosphere
(100 sccm) at a temperature of 500 ◦C for 4 h to convert the nitrates into the corresponding cobalt ferrite.
This is confirmed by XRD data in Figure 2 which indicate the presence of CoFe2O4. Pronounced peak
broadening indicates the presence of nano-sized CoFe2O4 crystallites, with an estimated grain size of
20(5) nm by means of the Scherrer equation applied to the Bragg peak at 41.5◦.
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Figure 2. Left (a): PXRD patterns of Mn3O4@CNT and pure CNT. Vertical lines show the Bragg
positions of Mn3O4 (space group I41/amd) [46]. Inset: Thermogravimetric analysis (TGA) data of
Mn3O4@CNT and pure CNT. Right (b): PXRD patterns of CoFe2O4@CNT and of pristine CNT. Vertical
ticks label Bragg positions of bulk CoFe2O4 (space group

 
 

 (space group Fd3 ̅m ) [47]. 

 

 

) [47]. Inset: TGA of CoFe2O4@CNT.

XRD patterns show relatively broad Bragg reflections which indicate small primary particle size
of the noncarbon materials of the composite as expected for nanoparticles fitting inside the interior of
CNT. This is confirmed by exemplary SEM and TEM studies presented in Figure 3. The images clearly
show that the metal oxide nanoparticles are rather spherical and are located inside the CNT. Note the
exception of possible nanowire formation in the case of metal-filled Sn@CNT as discussed in Section 3.4
(see Figure 15). The filling rate of Mn3O4@CNT is about 30(1) wt% and that of CoFe2O4@CNT (see the
inset of Figure 2) is about 11(1) wt% as determined by thermogravimetric measurements (TGA).

 
 

̅

 

 

 

Figure 3. (a) SEM image of an individual Mn3O4@CNT (SE mode); (b) corresponding BSE mode image;
(c,d) TEM images of different individual Mn3O4@CNT. Taken from [45]. (e) Overview SEM image of
CoFe2O4@CNT (BSE mode); (f) TEM image of an individual CoFe2O4@CNT. (g) TEM image of an
individual FexOy@CNT [48]. (h) SEM image of CoSn@CNT [49].

Electron microscopy confirms that the filling materials are located mainly inside the CNT.
Exemplary SEM and TEM images are shown in Figure 3 (see also Figure 15 for Sn-filled CNT).
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In Mn3O4@CNT, the encapsulated particles are rather spherical with the average diameter of 15 ± 7 nm
obtained by TEM analysis. Note, that this is smaller than the size-limiting inner diameter of the utilized
CNT (~35 nm). The SEM overview image (Figure 3e) on CoFe2O4@CNT also confirms that the filling
material is distributed along the inner cavity of the hollow CNT. TEM indicates spherical encapsulates
as well as short rods inside CNT (Figure 3e,f). FexOy@CNT (synthesis reported in [48]) appears to be
mainly filled with α-Fe2O3 but also exhibits Fe3O4 as shown, e.g., by associated features in the magnetic
susceptibility (see Section 3.3). Figure 3g also shows the presence of FexOy nanoparticles outside CNT.
In addition to separated spherical nanoparticles, encapsulates in CoSn@CNT and Sn@CNT form also
nanowires up to 1 µm length (see Figure 3h and Figure 15). In either case, the encapsulates fill the
complete inner diameter of the CNT, which is about 50 nm [44]. In summary, the results show that our
synthesis approaches result in CNT filled with nanoparticles whose diameters are limited by the inner
diameter of the CNT.

3. Electrochemical Studies

3.1. Mn3O4@CNT

Cyclic voltammetry studies on Mn3O4@CNT [30,45] and on pristine CNT, performed in the
voltage range of 0.01–3.0 V vs. Li0/+ and recorded at a scan rate of 0.1 mV s−1, confirm electrochemical
activity of encapsulates (Figure 4). During the initial cycle, starting with the cathodic scan, five distinct
reduction peaks (R1–R5) and three oxidation peaks (O1–O3) are observed. The redox pair R1/O1
around 0.1 V and the irreversible reduction peak R3 at 0.7 V can be attributed to processes related to
multiwalled CNT (Figure 4a). The irreversible reaction peak R3 signals formation of the solid electrolyte
interphase (SEI) expected for carbon-based (here: CNT) systems [50]. The pronounced redox pair
R1/O1 demonstrates that the bare CNT subsystem in the hybrid material is electrochemically active as
it signals (de)lithiation of Li+ ions between the layers of CNT [51,52]. Slight splitting of oxidation peak
O1 indicates a staging phenomenon reported for graphite electrodes [37], and very similar behavior
upon cycling is found in bare CNT [45]. All other features observed in Figure 4b are ascribed to the
electrochemical reaction mechanism which has been reported for Mn3O4 as follows [53,54] (for further
details see [45]):

(A) Mn3( 1
3 ·II,

2
3 ·III)O4 + Li+ + e−→ LiMn3( 2

3 ·II,
1
3 ·III)O4

(B) LiMn3O4 + Li+ + e−→ Li2O + 3·Mn(II)O
(C) Mn(II)O + 2·Li+ + 2·e−↔ Li2O +Mn(0)
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−

−
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−
Figure 4. Cyclic voltammograms of (a) pristine CNT and (b) Mn3O4@CNT at 0.1 mV s−1 [30].
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The cyclic voltammograms (CVs) confirm electrochemical activity of encapsulated Mn3O4.
Absence of significant changes between cycles 2 and 10 indicate good cycling stability which will
be investigated in more detail below. Since the materials associated with the mechanism detailed in
Equations (A) to (C) exhibit strong differences in magnetic properties, magnetic studies are suitable
to follow the redox reaction. In particular, there are strong changes of magnetic properties upon
electrochemical cycling from ferrimagnetic Mn3O4 to antiferromagnetic MnO (Figure 5; for further
magnetization data see [45]). Pristine Mn3O4@CNT shows ferrimagnetic order below TC = 42 K as
indicated by the magnetization data. In contrast, materials extracted after step (B) of the abovementioned
redox reactions, i.e., after galvanostatic reduction at 5 mA g−1 down to 0.5 V and passing the reduction
peaks R5, R4, and R3 labelled in Figure 4b, displays nearly no traces of ferrimagnetic material.
Quantitatively, the magnetization data indicate about 1% remainder of ferrimagnetic Mn3O4 after
the first half cycle. Meanwhile, antiferromagnetic order is found below a temperature of ~120 K,
which is expected for MnO [55] and is in agreement with Equation (B). Hence, our magnetometry data
confirm electrochemical reactions as postulated in Equations (A)–(C) by tracking down individual
magnetic species.
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Figure 5. Magnetization of pristine and electrochemically cycled Mn3O4@CNT measured at B = 0.1 T
(FC). The vertical line indicates the ferrimagnetic ordering temperature in Mn3O4.

Charge and discharge studies at specific current rates (Figure 6) display plateau-like regions in the
voltage profiles signaling the redox features discussed above by means of Figure 4. In the initial cycle
performed at 50 mA g−1, specific charge and discharge capacities of 677 and 455 mAh g−1, respectively,
are achieved. Increasing the charge/discharge current to 100 and 250 mA g−1, respectively, does not
significantly affect the shape of the curves but yields smaller discharge capacities, e.g., 331 mAh g−1

after 30 cycles. For higher currents, the plateaus corresponding to delithiation and lithiation of CNT
vanish, while the conversion reaction (Equation (C)) is still visible in the data. The rate capability
studies presented in Figure 6 display pronounced capacity losses when increasing charge/discharge
currents. Specifically, maximum discharge capacities of 468, 439, 349, 245, and 148 mAh g−1 are reached
at 50, 100, 250, 500 and 1000 mA g−1, respectively.
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Figure 6. Rate capability studies of Mn3O4@CNT at 50, 100, 250, 500, and 1000 mA g−1. (a) Potential
profiles of specific lithiation (solid lines) and delithiation cycles (dashed lines). (b) Specific charge/discharge
capacities upon cycling [30].

In order to assess the electrochemical performance of the composite with particular emphasis on
the encapsulate, evolution of capacities at 100 mA g−1 (galvanostatic cycling with potential limitation)
upon cycling of Mn3O4@CNT and pristine CNT is shown in Figure 7. While the initial half cycle is
strongly affected by irreversible processes associated with solid electrolyte interface (SEI) formation,
the Mn3O4@CNT nanocomposite exhibits increasing capacities for approximately 15 cycles in contrast
to decreasing values of pristine CNT. The nanocomposite reveals a maximum discharge capacity of
463 mA h g−1 in cycle 18, of which 93% is maintained after 50 cycles (429 mA h g−1). Thus, incorporation of
Mn3O4 into CNT leads to more than 40% enhanced specific capacities on average as compared to unfilled
CNT. The data, i.e., on filled and unfilled CNT, enable calculating the specific capacity of incorporated
Mn3O4 (29.5 wt%). The encapsulate’s initial capacity of about 700 mAh g−1 increases significantly to 829
and 820 mAh g−1 (cycle 18) and declines thereafter, with capacity retention of around 90% after 50 cycles.
The Mn3O4 capacity even exceeds the theoretical expectations of the conversion reaction (C) from cycle
6 on (dashed line in Figure 7). This might be associated with a capacity contribution due to oxidative
feature O3 (Figure 4b), which supposedly indicates the back-formation of Mn3O4 and corresponding
reduction processes [56,57]. Note, however, the error bars of 5% due to mass determination of encapsulate
and subtraction of data on pristine CNT. Initial capacity increase was also observed in previous studies
on Mn3O4/CNT composites [58,59].

Our analysis shows that full conversion between MnO and metallic Mn can be achieved reversibly
and the maximum of the contributed capacity by the Mn3O4 encapsulate is accessible (Figure 7).
In particular, the nanoparticles inside CNT are completely involved in the electrochemical processes.
This finding is supported by the fact that the active material inside CNT experiences distinct structural
changes, as evidenced by TEM studies (Figure 8). Figure 8b,c presents materials after 13 galvanostatic
cycles, at 100 mA g−1, taken after delithiation and lithiation. No clear differences are observed between
the lithiated and the subsequently delithiated material. In both cycled materials, the encapsulate which
initially exhibits well-defined, rather spherical nanoparticles has developed extended patches. The TEM
image also shows lower contrast of the encapsulate to the CNT environment which is indicative of
lower density of the encapsulate. Equations (A) and (B) indeed suggest rather larger volume expansion
of Mn3O4 during initial lithiation and concomitant agglomeration as well as amorphization of the filling
which is in agreement with the TEM results. Notably, despite the strong changes of encapsulate, CNT
mantles still display the characteristic graphitic layers of multiwalled carbon nanotubes (see Figure 8d).
Hence, electrochemical cycling does not severely damage the structure of the CNT. Furthermore,
an amorphous layer of ~5 nm thickness can be observed on top of the graphitic CNT layers, which can
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be attributed to the SEI. The TEM analysis hence shows that the CNT indeed offer a stable environment
for the manganese oxides which is able to accommodate the strain due to volume expansion during
electrochemical cycling and guarantees a consistent electrical contact to the active material.
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−

Figure 7. Specific charge/discharge capacities at 100 mA g−1 of pristine CNT, Mn3O4@CNT, and
calculated capacity of the encapsulate. The dashed line shows the theoretical capacity of the reversible
conversion reaction (C) [30].
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Figure 8. TEM images of (a) uncycled, (b) galvanostatically lithiated, and (c) delithiated Mn3O4@CNT.
(d) High-resolution TEM image of a CNT shell of delithiated material after 13 cycles. Taken from [45].

3.2. CoFe2O4@CNT

As shown in Figure 3f,g, nanosized particles of cobalt ferrite CoFe2O4 are incorporated into CNT
by a similar procedure as applied in the case of Mn3O4@CNT. The mass content of CoFe2O4 in the
composite materials however amounts to only 11 wt%, leading to smaller effects of the encapsulate.
In order to evaluate the benefits of CNT shells, the electrochemical performance of the nanocomposite
CoFe2O4@CNT is compared to that of bare CoFe2O4 nanoparticles (Figure 9). In general, electrochemical
lithium storage of up to 8 Li+/f.u. in CoFe2O4 follows a conversion mechanism (Equation (D)), which may
be preceded by initial intercalation of Li+ ions into the original ferrite structure [60]:

(D) CoFe2O4 + 8 Li+ + 8 e−→ Co + 2 Fe + 4 Li2O
(E) Co + 2 Fe + 4 Li2O↔ CoO + Fe2O3 + 8 Li+ + 8 e−
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Figure 9. Cyclic voltammograms of (a) pristine CoFe2O4 and (b) CoFe2O4@CNT, at 0.1 mV s−1 [30].

Both processes show up as redox features in the CVs in Figure 9 which for CoFe2O4@CNT also
show features present in pristine CNT (Figure 4a) [45,51,61,62].

In bare CoFe2O4 nanoparticles (Figure 9a), the initial half cycle reduction peaks indicate, at 1.5 V,
initial intercalation into the spinel structure (R0), and at 1.1 and 0.55 V indicate R1/SEI formation.
In addition, there is a shoulder at 0.95 V and a peak at 0.01 V (R2). In all subsequent reductive half
cycles, the most pronounced reduction peak occurs at 0.85 V (R1*). Expectedly, R0 vanishes after the
first cycle. The oxidative scans display a broad oxidation double peak between 1.5 V and 2.5 V with a
maximum intensity around 1.65 V (O1). R1 most likely indicates both conversion of the spinel to Co
and Fe [60,63] and SEI formation [64], while R2 signals intercalation of Li+ ions into added carbon
black [64,65]. Upon further cycling, Co and Fe oxidize to CoO and Fe2O3, respectively (O1), followed
by the corresponding conversion processes at R1* (Equation (D)) [36,63,66–69].

CVs on CoFe2O4@CNT in Figure 9b show features associated with CoFe2O4 superimposed by
redox peaks related to CNT. In the initial cycle, features attributed to CoFe2O4 appear at 1.6 (R0),
1.2, and 0.7 V (SEI) with a shoulder at 0.8 V (R1). Upon further cycling, they are shifted to 1.6 (R0)
and 0.9 V (R1*). Reversible oxidation peaks appear at similar voltages as compared to bare CoFe2O4

nanoparticles, i.e., between 1.5 and 2.0 V with a maximum at 1.55 V (O1). The results imply smaller
overpotentials in CoFe2O4@CNT as compared to the bare CoFe2O4 nanoparticles, indicating improved
energy efficiency. Furthermore, cycling stability is superior, yielding noticeable redox activity of
the CoFe2O4 encapsulate in the 10th cycle. Both improvements can be attributed to benefits of the
CoFe2O4@CNT composite material, i.e., to enhanced overall conductivity and better structural integrity.

These conclusions are corroborated by galvanostatic cycling with potential limitation (GCPL)
data (Figure 10). Firstly, higher capacities of CoFe2O4@CNT as compared to pristine CNT imply
electrochemical activity of encapsulates for 60 cycles under study. In addition to irreversible effects
associated with SEI formation, there are capacity losses, in particular in initial cycles, so that the electrode
demonstrates only 97% of Coulombic efficiency after 15 cycles. Capacity retention of CoFe2O4@CNT
amounts to a fair value of 76% after 60 cycles (243 mAh g−1). Analogously to Section 3.1, the specific
contribution of CoFe2O4 is evaluated by subtracting the measured capacities of pristine CNT, weighted
with the mass ratio of 89:11 (CNT:CoFe2O4). The analysis shows (Figure 10b) that both for pristine and
CNT-encapsulated CoFe2O4 there are pronounced capacity losses upon cycling while the initial capacities
exceed the theoretical maximum value of 914 mAh g−1 due to SEI formation. CNT-encapsulated active
material clearly outperforms bare CoFe2O4 nanoparticles. To be specific, after 20 cycles, 475 mAh g−1

(71%) is retained in CoFe2O4@CNT while the bare particles show 190 mAh g−1 (22%). This result again
demonstrates that embedding nanosized CoFe2O4 inside CNT partly compensates for the typical capacity
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fading associated with the conversion reactions upon electrochemical delithiation or lithiation known for
spinel materials.
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Figure 10. (a) Specific charge/discharge capacities, at 100 mA g−1, of pristine CNT and CoFe2O4@CNT
as well as the Coulombic efficiencies of the latter. (b) Capacity contribution of the encapsulated CoFe2O4

in comparison to pristine CoFe2O4 [29].

While encapsulated CoFe2O4@CNT demonstrates electrochemical activity, it is illustrative to
compare the results with alternative carbon/CoFe2O4 hybrid nanomaterials. Direct comparison is often
hindered by the fact that the carbon-related capacity is not always subtracted as done here. For many
carbon/CoFe2O4 hybrid materials, much higher values than maximum theoretical capacity of CoFe2O4

are reported. A value of 1046 mAh g−1 is reported for mesoporous CoFe2O4 nanospheres cross-linked
by carbon nanotubes [70]. Porous carbon nanotubes decorated with nanosized cobalt ferrite show
1077 mAh g−1, after 100 cycles [69]. More than 700 mAh g−1 of total capacity of the composite was
obtained when CoFe2O4 is encapsulated into carbon nanofibers with 36% carbon content [71]. A list of
recently achieved record values may be found in [72]. We note that excessive capacity beyond the theory
values in transition metal oxide/carbon nanomaterials have been associated, e.g., to decomposition of
electrolyte and formation of a polymer/gel-like film on the nanoparticles [73]. Another hypothesis
refers to interface charging effects by lithium accommodation at the metal/Li2O interface [74]. Our data
indeed suggest that surface effects might be relevant as CNT-encapsulation of active material evidently
suppresses this phenomenon.

3.3. FexOy@CNT and CNT@Co3O4

FexOy@CNT has been synthesized as described in [48]. XRD and magnetic characterization
studies [30] imply the presence of several iron oxides (i.e., of α-Fe2O3 as well as of γ-Fe2O3 or/and
Fe3O4) in the materials. While the main phase appears as α-Fe2O3, magnetic studies show both the
Morin and Verwey transitions which enable to unambiguously identifyα-Fe2O3 and Fe3O4, respectively.
Note, that the presence of antiferromagnetic γ-Fe2O3 can neither be confirmed nor excluded by our
magnetic studies. Analyzing the magnetization data indicates the presence of ferromagnetic iron oxide
(i.e., γ-Fe2O3 and/or Fe3O4) of about 30(8) wt%.

The CVs shown in Figure 11a display two reductions (R1, R2) and two oxidations (O1, O2) which
are observed in all cycles. We attribute R1/O1 to electrochemical activity of CNT. Except for typical
initial irreversible effects at R2/SEI, all features are well explained by electrochemical processes known
in iron oxides. Mechanisms in α-Fe2O3 as identified by Larcher et al. [75,76] involve Li-intercalation
in nanoparticles, followed by conversion to metallic Fe and Li2O via intermediately formed cubic
Li2Fe2O3. This process is partly reversible as it includes formation of FeO [77] and γ-Fe2O3 [78,79].
For Fe3O4, after initial intercalation, Li2Fe3O4 is formed which is subsequently reduced to Fe and
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Li2O [80,81]. In all iron oxides present in FexOy@CNT, including γ-Fe2O3, electrochemical processes
display similar features which are not well distinguishable [82,83]. The inset of Figure 11a presents
a weak reduction peak R3 which we attribute to abovementioned Li-intercalation into iron oxides.
Note, that the second peak in the inset is due to an intrinsic cell setup effect. Conversion reactions
appear at around 0.6 V and are signaled by feature R2. The shoulder at 0.8 V indicates the successive
nature of the lithiation processes. Upon cycling, R2 shifts to 0.9–1.2 V, thereby indicating significant
structural changes due to the initial conversion process. The large width of O2 might indicate several
oxidation processes upon delithiation. The evolution of the oxidation features upon cycling implies
severe fading effects.
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Figure 11. (a) Cyclic voltammogram of FexOy@CNT at 0.1 mV s−1. (b) Specific charge/discharge capacities,
at 100 mA g−1, of pristine CNT (Pyrograf Products, type PR-24-XT-HHT) and FexOy@CNT, as well as the
Coulombic efficiencies of the latter [30].

This is confirmed by the data in Figure 11b which presents specific charge/discharge capacities of
FexOy@CNT obtained at 100 mA g−1. Respective data on bare CNT (Pyrograf Products, type PR-24-XT-HHT)
are shown for comparison. The initial capacities of the composite amount to 870 and 624 mAh g−1, which
reflects initial irreversible processes. There is a strong decay in capacity which yields only 78% (489 mAh
g−1) in cycle 10 and 26% (165 mAh g−1) in cycle 50 of the initial discharge capacity. The results clearly
show that envisaged improvement of cycling stability due to encapsulation into CNT is not achieved.
Presumably, iron oxide content outside CNT is rather large so that a significant part of functionalization
is exohedral. In such case, we assume that volume changes upon cycling leads to detachment of these
particles from the CNT network which results in diminished electrochemical activity. In contrast, [84]
reports α-Fe2O3-filled CNT which show 90% capacity retention in cycle 50.

Inferior stability of exohedrally functionalized CNT upon electrochemical cycling is further
confirmed, e.g., for CNT decorated by mesoporous cobalt oxide (CNT@Co3O4). The material was
synthesized as reported in [34]. The composite exhibits 41 wt% of mesoporous Co3O4 spheres with
mean diameters between 100 and 250 nm decorated to the CNT network. The electrochemical
behavior of CNT@Co3O4 (Figure 12a) during the initial cycle shows SEI formation and the initial
reduction process of Co3O4 to metallic cobalt and formation of amorphous Li2O during the initial
cycle. Double peaks appearing in cycle 2 correspond to a multistep redox reaction caused by the
Co2+/Co0 and Co3+/Co2+ couples [85,86]. The integrated specific capacities calculated from the CVs
(Figure 12b) display significant capacity fading upon continued cycling. For comparison, a blend
of separately fabricated CNT and Co3O4 nanoparticles were mechanically mixed postsynthesis in
the same ratio of 59% CNT and 41% Co3O4 which, according to TGA, is realized in the decorated
CNT@Co3O4 nanocomposite. The blend’s CV shows similar peak positions as found in CNT@Co3O4,
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and a similarly high reductive capacity is measured for the postsynthesis blend in the first cycle.
However, the associated reversible capacity is much lower as compared to the CNT@Co3O4 hybrid
nanomaterial and the irreversible loss between charge and discharge capacity is higher. After a few
cycles, both the blend and CNT@Co3O4 show similarly low performance, which indicates that the
benefit of attaching mesoporous Co3O4 to the surface of CNT has completely faded, presumably due
to detachment of the mesoporous Co3O4 nanospheres [34].
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Figure 12. (a) CV curves of CNT@Co3O4, at 0.05 mV s−1 in the voltage range of 0.01–3.00 V. (b)
Integrated charge and discharge capacities for five cycles as deduced from CV [32].

3.4. Sn@CNT and CoSn@CNT

The alloying process described by Equation (2) implies feasibility of (semi)metallic electrode
materials for electrochemical energy storage. Using M = Ge, Sn, the alloy LixM is formed with x up to
4.25 Li+/f.u. [87,88]. While Ge exhibits lower molecular weight and good Li+-diffusivity, Sn is much
cheaper and exhibits higher electrical conductivity [89]. For Sn, the most Li-rich alloy is Li17Sn4 (=
Li4.25Sn) which implies a theoretical capacity of 960 mAh g−1 [90]. Upon lithiation, several stable alloys
such as LiSn and Li7Sn2 are formed, resulting in complex (de)alloying processes of several stages
which are associated with large volume changes [91]. In CoSn@CNT, Co is electrochemically inactive
and is supposed to buffer the volume changes as similarly done in a commercial Sn-Co-C composite by
Sony [87,92,93].

Synthesis of Sn@CNT has been published in [44]. While the encapsulate in Sn@CNT is β-Sn with
a filling ratio of 20 wt%, encapsulate in CoSn@CNT is a mixture of β-Sn, CoSn, and mainly CoSn2 with
in total 17 wt% of Sn and 5 wt% of Co. In addition to encapsulated separated spherical nanoparticles,
encapsulates in Sn@CNT also form nanowires up to 1 µm in length. Both spheres and wires fill the
complete inner diameter of the CNT, which is about 50 nm [44].

The CVs of Sn@CNT- and CoSn@CNT-based electrode materials shown in Figure 13 are similar
to each other and confirm the multistage processes expected from reports on non-CNT materials.
In both cases, in addition to the SEI formation, the peaks R1/O1 signal electrochemical activity of CNT.
The reduction peak R3 at 0.6 V and the pair R2/O2 at 0.3 V as well as several features at 0.35–0.85 V,
are all attributed to multi-stage (de)alloying processes.
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Figure 13. CVs of Sn@CNT (a) and CoSn@CNT (b) in the regime 0.01–3.0V vs. Li/Li+ at a scan rate
0.05 mV/s. Note that the oxidation peaks at 1.9 and 2.3 V and the reduction peak at 1.7 V appearing in
the first two cycles are due to the experimental cell setup [30].

Galvanostatic cycling of Sn@CNT and CoSn@CNT as compared to pristine CNT (Pyrograf
Products, Typ PR-24-XT-HHT) quantifies the contribution of encapsulates to the materials’ capacities
(Figure 14a). Sn@CNT displays clearly improved values. Quantitatively, the data imply an initial
reversible capacity of 322 mAh g−1 in cycle 2, of which 281 mAh g−1, i.e., 87%, is retained in cycle 50.
In contrast, fading is much more severe in CoSn@CNT, which shows only 66% retained of the initial
capacity 317 mAh g−1, i.e., its performance in cycle 50 falls below that of pristine CNT. As will be
discussed below, these data show that there is no positive (buffering) effect of alloyed Co. Rate capacities
shown in Figure 14b at cycling rates 100–2000 mA g−1 illustrate the strong effect of fast cycling on both
materials, thereby confirming limiting kinetics of the underlying electrochemical alloying processes.
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Figure 14. Specific capacities of Sn@CNT-, CoSn@CNT-, and pristine CNT-based electrodes. (a) Galvanostatic
cycling with potential limitation (GCPL) at 100 mA g−1. Blue data markers show the specific capacity of the
Sn encapsulate after correcting the contribution of CNT. (b) GCPL at different rates of 0.1–2.0 A g−1 [30].

Figure 14a also presents the specific capacity of the Sn encapsulate which is derived by correcting
the data by the effect of pristine CNT. Note error bars of Sn-capacity of up to 20% resulting in particular
from errors in determining the filling ratio. In the first cycle, the reversible capacity amounts to
589 mAh g−1 which suggests deintercalation of x = 2.6 Li+/f.u. Capacity fading is about 15% between
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cycle 5 (495 mAh g−1) and cycle 50 (422 mAh g−1). Even the initial capacities are much smaller than
the theoretical one of 960 mAh g−1 that would be achieved for x = 4.25.

In-situ XRD studies on LixSny have shown that intermediate phases Li2Sn5 and LiSn are
expected [94]. In agreement with these studies, the presence of (at least) two reduction peaks in
the CVs of both materials (see Figure 13) suggests at least a two-stage process in the materials at hand.
However, comparison to the literature does not allow to attribute these peaks to a specific process.
This also holds for the observed (at least) four oxidation peaks which indicate step-wise delith iation of
the LixSny-alloy. For CoSn@CNT where the encapsulate mainly consists of CoSn2, Mössbauer studies
have shown the formation of LixSn with x ≈ 3.5 in the first cycle [95]. Such a process is not visible in the
CV (Figure 13b) but the respective feature might be masked by the SEI-peak. It is argued in [95] that,
upon delithiation, Li~3.5Sn forms an amorphous LixCoySn2-matrix which is crucial for the expected
buffering associated with Co-alloying. We conclude that, in CoSn@CNT, this LixCoySn2-matrix is not
realized but Co just deteriorates the electrochemical performance. This conclusion is supported by the
fact that the CVs in Figure 13 display the same number of peaks at similar potentials in both Sn@CNT
and CoSn@CNT, which indicates identical processes. We assume separation of Co and Sn instead of
LixCoySn2-formation yielding electrochemically inactive regions.

The effect of galvanostatic cycling, at 50 mA g−1, on Sn@CNT is demonstrated by TEM images
in Figure 15. In the cycled materials, well separated homogenous encapsulates (Figure 15a,b) in
the pristine material convert to rather completely but inhomogeneously filled CNT whose filling
is indicated by different TEM contrast, i.e., different densities of encapsulate. These finding agrees
with expected volume changes, in particular to large expansion upon lithiation, and phase separation
of encapsulated material. One may speculate that the dark regions visible after cycling indicate
electrochemically-inactive domains of Sn. The presence of inactive regions would be in agreement to
the GCPL data (Figure 14) which show that only a maximum of 60% of the full Sn-capacity is achieved.
Finally we note that previous studies on Sn-filled CNT have demonstrated better performance as
compared to the material at hand. Wang et al. have reported Sn@CNT with filling ratios of 38 wt% and
87 wt% [96]. The former, i.e., less filled, CNT have demonstrated superior performance with capacities
of 500 mAh g−1 for 80 cycles at 100 mA g−1. The relevant parameter seems to be the size of Sn particles,
which was 6−10 nm in [96]. Larger encapsulates filling the complete inner diameter of the CNT of about
50 nm as realized in the materials at hand seem to be detrimental and may cause electrochemically
inactive regions. Addition of Co as a potential buffer does not improve the performance of such rather
large nanoparticles inside CNT but even causes additional capacity fading.
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Figure 15. TEM images of pristine (a,b) and galvanostatically cycled (10 cycles) Sn@CNT (c).
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4. Experimental Methods

4.1. Material Characterization

Materials were characterized by X-ray diffraction (XRD) with either Stadi P (Stoe, Darmstadt,
Germany) using Cu Kα1 radiation (λ = 1.5406 Å) or X’Pert Pro MPD PW3040/60 (PANanalytical,
Almelo, Niederlande) using Co Kα radiation (λ = 1.79278 Å). Thermogravimetric analysis (TGA) was
carried out with SDT Q600 (TA Instruments, Waters Corporation, Milford, MA, USA). The morphology
was investigated by means of scanning electron microscopy (SEM, Nova NanoSEM 200 (FEI company,
Hilsboro, Oregon, USA)) and transmission electron microscopy (TEM, JEM-2010F (JEOL, Akishima,
Japan), Tecnai (FEI company, Hilsboro, Oregon, USA)). A MPMS-XL5 (Quantum Design, San Diego,
Californis, USA) superconducting quantum interference device (SQUID) magnetometer was used to
perform magnetic measurements.

4.2. Electrochemical Measurements

Electrochemical properties were studied by cyclic voltammetry (CV) and galvanostatic cycling
with potential limitation (GCPL) in Swagelok-type cells [97]. The measurements were performed on a
VMP3 potentiostat (BioLogic) at a temperature of 25 ◦C. For the preparation of the working electrode,
the active material was optionally mixed with carbon black (Super C65, Ymeris Graphite and Carbon,
Bironico, Switzerland) and stirred in a solution of polyvinylidene fluoride (PVDF, Solvay, Brussels,
Belgium) in N-methyl-2-pyrrolidone (NMP) for at least 12 h. After evaporating most of the NMP in a
vacuum oven (80 ◦C, <10 mbar) the spreadable slurry was applied on copper mesh current collectors
(Ø 10 mm). The as-prepared electrodes were dried at 80 ◦C in a vacuum oven (<10 mbar), mechanically
pressed at 10 MPa, and afterwards dried again. The assembly of cells was done in a glovebox under
argon atmosphere (O2/H2O < 5 ppm) using a lithium metal foil disk (Alfa Aesar, Haverhill, MA,
USA) pressed on a nickel current collector as counter electrode. The electrodes were separated by
two layers of glass microfibre (Whatman GF/D) soaked with 200 µL of a 1 M LiPF6 salt solution in 1:1
ethylene carbonate and dimethyl carbonate (Merck ElectrolyteLP30). For post cycling studies, working
electrodes were washed three times in dimethyl carbonate and afterwards dried under vacuum.

5. Conclusions

Endohedral functionalization of multiwalled carbon nanotubes by means of high-capacity electrode
materials is studied with respect to application for electrochemical energy storage. Encapsulation indeed
yields size-controlled nanoparticles inside CNT. The presented data imply that the filled materials are
electrochemically active and can achieve full theoretical reversible capacity. While conversion and
alloying processes yield cracks and amorphization of the encapsulate, the CNT mantles are found to be
only very little affected by electrochemical cycling. The backbone network of CNT hence maintains its
integrity and improved performance with respect to unshielded or exohedrally-attached nanomaterials.
For appropriately tailored materials, CNT-based nanocomposites show smaller overpotentials and
hence improved energy efficiency as well as improved cycling stability. The results imply that
encapsulating nanostructures inside CNT provides a successful route to new high-performance
nanocomposite anode materials for LIB.
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Abstract: Carbon nanostructures (CN) are emerging valuable materials for the assembly of highly
engineered multifunctional nanovehicles for cancer therapy, in particular for counteracting the
insurgence of multi-drug resistance (MDR). In this regard, carbon nanotubes (CNT), graphene oxide
(GO), and fullerenes (F) have been proposed as promising materials due to their superior physical,
chemical, and biological features. The possibility to easily modify their surface, conferring tailored
properties, allows different CN derivatives to be synthesized. Although many studies have explored
this topic, a comprehensive review evaluating the beneficial use of functionalized CNT vs G or F
is still missing. Within this paper, the most relevant examples of CN-based nanosystems proposed
for MDR reversal are reviewed, taking into consideration the functionalization routes, as well as the
biological mechanisms involved and the possible toxicity concerns. The main aim is to understand
which functional CN represents the most promising strategy to be further investigated for overcoming
MDR in cancer.

Keywords: carbon nanostructures; carbon nanohybrids; cancer therapy; multi-drug resistance

1. Introduction

The USA National Cancer Institute defines cancer as several diseases characterized by an
uncontrollable proliferation of abnormal cells invading surrounding tissues [1], with over 10 million
new cases diagnosed each year with a survival rate of around 40% [2]. The high incidence of unfavorable
prognoses is related to a multitude of factors, including late stage diagnosis, cancer cell plasticity, lack
of therapeutic approaches for eradicating disseminated cancer cells, and development of multi-drug
resistance (MDR) [3]. On the basis of the underlying developing mechanism, MDR can be classified as
intrinsic and extrinsic [4], if depends on acquired genetic alterations in tumor cells [5] or to prolonged
exposure to chemotherapy [6], respectively.

The main extrinsic MDR mechanisms involve the reduction of either intracellular drug
concentration or activity, and the alteration of cellular apoptotic pathways [7]. More in details,
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MDR is characterized by the variation of either cell membranes (protein and lipid composition) or
cytoplasm (intracellular endocytic vesicles) and nuclei (genetic machinery) features [8].

Overcoming MDR is one of the big challenges to ensure the success of chemotherapy,
with nanotechnology offering powerful tools for addressing this issue. Different nanomaterials,
including metal-based (e.g., iron, silver, and gold nanoparticles), carbon-based (e.g., carbon nanotubes,
graphene), and polymer-based (e.g., polymer therapeutics and polymer nanoparticles) materials, have
been proposed for various aspects of cancer therapy. Such materials, often combined in composite
systems, have gained intense research interest due to their ability to enhance the therapeutic effectiveness
and reduce the systemic side effects of conventional cytotoxic drugs [9] (Figure 1).

Figure 1. General representation of the main MDR reversal mechanisms by nanoparticle systems (NP).
Reproduced with permission from [4]. Copyright Elsevier (2017)

Carbon nanostructures (CN) consist of sp2 carbon atoms with different spatial arrangements,
mainly consisting in fullerenes (F, 0D) [10], carbon nanotubes (CNT, 1D) [11], graphene (G, 2D) [12],
and graphite/diamond (3D) [13].

G, a flat honeycomb lattice composed of a single layer of hexagonal carbon atoms held together by a
backbone of overlapping sp2 hybrid bonds, can be assumed as the basic building block for other CN [14].

F are irregular stacked graphene sheets arranged in hollow spherical or ellipsoid structures, where
carbon atoms form hexagonal or pentagonal rings. Various forms of fullerenes have been found,
including C60, C70, C76, C80, C84, with sizes ranging from 30 up to 3000 carbon atoms [15]. The most
stable fullerene is C60, which is composed of 12 pentagonal and 20 hexagonal carbon atom rings.

CNTs can be imaginatively produced by rolling up one single-walled (SWCNT) or multi-walled
CNTs (MWCNT) layer of graphene sheet to form cylindrical tubes with a pore diameter <100 nm and a
length on the micron scale [16], being closed at the ends with fullerenes halfspheres [17].

Other peculiar classes of CN include quasi spherical graphene structures (graphene quantum
dots—GQD) [18], elongated strips of graphene (carbon nanoribbons) [19], rolled graphene sheets with
a closed horn-shaped tip (carbon nanohorns) [20], conical cap curved by pentagonal carbon rings
(carbon nanocones) [21].
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Here, we are giving an overview of the most relevant vehicles based on the CN mainly proposed
for the triggered delivery of chemotherapeutics to resistant cancer cells, taking into consideration the
biological performances as well as the technological features of the delivery systems. We aim to show
how this recent field of research, has contributed to improve the knowledge for developing effective
cancer treatments, and what are the potential directions where researchers can focus their future studies
to accelerate the translation of their discoveries to clinical trials. By highlighting the strength and the
weakness of each CN and derivatization strategy, we aim to show the scientific evidences supporting
the hypothesis that the use of G instead of CNT derivatives can address the toxicity concerns and open
new perspectives for improving drug efficiency in fighting cancer.

2. Carbon Nanostructures and Cancer: Toxicity Concerns and Needs for Tailored
Functionalization

CN have aroused great interest among the scientific community for a plethora of applications [22],
in physics, chemistry, material science, engineering, electronics, biology, and medicine [23,24] by
virtue of their peculiar properties, such as high stability, electrical conductivity, versatile derivatization
routes, NIR absorption, and ability to easily penetrate cell membranes. In the biomedical field, CN
(CNT, G and C60 in particular) represent valuable tools for bio-sensing and bio-imaging [25], as well
as for the design of tailored drug carrier systems [26,27]. Their high affinity for organic molecules
(independent of molecular weight) confers high drug loading ability, allowing drug stabilization,
and improved pharmacokinetic profiles, resulting in enhanced cell uptake [28]. Moreover, when
combined with proper materials, CN can modulate the release of a therapeutic agent upon either
the application of external stimuli such as magnetic and electric [29,30] fields, or the variation of
environmental parameters such pH [31] and temperature [32]. Thus, CN are widely exploited as
platforms for delivering bioactive molecules and genes with improved efficiency.

On the other hands, a preliminary functionalization of CN is required, since pristine materials
suffer from severe toxic effects due to the lack of solubility in physiological environment. The toxicity
of CN mainly arises from the interference with the cell membrane integrity and function, the damage
of DNA and RNA, as well as the induction of oxidative stress, inflammatory response, apoptosis,
autophagy, and necrosis [33]. In detail, the different CN show specific toxicity profiles, which are
relative to their peculiar morphological and shape features, which are affecting cell response to drugs
and thus the potential undesired side-effects.

According to the World Health Organisation (WHO), the CNT toxicity concerns come from
their fiber-like structure and similarity to asbestos fibers, with carcinogenic effects mainly related to
their size [33]. Research data have demonstrated that intra-abdominal injection of long MWCNT
determines chronic inflammation of the abdominal wall with the formation of mesothelioma [34].
On the contrary, no inflammation was detected in the case of short MWCNT due to the complete
phagocytosis by macrophages, although activated phagocytes can result in the generation of Reactive
Oxygen Species (ROS) and thus in late DNA damage [35]. Minimal genotoxicity was recorded upon
exposure to low F doses as a consequence of the photosensitizing effect induced by ROS generation,
while inflammation was detected at high dosages due to nitric oxide synthase-dependent induction
of cyclooxygenase-2 [33]. The high rigidity of pristine G may induce incomplete phagocytosis and
thus inflammation and ROS generation, although it is not totally clarified if ROS originate from the its
surface or is formed by cellular reactions involving mitochondria and leukocyte [36].

Different approaches have been proposed to improve the water affinity and thus the
biocompatibility of CN via the modification of their surface properties [37,38]. The functionalization
routes can be divided in two main categories: (i) the covalent attachment of chemical functionalities
with change (from sp2 to sp3) in the hybridization of carbon atoms in the site of reaction [39], and (ii)
the noncovalent adsorption/wrapping (π-π stacking) of tailored functional molecules via hydrophobic,
electrostatic and Van der Waals interactions, without any chemical changes in the electron patterns of
the CN surface [40–42].

39



Molecules 2020, 25, 2102

Different strategies for the covalent functionalization of CN, involving the typical reactivity of the
sp2 carbon atoms on their surface, are summarized in Table 1.

Each approach shows peculiar features in terms of chemical compatibility, reaction conditions,
and derivatization degree [43,44], which can be finely tuned according to the specific application needs
(Figure 2).

Table 1. Main CN covalent functionalization routes.

Reaction Ref

N. Type Derivatizing Agents CNT G C60

1 Halogenation F2 [45] [46] [47]

2 Hydrogenation H2 [48] [49] [50]

3 Oxidation
a) HNO3/H2SO4 [51] [52] [53]

b) H2O2 [54] [55] [56]

c) O3 [57] [58] [59]

4 Nucleophilic Addition Nu− [60] [61] [62]

5 Radical Coupling a) R-Ar-N2
+ [63] [64] [65]

b) R-Ar-NH2 [66] [67] [68]

6 Electrophilic Addition RCOX [69] [70] [71]

7 Cycloaddition

a) R2C: [72] [73] [74]

b) N3-COOR [75] [76] [77]

c) R-NHCH2COOH/(CH2O)n [78] [79] [80]

d) EtOOCCH2COOEt [81] [82] [83]

e) R-C=N-NH-Ar [84] [85] [86]

f) -C=C(R)-C(R)=C- [87] [88] [89]

Figure 2. Schematic representation of the main carbon nanostructures covalent functionalization routes.
CNT: carbon nanotubes; G: graphene; F: fullerenes. For each reaction, number codes and derivatizing
agents are reported in Table 1.
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In all cases, intermediate species with high chemical versatility are obtained, with further
derivatization processes allowing the fabrication of functional materials for cancer therapy [90].
CNT-based nanosystems proposed for the effective treatment of drug-resistant cancer cells are mainly
based on condensation reactions on oxidized CNT (oxCNT), prepared by chemical- [91], photo- [92] or
gas- [93] based treatment. Depending on the reaction conditions and the exposure time, such methods
are suitable for either the CNT purification from the residual impurities of the synthetic procedures
or for the introduction of oxygen-rich functionalities (e.g., hydroxyl and carboxyl groups) on their
surface [94] with an increase of water solubility up to 2 mg mL−1 [95]. It should be pointed out that,
although CNT water dispersions form colloidal suspensions rather than true solutions in the molecular
sense, the term “solution” is widely accepted when describing such dispersions [96]. The oxidation
reaction starts from carbon bonds at the tips, which are characterized by a higher reactivity due to
their larger curvature [97], although the hexagonal cylindrical tube walls are also involved with the
formation of defects sites on CNT surface [16]. To avoid the formation of such defects, Prato and
co-workers developed a [1,3] cycloaddition reaction of azomethine ylides generated in-situ by thermal
condensation of aldehydes and α-amino acids [11]. Under mild reaction conditions, the azomethine
ylides are coupled to π-bonds with the formation of pyrrolidine rings, allowing to finely modulate
the chemical properties of the side chains on the final product [98]. The advantages of this approach
are the simultaneous improvement of the CNT water affinity, the removal of the metal nanoparticles
and amorphous carbon impurities, as well as the possibility to thermally remove the introduced
organic groups, restoring the original CNT structure [99]. Another key CNT functionalization route is
fluorination, defined as the breaking of the conjugated π layers on CNT surface with the formation of
C-F bonds. Methods for fluorination mainly consist in the use of fluorine gas mixtures under proper
temperature and positive pressure conditions [100] or plasma gas containing fluorine in vacuum [101].
The obtained materials possess a higher solubility in polar solvents (e.g., 1 mg mL−1 in alcohol) and
are suitable for further derivatization processes by nucleophilic reactions [102].

Similarly to CNT, graphene oxide (GO) is the most used derivative of G. GO is obtained by
exfoliation of graphite by treatment with strong oxidizing agents (e.g., Hummers’ method) [103,104].
The exact structure of GO is difficult to determine, but evidences suggest that the sp2-hybridized G
lattice is interrupted by hydroxyl (−OH), epoxide (−O−), and carbonyl (−C=O) groups, while carboxyl
(−COOH) groups are located at the edge [105]. The presence of aromatic network of sp2-hybridized
carbons and -COOH groups linked to sp3-hybridized carbons is responsible for a good hydrophobic
to hydrophilic balance of GO derivatives, allowing a high affinity for organic molecules, as well as a
high water affinity and thus biocompatibility [106,107]. Furthermore, the oxygen-rich structures act as
reactive sites for chemical functionalization with biocompatible and/or bioactive molecules [108].

rGO, a reduced form of GO with lower oxygen content [109], is another valuable G derivative
with enhanced ability to load lipophilic species through π-π stacking [110,111]. The availability of
different reducing agents and reaction conditions allows the extent of GO reduction and thus the
drug-carrier interactions to be finely modulated [112]. Finally, graphene quantum dots (GQDs) are
zero-dimensional G derivatives consisting in few layers of G sheets with size less than 20 nm [113].
They are attracting tremendous interest for the preparation of highly engineered carrier systems [114].
GDQ are obtained from large G sheets by chemical oxidation, thermal, ultrasound or oxygen plasma
treatments [115].

3. Carbon Nanostructures Fighting Multi-Drug Resistance

The employment of nanocarriers, and of those based on CN in particular, have offered different
solutions in cancer therapy [116], including the possibility to minimize, circumvent, or even reverse
MDR [117] via two main effects:

a) intrinsic MDR reversing properties [118];
b) delivery of MDR reversing agents acting alone or in combination [119].
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According to the biological pathways involved in the MDR reversal, the main mechanisms can be
summarized as follows:

a) inhibition of drug efflux pumps;
b) increase of intracellular drug concentration and endosomal escape (enhanced uptake);
c) damage of cell membrane and/or intracellular organelles;
d) phototherapy.

In the next sections, we analyze the key examples of CN carrier systems proposed as MDR
reversing methods, highlighting both the carrier features (e.g., used CN, preparation method, presence
of anchored functional moieties, and/or targeting effect), and the MDR reversion route. Afterwards,
the outcomes of the reviewed studies are summarized, and the efficiency of each system is compared
respect to their own side effects.

3.1. MDR Reversal by Inhibition of Efflux Pumps

A key mechanism involved in either acquired or intrinsic MDR is the ability of integral membrane
transporters to expel xenobiotic substances from living cells, including antibiotics and anti-cancer
agents [120]. The P-glycoprotein (P-gp or MDR1), the multidrug resistance-associated protein 1
(MRP1), and the breast cancer resistance protein (BCRP) belong to the superfamily of ATP-binding
cassette (ABC) transporters [121]. As the name suggests, these proteins transport a broad range of
substrates across biological membranes against concentration gradients by using the energy of ATP
hydrolysis [122]. P-gp is physiologically expressed in epithelial cells of the major excretory organs
(e.g., liver, kidney, lung) and in the capillary endothelial cells at the blood–tissue interfaces, where
plays a key role in preventing the entry and/or facilitating the elimination of drugs and toxins [123].
Moreover, since its overexpression in malignant cells’ membrane is often associated with adverse
prognosis, extensive efforts have been made for developing effective P-gp inhibitors able to antagonize
its activity. Nanoparticle systems offer opportunities for P-gp inhibition by virtue of either their
intrinsic inhibitory effect, or the possibility to co-deliver cytotoxic drugs and P-gp inhibitors [122].
In accordance with Wang et al.’s statement [124], since few experimental works have been designed
to clearly determine the molecular mechanism at the basis of CN activity in MDR cancer cells, the
molecular pathways involved in MDR reversal are an object of diffuse debate among the scientific
community [125]. It can be hypothesized that CN enhance the drug uptake allowing an improved
intracellular drug concentration, or that they directly inhibit P-gp activity. Experimental and theoretical
methods demonstrated negligible C60 efflux by P-gp protein, which was confirmed with the absence of
P-gp mediated efflux of a fluorescent substrate model [125]. Nevertheless, Shityakov and Föster [126]
demonstrated the high affinity of C60 to P-gp, thus hypothesizing C60 ability to act as competitive
substrate to be expelled from cells. In contrast, SWCNT, although possessing high affinity for the
P-gp intracellular domains, cannot be effluxed because of unfavorable thermodinamics [126]. The CN
employed for MDR reversal via P-gp modulation are summarized in Table 2.

Table 2. MDR reversal by CN via inhibition of efflux pumps.

Carrier Delivery Properties Cancer Model Ref

CN
Derivatizing

Agent
Bioactive

Agent
DL Responsivity Tissue In Vitro In Vivo

oxMWCNT PEG-NH2
Condensation

— — —

Cervix HeLa

— [127]Liver
HepG2

HepG2/R

Blood
K562

K562R
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Table 2. Cont.

Carrier Delivery Properties Cancer Model Ref

CN
Derivatizing

Agent
Bioactive

Agent
DL Responsivity Tissue In Vitro In Vivo

oxSWCNT —
N-TAM-TEG
Condensation pH Breast MDA-MB-231/R — [128]

Q π-π
Stacking

MWCNT TCM Coating — — — Colon Caco-2 — [124]

GQD — DOX π-π
Stacking

— —

Breast
MCF-7

— [129]
MCF-7/ADR

Liver SMMC-7721

Colon Caco-2

Blood HL-60

SWCNT/
oxSWCNT/
MWCNT

— — — — Bone MNNG/HOS MNNG/
HOS [130]

DL: drug loading % (w/w); DOX: doxorubicin; GQD: graphene quantum dots; MWCNT: multi-walled carbon
nanotubes; oxMWCNT: oxidized MWCNT; PEG: polyethylene glycol; Q: quercetin; SWCNT: single-walled carbon
nanotubes; oxSWCNT: oxidized SWCNT; N-TAM: N-desmethyltamoxifen; TCM: tissue culture medium; TEG:
tetraethylene glycol.

Two key studies demonstrated the P-gp inhibitory activity of CNT loaded [127] or conjugated [128]
with fluorescent probe and anticancer drug, respectively. In the first case, the authors showed that a
higher efflux of the substrate was detected because of increased P-gp ATPase activity. On the other
hand, the conjugation derivative was found to possess a P-gp inhibitory activity due to both CN and
loaded P-gp inhibitor (Quercetin). These contradictory results clearly proved the need of further
experiments to determine the mechanism of CN driven MDR reversal.

MDR reversal can also occur due to gene expression down-regulation. Wang et al. [124] showed
that pristine MWCNT decreased the expression of proto-oncogene c-Myc, (involved in the regulation
of ABC gene expression) without damaging cell membrane or inducing oxidative stress. Similarly,
Luo et al. [129] reported the ability of GQDs to interact with P-gp C-rich regions (MRP1, and BCRP)
resulting in a significant down-regulation of its expression and a significant reversal of Doxorubicin
resistance in MCF-7/ADR breast cancer cells. Furthermore, Miao et al. [130] showed the ability of either
pristine or oxidized single walled CNT (oxSWCNT) to inhibit cancer proliferation through reduction
of tumor micro-vessel density and suppression of the TGFb1-signalling in osteosarcoma stem cells.

3.2. MDR Reversal by Enhanced Cellular Uptake

The high cell uptake capability of CN can be exploited in the attempt to revert MDR in a
Trojian-horse approach where cytotoxic drugs, loaded onto CN, did not directly interact with the
membrane machinery thus escaping the efflux transporters [131]. Like nanoparticle systems, CN
nanocarriers accumulate in tumor masses through cell junction gaps (around 100–780 nm) of leaky
vasculature with poor lymphatic drainage (EPR effect) [132]. Moreover, they are able to cross the cell
membrane via dual mechanism involving endocytic pathway or passive diffusion [133]. In detail,
individual CNTs are mainly internalized by passive diffusion due to their needle-like shape [134,135],
whereas for clustered nanotubes, a clathrin-dependent endocytosis through endosomes followed by
trafficking to lysosomes in the perinuclear compartment has been described [136,137] (Figure 3).
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Figure 3. General representation of the main mechanisms involved in the CNT cellular uptake.
Reproduced with permission from [137] Elsevier (2016).

Clathrin-dependent mechanism is also accepted as the main mechanism for intracellular
internalization of GO and rGO [138]. C60 toxic side-effects due to cell membrane penetration have
been reported, while endocytosis pathways, typical of hydrophilic C60 derivatives uptake, overcome
this limitation [139]. The stealth effect can be finely tuned via derivatization of the CN surfaces with a
wide range of chemical species, allowing the possibility to spatially control their biological activity by
conjugation with targeting elements such as folic acid and antibodies [140,141].

3.2.1. Pristine and Non-Covalently Functionalized CN

Some key examples of MRD reversal by enhanced cellular uptake by pristine and non-covalently
coated CN are reported in Table 3.

Table 3. MDR reversal by enhanced uptake of pristine and non-covalently functionalized CN.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

SWCNT TCM π-π
Staking

ETP* 11-88§ — Pancreas PANC-1 — [142]

oxMWCNT —

VER π-π
Stacking
DOXπ-π
Stacking

149
164 — Blood K562/A02/R — [143]

SWCNT — CpG — —
Brain

K-Luc

— [144]GL261

Ovary OVCAR8

Cervix HeLa

GO — CDDP π-π
Staking

400 —

Ovary SCOV-3

— [145]
Cervix HeLa

Prostate Tramp-C1

Lung A549

Colon CT26

GO ASO
Hybridization

DOX π-π
Staking

35.25 — Breast MCF-7/ADR MCF-7/ADR [146]

usSWCNT
— CDDP Filling 6.4 — Breast

MCF-7 — [147]
PF108 π-π

Staking
MDA-MB-231

usSWCNT
— CDDP Filling 6.4 — Breast — MCF-7 [148]

PF108 π-π
Staking

MDA-MB-231

oxMWCNT — Pt(IV) Filling 37 — Cervix HeLa — [149]

44



Molecules 2020, 25, 2102

Table 3. Cont.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

GQD — CDDP π-π
Staking

0-50 —

Liver SMMC-7721

— [150]
Cervix HeLa

Lung A549

Breast MCF-7

Stomach MGC-803

GQD
—

CDDP
Condensation

— pH Os
HSC3 HSC3

[151]
PEG-NH2

Condensation

SCC4 —

CAL-27 —

GQD —- DOX π-π
Staking

10 pH Breast
MCF-7

— [152]MCF-7/ADR

Stomach MGC-803

GO — DOX π-π
Staking 47 pH Breast

MCF-7 — [153]
MCF-7/ADR

GO HDex π-π
Staking

DOX π-π
Staking

350 pH Breast MCF-7/ADR — [154]

GO
HEC/PAC
π-π Staking

DOX π-π
Staking

49 pH Ovary SCOV-3 — [155]
SCOV-3/DDP

SWCNT
DISPE-PEG
π-π Staking

PTX/C6/QD
π-π Stacking

14.3 Magnetic Pancreas
PANC-1

— [156]MIA PaCa-2

L3.6

oxSWCNT
DISPE-HA
π-π Staking

ERU π-π
Stacking

45 pH Lung A549 — [157]
A549/TXR

GO
PEI/PSS π-π

Staking

DOX π-π
Staking

Anti-miR-21

— — Breast
MCF-7 — [158]

MCF-7/ADR

* Co-administration with CN; § CNT/drug; DL: drug loading %; ASO: anti-sense oligonucleotide; C6: ceramide C6;
CDDP: cisplatin; DISPE: distearoyl-sn-glycero-3-phosphoethanolamine; DOX: doxorubicin; ERU: epirubicin; ETP:
etoposide; GO: graphene oxide; GQD: graphene quantum dots; HA: hyaluronic acid; HDex: hemathin-dextran;
HEC: hydroxyethyl cellulose; MWCNT: multi-walled carbon nanotubes; oxMWCNT: oxidized MWCNT; PAC:
polyanionic cellulose; PEG: polyethylene glycol; PF: Pluronic F; PSS: poly(sodium 4-styrenesulfonates); PTX:
paclitaxel; QD: quantum dots; SWCNT: single-walled carbon nanotubes; OxSWCNT: oxidized SWCNT; TCM: tissue
culture medium; UsSWCNT: ultra-short SWCNT; VER: verapamil.

The ability of pristine SWCNT to penetrate the cell membrane was exploited by
Mahmood et al. [142] for the treatment of drug-resistant pancreatic cancer. The authors proved
that SWCNT enhanced the cellular uptake of etoposide ETP by 2–5 times when co-administrated.
The co-delivery of a cytotoxic agent (doxorubicin—DOX) and a P-gp inhibitor (verapamil—VER) by
oxMWCNT, resulted in a significant improvement in the DOX anticancer efficiency due to the increased
drug uptake by leukemia drug-resistant cells [143]. The hybridization of CpG oligonucleotide onto
pristine SWCNT was used as a strategy to enhance the cell internalization and thus the activation
of the innate immune system via Toll-like receptor 9 in a malignant brain cancer model [144]. As a
consequence, a selective inhibition of glioma cells migration was observed, while macrophages viability
and proliferation remained almost unaltered.

Unmodified GO either enhances the nuclear uptake of cisplatin (CDDP) in several cancer cell
lines [145], or delivers oligonucleotides into cells protecting them from enzymatic cleavage [159].
The latter property was exploited by Li et al. [146], who developed a DOX carrier system based on
GO modified with two molecular beacons (MBs). The intracellular delivery of MBs silenced the
MDR1 and upstreamed erythroblastosis virus E26 oncogene homolog 1 mRNAs. This resulted in an
effective inhibition of the P-gp expression and thus in an enhanced efficacy of DOX in resistant breast
cancer cells.
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The pyrolysis of Fluorinated SWCNT at 1000 ◦C in an argon atmosphere produced ultra-short
single-walled carbon nanotubes (us-SWCNT), which resulted in negligible toxicity when administered
in mice [160]. The inner cavity of usSWCNT was filled with CDDP and the resulting device proposed
as delivery vehicle for the treatment of breast cancer both in vitro [147] and in vivo [148]. Pluronic 68
(PF 68) was used as coating element to reach an extension of the CDDP release profiles overtime, and
an enhancement of drug cytotoxicity against MCF-7 and MDAMB-231 cells was observed in vitro as
a consequence of the enhanced cellular uptake [147]. Furthermore, higher CDDP uptake in tumors
was detected in in vivo experiments, due to the prolonged blood circulation time facilitating tumor
targeting by the EPR effect.

The effect of the CNT diameter on the carrier efficiency against HeLa cells was investigated by
Muzi et al. [149]. oxMWCNT with inner diameters of 10 and 38 nm were filled with a hydrophobic
Platinum (IV) complex. The authors found that the larger CNT possessed higher cytotoxic properties,
whilst the 10nm CNT provided a more prolonged payload release. Interestingly, both carriers were
poorly cytotoxic on macrophages and did not induce any pro-inflammatory response.

The correlation between CNT size reduction and enhancement of the anticancer activity was
also exploited in the case of GO materials. In detail, GQD were obtained by Fenton reactions of GO
and used as nuclear uptake enhancers of CDDP [150,151] and DOX [152] in various solid cancers.
pH-dependent vectorization of DOX to the nucleus of drug-resistant breast cancer cells was obtained
by DOX loading onto GO nanosheets [153].

GO carriers enter cells via endocytosis and, escaping the drug efflux systems, allow an effective
MDR reversal and a significant reduction of MCF-7/ADR viability. This was shown by the high reversal
index value, expressed as the ratio between IC50 values of free DOX and DOX@GO. Similar results
were obtained by a self-assembled G−dextran nanohybrid, fabricated by π−π interactions of GO
and hematin-terminated dextran (HDex) [154], or a GO nanocarrier prepared by using hydroxyethyl
cellulose (HEC) and polyanionic cellulose (PAC) as nonionic–anionic synergistic surfactants for GO
stabilization in serum [155].

Distearoyl-sn-glycero-3-phosphoethanolamine (DISPE)-PEG was used as coating for the
construction of SWCNT nanohybrids suitable for the vectorization of paclitaxel (PTX) and ceramide
C6 into drug-resistant pancreatic cancer cells [156]. The key study result was the possibility to
trigger the intracellular release of the payloads on-demand from the CNT inner core by inductive
heating with an external alternating current or pulsed magnetic field. Negligible toxic side effects
have been hypothesized due to the retention of drug inside the nanocarriers in the absence of the
external stimulation. DISPE-HA coated SWCNT were used for the targeted delivery of epirubicin
(EPI) to CD44-overexpressing resistant lung cancer cells [157]. In vitro experiments demonstrated
that the system significantly increased the intracellular delivery and retention of EPI through CD44
receptor-mediated endocytosis.

A multifunctional nanocomplex, composed of GO, polyethylenimine (PEI) and poly(sodium
4-styrenesulfonates) (PSS) was used for the combined DOX delivery and miR-21 gene silencing in
drug-resistant breast cancer cells [158]. miR-21 over-expression is significantly correlated with drug
resistance in breast cancer, thus the simultaneous down-regulation of miR-21 gene and the enhanced
cell accumulation of DOX was proposed as a valuable strategy for re-sensitizing resistant cells to the
cytotoxic agent.

3.2.2. Covalently Functionalized CN

Kim et al. [161] investigated the effect of different CN conjugation types (e.g., covalent and
non-covalent) on DOX localization in cancer cells. For example, DOX was either conjugated to
oxMWCNT via amide bond, or absorbed onto PEG wrapped oxMWCNT via π-π stacking. The results
showed a lower DOX uptake in normal cells than in cancer cells, while a higher cellular uptake by
clathrin-dependent mechanisms was recorded in the case of covalent conjugation. Furthermore, the
conjugation was more effective in sustaining DOX release inside cells, while a faster release was
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detected in the case of absorbed drug, due to the carrier vulnerability in both low acidic (pH < 5.0) and
enzymatic environments. A specific intracellular fate was also observed: a non-covalent carrier was
more advantageous for mitochondria drug delivery, while a nucleus targeted delivery was obtained
with the DOX-conjugated MWCNT. Furthermore, the covalent conjugation resulted in less amount of
effluxed DOX from cancer cells, greater apoptosis and cytotoxic activity. Similarly, the pro-apoptotic
potential of ginseng secondary metabolites (ginsenoside Rb1 or Rg1) was improved upon conjugation
to oxMWCNT [162].

Different covalent functionalization routes involve CN surface modification with polymeric
materials and the subsequent loading of the bioactive agents via physical interaction or chemical
conjugation to the hybrid carrier (Table 4).

Table 4. MDR reversal by enhanced cellular uptake of covalently functionalized CN.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

oxMWCNT
— DOX

Condensation
112 pH Lung A549 — [161]

PEG π-π
Stacking

DOX π-π
Stacking

31.4 Breast MDA-MB-231

oxMWCNT
RB1

Condensation
—

25 — Breast MCF-7 — [162]

RG1
Condensation

— Pancreas PANC-1

oxMWCNT PEG-NH2
Condensation

RuPOP π-π
Stacking

9.8 pH X-ray Liver
HepG2 — [163]

R-HepG2

oxSWCNT
PSE-

PEG-NH2
Condensation

TRAIL
Condensation

61 —
Liver HepG2

— [164]Colon HCT116

Lung H1703

GO NH2-PEG-N3
Condensation

DOX π-π
Stacking
TRAIL

Condensation

78
8

pH Lung A549 A549 [165]
Colon LoVo —

GO H2N-PEG-PEI
Condensation

CER Ionic
SRB*

— — Liver

HepG2 —

[166]
HuH7

HuH7

HuH7-SR

HepG2 —

oxSWCNT
PEG-HBA/
PEG-CD44

Ab
Condensation

PTX
Condensation

180 pH Breast MDA-MB-231 MDA-MB-231 [167]

SAL
Condensation

170

oxSWCNT
CS-FA

Condensation

O2
Complexation

—

— Breast

MDA-MB-231

— [168]
5-FU*
ERU*
PRU*
PTX*

CBPT*

3.3§

20§

125§

21§

10§

ZR-75-1

GQD HA-PEG-NH2
Condensation

DOX π-π
Stacking

30 pH Lung A549 — [169]

GQD
HA-HSA

NPs
Condensation

GEM π-π
Stacking

16 — Pancreas Panc-1 — [170]

rGO
DEX-CT

Redox
coupling

DOX π-π
Stacking

20 pH Neural
Crest

BE(2)C — [171]
BE(2)C/ ADR

oxSWCNT P-gp Ab
Condensation

DOX π-π
Stacking

20 NIR Blood
K562 — [172]

K562R
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Table 4. Cont.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

oxMWCNT P-gp Ab
Condensation

DOX π-π
Stacking
GA π-π
Stacking

39.4
30.3 pH Blood K562/A02/R K562/A02/R [173]

oxSWCNT CD133 Ab
Condensation

CDDP π-π
Stacking/

Condensation
66 — Skin B16-F10 B16-F10 [174]

Pt(IV) π-π
Stacking/

Condensation
66

GO
FA-PAMAM-

DTPA
Condensation

DOXnπ-π
Stacking

COLCnπ-π
Stacking

154
154 pH Liver HepG2 HepG2 [175]

GO PAMAM
Condensation

DOX π-π
Stacking
sRNA

Hybridization

28.6
5 pH Breast MCF-7 — [176]

GO FA-CO
Condensation

DOX π-π
Stacking
sRNA

Hybridization

56 pH Breast
MCF-7

— [177]MCF-7/ ADR

Lung A549

C60

Br-C-
(COOEt)2

Bingel
CDDP* Prostate PC-3 PC-3R [178]

* Co-administration with CN; § CNT/drug; DL: drug loading % (w/w); 5-FU: 5-fluorouracil; Ab: antibody; CBPT:
carboplatin; CDDP: cisplatin; CER: ceramide; CO: chitosan oligosaccharide; COLC: colchicine; CS: chitosan; CT:
catechin; DEX: dextran; DOX: doxorubicin; DTPA: diethylenetriamine pentaacetate; ERU: epirubicin; FA: folic acid;
GA: gambogic acid; GEM: gemcitabine; GO: graphene oxide; HA: hyaluronic acid; HBA: 4-hydrazinobenzoic acid;
HSA: human serum albumin; MWCNT: multi-walled carbon nanotubes; oxMWCNT: oxidized MWCNT; NPs:
nanoparticles; PAMAM: polyamidoamine; PEG: polyethylene glycol; PEI: polyethylenimine; POP: polypyridyl;
PRU: pirarubicin; PSE: 1-pyrenebutanoic acid; PTX: paclitaxel; RB1: RB1 ginsenoside; RG1: RG1 ginsenoside; rGO:
reduced graphene oxide; SAL: salinomycin; SRB: sorafenib; SWCNT: single-walled carbon nanotubes; oxSWCNT:
oxidized SWCNT; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand.

For example, CN covalent functionalization with PEG enhanced the cell internalization of
ruthenium polypyridyl complex (RuPOP) [163] and Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) [164,165] in different cancer cell lines. In the first case, the enhanced cell internalization
of PEG-SWCNT resulted in a significant radio-sensitizing effect and in the possibility to kill resistant
liver cancer cells by X-ray treatment, while TRAIL efficacy was enhanced by either PEGylated CNT [164]
or GO [165]. In the latter case, a pH-responsive co-delivery of DOX to lung and colon cancers was also
demonstrated, both in vitro and in vivo [165].

The covalent derivatization of GO with PEG-polyethylenimine (PEI) was proposed for the
co-delivery of sorafenib (SOR) and CER for the treatment of drug-resistant liver cancer [166].
PEG-functionalized SWCNT were derivatized via hydrazone linkers with both salinomycin or PTX as
anticancer agents and CD44 antibody for the treatment of breast cancer and cancer stem cells (CSC)
subpopulation [167]. pH-responsive release mechanism near the acidic tumor microenvironment
was observed, and the in vivo therapeutic efficacy was shown in tumor bearing mice, confirming the
therapeutic efficacy of the proposed formulation.

By covalent derivatization of oxSWCNT with chitosan-folic acid conjugate (CS-FA), Jia et al. [168]
developed a carrier targeting the hypoxic environment of breast cancer. Interestingly, since the
adaptation processes developed by cancer cells to proliferate in the hypoxic environment are also at the
basis of MDR insurgence [179], oxygen supply by CNT was found to be an effective approach for MDR
reversal by counteracting the imbalance between oxygen demand and supply of cancer tissues [180].
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The HA ability to target cancer cells was the rationale of Luo’s [169] and Nigam’s [170] research
groups, who exploited the fast and high cell internalization rate of GQD for the vectorization of DOX
and gemcitabine (GEM) to drug-resistant lung and pancreas cancer cells, respectively. In the first case,
PEGylated GQD was proposed as pH-responsive vehicle for the intracellular delivery of DOX, while
the conjugation with human serum albumin was found to enhance the tumor infiltration via gp60
pathway for overcoming the inadequate cellular uptake and small half-life of GEM.

rGO nanohybrids obtained by reductive coupling with an enzymatically synthesized
dextran-catechin (DEX-CT) conjugate [181] were proposed as pH responsive delivery vehicle of
DOX to either drug sensitive (BE(2)C) or drug-resistant (BE(2)C/ADR) neuroblastoma cells [171].
Taking advantage from the ability of CT moieties to down-regulate P-pg expression, authors proved
the possibility to synergize the DOX activity in BE(2)C cells and promote resistance reversal in
BE(2)C/ADR cells.

Active targeting strategies were proposed by Li et al. [172]. In this study, anti-P-gp SWNTs
functionalized with anti-P-gp antibody via amide bonding were used as DOX vehicle for the treatment
of leukemia. By comparing the efficiency of the nanocarriers on drug-resistant K562R and drug
sensitive K562S cells, a 23-fold higher binding affinity and a specific localization on the cell membrane
of K562R cell were recorded, with a 2.4-fold higher cytotoxic activity. Zhang et al. [173] proposed
a further upgrade of this concept by co-loading DOX and gambogic acid (GA) as a cytotoxic agent
and a P-gp inhibitor, respectively. As a result, high accumulation of anticancer drug in leukemia
drug-resistant cells, and a relevant cytotoxic effect due to enhanced apoptosis were recorded both
in vitro and in vivo.

A similar approach was used by Nowacki et al. [174], where anti-CD133 antibodies and CDDP
complexes were employed as targeting and bioactive agents, respectively. The authors investigated the
effect of either physical or chemical loading on peritoneal carcinomatosis.

Zhang et al. [175] reported the covalent functionalization of GO with a gadolinium-labeled
polyamidoamine (PAMAM) dendrimer for in vivo imaging and liver cancer targeted therapy based on
the synergistic combination of DOX and colchicine (COLC). PAMAM generation 3.0 functionalized
GO nanosheets were also proposed for the pH-responsive delivery of DOX in the presence of MMP-9
shRNA in breast cancer cells, reaching a transfection efficiency significantly higher than that obtained
with conventional polymeric carriers such as PEI [176]. A similar approach was developed by Cao
et al. [177], who employed a FA-chitosan oligosaccharide (CO) conjugated as derivatizing agent.
According to this approach, FA acts as targeting unit, while the amino groups of CO are responsible
for the delivery of MDR1 siRNA, allowing an effective MDR reversal in breast and lung cancer cells
and an improved DOX efficiency. Finally, it should be cited the covalent derivatization of C60 through
the Bingel reaction as a strategy for the enhanced cellular uptake of CDDP to either drug sensitive or
resistant prostate cancer cells [178].

3.3. MDR Reversal by Cell Damage

The interaction between nanomaterials and cell environment is related to both their morphological
features and surface properties [182].

Fiber-like materials such as CNT where found to possess intrinsic capability to inhibit microtubule
dynamics during mitosis, thus reducing the cell replication rate [183]. Furthermore, toxicological
studies showed that, upon exposure to CN, an imbalance between the production of reactive oxygen
species and their detoxification by biological systems occurs [184]. This phenomenon ignites a cascade
of biological responses, including destabilization of cells and mitochondrial membranes and eventually
induction of apoptosis [185], mainly through the MAPK and TGF-β signaling pathways [186]. Such
intrinsic cytotoxicity can be exploited for contrasting MDR acquisition in cancer cells, due to their fast
replication rate and their high sensitivity to oxidative stress [187] (Table 5).
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Table 5. MDR reversal by CN via cell damage.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

MWCNT TCM π-π
Stacking

— — — Skin B16-F10 B16-F10 [188]

MWCNT
5-FU π-π
Stacking

3 — Skin — B16-F10 [189]
Cervix HeLa —

GO NH3
Oxidation

— — pH Cervix HeLa HeLa [190]

rGO
Ag NPs
Redox

Coupling

TSA π-π
Stacking

100 — Ovary SKOV-3 — [191]

GO

PEG
Condensation
FePt MNPs
π-π Stacking

MI π-π
Stacking

5-FU π-π
Stacking

12.3

9.5 O2 Lung

A549
— [192]H1975

DL: drug loading % (w/w); 5-FU: 5-fluorouracil; GO: graphene oxide; MI: metronidazole; MNPs: magnetic
nanoparticles; MWCNT: multi-walled carbon nanotubes; NPs: nanoparticles; PEG: polyethylene glycol; rGO:
reduced graphene oxide; TCM: tissue culture medium; TSA: trichostatin A.

García-Hevia et al. [188] showed that MWCNT can form biosynthetic microtubules with tubulin
responsiveness, resulting in severe deficiencies during mitosis, inhibition of cell migrations, and
cell death. Interestingly, the same effect was observed in a xenograft model of MDR melanoma,
demonstrating the need for further investigations. In another work from the same group [189],
5-Fluoruracil (5-FU) was used as both surface derivatizing element and bioactive agent. The aim was
to couple the CNT key features and drug counterpart in a single device, obtaining a synergistic effect
between the ability of 5-FU to inhibits cell replication in the “S” phase and the effect of MWCNT on
microtubule dynamics.

Lin et al. [190] functionalized GO by chemical oxidation in the presence of NH3 and H2O2 (N-GOs),
obtaining a nanomaterial with peroxidase-like activity, able to disproportionate H2O2 into hydroxyl
radicals in the acidic microenvironment of tumor cells, triggering cell necrosis in vitro and in vivo.

A different approach for the modulation of ROS levels in drug-resistant cancer cells involves
the functionalization of GO with metal nanoparticles such as Ag [191] and FePt [192] MNPs. In
the first case, the authors synthesized rGO-Ag nanosystem using lycopene as reducing agent, and
provided scientific evidence that rGO-Ag promotes ROS generation sensitizing human ovarian cancer
cells to trichostatinA (TSA) and inducing cell death. In the second study, Fe-Pt was adsorbed onto
PEGylated GO to obtain ROS overproduction and synergize metronidazole (MI) and 5-FU toxicity for
the treatment of lung cancer cells.

3.4. MDR Reversal by Phototherapy

Therapies relying on light are emerging as valuable tools for fighting cancer, by taking advantage
of the site-specificity, the poor insurgence of side effects, the absence of cell resistance, as well as the
possibility to trigger the release of cytotoxic drugs to the disease site [193].

In this regard, phototherapies can be classified in two main categories, photothermal and
photodynamic therapy, differing from approach and working mechanism. In the first case,
nanomaterials are able to absorb light and produce heat, with the consequent thermal ablation
of cancer cells [194]. Photodynamic protocols are based on the generation of singlet oxygen and other
ROS, upon exposure to light [195]. In both cases, wavelength in the near-infrared (NIR) region are
used since they can reach deeper sites in the body. CNT, C60 and GO exhibit high NIR-absorbing
capability, and thus are widely proposed as nanocarriers for combined chemo- and photo- therapies
(Figure 4) [196,197].
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Figure 4. General representation of photothermal therapy by G derivatives. Adapted with permission
from [198] copyright Elsevier (2018).

3.4.1. Pristine and Non-Covalently Coated CN

Table 6 summarizes the recent examples of MRD reversal by photo-thermal ablation obtained
by the employment of un-modified or non-covalently functionalized CN. C60 nanocrystals (nC60) are
interesting CN obtained upon contact of un-modified C60 with water. Under specific conditions, C60

forms a water-stable, colloidal aggregate with reported diameters in the 5–500nm range [199]. nC60

were found to be suitable materials for the photo-dynamic therapy of thermal ablation of cervix and
breast cancer cells [200]. Interestingly, the ROS production and ability to eliminate cancer cells have
been shown to significantly increase by wrapping a Neodymium atom in the C60 spherical cage [201].

Table 6. MDR reversal by photo-thermal ablation induced by pristine and non-covalently
functionalized CN.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

nC60 — DOX* — — Cervix HeLa — [200]
Breast MCF-7/ADR

nC60
Nd

Encapsulation
— — — Cervix

HeLa — [201]
H1975

MWCNT PEG π-π
Stacking

— — NIR Pancreas PANC1 — [202]

oxMWCNT
H2NC2H4NH2

Amidation
DISPE-PEG
π-π Stacking

PTX*
— NIR Breast

HMLER —
[203]SAL*

HMLER CSC HMLER CSC
17DMAG*

oxSWCNT
DISPE-PEG/P-gp

Ab π-π
Stacking

— — — Fibroblast 3T3-MDR1 — [204]
Ovary NCI/ADR

oxCNH
PEG/P-gp Ab
π-π Stacking

ETP Filling — NIR Lung A549 [205]
A549R A549R

SWCNT
CA-HA π-π

Stacking
DOX π-π
Stacking

300 — Ovary OVCAR8 — [206]
OVCAR8/ADR OVCAR8/ADR

oxSWCNT CS-FA π-π
Stacking

DOX π-π
Stacking

33.3 NIR Lung A549 A549 [207]

SWCNT
CS-CD133 Ab
π-π Stacking

— — NIR Brain
GMB-CD133+ GMB-CD133+ [208]
GMB-CD133- GMB-CD133-
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Table 6. Cont.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

SWCNT GCS π-π
Stacking

— — NIR Breast EMT6 EMT6 [209]

GO
PEGylated
Liposome

Encapsulation

DOX π-π
Stacking

RAPA π-π
Stacking

10
10

pH Breast
MCF-7

— [210]MDA-MB-231

BT4T4

GO PF 68
DOX π-π
Stacking
IRI π-π
Stacking

7
7

pH Breast
MCF-7

— [211]MDA-MB-231

Head/
Neck SCC-7

* Co-administration with CN; DL: drug loading % (w/w); 17DMAG:
17-(dimethylaminoethylamino)-17-demethoxygeldanamycin; Ab: antibody; nC60: C60 nanocrystals; CA
cholanic acid; CNH: carbon nanohorns; CS: chitosan; DISPE: distearoyl-sn-glycero-3-phosphoethanolamine; DOX:
doxorubicin; ETP: etoposide; FA: folic acid; GCS: glycated chitosan; GO: graphene oxide; HA: hyaluronic acid;
IRI: irinotecan; MWCNT: multi-walled carbon nanotubes; NIR: near infrared radiation; oxCNH: oxidized CNH;
oxMWCNT: oxidized MWCNT; oxSWCNT: oxidized SWCNT; PEG: polyethylene glycol; PF: Pluronic F; PTX:
paclitaxel; RAPA: rapamycin; SAL: salinomycin; SWCNT: single-walled carbon nanotubes.

The NIR-absorbing properties of MWNCT in pancreas cancer cells were investigated by
Mocan et al. [202], proving that, upon laser treatment, PEGylated MWCNT nanohybrids induced
immediate cellular apoptosis as a consequence of increased mitochondrial membrane depolarization.

DISPE-PEG coated CNT were proposed as tools for photo- chemo- therapy protocols involving
NIR irradiation of nanohybrid in combination with conventional cytotoxic drugs with the aim to find
an effective therapeutic approach for the treatment of chemo- and radio-resistant breast cancer stem
cells [203]. An upgrade of this concept was obtained by introducing P-gp antibodies as derivatizing
agents for MWCNT surface [204], reaching a targeted thermal ablation in tumor spheroids of MDR
cancer cells, with absence of side toxicity on healthy cells. Similarly, P-gp antibodies were conjugated
on the surface of oxidized CNH for a combined chemo- and photo-thermal therapy of non-small cell
lung cancer [205].

The strategy proposed by Bhirde and co-workers [206] is based on the employment of cholanic
acid-derivatized hyaluronic acid (CA-HA) as targeting element in a SWCNT-DOX based therapy for
ovarian cancer. Authors stated that the employed noncovalent approach, by preserving the surface
integrity and properties of SWCNT, was able to vectorize the drug (due to HA moieties) and improve
the cytotoxic drug uptake into either sensitive or resistant cancer cells. A significant reduction of the
resistance factor (expressed as the ratio between the IC50 values of drug-resistant to drug-sensitive cells)
was obtained, and the combination with NIR irradiation was employed for a further enhancement of
the therapeutic efficiency in vivo.

Selective vectorization of DOX was achieved by using CS-FA as coating material for oxSWCNT,
leading to a NIR-induced intracellular delivery of DOX, with a 12-fold decrease of the IC50 of DOX in
lung cancer cells [207]. Wang et al. [208] produced anti-CD133 functionalized SWNTs for the selective
thermal ablation of glioblastoma stem-like cells in vivo.

The employment of coating with intrinsic biological activity was the rationale of the study
by Zhou et al. [209]. By coating SWCNT with glycated chitosan (GCS), the authors developed an
immune-adjuvant nanohybrid able to enhance the tumor immunogenicity, leading to remarkable
antitumor activity in vivo due to the combined thermal and immunological effects. Nanocarriers,
obtained by GO coating with surfactant materials, were developed for the combined photo-thermal
treatment of breast and head and neck cancers. PEGylated lipid bilayers [210] and PF 68 [211] were
proposed as GO wrapping agents for the synthesis of pH responsive nanocarriers in order to deliver
DOX in combination with rapamycin (RAPA) or Irinotecan (IRI), respectively. Upon NIR irradiation,

52



Molecules 2020, 25, 2102

significant apoptosis was induced in breast [210,211] and head and neck [211] cancer cells, resulting in
an effective chemo/photo-thermal therapy due to the simultaneous thermal ablation.

3.4.2. Covalently Functionalized CN

Covalent functionalization strategies were also proposed for the development of CN carrier
systems with the goal to co-adjuvate cancer therapy by photo-thermal MDR reversal (Table 7).

Table 7. MDR reversal by photo-thermal ablation induced by covalently functionalized CN.

Carrier Delivery Properties Cancer Model

Ref
CN

Derivatizing
Agent

Bioactive
Agent

DL Responsivity Tissue In Vitro In Vivo

GO

P-gp Ab
Condensation
FA-Au NPs
π-π Stacking

MiR-122
Hybridization

— — Liver Hep-G2/ADR Hep-G2/ADR [212]

GO

HA
Condensation

PF 68 π-π
Stacking

MIT π-π
Stacking

3 pH Breast

MCF-7 MCF-7

[213]MCF-7/ADR MCF-7/ADR

GO PF 68-PAMAM
Diselenide

ICG π-π
Stacking

52.1 ROS Breast
MCF-7 — [214]

MCF-7/ADR

GO PF 68-PAMAM
Diselenide

ICG π-π
Stacking

52.1 ROS Breast
MCF-7 — [215]

MCF-7/ADR MCF-7/ADR

GO PEG-PAH
Condensation

DOX π-π
Stacking

50 pH Breast
MCF-7 — [216]

MCF-7/ADR

GO FA-PEG-PEI
Condensation

DOX π-π
Stacking
sRNA

Hybridization

— pH Breast

MCF-7
— [217]MCF-7/ADR

GO
PEG-NH2

Condensation
HPPH π-π

Stacking

CTX π-π
Stacking

1 NIR Breast 4T1 4T1 [218]
DOX π-π
Stacking

DTX π-π
Stacking

5-FU π-π
Stacking

GO TRF
Condensation

— — — Blood
K562 — [219]

K562R

GO
Fe3O4/MnOx

Redox Coupling
DOX π-π
Stacking

38
pH

Redox
Magnetic

Breast
MDA-MB-231 — [220]
MCF-7/ADR

5-FU: fluorouracil; Ab: antibody; CTX: cyclophosphamide; DOX: doxorubicin; DTX: docetaxel; FA: folic acid; GO:
graphene oxide; HA: hyaluronic acid, HPPH: 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide a; ICG: indocyanine
green; MIT: mitoxantrone; NPs: nanoparticles; PAH: poly(allylamine hydrochloride); PAMAM: polyamidoamine;
PEG: polyethylene glycol; PEI: polyethylenimine; PF: Pluronic F; TRF: transferrin.

An improved photo-thermal protocol was developed by Yuan et al. [212]. Here, GO-Gold
nanoparticles functionalized with FA and anti- P-gp antibody were used as carrier for MiR-122,
allowing an effective induction of apoptosis in drug-resistant HepG2 liver cancer cells, with the
possibility to combine drug targeting and controlled release.

The functionalization of GO with HA units conferred targeting ability as well as the possibility to
modulate the release of mitoxantrone (MIT) by NIR irradiation [213]. The resulting nanocarrier was
also able to act as reversible inhibitor of P-gp, enhancing drug efficiency in either drug-sensitive or
drug-resistant breast cancer cells, in vitro and in vivo. A further improvement of PF 68- based GO
nanohybrid was proposed by the Wang research group, by developing ROS responsive nanocarriers
for the combined vectorization of indocyanine green (ICG) and DOX as photosensitizer and
chemo-therapeutic drug, respectively, in breast cancer cells [214,215]. The synthetic approach is
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based on the formation of a ROS sensitive diselenide bond between GO and a PF68-PAMAM conjugate
acting as coating element. Each component contributes to the carrier efficiency: GO enhances the
affinity to both photosensitizer and cytotoxic agents, PF 68 confers high stability in physiological
environment to the whole system, PAMAM acts as proton sponge allowing lysosomal escape, while
the NIR-absorbing properties of both GO and ICG trigger the drug release inside cells by the cleavage
of the diselenide bond and eliminate cancer cell by thermal ablation. The covalent modification of
GO with PEG in combination with a second polymer, such as poly(allylamine hydrochloride (PAH),
resulted in a pH-responsive DOX treatment of resistant breast cancer cells [216].

Zeng et al. [217] proposed the combination of PEG and PEI as GO derivatizing agent to generate a
carrier system suitable for the vectorization of DOX and P-gp siRNA to resistant breast cancer cells. The
enhanced carrier efficacy was due to the combination of increased loaded DOX, the modulation of P-gp
expression by siRNA and the simultaneous thermal ablation upon laser treatment. Zhao et al. [218]
used a photosensitizer (2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a – HPPH) in combination
with PEG for manufacturing hybrid GO nanocarriers for the photo-dynamic therapy of breast cancer
in vitro and in vivo. Interestingly, the simultaneous treatment with conventional cytotoxic drugs
induced an increase in tumor macrophage infiltration, resulting in an effective cancer eradication.

Alternative strategies for inducing thermal ablation of cancer cells involved the use of
radiofrequencies and magnetic fields as activating agents. Sasidharan et al. [219] developed a
targeted GO nanosystem by exploiting the overexpression of transferrin (TRF) on drug-resistant
cancer cells to trigger thermal ablation of leukemia cells with almost no side-toxicity. Finally, the GO
derivatization with superparamagnetic Fe3O4 NPs carried out for the preparation of DOX nanocarriers
able to respond to an external magnetic field, including magnetic hyperthermia, in a combination
therapy protocol for drug-resistant breast cancer cells [220].

4. Conclusions and Perspectives

MDR represents the main obstacle for the success of chemo-therapeutic protocols in cancer
treatment, and great efforts are devoted to the investigation of new strategies for overcoming this
phenomenon. Among others, nanoparticle systems such CN, offer solutions by virtue of their ability
to interfere with cell structures and functions responsible for intrinsic and acquired MDR. Two main
mechanisms are involved, namely the direct modulation of cell pathways and the effective intracellular
delivery of MDR reversing agents (e.g., efflux pumps inhibitor or modulators of redox cell state).

Among the different CN, CNT and GO have attracted a higher interest, with promising
results in in vitro and in vivo models of different cancers. Furthermore, the availability of several
functionalization routes allows the surface properties of CN to be finely modulated by selecting the
proper derivatizing agents able to address the specific therapeutic needs.

An overview of the obtained results is given in Table 8, where the outcomes, strength and weakness
of each functionalization route is showed in terms of proved success (%) in three categories, namely
direct MRD reversal, enhancement of the efficiency of a conventional cytotoxic drug, and the reduction
of undesired side effects. Furthermore, for each group, the number of studies (%) covering a specific
cancer model and the employed anticancer drug is also reported, in order to give an exhaustive
overview of the state of the art in the field.
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Table 8. Outcomes, strength and weakness of CN based system proposed for MDR reversal reviewed
in this paper. Percentages are calculated based on the total studies, with some papers covering more
studies simultaneously.

CNs Deriv Ref
Total

Studies

Drug Cancer Model
Direct MDR

Reversal
Enhanced Drug

Efficiency
Reduced Side

Effects

Studies (%) Success (%)

F —
[178]
[200]
[201]

4
None (25)
DOX (50)

CDDP (25)

Cervix (50)
Prostate (25)
Breast (25)

75 *
25 #

75 *
25 #

0 *
0 #

CNT —

[124]
[128]
[142]
[144]
[147]
[148]
[188]
[189]

11

None (46)
5-FU (18)

CDDP (18)
TAM (9)
ETP (9)

Breast (28)
Cervix (18)

Skin (18)
Brain (9)
Ovary (9)
Colon (9)

Pancreas (9)

55 *
18 #

36 *
18 #

0 *
9 #

CNT Ox

[130]
[143]
[149]
[161]
[162]
[164]
[172]
[173]
[174]

16

None (6)
DOX (30)

TRAIL (19)
RB1 (13)
RG1 (13)

Pt(IV) (13)
CDDP (6)

Breast (18.5)
Blood (18.5)

Lung (13)
Pancreas (13)

Skin (13)
Cervix (6)
Bone (6)
Liver (6)
Colon (6)

50 *
25 #

94 *
19 #

31 *
0 #

GO —

[129]
[145]
[146]
[150]
[151]
[152]
[153]
[190]
[191]
[212]
[220]

23

None (22)
CDDP (48)
DOX (26)
TSA (4)

Breast (26)
Cervix (13)
Liver (13)
Ovary (9)
Lung (9)

Stomach (9)
Colon (9)
Blood (4)

Prostate (4)
Os (4)

12 *
4 #

18 *
2 #

10 *
1 #

CNT PEG

[127]
[161]
[163]
[167]
[202]

9

None (45)
DOX (22)
PTX (11)
SAL (11)

RuPOP (11)

Breast (34)
Liver (23)

Cervix (11)
Blood (11)

Pancreas (11)
Lung (11)

56 *
0 #

56 *
22 #

33 *
11 #

CNH PEG [205] 1 ETP (100) Lung (100) 100 *
100 #

100 *
100 #

0 *
0 #

GO PEG

[151]
[165]
[169]
[170]
[192]
[210]
[216]
[218]

12

DOX (50)
5-FU (17)
CDDP (8)
GEM (8)
CTX (8)
DTX (8)

Breast (50)
Lung (25)

Os (8)
Colon (8)

Pancreas (8

75 *
42 #

92 *
42 #

42 *
0 #

CNT Surf

[147]
[148]
[156]
[157]
[203]
[204]

9

None (22)
CDDP (22)
PTX (22)
SAL (11)

17DMAG (11)
ERU (11)

Breast (56)
Fibroblast (11)

Ovary (11)
Pancreas (11)

Lung (11)

78 *
33 #

67 *
44 #

56 *
0 #

GO Surf [211]
[213] 3 DOX (67)

MIT (33)

Breast (67)
Head and
Neck (33)

33 *
33 #

100 *
33 #

0 *
0 #

GO PEI
[158]
[166]
[217]

3 DOX (67)
SRB (33)

Breast (67)
Liver (33

100 *
33 #

100 *
33 #

0 *
0 #

GO Dend

[175]
[176]
[214]
[215]

4 DOX (50)
ICG (50)

Breast (75)
Liver (25)

100 *
50 #

100 *
50 #

25 *
25 #
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Table 8. Cont.

CNs Deriv Ref
Total

Studies

Drug Cancer Model
Direct MDR

Reversal
Enhanced Drug

Efficiency
Reduced Side

Effects

Studies (%) Success (%)

CNT PS

[168]
[206]
[207]
[208]
[209]

9

None (22)
DOX (22)
5-FU (11)
ERU (11)
PRU (11)
PTX (11)

CBPT (11)

Breast (67)
Brain (11)
Ovary (11)
Lung (11)

33 *
33 #

78 *
22 #

11 *
0 #

GO PS

[154]
[155]
[171]
[177]

5 DOX (100)

Breast (40)
Ovary (20)
Lung (20)

Neural Crest
(20)

80 *
0 #

100 *
0 #

20 *
0 #

GO PR [219] 1 None (100) Blood (100) 100 *
100 #

0 *
0 #

100 *
0 #

* In vitro; # In vivo; CN: carbon nanostructure; Deriv: derivatization; 5-FU: 5-fluorouracil; 17DMAG:
17-(dimethylaminoethylamino)-17-demethoxygeldanamycin; CBPT: carboplatin; CDDP: cisplatin; CNT: carbon
nanotubes; CTX: cyclophosphamide; DOX: doxorubicin; DTX: docetaxel; ERU: epirubicin; ETP: etoposide; F:
fullerenes; GEM: gemcitabine; GO: graphene oxide; ICG: indocyanine green; MIT: mitoxantrone; Ox: oxidation;
PEG: polyethylene glycol; POP: polypyridyl; PTX: paclitaxel; PR: protein; PRU: pirarubicin; PS: polysaccharides;
RB1: RB1 ginsenoside; RG1: RG1 ginsenoside; SAL: salinomycin; SRB: sorafenib; Surf: surfactant; TAM: tamoxifen;
TRAIL: tumor necrosis factor-related apoptosis-inducing ligand; TSA: trichostatinA.

Although the reviewed studies are very heterogeneous and there is not a biological parameter
to be unequivocally used for a direct comparison between the obtained results, some important
considerations can be done by considering the score of each item reported in the table.

Most studies investigated the efficiency of carrier systems based on oxCNT, GO, and PEGylated
CNT/GO for the treatment of different solid (mainly breast and cervix) and blood cancers. Furthermore,
a relevant amount of studies reported the ability of CN materials to directly reverse the MDR allowing,
at the same time, the enhancement of the efficiency of a co-administrated drug (mainly DOX) in vitro.
These results, being obtained via different molecular mechanisms, can be considered of great interest for
scientists working in the field, because of the availability of different strategies, each effecting a peculiar
biological pathway. However, despite the high performances recorded in some cases (e.g., carriers
based PEGylated CNT or GO functionalized with dendrimers), several issues need to be overcome
before hypothesizing a translation of CN nanosystems into clinical practice. At first, more extensive
in vivo studies need to clarify the real extent of the obtained results, as highlighted by the differences
between in vitro and in vivo success score in the direct MDR reversal and enhanced drug efficiency
items of Table 8. Subsequently, the concerns about long-term toxicity must be considered, especially in
the case of CNT-based devices, to address the great debate about the benefit of CN in the clinic. Also
in this case, the in vivo score of reduced toxic side effects item of Table 8 is very low, even if more
encouraging results seems to be achieved using GO as core element of multifunctional vehicles, for
which a more homogeneous score is recorded between the effectiveness in MDR reversal, enhancement
of drug efficiency, and the reduction of toxicology profiles. To this regard, the introduction of GDQ,
coupling high biocompatibility and enhanced cell penetrating behavior, is a step forward for the
development of even more interesting materials, although only few examples are available in literature.

Overall, more extensive preclinical and clinical studies are required, in a dynamic interdisciplinary
exchange of knowledge between chemists, materials scientists, biologists, and oncologists. Only
combining different and complementary expertise, we can hope to succeed in facing the challenges of
MRD reversal.
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Abstract: Graphene aerogel (GA) is a lightweight, porous, environmentally friendly, 3D structured
material with interesting properties, such as electrical conductivity, a high surface area, and chemical
stability, which make it a powerful tool in energy storage, sensing, catalyst support, or environmental
applications. However, the poor mechanical stability that often characterizes graphene aerogels
is a serious obstacle for their use in such applications. Therefore, we report here the successful
mechanical reinforcement of GA with carbon fibers (CFs) by combining reduced graphene oxide
(rGO) and CFs in a composite material. The surfaces of the CFs were first successfully desized
and enriched with epoxy groups using epichloridrine. Epoxy-functionalized CFs (epoxy-CFs) were
further covered by reduced graphene oxide (rGO) nanosheets, using triethylene tetramine (TETA) as
a linker. The rGO-covered CFs were finally incorporated into the GA, affording a stiff monolithic
aerogel composite. The as-prepared epoxy-CF-reinforced GA was characterized by spectroscopic
and microscopic techniques and showed enhanced electrical conductivity and compressive strength.
The improved electrical and mechanical properties of the GA-CFs composite could be used, among
other things, as electrode material or strain sensor applications.

Keywords: carbon fibers; surface treatment; grafting; graphene aerogel

1. Introduction

Graphene oxide (GO) is the most common graphene derivative [1]. It is formed by the oxidative
treatment of graphite and is characterized by a large amount of oxygen groups, which are spread over
the graphenic surface. Carboxylates mainly at the edges, epoxy, and hydroxylates at the core provide a
strong hydrophilic character and dramatically reduce the aromatic character of GO. The treatment of
GO with reducing agents leads to the partial removal of the oxygen groups and the reconstruction of
aromaticity, to the so-called reduced GO (rGO). Depending on the reductive treatment, rGO shows
often remarkable electrical conductivity, comparable with pristine graphene. On the other hand,
the removal of the majority of the oxygen groups results in the decrease in the hydrophilic character of
rGO and the formation of aggregates when they are dispersed in water [2].

Hydrothermal reductive treatment of GO often leads to the formation of a stable rGO hydrogel,
depending on the conditions. GO is a highly hydrophilic 2D material, which, under reductive conditions,
is partially gaining its aromaticity and self-assembled in a 3D structure due to π-π stacking interactions.
The oxygen groups on the graphene surface, as well as the entrapped hydrophilic reducing agent, are
often responsible for the entrapment of a large amount water between the rGO nanosheets, leading to
the formation of stable hydrogels, which can be transformed into a graphene aerogel (GA), after water
removal by a freeze-drying procedure.
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GA is a lightweight, porous, environmentally friendly 3D structured material, with electrical
conductivity, chemical inertness and a high surface area [3–6]. It could be used in several applications,
including in supercapacitors, lithium ion batteries, fuel or solar cells, and for environmental purposes
such as water purification, gas separation, or electromagnetic interference shielding. The use of GA in
most applications could be largely promoted by a significant mechanical reinforcement, which is a real
challenge, taking into consideration the poor mechanical properties of GA [3–6].

On the other hand, carbon fibers (CFs) are a graphitic material that have been used widely for
the reinforcement of polymers, due to their remarkable mechanical, thermal, and electrical properties
as well. CFs/polymer composites have been used in applications such as in aerospace, automotive,
nuclear engineering, where strength, stiffness, and lightweight materials are critical requirements [7–11].
However, their smooth and inert graphitic surface, almost free of functional groups, does not favor
the adhesion with matrix polymer molecules, weakening the load that is transferred from the matrix
to the CFs, and limiting the mechanical reinforcement [8,9]. Therefore, in the past decades, many
research efforts have been made to modify chemically the surface of CFs, and thus to improve the
interfacial adhesion in the resulting composites. However, there has been limited success up to now in
the sufficient functionalization of the CF’s surface. In most cases, the CF’s surface is treated with strong
acids, such as a nitric or nitric/sulfuric acid mixture, to introduce a limited amount of oxygen groups
(mainly carboxylates) [12–14]. Carboxylates are then used as reactive sites to graft on the CF’s surface
coupling agents such as simple diamines, dialdehydes [15,16], or, more specifically, polyphosphazenes
and siloxanes [17–19]. The decoration of CFs with coupling agents increases the wettability and
chemical reactivity of CFs, and this improves the adhesion between the CFs and polymer matrices.
Recently, GO has been also used to modify the CF’s surface, improving the interfacial properties of the
composite material [20]. Furthermore, efforts have appeared in the literature that combined CFs and
GA in a 3D composite structure, ideally having the properties of both components [21,22].

In the present article, we describe an effective enrichment of CFs surface with epoxy groups,
and their successful incorporation in a GA, forming a 3D structured monolithic aerogel composite with
improved electrical and mechanical properties. The CFs were first desized and then functionalized
with epoxy groups to enhance the binding sites of the CFs, using, for the first time, epichlorohydrin.
Epoxy-functionalized CFs (epoxy-CFs) were then covered by rGO nanosheets and finally incorporated
successfully into the GA, during a sol-gel hydrothermal reduction process of GO. The as-prepared
CFs/rGO monolithic aerogel composite was fully characterized by spectroscopic and microscopic
techniques, and finally showed enhanced electrical conductivity and compression stability. Due to
these characteristics, the CFs/rGO aerogel composite could be used, among other things, as an electrode
material or in strain sensor applications [23].

2. Results and Discussion

Initially, the CFs were desized in acetone [24] and then oxidized using an acidic treatment under
ultrasonication. After this procedure, a plethora of active oxygen groups, mainly hydroxylates and
carboxylates, appeared on the surface of the CFs, increasing the total surface energy and polarity,
which was helpful to improve the wettability of the CFs [25,26]. The morphology of the CFs was studied
using scanning electron microscopy (SEM), and characteristic micrographs are given in Figure 1.

The polymer removal alters the morphology and increases the roughness of the CFs’ surface.
The characteristic change in the roughness of CFs after desizing is indicated by atomic force microscopy
(AFM) images, as shown in Figure 2. The surfaces of untreated CFs seem to be relatively neat and
smooth. Few narrow grooves, distributed in parallel along the longitudinal direction of the fiber, are
due to the fiber manufacture process. Compared with the untreated CFs (Figure 1a), the fiber surface
becomes rougher after oxidative treatment.
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Figure 1. Scanning electron microscopy (SEM) images of carbon fibers (CFs) before (a) and after the
treatment with acetone (b,c).

 

 
Figure 2. Atomic force microscopy (AFM) topography images of (a) untreated and (b) oxidized CFs.

Thermogravimetric and differential thermal analysis (TG-DTA) curves of pristine CFs and oxidized
CFs are depicted in Figure 3. Pristine CFs were stable until 700 ◦C in the air, while, after desizing and
acid treatment, oxidized CFs were decomposed much easier between 500 and 700 ◦C (see Figure 3).
The decomposition of both the pristine and oxidized CFs was accompanied by an analogous exothermic
peak, recorded in DTA as expected. Pristine CFs also indicated a 2% weight loss between 350 and
500 ◦C, which could be attributed to the removal of the sizing agent.
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Figure 3. Thermo gravimetric analysis (TGA) and heat flow graphs of pristine (a) and oxidized CFs (b).

The Fourier–transform infrared spectrometer (FT-IR) spectrum of the oxidized CFs (see line b in
Figure 4) showed a few weak but characteristic peaks due to the presence of oxygen groups on their
surface, in contrast with the featureless spectrum of pristine CFs (see line a in Figure 4). The peaks at
3300 (OH stretching vibrations) and 1033 cm−1 (C-O stretching vibrations) indicated the appearance
of hydroxyl groups on the CF surface. The peaks at 1715 and 1640 cm−1 (C=O stretching) could be
attributed to the presence of carboxylates and carbonyl groups, respectively, while peaks at 2860, 2930,
and 1335 cm−1 indicate sp3 C-H stretching [27–29].
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Figure 4. Fourier–transform infrared spectrometer (FT-IR) spectrum of (a) pristine CFs (b) acid treated
CFs and (c) epoxy-functionalized CFs (epoxy-CFs).

Epichlorohydrin was then grafted on the CFs following mainly two different pathways. It can be
added to the carboxylates or OH groups using the epoxy or chlorine end, respectively, as shown in
Figure 5. Both pathways in the alkaline environment lead to the formation of epoxy groups on the
surface of the CFs (epoxy-CFs). The FT-IR spectrum of the epoxy-CFs showed their enrichment with
hydroxyl and epoxy groups, as indicated by the OH stretching vibration at 3330 cm−1 and C-O-C,
epoxy stretching vibration at 1290 and 1050 cm−1. The characteristic CH and C=C vibrations at 2850
(stretching), 1400 (in plane bending), and 1647 cm−1 (stretching), respectively, also appeared (see line c
in Figure 4).
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Figure 5. Schematic representation of the formation of CFs/ reduced GO (rGO) composite aerogel.

The Raman spectra of pristine, oxidized and epoxy-CFs are shown in Figure 6. The spectrum of the
CFs contains two characteristic peaks, which are assigned to the graphitic E2g G mode at ~1580 cm−1

and the disorder D mode at ~1365 cm−1. In the spectrum of epoxy-CFs, the G band appeared slightly
shifted to 1590 cm−1 due to the contribution of the D’ band at around 1610 cm−1, which is more intense
after the introduction of oxygen groups on the CFs’ surface. The ID/IG ratio after the reaction with
epichlorohydrin was slightly increased due to the introduction of epoxy groups [30].
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Figure 6. Raman spectra of (a) pristine (b) oxidized and (c) epoxy-CFs.

In order to identify further the functional chemical groups of the epoxy-CFs, X-ray photoelectron
spectroscopy (XPS) measurements were employed. From the C1s high resolution photoelectron
spectra (Figure 7), several changes after the chemical modification were deduced. The most important
information that was collected here was the reduction in the C-C frame from 80.3% for the pristine
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CFs to 29.6% for the epoxy-CFs. The peak at 286.1 eV is increased because of the addition of C-O and
also C-N bonds. The existence of these two functionalities explains the small shift from 286.1 eV, due
to CFs, to 285.8 eV. Important evidence for the successful functionalization of CFs is the significant
increase in the photoelectron peak at 286.8 eV from 3.1% to 23.0%. This increase is due to the epoxy
group created after the chemical functionalization [29,31].

 

 

(a) (b) 

Figure 7. C1s photoelectron peak of (a) pristine CFs and (b) epoxy-CFs.

Epoxy-CFs were transferred to a diluted GO dispersion in an alkaline solution of triethylene
tetramine (TETA) and heated hydrothermally at 100 ◦C in a sealed bottle. At this stage, the brown
GO solution becomes colorless after the reaction, indicating the successful immobilization of the rGO
nanosheets on the external surface of the CFs (see Figure 8a,b). The rGO-covered epoxy-CFs finally
underwent a second hydrothermal treatment with a larger amount of GO dispersed in alkaline solution
of TETA. Under these conditions, the GO was reduced partially and aggregated, forming a stable
hydrogel (see Figure 8c). Through the nucleophilic addition to the epoxy ring opening functionalization,
TETA acts here as a reducing and coupling agent on both CFs and rGO nanosheets, and thus contributes
significantly to the hydrogel formation as a bridge molecule. The insertion of epoxy-CFs between the
rGO nanosheets resulted in the successful incorporation of the former in the hydrogel (see Figure 8c).
Finally, after freeze drying, the CFs-supported GA (CFs/rGO aerogel) was formed (see Figure 8d).

 

 

Figure 8. Photo of (a) epoxy-CFs in an alkaline solution of GO, (b) epoxy-CFs covered by the rGO
nanosheets after hydrothermal heating, (c) CFs/rGO hydrogel and (d,e) aerogel, (f) CFs/rGO aerogel
separated in two pieces using forcepts, where CFs are revealed from the internal.
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CFs have a mean size of 0.3–0.5 cm and were randomly oriented in the GA, as observed optically
under a microscope. This is a consequence of the random dispersion of CFs into the mixture of
the GO before the hydrothermal treatment. CFs/rGO aerogel can be also formed in a single stage
hydrothermal procedure by directly dispersing epoxy-CFs in a concentrated dispersion of GO in
alkaline solution of TETA. In Figure 9, several characteristic images of rGO-covered epoxy-CFs are
presented (Figure 9a,b,e,f), in comparison with poorly rGO-covered pristine CFs (Figure 9c,d) that
were formed when pristine CFs were used instead of epoxy-CFs. As shown in Figure 9a–d, rGO
nanosheets have extensively covered the surface of the epoxy-CFs, while the absence of epoxy groups
in pristine CFs leads to much less coverage by rGO, as shown in Figure 9c,d. Finally, Figure 9e,f
indicate the successful incorporation of CFs in the CFs/rGO aerogel. Due to the interaction between the
epoxy-CFs and GO in the presence of the TETA bridge molecules, the epoxy-CFs reinforced GA were
more condensed, having a lower volume (0.6 cm3) than the pure rGO aerogel (0.9 cm3). In addition,
taking into consideration the masses of the components and the final products, epoxy-CFs reinforced
GA showed a higher density (31.6 mg/cm3) in comparison to pure rGO aerogel (12,5 mg/cm3), due
to the lower volume and the presence of CFs. The mass fraction of CFs in the CFs/rGO aerogel was
estimated to be 0.31 and the volume fraction to be 5 × 10−3.

 

−

 

Ω Ω

Figure 9. SEM images of epoxy-CFs (a,b) and pristine CFs (c,d) covered by rGO nanosheets, and CFs/rGO
aerogel (e,f).

2.1. Electrical Conductivity

It is known that GAs are electrically conductive, due to the recovered aromaticity after the
reduction of GO. CFs are also conductive, and thus the final CFs/rGO composite is highly conductive
as expected (see Figure 10). In fact, the resistivity of a CFs/rGO aerogel monolith was measured
to 28.8 Ω m, while an analogous rGO aerogel monolith was measured to 129.6 Ω m (see Table 1).
The samples had a cylindrical shape and the resistance was measured by adapting two electrodes at
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the upper and lower surface of the cylinders (see experimental part). It is important to note here that
the orientation of the CFs in the aerogel was random and not involved with the increased conductivity
of the epoxy-CFs supported GA.

 

Ω ρ Ω

 

Μ

Figure 10. Electrical circuits with (a) CFs/rGO and (b) rGO aerogel monoliths. The intense light of the
LED lamp in circuit (a) indicates the increased conductivity of CFs/rGO aerogel.

Table 1. Bulk resistance (R) and resistivity (r) of rGO and CFs/rGO aerogels.

S (m2) × 10−4 l (m) R (kΩ) ̺ (Ω m)

rGO 1.8 0.005 3.6 129.6
CFs/rGO 1.8 0.005 0.8 28.8

2.2. Mechanical Reinforcement

In a recent previous article, we showed that TETA-promoted rGO aerogels can be compressed to
about 50% of the initial thickness by the placement of a 50 g standard weight on a GA cylindrical monolith,
while the rGO aerogels promoted by aromatic diamines were compressed almost elastically [32]. Here,
we demonstrate that TETA-promoted GA reinforced with CFs was not compressed under the same
conditions, indicating the remarkable role of CFs on the mechanical reinforcement of the CFs/rGO
aerogel (see Figure 11a–c). In contrast, GA reinforced with pristine CFs by the same procedure is fragile
and mechanically very unstable, leading to negative results as regards mechanical measurements.
This fact indicated the crucial role of epoxy groups in the successful incorporation of CFs in the GA.

 

Ω ρ Ω

Μ

 

Figure 11. (Upper) CFs/rGO cylindrical aerogel monolith before (a) during (b) and after (c) the
compression, with a 50 g standard weight. (d) The stress/compression diagram of rGO and CFs/rGO
aerogel monoliths.
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A similar conclusion was drawn by comparing the diagrams of compressive stress to compression
of the rGO and the CFs/rGO aerogels (see Figure 11d). In fact, the rGO aerogel was compressed to about
90% with a 400 kPa stress, while in the case of the CFs/rGO aerogel, a remarkably higher compressive
stress—about 1300 kPa—was applied to achieve a similar compression. This 3D porous, conductive,
and highly stable CFs/rGO structure could become a highly promising material for applications
in lightweight conductive cables, energy storage, catalysts, and functional textiles. The unique
structure of those materials paves the way to design and fabricate lightweight porous materials with
high performance.

3. Materials and Methods

3.1. Materials

Commercially available CFs, T700SC (Fiber Max, Volos, Greece) were used in this work.
Epichlorohydrin (Alfa Aesar, Kandel, Germany), sodium hydroxide (NaOH, Sigma-Aldrich,
St Louis city, MO, USA), ammonium hydroxide (NH3, CARLO ERBA Reagents S.A.S., Barcelona,
Spain), TETA (Sigma-Aldrich, St Louis city, MO, USA), nitric acid (HNO3, 65%, CARLO ERBA Reagents
S.A.S., Barcelona, Spain), and powder graphite (Sigma-Aldrich, St Louis city, MO, USA) were used
without further treatment. GO was prepared in the lab, according to Staudenmaier’s method [33] and
the synthesis is described in detail, in ref [34].

3.2. Characterization

TGA/DSC measurements were performed on pristine and oxidized CFs (~10 mg) by means of a
SETARAM SETSYS Evolution 18 Analyzer (SETARAM Instrumentation, Caluire, France) with Al2O3

crucibles, in the range of 25–1100 ◦C. A heating rate of 10 ◦C/min under air flow (16 mL/min) while
used and purging was applied well before initiating the heating ramp. Buoyancy corrections were
carried out through blank measurements.

Scanning electron microscopy (SEM) was carried out on a Zeiss EVO-MA10 (Carl Zeiss Microscopy
GmbH, Jena, Germany). Infrared spectra were measured on a Fourier–transform infrared spectrometer
(FT-IR) using the ATR technique on an IRTracer-100 Shimadzu spectrometer (Shimadzu Europa GmbH,
Duisburg, Germany). Raman spectra were collected with a Raman system Lab-Ram HR Evolution RM
(Horiba-Scientific, Kyoto, Japan) using a laser excitation line at 532 nm (laser diode). The laser power
was 1.082 mV. All Raman parameters have been carefully controlled to avoid changes in the graphene
materials. Bulk resistance was measured using a Keithley 2401 multimeter (Keithley Instruments,
Solon, OH, USA), using two indium tin oxide (ITO) glass slides as electrodes that covered the upper
and lower surface of the samples. Atomic force microscopy (AFM) measurements were performed
in tapping mode with a multimode Nanoscope IIIa (Bruker, Billerica, MA, USA), using RTESPA-300
silicon cantilevers with a nominal tip radius 8 nm. The values of the stress/compression diagrams of
rGO and rGO/CFs aerogel monoliths were recorded with a Hounsfield H20K-W test machine (rate
1.5 mm/min, Hounsfield Test Equipment, Red Hill, England).

X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultra-high vacuum
at a base pressure of 2 × 10−10 mbar, with a SPECS GmbH spectrometer (SPECS Surface Nano
Analysis GmbH, Berlin, Germany) equipped with a monochromatic MgKa source (hv = 1253.6 eV),
and a Phoibos-100 hemispherical analyzer (SPECS Surface Nano Analysis GmbH, Berlin, Germany).
The spectra were collected in normal emission and the energy resolution was set to 1.16 eV to
minimize measuring time. All binding energies were referenced to the C1s core level at 284.8 eV.
Spectral analysis included a Shirley background subtraction and a peak deconvolution employing
mixed Gaussian-Lorentzian functions, in a least square curve-fitting program (WinSpec) developed at
the Laboratoire Interdisciplinaire de Spectroscopie Electronique, University of Namur, Belgium.
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3.3. Oxidation Treatment and Functionalization of CFs

Some 100 mg of CFs were heated in acetone for 48 h at 60 ◦C. After the drying of the desized CFs,
they were oxidized in conc. HNO3 at 100 ◦C for 2 h in a sonication bath. Subsequently, the oxidized
CFs were washed several times with deionized water until reaching pH ~ 7 and dried at 100 ◦C under
vacuum. Oxidized CFs were placed in a solution of epichlorohydrin, while an ethanolic solution of
NaOH was added slowly during refluxing (95 ◦C) for 3 h. The epoxy-CFs were finally washed with
acetone and dried under a vacuum.

3.4. Formation of CFs/rGO Aerogel

Epoxy-CFs (6 mg) were placed into a concentrated solution of TETA in water (50% v/v), at 80 ◦C
for 24 h. After a thorough washing, the as-prepared amine functionalized CFs (amino-CFs) were
transferred in an alkaline GO dispersion (2 mg of GO, 50 µL conc. NH3 in 20 mL H2O) at 95 ◦C for 24 h.
The as prepared rGO functionalized CFs were then placed in a dispersion of GO (10 mg) and TETA
(10 µL) in 20 mL of water, and the mixture was heated in a sealed bottle at 95 ◦C for 24 h. The resulting
hydrogel was washed several times with water and lyophilized for 24 h.

4. Conclusions

In this work, we demonstrated that epoxy-functionalized CFs can be successfully incorporated
into GA by grafting rGO to their surface and forming a composite aerogel monolith with improved
electrical and mechanical properties, due to the presence of CFs. The role of epichlorohydrin in the
introduction of epoxy groups to the CFs surface was crucial, since epoxy groups are the key for the
successful incorporation of CFs into rGO aerogel. The as-prepared CFs/rGO aerogel showed at least
four times lower electrical resistivity than rGO aerogel, since the desized CFs function as conducting
pathways within the porous structure. Despite desizing, the contribution of chemical functionalization
to the surface of CFs to the mechanical properties of the final composite was also remarkable.
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Abstract: In this paper, the thermal properties of graphene oxide (GO) with vacancy defects were
studied using a non-equilibrium molecular dynamics method. The results showed that the thermal
conductivity of GO increases with the model length. A linear relationship of the inverse length and
inverse thermal conductivity was observed. The thermal conductivity of GO decreased monotonically
with an increase in the degree of oxidation. When the degree of oxidation was 10%, the thermal
conductivity of GO decreased by ~90% and this was almost independent of chiral direction. The
effect of vacancy defect on the thermal conductivity of GO was also considered. The size effect of
thermal conductivity gradually decreases with increasing defect concentration. When the vacancy
defect ratio was beyond 2%, the thermal conductivity did not show significant change with the degree
of oxidation. The effect of vacancy defect on thermal conductivity is greater than that of oxide group
concentration. Our results can provide effective guidance for the designed GO microstructures in
thermal management and thermoelectric applications.

Keywords: graphene oxide; thermal conductivity; vacancy defect

1. Introduction

Graphene oxide (GO), an oxidation product of graphene [1], has attracted much attention in recent
years as a two-dimensional material [2] because of its unique mechanical and thermal properties [3–5].
The structure of GO is composed of oxygen functional groups connected on the base plane of a layer
of carbon atoms in two-dimensional space [1]. The existence of oxygen functional groups makes its
thermal transport properties quite different from those of graphene. Graphene is the best known
thermal conductive material. Its thermal conductivity can reach 2000–5000 W/mK [6]. However,
the oxygen functional groups on the surface of GO destroy the lattice symmetry [7] and cause local
strain [8], resulting in a reduction of thermal conductivity by 2–3 orders of magnitude [9]. Nika et
al. indicated that the strong phonon scattering in GO resulted in a significant decrease in thermal
conductivity [10].

On the other hand, the reduction method can further regulate the concentration of oxygen
functional groups, which means the thermal transport properties of GO can be regulated in a larger
range. Considering the size effect, Lin and Mu calculated the effect of different degrees of oxidation
on the thermal conductivity of GO [11], and revealed that the thermal conductivity converges to 8.8
W/mK [12]. In recent experiments, the thermal conductivity of GO varies from 2 to 1000 W/mK
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using different oxygen reduction methods [13–15]. GO can be used in various thermal management
electronic devices [16], such as electronic cooling [17], thermal diodes [18] and thermal logic circuits [19]
due to the ability to adjust thermal conductivity. In addition, GO also shows good thermoelectric
properties [4,20]. Therefore, considering the potential applications of GO in thermal management and
thermoelectric energy conversion, it is necessary to study the thermal conductivity of GO.

In the process of preparation and reduction of GO, structural damage and vacancy defect are
inevitable. GO is often regarded as a monolayer graphene with both oxygen functional groups and
vacancy defects [1]. Renteria et al. revealed that the thermal conductivity of GO films is anisotropic [21].
In recent years, some progress has been made in the study of GO thermal conductivity. Zhao considered
the effect of various defects on thermal conductivity of GO strips with fixed length [22]. The thermal
conductivity of materials depends on phonons, and the phonon scattering is enhanced by GO defects,
thus reducing the thermal conductivity [15,23]. On the other hand, with the presence of oxygen
functional groups and doping defects, the thermal conductivity may be further reduced [9]. However,
current studies cannot accurately describe the coupling effect of degree of oxidation and vacancy
defects on thermal conductivity. Quantitative analysis of this problem is necessary.

In this study, the thermal conductivity of GO is calculated based on the non-equilibrium molecular
dynamics method. Considering the coupling effect of oxygen group concentration and the ratio of
vacancy defects, the variation of in-plane thermal conductivity of monolayer GO is studied, and the
empirical formula for the ratio of vacancy defect, degree of oxidation and thermal conductivity of GO
is established.

2. Model and Methodology

GO has two main surface groups, hydroxyl and epoxy groups [24]. The main factor affecting
the thermal conductivity of GO is the content of functional groups (degree of oxidation) rather than
the type of functional groups [22]. Therefore, only one functional group type of hydroxyl (-OH) is
considered in this work.

Here, GO with randomly distributed vacancy defects and hydroxyl groups was built as shown
in Figure 1. To make the calculation model more consistent with the actual situation, the quenching
process of GO was simulated using the ReaxFF reactive force field under NPT ensemble [25,26]. The
GO, established with several different initial functional group concentrations, was first gradually
heated from 300 to 500 K over a time span of 0.2 ns, then annealed at 500 K for 0.2 ns, and subsequently
quenched to 300 K over a time span of 0.2 ns. Finally, the model was further annealed at 300 K and
zero pressure for the duration of 0.2 ns to ensure complete equilibration of the structure. Thus, each
GO model was obtained with the final functional group concentration after quenching.

Through the above steps, the hydroxyl groups and vacancy at several different ratios were
introduced in the model. The hydroxyl groups were randomly attached to the carbon atoms on both
sides of the graphene basal plane at different degrees of oxidation ranging from 0% to 10%, while
removing the carbon atoms from the GO sheet on the surface defect from 0% to 2%.

In the present study, the dynamic response of the system shown in Figure 2 was revealed by a
molecular dynamics (MD) approach. The MD simulations were carried out by using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) [27]. The all-atom optimized potential
for liquid simulations (OPLS-AA) was used for the study of GO thermal conductivity to improve the
computation efficiency [28–30].

82



Molecules 2019, 24, 1103

 

 

tranfers

2 2
h c

transfer

1 ( )
2

tranfers tranfers

h c

Figure 1. Schematic picture of graphene oxide (GO) with randomly distributed vacancy defects and
hydroxyl groups.
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Figure 2. Schematic model for thermal conductance of GO using periodic boundary conditions.

To avoid the computational problems created by high frequency vibration caused by bond
stretching energy (-OH) and bond angle bending energy (C-O-H), the SHAKE algorithm was adopted
to fix atoms. Coulomb interactions were computed by using the particle-particle particle-mesh (PPPM)
algorithm [31]. In this work, the thermal conductivity was computed by reverse non-equilibrium
molecular dynamics (RNEMD) simulations in a microcanonical NVE ensemble [32]. The key point of
the method is to impose a heat flux through the system and to determine the temperature gradient
and temperature junctions as a consequence of the imposed flux. The fastest descent method was used
to redistribute the atomic positions.

The above systems were equally divided into 100 thin slabs along the heat transfer direction, with
the heat source and sink each taking one of the slabs. The heat source (hot slab) and sink (cold slab)
slabs were located at the middle and the two ends of the model, respectively. The periodic boundary
conditions were applied in the X and Y direction. A time step of 0.1 fs was selected for integration of
the equations of atomic motion in the simulations. The system reached the equilibrium state at 300 K
in Nosé-Hoover thermal bath for 0.2 ns. Then, the system was switch linear fitted to the NVE ensemble
to exchange the kinetic energies (every 1000-time steps) between the coldest atom in the heat sink slab
and the hottest atom in the heat source slab for 0.8 ns. The total heat flux J can be obtained from the
amount of the injected/released two slabs by exchanging the kinetic energies Equation (1).

J =

∑
Ntran f ers

1
2 (mvh

2 − mvc
2)

ttransfer
, (1)

where Ntranfers is the total number of exchanging the kinetic energies, ttranfers is the time over which
the exchanging simulation is started, m represents the mass of the atoms, vh and vc are the velocities of
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the hottest atom of the cold slab and the coldest atom of the hot slab, respectively. When the heat flow
in the structure reaches the non-equilibrium steady state, the temperature profiles is collected to obtain
the temperature gradient as Equation (2).

Ti =
2

3NkB
∑

j

p2
j

2mj
, (2)

where Ti is the temperature of the N number atoms in i -th slab. mj, vj and pj represent the mass and
velocity and momentum of the atom j in i -th slab, respectively. The term kB is Boltzmann’s constant.
The temperature profiles are obtained by averaging results of the last 8 million timesteps.

Four typical samples of the temperature profiles of monolayer GO are shown in Figure 3, where
the temperature gradient ∇T (dT/dx) was obtained by linear fitting in the linear region of the profile
along the longitudinal heat flux direction in Figure 3. The thermal conductivity κG can be calculated as
Equation (3).

κG =
J

2A∇T
, (3)

where A is the cross-section area of corresponding models and the constant 2 in the denominator
accounts for the fact that the system is periodic.
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Figure 3. Schematic plot for reverse non-equilibrium molecular dynamics (RNEMD) simulations and
equilibrium temperature profiles for GO.

3. Result and Discussion

First, the effects of the sample width on the thermal conductivity was investigated through MD
simulations. As shown in Figure 4, in the range of 2 to 10 nm for different chirality with a fixed length
of 20 nm, the measure of increasing width W acquired a convergent thermal conductivity.

Then, the effects of the sample length on the thermal conductivity (κG) along the zigzag and
armchair directions were explored with the length varying from 20 to 180 nm and a fixed width of
2 nm. The results (see Figure 5) clearly show that the thermal conductivity does not depend on the
sample’s width. A linear relationship of the inverse length and inverse thermal conductivity can be
observed. This means that the thermal conductivity increases with the length, two fitting functions are
κ
−1
G(Zigzag) = 0.4704L−1 + 0.00857 and κ

−1
G(Armchair) = 0.4697L−1 + 0.00856.
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Figure 4. Curve of thermal conductivity with different sample width. The width varies in [0, 10] nm.
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Figure 5. The relationship of length and thermal conductivity in GO (ROH: ~10%) along zigzag (red)
and armchair (black) directions at 300 K.

The relationship between κ
−1
G and L−1 can also be expressed as [33]:

κ
−1
G = κ

−1
∞ (

2l

L
+ 1), (4)

where l is the mean free path (MFP) of phonon. κ∞ denotes the thermal conductivity in infinite length.
Through Equation (4), the thermal conductivity κ∞ along the zigzag and armchair directions was
found to be 116.82 and 116.68 W/mK, respectively. The corresponding MFP of phonon values l were
27.45 nm (along zigzag direction) and 27.44 nm (along armchair direction), which are much smaller
than that of graphene (~775 nm) [6].

Through the classical lattice heat transport theory, the thermal conductivity of low-dimensional
material can be calculated by κ = Cvl, where C is the specific heat, v is the group velocity. Previous
literature has indicated that the values of C and v changed little by analyzing phonon density of states
in GO [15]. This explains why the thermal conductivity of GO is smaller than that of graphene.

To study the coupling effects of the hydroxyl-group and vacancy defects on the thermal
conductivity of GO, we defined a ratio between oxygen and carbon atoms ROH to describe the
degree of oxidation. Also, RV is defined as the ratio of vacancy defect in the system, which can be
calculated by the density of atoms removed from the pristine GO.

From Figure 6, the concentration of functional groups and the ratio of vacancy defects have
a negative impact on the thermal conductivity of the structure in a certain degree. For a known
concentration of functional groups, the thermal conductivity of the structure decreases gradually with

85



Molecules 2019, 24, 1103

the increase in vacancy defects in the structure. The decline in thermal conductivity is no longer
obvious with the increase in vacancy defect ratio. When the vacancy defect RV ≤ 1.0%, the thermal
conductivity is very sensitive to both the change in vacancy defect and the concentration of functional
groups. For GO without vacancy defect, the thermal conductivity drops most significantly while the
functional group concentration increases. When RV exceeds 2.0%, the functional group concentration
has little effect on thermal conductivity.

 

V 1.0%

V

V /0.5126
max/ 0.1142 0.8859

V /0.6365
max/ 0.1003 0.5034

V

OH

V( )

V( ) VR V 2.0%

V 2.0%

OH VR

OH

Figure 6. The relative thermal conductivity of GO with varying degrees of oxidation and vacancy
defect ratio in the same sample size of 20 nm. Six different symbols indicate the different degree of
oxidation with varied vacancy defect ratios, the red and blue line denote the fitting curves.

According to the results, the lower and upper envelope curves of nonlinear fitting are drawn
in Figure 6. The upper curve in red indicates the thermal conductivity of the model is only affected
by the vacancy defect ratio. The fitting formula is κG/κGmax = 0.1142 + 0.8859e−RV/0.5126. The lower
envelope curve in blue is the thermal conductivity of the system with 10% oxidation affected by
the vacancy defect ratio. The fitting formula is κG/κGmax = 0.1003 + 0.5034e−RV/0.6365. The region
between the lower and upper envelope curve indicates all the cases of coupling effects between a
single vacancy (RV: 0 ~ 2%) and the hydroxyl group (ROH: 0 ~ 10%) in 20 nm length (Figure 6). The
simulation results also reveal that the effect of vacancy defects on thermal conductivity of GO is greater
than that of functional group concentration.

To explore the coupling effect of such factors, we define the D(RV) (see Figure 6) as the difference
between the upper envelope curve and lower envelope curve at a same ratio of vacancy. D(RV)

decreases as RV increases and approximately approaches zero when RV > 2.0%. Results indicated
that the vacancy has a strong effect on thermal conductivity compared with the oxygen functional
concentration. For example, when RV = 2.0%, the thermal conductivity with samples size of 20 nm is
about 6.01 W/mK, regardless of the changing concentration of the functional group.

To further investigate the thermal conductivity on a macroscopic scale, the coupling effect of ROH

and RV with five different GO lengths was employed. The ranges of the GO envelope are shown in
black curves in Figure 7. As the length (L) of the GO sheet increases, the area between the lower and
upper envelope curves is extended.

Combined with Equation (4), the thermal conductivity is extrapolated to infinite size. As the
red curves show in Figure 7, the upper envelope indicates that the thermal conductivity of graphene
tends to converge with the increase in the defect ratio. The results are similar to those obtained by
Malekpour [34,35]. Also, the lower envelope is a thermal conductivity of ROH = 10% GO. Two lines
indicate that the maximum range of thermal conductivity can be up to 96%. With the increase of
RV, the regulatory range of functional groups decreases gradually. The range of functional group
regulation is only ~11% when the vacancy defect ratio is at 1%. When the vacancy defect reaches
2%, the concentration of functional groups has little effect on the thermal conductivity. Therefore, in
order to obtain a larger range of thermal conductivity control capabilities, it is necessary to reduce the
vacancy defects in GO.
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Figure 7. Relative thermal conductivity in different sample sizes.

As shown in Figure 8, with the increase in vacancy defects in GO, the size effect is no longer
obvious. The thermal conductivity converges to 6.23 W/mK with a 2% defect. This proves that the
thermal conductivity of defect-GO is less dependent on model length than that of the corresponding
graphene and GO, since the thermal conductivity of defect-GO is mainly influenced by short-range
acoustic and optical phonons which are length-independent [36]. Also, the less length-dependent
thermal conductivity of defect-GO indicates that the long-range acoustic phonons are mainly scattered
at vacancy. Moreover, a linear relationship of the inverse length and inverse thermal conductivity can
be observed in the four types of defect ratio (see Figure 8b). Through formula (4), the corresponding
MFPs of phonon are shown in Table 1. When the simulated size is larger than the MFP of phonon, the
ballistic transport no longer plays a leading role and the thermal conductivity gradually converges [10].
Therefore, the larger the defect ratio, the smaller the simulation domain size as the GO thermal
conductivity converges.

 

V

κ κ− −

Figure 8. Length dependence of defect-GO’s thermal conductivity. Solid lines are best fit to Equation
(4). (a) The relationship between κ and L, (b) the relationship between κ−1 and L−1.

To elucidate the mechanism of heat transfer of GO sheets, the spatial distribution of the heat
flux by vector arrows on each atom under non-equilibrium steady state is shown in Figure 9, which
displays the heat flux of GO for the specified structure.

The atomic heat flux is defined from the expression:
→

Ji = ei
→
vi − Si

→
vi, where ei, vi, and Si are

the energy, velocity vector and stress tensor of each atom i, respectively [37]. It can be obtained by
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calculating the atomic heat flux in the MD simulations and the results are averaged over 1 ns. The
vector arrows show the migration of the heat flux on the GO and vividly reflect the transformation of
the heat flux path as well as the phonon scattering around the vacancy/hydroxyl group regions.

Table 1. The mean free path (MFP) of phonon for four types of defect ratio in GO.

Type Fitting Functions MFP of Phonon

ROH(10%)− RV(0.0%) κ
−1
G = 0.4697L−1 + 0.00856 27.44 nm

ROH(10%)− RV(0.5%) κ
−1
G = 0.4422L−1 + 0.02581 8.57 nm

ROH(10%)− RV(1.0%) κ
−1
G = 0.2199L−1 + 0.05130 2.14 nm

ROH(10%)− RV(2.0%) κ
−1
G = 0.0895L−1 + 0.15162 0.29 nm

The heat flow scattering occurs at the vacancy and hydroxyl group regions on the surface of GO
(see Figure 9). When a propagating heat flux tries to pass through a barrier in GO, under a single
vacancy defect, the heat flow not only diffuses out of the plane, but also disturbs the heat flow around
the pore in the plane. The heat flow shows irregular transmission while the addition of functional
groups only slightly disturbs the surrounding heat flow. In other words, the hydroxyl groups do not
break the underlying hexagonal lattice and preserve relatively well the lattice symmetry of carbon
atoms and integrity, thus disturb the thermal transport weakly. In contrast, the presence of vacancies
reduces the thermal conductivity of graphene significantly as they break the in-plane network of sp2

carbon bonds. Therefore, among the factors affecting thermal conductivity, the scattering effect of
functional groups is less than that of vacancy defects. As shown in the previous analysis, when the
vacancy defect ratio reaches a certain value, the perturbation caused by functional groups is covered
by vacancy defects and the influence is negligible, thus, the change in thermal conductivity with the
concentration of functional groups is no longer obvious.

 

  

OH V(10%) (0.0%) 1 1
G 0.4697 0.00856

OH V(10%) (0.5%) 1 1
G 0.4422 0.02581
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OH V(10%) (2.0%) 1 1
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Figure 9. Spatial distribution of heat flux by vector arrows on each atom under non-equilibrium steady
state. (a) A hydroxyl group, (b) one single vacancy, (c) graphene.

4. Conclusions

In summary, classical MD simulations were performed to investigate the thermal conductivity
of GO with vacancy defect. Based on the simulation results, we found that GO has a significant size
effect. The size effect of GO deteriorates with the increase in vacancy defects. It was also found that the
effect of vacancy defects on thermal conductivity is more obvious than the degree of oxidation. With
the increase in vacancy defects, the ability of functional group concentration to regulate the thermal
conductivity of GO decreases. When the vacancy defect ratio is over 2%, the thermal conductivity does
not show significant change with the degree of oxidation. This study provides theoretical guidance
for the design and manufacture of thermoelectric and thermal management devices using GO as a
raw material.
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Abstract: Carbon nanotube yarns (CNY) are a novel carbonaceous material and have received a
great deal of interest since the beginning of the 21st century. CNY are of particular interest due
to their useful heat conducting, electrical conducting, and mechanical properties. The electrical
conductivity of carbon nanotube yarns can also be influenced by functionalization and annealing.
A systematical study of this post synthetic treatment will assist in understanding what factors
influences the conductivity of these materials. In this investigation, it is shown that the electrical
conductivity can be increased by a factor of 2 and 5.5 through functionalization with acids and high
temperature annealing respectively. The scale of the enhancement is dependent on the reducing of
intertube space in case of functionalization. For annealing, not only is the highly graphitic structure
of the carbon nanotubes (CNT) important, but it is also shown to influence the residual amorphous
carbon in the structure. The promising results of this study can help to utilize CNY as a replacement
for common materials in the field of electrical wiring.

Keywords: carbon nanotube yarns; carbon nanotube; functionalization; electrical conductivity;
annealing; acid treatment

1. Introduction

To fulfill future claims on everyday applications for higher efficiency, new materials with improved
physical properties and lower production costs are necessary. One of the most promising candidates
for these materials is carbon nanotubes (CNT). These one-dimensional tubular carbon structures
have been shown to possess an impressive array of physical properties on the scale of individual
tubes [1], including but not limited to ballistic electron transport [2], high thermal conductivity [3] and
mechanical strength [4]. Together with their low density and high current carrying capacity [5], they
outperform most commonly used materials such as copper. Translating these outstanding properties
from the nano to the bulk scale is therefore understandably a major focus in the field of CNT research.
Besides CNT hybrid systems with polymers, spinning macroscopic yarns out of different CNT starting
materials like sheets and arrays is a promising way to incorporate these properties into practical
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materials. These carbon nanotube yarns (CNY) have a high tensile strength [6], are extremely flexible
and very light weight, which makes these materials promising candidates for electrical wiring in
different applications [7–11]. However the physical properties, especially the electrical conductivity,
still lag behind individual CNT and copper [1].

The main factors defining the electrical conductivity of CNY are the intrinsic electrical properties
of the CNT and the contact resistant between adjacent CNT. Different groups have shown that adjusting
the CNT type used for spinning can improve the electrical properties of these yarns. An ideal CNY
would consist purely out of long metallic single walled CNT and reach conductivity as high as an
individual CNT [12]. Other ways to enhance the electrical properties of CNY include post-spinning
treatments such as annealing and chemical functionalization. Annealing is known to repair structural
defects in CNT [13,14] and is a reagent free way to improve the electrical properties of CNY [15,16].
Different approaches to anneal CNY have been developed over the years [15,17,18]. However, because
CNT are only connected through weak van der Waals forces where functionalization by an acid
treatment can only influence the inter-tube interactions by means of surface modification. It has
been claimed that introducing oxygen rich groups raise the charge carrier density between adjacent
CNT [19,20]. There is an ongoing controversy if functional groups are the main factor for increasing
electrical conductivity or the change of yarn diameter through this acid treatment [21,22].

In this work, we provide a systematical study on the effects of annealing and functionalization
by acid treatment to CNT yarns. Hereby different acids were tested for functionalization as well as
annealing temperatures up to 2500 ◦C.

2. Results and Discussion

2.1. Annealing

The pure multiwalled CNT (MWCNT) array was shown to consist of CNT with 2 to 6 walls with
the majority of CNT possessing 2 to 4 walls [23]. The diameter of pristine yarn was around 22 ± 1 µm
(Figure 1 and Figure S1).

–

 

Figure 1. (a) Statistical analysis of the pristine carbon nanotube (CNT), (b,c) SEM images of pristine
carbon nanotube yarn (CNY) and (d) TEM image of pristine CNT.
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For improvement of the properties of CNY and therefore the electrical conductivity the CNY
were annealed under an Argon atmosphere at 1000, 1500, 2000 and 2500 ◦C for 30, 60 and 120 min
(Figure 2). The appearance of all CNY after annealing differs from the untreated yarn with a higher
density surface, lower spacing and fewer voids between the CNT bundles (Figure 2c). Additionally,
the diameter decreased about 1 µm. After annealing at 2500 ◦C CNT with 4 to 6 walls make up the
majority—over 70 % of the observable CNT (Figure 2a and Figure S2). The increase in the number of
walls is a process that has also been observed in other works [24]. This behavior can be explained by
the increased thermal activity of the outer wall and the desire of the system to take a state of energetic
minimum. When examined with TEM, annealed CNT show a much straighter structure compared to
that of the pristine yarn (Figure 2d). There are also fewer recognizable defects in the wall structure.
This is consistent with reports that high-temperature treatment mainly influences the microstructure of
the CNT or CNT walls [25].

—

 
Figure 2. Investigation of CNY annealed for 2 h at 2500 ◦C. (a) Statistical analysis of the annealed CNT,
(b,c) SEM images of annealed CNY and (d) TEM image of annealed CNT.

The improvement in CNY microstructure is also supported by Raman measurements.
With increasing time and temperature the ID/IG ratio drops from 0.83 to 0.23 for samples annealed at
2500 ◦C for 2 h (Figures 3 and 4).
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Figure 3. Raman spectra of pristine CNY and of annealed CNY for 60 and 120 min at 2500 ◦C.

 
Figure 4. (a) Raman spectroscopy ID/IG ratio as a function of annealing time and temperature,
(b) electrical conductivity of CNT yarns as function of annealing time and temperature.

Increased graphitization becomes noticeable after 1 h annealing at 1500 ◦C with a decrease of
the ID/IG ratio to 0.68. After 2 h of annealing at 1500 ◦C the ratio drops to 0.45, which corresponds to
almost 50% of the untreated yarn sample. This shows that it is not only temperature, but also the time
of annealing that influences the increasing the graphitization of this material (Figures 3 and 4).

Improved crystallinity via high temperature annealing is also in good agreement with previously
reported results for CNT yarns [15,17] and individual CNT [13,14]. Comparing the results of this study
to previous work [17], it is suggested that other annealing techniques such as resistance-heating in
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vacuum might improve the crystallinity even more. This may be linked to the fact that the conventional
annealing used for this work does not result in the observable evaporation of amorphous carbon from
the sample. This fact may play an important role in the quality of the treated samples, as we will
discuss below in the results of electrical conductivity.

Looking at the behavior of the electrical conductivity, it is noticeable that in the same ratio as
the ID/IG ratio is decreasing the conductivity at room temperature increases (Figure 4a,b). Electrical
conductivity is enhanced from 300 S/cm for pristine yarn to ~1680 S/cm for the yarn sample annealed
for 2 h at 2500 ◦C. This is a significant increase of ~460% in total for a single treatment.

Because of the higher crystallinity of the sample, it is thought that a lack of defects in the CNT
walls and therefore less scattering points for electrons within the individual CNT might be related
to this increase in conductivity. But another aspect is here also relevant. Comparing these results to
our previous work, we still find amorphous carbon within the CNT after annealing. This carbon will
function as a conductive bridging agent between adjacent highly graphitic CNT (Figure 5) and provide
a pathway for conduction of electrons. According to the so-called Mott variable range hopping (VRH)
model, the electrons jump from one starting point to another with the lowest possible hopping energy.
The electrons must overcome the gap between one CNT and the other. Amorphous carbon is therefore
helping to bridge this process. The whole process a CNY is an interplay between a high crystalline and
high conductive CNT and the next CNT. Here a compressed CNY structure (like after annealing or
acid functionalisation) as well as additional carbon as a conductive bridge is ideal to overcome the
gaps by hopping [26].

 

–

Figure 5. Bridging of adjacent CNT by amorphous carbon after annealing at 2500 ◦C for 2 h.

Figure 6a,b show specific and normalized electrical conductivity of CNT yarns annealed for 2 h
at different temperatures in the range of 5 to 295 K. Each sample shows monotonically increasing
conductivity with temperature, which is typical for MWCNT materials [27–29]. The electrical
conductivity also increases over the whole temperature range with increasing annealing temperature.
In comparison to Kaiser et al. [30] and Skákalová et al. [31] the curves of normalized conductivity
indicate that the predominant conduction mechanism for both the pristine and annealed CNY is
three-dimensional variable range hopping. This mechanism describes a phonon-assisted tunneling
process between localized charge carrier states [32,33]. It is, therefore, thought that the hopping takes
place between occupied and unoccupied states that are separated both spatially and energetically from
each other. As the temperature of the sample decreases, the thermal energy of the phonons recede and
fewer states become energetically attainable, thus the electrical conductivity drops. With increasing
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annealing temperature the normalized temperature dependent conductivity measurements show a
slight decrease of the slope with increasing annealing temperature (Figure 6b).

Figure 6. (a) Specific and (b) normalized electrical conductivity of pristine and 2 h annealed CNT yarns.

2.2. Acid Treatment

To further increase the electrical conductivity the CNY were functionalized. A variety of different
acids were used and the acid treatment was carried out at room temperature for 3 to 216 h for each of
the acid treatment processes.

Oxidative acids like HNO3 have been used to purify CNT and introduce functional groups on
their surface. Diluted nitric acid has been used to purify CNT [34] whereas concentrated or mixtures of
strong acids effectively introduce oxygen rich groups onto CNT [35]. The effects of acidification time
on the performance of CNT yarns was examined, with different high concentrated acids, namely H2O2

(30%), HCl (37%), HNO3 (65%) and half concentrated HNO3 (32%).
After acid treatment, the appearance of the yarn differs strongly depending on the kind of acid and

treatment time. The least difference in appearance between the pristine yarn and the acid treated were
observed after the H2O2 treatment. Even after 216 h, the yarn structure does not differ significantly
from the original sample (Figure S3). Due to capillary forces during drying of the yarns after treatment
no loose CNT bundles are noticeable. After 216 h HCl treatment leads to a deformation of the yarn
in the direction of twisting. Short treatment times, however, do not lead to any significant change in
the appearance (Figure S4). In the case of treatment with 50% concentrated HNO3, the CNY shows
clear deformations and indentations along the direction of twist after a short treatment time of 3 h.
Increasing treatment time furthers the deformation of the yarn (Figure 7). Nevertheless, the surface
remains closed and without voids or gaps (Figure 7b,d). As with H2O2 and HCl, the capillary forces
occurring during drying after acid treatment are the cause. It should also be noted that the twist of the
yarn is maintained under these conditions even after a treatment time of 216 h.
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Figure 7. SEM images of yarns after treatment with half concentrated HNO3: (a,b) after 3 h and
(c,d) after 216 h treatment time.

Treatment with concentrated HNO3 results in a dramatic change of appearance. Even after a
short treatment time, significant indentations and deformations of the yarn are observable. The twist
of the yarn is already no longer recognizable after 3 h treatment. However, the surface of the yarn
remains dense and closed as with the treatments by the other acids. No major gaps or similar defects
appear. As the treatment time increases, the deformation of the yarn increases and in addition to the
depressions along the fiber direction, the yarn also vertically folds perpendicular to the fiber direction
occur (Figure 8). However, after a treatment time of 216 h some, but not all, of the outer layer of the
yarn appears to have broken off (Figure 8c inset). This indicated that the outer layer is no longer as
tightly bound at the remaining inner part of the yarn but only a quarter of the examined length shows
this behavior. The other sections of the yarn surface appear to remain closed, as with treatment with
the other acids (Figure 8d).

These results show that CNT yarns are attacked and deformed differently by different acid
treatments. There is a ranking of H2O2, HCl, half and concentrated HNO3, where concentrated HNO3

causes the largest morphology changes. One cause of these deformations is thought to be insufficient
compaction of the yarn during spinning. This may leave voids inside the yarn structure, which could
be are compressed by the surface tension of the acids or contracted by the capillary forces during the
drying of the yarns.
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Figure 8. SEM images of yarns after treatment with concentrated HNO3: (a,b) after 3 h and (c,d) after
216 h treatment time.

In addition to the effect of acid treatment on the surface and the appearance of the yarn, the effects
on the structure, diameter and electrical conductivity of the yarn were investigated. Figure 9 shows
the results of these investigations for the different acid treatments as a function of time. One striking
feature common to all the acids treatments is that the maximum increase of conductivity is achieved
with a treatment time of 3 h. With increasing treatment time the conductivity drops to lower values
and in the case of concentrated HNO3 even to the value of the untreated yarn (300 S/cm).

The behavior of the yarn after treatment with concentrated HNO3 is different from the other
tested acids. There is a strong variation of the ID/IG ratio but only a relatively small fluctuation of the
average yarn diameter observed with this treatment. However, it should be noted that the measured
diameter of the yarn is subject to high fluctuations, as indicated by the large error bars. These variations
are due to the severe deformation and partial detachment of parts of the outer yarn layer. Over the
considered experimental period (3 to 216 h), the ID/IG ratio is subject to large variations ranging from
0.68 to 0.88. This, in turn, shows the strong impact of concentrated HNO3 on the structure of CNT
materials. Electrical conductivity drops after the strong increase at 3 h and drops to 300 S/cm after
216 h. The maximum value for the conductivity is 642 S/cm, which represents an increase of more
than 110%. For verification, a trial was carried out with only one hour of treatment, which only
resulted in a value of 416 S/cm. With this, it appears that 3 h represents an optimal treatment time
with concentrated HNO3 for the yarn used in this work. The drop of conductivity after 3 h treatment
could be explained by the strong oxidative nature of concentrated HNO3, this results in a strong
defect introducing behavior. This appears to be proof that the action of introducing functional groups
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on the surface of CNY is not as effective as claimed as increasing treatment time should result in a
noticeable positive effect on conductivity by increasing the charge carrier density between the CNT.
In addition to this, a stable densification of the yarn through the functional groups and introduced
stronger dipol-dipol and H-bridge bonds should be observable [20].

 
Figure 9. Conductivity, ID/IG ratio and fiber diameter of CNY after different acidification times:
(a) concentrated nitric acid, (b) half concentrated nitric acid, (c) concentrated hydrogen peroxide and
(d) concentrated hydrochloric acid.

The influence of the other acids (H2O2, HCl and half concentrated HNO3) is less dramatic than
with concentrated HNO3, with the ID/IG ratio being only minimally affected. It is even decreased by
the influence of HCl. After 216 h, the values are in the range of 0.72 to 0.78. This decrease is explained
in literature by the removal of carbonaceous impurities during acid treatment [36,37]. However, the
nature of these carbonaceous impurities was not explained. It has been observed in this work that
the yarn diameter and the electrical conductivity appears to show a strong correlation. This is best
seen in the half concentrated HNO3 treated sample with the electrical conductivity increases with
decreasing diameter and vice versa. The maximum values reached after 3 h are for H2O2, HCl and
half concentrated HNO3 587, 551 and 541 S/cm, respectively. In the case of H2O2 a rise in electrical
conductivity (518 S/cm) can be observed after a treatment time of 216 h. However this effect has not yet
been explained and requires further investigation. It might be assumed that temperature fluctuations
and the influence of light during the experiment leads to a decomposition of H2O2 and formation of
hydroxyl radicals that can promote the formation of functional groups on the surface of the CNT.

Different groups describe a similar positive effect on the electrical conductivity of CNT yarns by
acid treatment [20–22,36,38]. However, the explanation for the increase in conductivity is different
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in each case. One of the most common explanations is that the influence of oxidative acids such
as nitric acid or mixtures of nitric acid and other acids functionalizes the surface of the CNT with
oxygen-containing groups such as hydroxyl, carboxyl and carbonyl groups. This increases the electron
density between the CNT and creates additional conduction paths between the CNT [20]. Another
explanation is that the smaller distance between the CNT after acid treatment reduces the contact
resistance, by which the electron-hopping mechanism is supported [22]. Our experiments support
the hypothesis of Meng et al. [22] where the formation of functional groups plays a secondary role
compared to the compaction of the yarns. However, Meng et al. have described this effect only for
concentrated HNO3. In our experiments, we show that other acids lead to a similar effect. Because of
the hydrophobic nature of the CNT yarns, water-based solutions like the used acids can only minimally
infiltrate the inner structure of the yarns when treated for a short time. It is therefore thought that
the yarns get compressed from the outside by the surface tension of the solutions. This results in the
inter-tube spacing becoming smaller, thereby reducing the contact resistance between CNT. A less
significant effect was observed with water. Here the shrinkage of diameter and rise of conductivity
isn’t as high as with the acids. This could be caused by the slight difference in surface tension for high
concentrated acids [38–40] in comparison to water (ca. 73 mN/m at 20 ◦C). After the initial compression,
the yarn diameter again increases nearly to the value of pristine yarn. It is thought that the acids slowly
infiltrate the inner yarn structure with treatment time and widen the spaces between CNT bundles.
However, as these bundles are difficult to infiltrate, they remain compressed even over long time,
which would explain the remaining higher conductivity for half-concentrated HNO3, H2O2 and HCl
compared to pristine yarn.

The temperature-dependent conductivity measurements after acid treatment (Figure 10) support
the theory of yarn compression during acid treatment. There is no change of the slope of the curves
after 3 h and 216 h for half-conc. HNO3, H2O2 and HCl. Only concentrated HNO3 shows a slight
influence on the conduction mechanism, presumably due to its oxidative nature. After 216 h an increase
of the slope indicates the decomposition of the CNT.

–

Figure 10. Normalized electrical conductivity of pristine yarn and yarns after 3 (a) and 216 h (b) of
acid treatment.
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3. Materials and Methods

CNY were produced by a two-step dry spinning process from a multiwalled CNT (MWCNT)
array. The MWCNT array were grown by chemical vapor deposition as described by Iijima et al. [23].
The parameters for spinning the yarn were 1000 turns per min with a spinning speed of 40 mm/min.
The resulting yarns were determined by thermogravimetric analysis TGA and energy-dispersive X-ray
spectroscopy (EDX) measurements to be free of impurities including catalyst particles. We could not
verify any further elements.

Annealing of CNY was conducted in a high temperature furnace (LHTG 100-200/30-1G, GERO,
Neuhausen, Germany) under an Argon atmosphere and normal pressure. For this treatment, CNY
were put into closed graphite vessels. Sections of the yarns were annealed at 1000, 1500, 2000 and
2500 ◦C for 30, 60 and 120 min.

For functionalization, a variety of different acids were used including concentrated (65-% or
14.4 mol/L; VWR AnalaR Normapur, Dresden, Germany) and half concentrated (32-% or 6.05 mol/L;
VWR AnalaR Normapur, Dresden, Germany) nitric acid, conc. hydrochloric acid (37-% or 12.02 mol/L;
VWR AnalaR Normapur, Dresden, Germany) and conc. hydrogen peroxide (30-% or 9.8 mol/L; Sigma
Aldrich, Darmstadt, Germany). Pieces of 3 cm long CNY were put into glass vials with an excess
amount of acid (5–10 mL). The acid treatment was carried out at 25 ◦C for 3 to 216 h for each of the acid
treatment processes. Directly after each treatment, the samples were washed with water and dried
over night at 108 ◦C.

CNY were characterized by SEM (Nova NanoSEM 200, FEI) and TEM (TITAN, FEI) before and
after each annealing and acid treatment. SEM and TEM investigations were conducted using a cathode
voltage of 15 kV and 80 kV respectively. For TEM investigations we spread the CNY in a mechanical
way using tweezers to individualize several CNT. These CNY samples were fixed on a copper grid
with special TEM glue. We investigated serval parts of the samples on the basis of more than 20 SEM
images and about 75 TEM images. For statistical analysis of the CNT diameter a well as the number of
walls we evaluated were min. 100 CNT per sample (Figures S1 and S2).

Characterization with a Micro-Raman Spectrometer (Horiba Jobin Yvon, France) was performed
over between 1000 and 1800 cm−1 using a wavelength of 514.5 nm (Argon-Laser, Coherent, Santa
Clara, CA 95054, USA). ID/IG ratios were calculated from Raman spectra by dividing the intensity
of the D-band through the intensity of the G-band. For each sample, 5 Raman measurements were
conducted. Electrical conductivity was measured between 5 and 295 K with a Nanovoltmeter (Keithley
Instruments, Solon OH44139, USA) using the four-point measurement method. Here the current will
be operated by two contacts at the ends of the CNY whereas the voltage will be measured by two
additional contacts, which are located between the two current supply contacts (Figure S5). Specific
electrical conductivity (σ) was calculated by the equation σ = l

RA where l is the length between the
inner contacts of the four-point set up, A is the cross-sectional area of the CNY calculated from the
diameter measured from SEM images and R is the measured resistance.

4. Conclusions

In this work, we show a systematic study of the influence of annealing and functionalization
by treatment with highly concentrated acids on the electrical conductivity and structure of CNY.
Annealing enhances electrical conductivity by a factor of more than 5.5. A high graphitization of
the CNT at 2500 ◦C leads to enhanced transport of electrons through the individual CNT. It was
found the amorphous carbon resulting from the synthesis of the CNT plays an important role by
connecting the CNT in the yarn structure and helps to reduce the contact resistance between adjacent
CNT. Acid treatment over longer times and with different kinds of acids leads to an increase of electrical
conductivity with a treatment time of 3 h resulting in the optimal increase. With this method, an
increase of more than two times can be achieved. Furthermore, it was found that this increase is less
dependent on forming functional groups on the surface of the CNT, but on the compression of the
yarns and reduction of the intertube space. These results for annealing and functionalization help to
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understand the influences on CNT yarns by different post synthetic treatments and reveal key factors
that could assist in producing highly conductive CNT yarns.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/5/1144/s1,
Figure S1: TEM images of pristine CNY.; Figure S2: TEM images of annealed CNY for 2 h at 2500 ◦C; Figure S3:
SEM images of CNY after treatment with H2O2: (a,b) after 3 h and (c,d) after 216 h treatment time, Figure S4: SEM
images of CNY after treatment with HCl: (a,b) after 3 h and (c,d) after 216 h treatment time; Figure S5: detailed
schematic illustration of the sample holder with fixed CNY for four-point measurements.
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Abstract: New 3D conformers were synthesized to show a nanomolecular configuration with
geometrically branched 2-diphenylaminofluorene (DPAF-C2M) chromophores using a symmetrical
1,3,5-triaminobenzene ring as the center core for the connection of three fused DPAF-C2M moieties.
The design led to a class of cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)] 3D conformers with three
bisadduct-analogous <C60> cages per nanomolecule facing at the same side of the geometrical
molecular cis-cup-shape structure. A sequential synthetic route was described to afford this 3D
configurated conformer in a high yield with various spectroscopic characterizations. In principle,
a nanostructure with a non-coplanar 3D configuration in design should minimize the direct contact or
π-stacking of fluorene rings with each other during molecular packing to the formation of fullerosome
array. It may also prevent the self-quenching effect of its photoexcited states in solids. Photophysical
properties of this cis-cup-conformer were also investigated.

Keywords: Tri[60]fullerenyl stereoisomers; cis-cup-form of 3D-stereoisomers; tris(diphenylaminofluorene);
3D-configurated nanostructures; intramolecular energy transfer for singlet oxygen production;
intramolecular electron transfer for superoxide radical production

1. Introduction

Photoinduced intramolecular energy and electron transfer phenomena in organo [60]fullerene
derivatives having a covalent molecular composition of both an electron donor and a [60]fullerenyl
or nanocarbon acceptor components were demonstrated over a number of years [1–3]. The energy
process may involve the facile triplet state of fullerene and other chromophores [4–8]. This type of
nanomolecular system was used in many technological applications [9,10], including photovoltaic
devices [11,12], sensors and switches [13], and photodynamic therapy [14,15]. Fullerene-based
nanostructures with multiple C60 cages [16] in the structure were found to be suitable for the applications
of nanocars [17–19], photoswitches [20], molecular heterojunctions [21], and catalysts [22]. Unusual
molecular properties of multi-cage fullerene objects were theoretically predicted [23–26]. Recently,
similar photophysical chemistry was also simulated in the modulation of photoswitchable dielectric
properties to observe a large amplification of dielectric constants in a material combination form of
multi-layered core-shell nanoparticles (NPs) [27–29]. The latter system was based on photoinduced
intramolecular electronic charge-polarization of light-harvesting chromophoric nano[60]fullerenyl
conjugates, such as 9,9-di(3,5,5-trimethylhexyl)-2-diphenylaminofluorenyl-methano[60]fullerene
C60(>DPAF-C9) (1-C9, Figure 1). The polarization provided detectable dielectric property enhancement
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in a layered [60]fullerosome membrane structure on gold-shelled nanoparticles. The phenomena
were based on the high electronegativity of C60> cage making it possible to rapidly shift an electron
from light-harvesting DPAF (diphenylaminofluorene) donor moiety within the molecular structure
to the C60>moiety. This resulted in the formation of the corresponding charge-separated (CS) state
C60
−·(>DPAF-C9)+ as the source of polarized charges. In fact, ultrafast concurrent intramolecular energy

and electron transfer kinetics within 1-C9 were substantiated previously by femtosecond transient
absorption measurements (pump-probe) [30–32]. When these negative charges were distributed,
delocalized, and stabilized in the fullerosome membrane array at the shell layer on core-shell NPs,
it resulted in a CS state with a lifetime prolonged enough for the detection of dielectric characteristics.
The process involved interlayer photoinduced plasmonic energy transfer from the Au shell layer to the
outer shell layer of C60(>DPAF-C9) in addition to the fact that 1-C9 itself is also photoresponsive and
excitable under light irradiation.

One crucial parameter to consider is the method of molecular packing within the fullerosome
shell layer. In this regard, strong tendency of light-harvesting chromophores to aggregate among
π-conjugated planar aromatic moieties can cause either concentration-dependent self-quenching effects
of excited states or luminescence in the solid phase, including fullerosome. The π–π stacking may result
in significant reduction of many photophysical properties. This type of packing aggregation can be
partially minimized by the use of highly bulky and geometrically hindered π-conjugated chromophores
in a structural design to restrict or distort intramolecular rotation bonding units with steric hindrance [33].
In the case of DPAF-C9, we recently developed and synthesized highly restricted 3D conformers based
on inter-connected three DPAF-C9 chromophore units giving a structure of tris(DPAF-C9) (2-C9) [34]
to prevent and minimize the tendency of planar DPAF units to undergo aromatic–aromatic stacking,
overlapping, and aggregation via intermolecular hydrophobic–hydrophobic interactions in solid
thin-films. This structural modification led the enhancement of photophysical properties, including
the intensity of photoluminescence (PL) and electroluminescence (EL) emissions [35].
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Figure 1. Synthetic methods for the preparation of 3D conformers of tris[(DPAF-C2M)-C60(>DPAF-C9)]
(4-C2M–9) with reaction reagents given and three perspective 3D-configurations of the key stereoisomeric
intermediate 2-C2M.
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Accordingly, we extended the similar structural strategy to design new 3D conformers
tris[(DPAF-C2M)-C60(>DPAF-C9)] (4-C2M–9), as shown in Figure 1, for the study. The stereochemical
modification was based on the construction of 3D geometrically branched tris[(DPAF-C2M) (2-C2M)
chromophore having a shared central benzene unit among three 2-diphenylaminofluorenes. Highly
steric hindrance at the corresponding 1,3,5-phenylfluorenylaminobenzene moiety forced three fluorene
ring moieties to twist either upward or downward away from the central benzene plane with a
large torsional angle on the nitrogen atom. This resulted in the formation of three to four possible
stereoisomeric configurations, such as cis-cup-2-C2M, trans-chair-2-C2M, and cis/or trans-propeller-2-C2M,
as shown in Figure 1. All of these conformer forms were proposed to be capable of fully eliminating
the tendency of 4-C2M–9 in inducing π–π aromatic–aromatic type stacking packing and to allow all C60

> cages to interact with each other via strong hydrophobic–hydrophobic interaction forces between
(C60>)−(C60>) fullerenyl cages, forming the nano-layer array of fullerosome membrane.

2. Results and Discussion

Rapidly responsive nanophotonic physical properties of 3D conformers tris[(DPAF-C2M)-
C60(>DPAF-C9)] (4-C2M−9) are achievable by specifically associating a donor–acceptor type chemical
structure to a photomechanism having the ability to create a largely enhanced intramolecular energy and
electron transfer efficiency. This mechanism occurs between C60> acceptor and DPAF-C2M/and DPAF-C9

donor moieties bonded on fullerenes. In our functional group design of 4-C2M−9, a methanoketo
bridging unit was used to trigger the keto-enol isomerization tautomerism that is capable of inducing
π-periconjugation between C60> and DFAP to provide a partial conjugation pathway for enhancing
the π-electron mobility around the conjugated system of molecular nanostructures [36,37]. In addition,
the new molecular design of stereoisomeric tris(fluorenylphenylamino)benzene [tris(DPAF-C9)]
analogous was proven to act as a fluorophore showing high intensity of photoluminescence
and electroluminescence emission efficiency [34,35]. This revealed the successful utilization of
stereochemistry to allow hindered and branched 3′,5′,5′-trimethylhexyl (C9) arms to maintain the
space-separation of three planar DPAF moieties intramolecularly within the nanostructure. It also
behaved similarly in intermolecular packing that improved light-harvesting efficiency.

Based on the molecular formation energy based density functional theory (DFT) calculations
of three plausible stereoisomers of tris(DPAF-C9) (2-C9) via B3LYP/6-31G* level of theory using
SPARTAN08 [34,35], the results revealed high stability of the cis-cup-form with other forms in stability
order of cup > chair > propeller, as shown in Figure 1. This agreed well for the alkyl n-C6, n-C7, and
n-C8 substituents owing to the influence by strong dispersion interactions within the alkyl chains.
In the case of the methyl and the ethyl substituents, trans-chair-form may have been more stable than
cis-cup-form. Accordingly, three C4-analogous substituents of tris(DPAF-C2M) (2-C2M) facing toward
each other in the 3D molecular space above the central benzene ring should have brought in the
minimum alkyl–alkyl interaction forces required to keep a slight favor of the cis-cup-form over either
trans-chair- or cis/trans-propeller form.

Synthetically, the precursor molecule 2-bromo-9,9-bis(methoxyethyl)fluorene (BrF-C2M) was
prepared by alkylation of 2-bromofluorene with mesylated methoxyethanol reagent using potassium
t-butoxide as a base in a high yield of 90% (Figure 1). The key 3D-conformeric intermediate
2-C2M was synthesized by the reaction of BrF-C2M with 1,3,5-tris(phenylamino)benzene (TPAB) in
the presence of sodium t-butoxide, a catalytic amount of tris(dibenzylideneacetone)dipalladium(0)
[Pd2(dba)3(0)], and rac-2,2′-bis(diphenylphosphino)- 1,1′-binaphthyl (rac-BINAP, 0.75 mol%) in
anhydrous toluene at reflexing temperature for a period of 72 h to yield 82% of the product as
a light yellow solid after chromatographic purification [SiO2, hexane–ethylacetate (1:1, v/v) as the
eluent]. Subsequent attachment of three C60(>DPAF-C9) (1-C9) on 2-C2M should have led to the
nanostructure of tris[(DPAF-C2M)-C60(>DPAF-C9)] (4-C2M–9) having all 1-C9 moieties extended outward
from the central 1,3,5-triaminobenzene core. Prior to the attachment of three 1-C9 on 2-C2M, it was
functionalized by the Friedel–Crafts acylation at C7 position of 2-diphenylaminofluorene moiety [36]
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with excessive α-bromoacetyl bromide (11.4 equiv.) in the presence of aluminum chloride (17 equiv.)
in 1,2-dichloroethane at 0–10 ◦C to ambient temperature overnight to afford the corresponding
α-bromoacetylfluorene derivative in this intermediate step of reactions. It resulted in viscous yellow
semi-solids in 48% yield of tris(BrDPAF-C2M) (3-C2M). It was purified by either column or thin-layer
chromatography (TLC) [silica gel, hexane–EtOAc (1:1, v/v) as eluent, Rf = 0.5 on TLC]. The final step
of synthesis for the preparation of 3D-conformers 4-C2M–9 was performed by the reaction of 3-C2M

with 1-C9 (5.0 equiv.) in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in toluene at room
temperature for 8.0 h. During the first Bingel reaction period of 2.0 h, mono- and bis-adducts could
be observed and detected by the TLC technique, showing two brown fraction bands (Rf = 0.2 and
0.3 on TLC plate, corresponding to mono- and bis-adducts, respectively). Subsequently, three brown
fraction bands (Rf = 0.2, 0.3, and 0.4) appeared after 4 h of reaction, indicating sequential additions of
C60(>DPAF-C9) on the starting substrate tris(BrDPAF-C2M) (3-C2M) with the Rf band at 0.2 gradually
disappeared. At the end of the reaction, only two bands (Rf = 0.3 and 0.4) remained, with the
latter being identified as a major product band of 4-C2M–9. After purification of this fraction by
column chromatography (silica gel) using toluene–ethyl acetate (7:3) as the eluent, the brown solids of
tris[(DPAF-C2M)-C60(>DPAF-C9)] were obtained in 79% yield.

The compound 4-C2M–9 exhibited good solubility in common organic solvents owing to its
possession of three DPAF-C9 (with a total of six branched C9-alkyl groups) and three DPAF-C2M (with
a total of six methoxyethyl groups) moieties (Figure 1), making three C60> cages become encapsulated
in the center of the 3D molecular configuration. The 3D configuration of cis-cup form resulted in
these alkyl groups being the main structural moieties interacting with the solvent. Accordingly,
the compound had solubility (20 mg/mL in CHCl3 or CH2Cl2) over 10 times higher than that of C60

itself in toluene (1.4 mg/mL).

2.1. Spectroscopic Characterization of Synthetic 3D Configurated Fullerenyl Nanomaterials

All chemical conversions of intermediate chemicals to the corresponding products at each step of
the reactions were characterized by various spectroscopic techniques. The functional attachment of
three α-bromoaceto groups (3.0 equiv.) to tris(DPAF-C2M) given the product of tris(BrDPAF-C2M) was
verified by both infrared (FT-IR) and 1H-NMR spectra. The former showed a new strong carbonyl
(–C=O) stretching absorption band centered at 1673 cm−1, indicating each of the three carbonyl groups
being bonded on a phenyl moiety, such as that of 2-C2M. This absorption wavelength was in clear
contrast to the strong band absorption at 1725 cm−1 normally detectable for an alkyl carbonyl group.
In the case of 1H-NMR spectrum, tris(BrDPAF-C2M) displayed characteristic new peak signals of three
methylene protons (Hα) next to the carbonyl group of the α-bromoaceto moiety at δ 4.49 (Figure 2Ab)
as compared with that of 2-C2M (Figure 2Aa). Subsequent attachment of three C60(>DPAF-C9) moieties
to each of the three DPAF moieties of 3-C2M with a cylopropylaceto bridging unit on each C60>

cage of three 1-C9 (applied as a reagent) showed evidence of changing solubility characteristics
of the product 4-C2M–9 matching with those of 1-C9. Its FTIR spectrum displayed a slight shift of
cyclopropyl keto group absorption band to υmax 1679 cm−1 (Figure 3d), which was assigned to the
carbonyl (C=O) stretching band. It was also accompanied by an olefinic (C=C) absorption band
centered at υmax 1591 cm−1. Both C=O and C=C bands were correlated to those of C60(>DPAF-C9)
(Figure 3b) and tris[C60(>DPAF-C9)] (Figure 3c), showing a nearly identical absorption wavenumber.
Most importantly, we were able to detect two typical fullerenyl cage bands at υmax 574 (w) and
524 (s) cm−1 (Figure 3d). These two bands were corresponding characteristic absorptions used to
provide evidence of (C60>)-related monoadducts and bisadducts with absorption wavenumbers and
relative intensity ratios differentiable from those of C60 (Figure 3a) and 1-C9 substituents (Figure 3b).
Accordingly, we applied this IR technique for the product structure verification during the chemical
conversion from 3-C2M to 4-C2M−9. Upon conversion of C60 to its monoadducts, such as those of
Figure 3b,c, the remaining cage structure of C60> exhibited the same two bands with a reduced peak
intensity for the 574 cm−1 band. The intensity of this band was further reduced in the structure of
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<C60>-like bisadduct, such as 4-C2M−9 (Figure 3d). Furthermore, the latter band at 524 cm−1 still
remaining strong was indicative of successful attachment of C60(>DPAF-C9) moieties on 3-C2M due
to the possibility of having the second malonate bridging unit being attached at or near the equator
region of the C60> cage. This would have led to the retention of a C60 half-cage that enabled absorption
at 524 cm−1.

 

 

−

−

α α α δ
δ ‒

α α

α α″
α α α

δ δ ‒ ‒

α
α α

‒

α

Figure 2. 1H-NMR spectra (CDCl3) of (A) (a) tris(DPAF-C2M) (2-C2M), (b) tris(BrDPAF-C2M)
(3-C2M), (c) tris[(DPAF-C2M)-C60(>DPAF-C9)] (4-C2M−9), (d) C60(>DPAF-C9) (1-C9), and (e)
tris[C60(>DPAF-C9)]. (B) 1H-NMR spectra (CDCl3) of (a) trans-chair-tris(DPAF-C9) (trans-chair-2-C9)
and (b) cis-cup-tris(DPAF-C9) (cis-cup-2-C9) for comparison.
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Figure 3. Infrared spectra (KBr) of (a) C60, (b) C60(>DPAF-C9) (1-C9), (c) tris[C60(>DPAF-C9)]. and (d)
tris[(DPAF-C2M)-C60(>DPAF-C9)] (4-C2M−9).

By the analysis of 1H-NMR spectrum, disappearance of peaks corresponding to the chemical
shift of α-proton (Hα) on the α-bromoaceto group of 3-C2M at δ 4.49 (Figure 2Ab) along with the
appearance of new peaks over δ 5.25–5.78 (Figure 2Ac) provided evidence of successful formation of a
cyclopropanyl keto-bridging unit between a C60> cage and the fluorene moiety. By using the previously
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reported chemical shift values of the α-proton (Hα’) in C60(>DPAF-C9) (Figure 2Ad) [20] and the related
α-proton (Hα”) in tris(DPAF-C9) (2-C9, Figure 2Ae) [23] as the reference, we assigned these proton
peaks to a combination of Hα and Hα’. A large downfield shift of the Hα chemical shift from those of
3-C2M at δ 4.49 to δ 5.25–5.78 for 4-C2M–9 provided clear evidence of three C60(>DPAF-C9) moieties
being attached on the corresponding α-bromoaceto bridging units of 3-C2M. The characteristics of
the multipeaks for Hα and Hα’ revealed a less symmetrical environment among these six protons of
4-C2M–9 as the geometric shape of the nanostructure extended to a 3D configuration. It is worthwhile
to mention that a large down-fielded chemical shift value of either Hα’ or Hα” away from the normal
value of δ 2.1–2.5 for an alkyl aceto-α-proton was caused by the influence of strong [60]fullerenyl
ring current in close vicinity. In addition, the alkyl proton regions over δ 2.93 (methoxy proton, 18H)
and δ 2.75–2.64 (ethylenoxy proton, 12H) of Figure 2Ac (marked by beige) were correlated well to
those of 2-C2M at δ 2.91 (18H) and δ 2.64 (12H) (Figure 2Aa), respectively, indicating good retention
of central tris(DPAF-C2M) core region without any structural change of methoxy groups during the
Friedel–Crafts acylation reaction. It also showed a new group of methyl proton peaks at δ 0.30–2.07
having an integration ratio value of 113.28, which represented 114 fluorenyl protons of C9-alkyl proton
(19Hs for each of the two C9-alkyls of DPAF-C9) and was indicative of six C9-alkyl groups in the
structure, consistent with the product structure. Additional 1H-NMR spectroscopic data analyses on
proton integrations of all proton peaks to substantiate and count for the molar quantity ratio among
fluorene, methoxyethyl, and C9 alkyl moieties to prove the molecular formulation of 4-C2M–9 are
provided in supporting information.

Most importantly, characteristics of central benzene protons at the core region could be used for
the analysis of the relatively geometric configuration of three fluorenyl rings with respect to each
other. With a symmetrical structure of TPAB, three benzene protons should have displayed a singlet
peak in its 1H-NMR spectrum. Upon attachment of a bulky fluorenyl moiety at each diphenylamino
group, it induced high torsional stress and steric hindrance at the nitrogen atom that forced each
9,9′-di(methoxyethyl)fluorene moiety to twist or rotate either upward or downward from the central
benzene plane. The action resulted in two main 3D conformers: cis-cup-2-C2M and trans-chair-2-C2M.
The former with three C60(>DPAF-C9) moieties facing upward on the same side in the structure gave a
singlet Ha peak (Figure 1). The latter with one facing downward and two C60(>DPAF-C9) moieties
facing upward in the structure resulted in two proton peaks for trans-Ha’ (1H) and trans-Hb’ (2H)
(Figure 2Ba). By analyzing Figure 2Aa of tris(DPAF-C2M), a sharp singlet proton peak at δ 6.53 was
assigned to the chemical shift of central benzene proton cis-Ha. This peak was compared with that of the
Ha proton peak of cis-cup-tris(DPAF-C9) (cis-cup-2-C9, Figure 2Bb) showing even better resolution of the
peak profile, indicating a high purity of one 3D conformer fraction in a cis-cup-2-C2M form. Surprisingly,
this conformer fraction was, in fact, the major product. Apparently, the hydrophobic–hydrophobic
dispersion interaction forces derived from three methoxyethyl chains and heteroatoms were stronger
than those among all C4-alkyl groups, which led to higher tendency in formation of the cis-cup-form.
Accordingly, subsequent attachment of three C60(>DPAF-C9) moieties on cis-cup-2-C2M led to a similar
formation of corresponding cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)] (cis-cup-4-C2M–9), all having 1-C9

moieties facing upward from the central benzene core at the same side with respect to each other.
Additional structural analyses and discussions are provided in supporting information.

In the case of the potential formation of regio-isomers of 4-C2M−9 at the <C60> moiety, since
the monoadduct structure of C60(>DPAF-C9) was well-defined, with the assistance of X-ray single
crystal structural analysis of C60(>DPAF-C2) [31,36], its attachment on tris(BrDPAF-C2M) (3-C2M) was
believed to be governed by the bulkiness and the steric hindrance of both relatively large entities to
result in only a limited number of region isomers on the C60 cage. This was proven by the 1H-NMR
spectrum of 4-C2M−9 showing only several Hα and Hα’ proton peaks at roughly δ 5.2–5.8 (Figure 2Ac)
instead of the broad band normally seen for the existence of a large number of region isomers. To our
surprise, a peak at 524 cm−1 assigned the characteristic infrared absorption band of a half-C60 cage (as
stated above) showed close resemblance to those of the monoadduct C60(>DPAF-C9) (Figure 3b) and

110



Molecules 2019, 24, 3337

tris[C60(>DPAF-C9)] (Figure 3c) at an identical wavenumber. This implied the structure of the major
regio-isomeric products had both addend moieties located at the same half-sphere of a C60 cage that
left the other half-sphere of C60 untouched.

2.2. Photophysical and Physical Properties of 3D Conformeric Fullerenyl Nanomaterials

Photophysical properties of the 3D conformer cis-cup-4-C2M–9 were compared with those
of precursor intermediates using the UV-vis spectroscopic technique. They were governed by
two photoresponsive moieties, including three electron (e−)-accepting fullerene cages and six
light-harvesting DPAF antenna units as electron (e−)-donors. The use of the latter was to enhance
the optical absorption capability at longer visible wavelengths. The absorption wavelength could be
varied and modulated by the appropriate chemical modification of functional substituents on fluorenyl
moiety to affect electron-pushing (donating) and pulling (accepting toward the molecular edge of
C60> cage moiety) mobility across the molecular π-conjugation system. As shown in Figure 4Ae of
cis-cup-4-C2M–9, optical absorption of C60> cage moieties appeared mainly at the broad band centered at
296 nm (1.82 × 105 L mol−1 cm−1), whereas the band centered at 411 nm (1.11 × 105 L mol−1 cm−1) was
attributed to the absorption of DPAF moieties. Characteristics of the latter band were compared with
those of tris(DPAF-C2M) (Figure 4Aa), tris(BrDPAF-C2M) (Figure 4Ab), cis-cup-tris[C60(>DPAF-C9)]
(Figure 4Ac), and C60(>DPAF-C9) (1-C9, Figure 4Ad), showing a clear bathochromic shift of the
351 nm band of 2-C2M to 406 nm (7.91 × 104 L mol−1 cm−1) of 3-C2M, which matched roughly with
the 404 nm band of 1-C9 and the 402 nm band cis-cup-tris[C60(>DPAF-C9)] for the peak assignment.
This assignment was also consistent with the observation of roughly equal absorption extinction
coefficient (ε) values for 2-C2M, 3-C2M, and tris[C60(>DPAF-C9)] with the same three DPAF moieties per
molecule. Upon the attachment of three C60(>DPAF-C9) moieties, optical absorptions of [60]fullerene
moieties of cis-cup-4-C2M–9 (Figure 4Ae) at 296 nm became dominant in the spectrum with a higher ε
value. It was accompanied by a weak characteristic (forbidden) steady state absorption band of the C60>

moiety appearing at 692 nm (the insert of Figure 4A) with a slightly higher extinction coefficient for the
monoadduct 1-C9 than the bisadduct cis-cup-4-C2M–9, which was also consistent with the photophysical
property discussion above and provided further confirmation of a conjugated fullerenyl nanostructure.
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Figure 4. UV-vis spectra of (A) (a) tris(DPAF-C2M) (2-C2M), (b) tris(BrDPAF-C2M) (3-C2M),
(c) cis-cup-tris[C60(>DPAF-C9)], (d) C60(>DPAF-C9) (1-C9), and (e) cis-cup-4-C2M–9, where (a), (b),
and (e) were taken in CDCl3 and (c) and (d) were taken in toluene. (B) Fluorescence spectra of (a)
tris(DPAF-C2M) (λex: 352 nm), (b) C60(>DPAF-C9) (λex: 406 nm), and (c) cis-cup-4-C2M–9 (λex: 410 nm).
The concentration of all samples is 1.0 × 10−5 M.

In addition, a roughly 2.1-fold higher ε value (1.11 × 105 L mol−1 cm−1) of the 411 nm peak in
Figure 4Ae compared to that of 404 nm band of cis-cup-tris[C60(>DPAF-C9)] was consistent with a
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double number of DPAF arms per molecule for the former. Furthermore, very efficient intramolecular
energy transfer from the excited singlet state of DPAF-C9 antenna to C60> was detected, which nearly
eliminated the fluorescence of C60(>DPAF-C9) (λex: 406 nm, Figure 4Bb). In high contrast, without any
C60> cage in the structure, the compound of tris(DPAF-C2M) showed a strong intensity of fluorescence
emission (λex: 352 nm, Figure 4Ba) that clearly indicated the loss of photoexcited energy being
associated with the influence of [60]fullerene. With an additional DPAF-C9 antenna in the structure of
4-C2M–9, it began to experience a slightly excessive fluorescence emission (λex: 410 nm, Figure 4Bc)
after the majority of photoexcited DPAF-C2M energy underwent direct intramolecular energy transfer
to the closely bonded [60]fullerene cage.

In investigating the plausibility of photoinduced intramolecular electron (e−)-transfer
capability within the nanostructure of the 3D conformer cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)]
(cis-cup-4-C2M–9), we first investigated the unit character of redox potentials among all structural
components, including the bisadduct-based <C60> cage and the DPAF-C9 moieties for comparison
using the cyclic voltammetric (CV) technique. Several CV measurements were performed on the
sample of cis-cup-4-C2M–9 in a solution of CH2Cl2 containing (n-butyl)4N+-PF6

− as the electrolyte and
Pt as both the working and the counter electrodes and with Ag/AgCl as the reference electrode.

To deliver appropriate redox potential analyses and data interpretation, related CV characteristics
of a C60-bisadduct of C60(>t-Bu-malonate)2 with a <C60> cage attached by two t-butylmalonate groups
and the precursor compound C60(>DPAF-C9) were collected. They were performed under the same
CV condition over cyclic oxidation and reduction voltages versus Ag/Ag+ from −2.0 to 2.0 V as
those for cis-cup-4-C2M–9, as shown in Figure 5. As a result, it displayed one reversible oxidation
(1Eox of 1.51 V) reduction (1Ered of 1.32 V) cyclic wave with the first half wave oxidation potential
(1E1/2,ox) of 1.42 V for the DPAF moieties of cis-cup-4-C2M–9 at positive voltages (Figure 5Ab,Bb). In the
negative voltage region, its CV diagram displayed three reversible reductions at −0.34 (1Ered), −0.82
(2Ered), and −1.29 V (3Ered) with the corresponding cyclic oxidation waves at −0.15 (1Eox), −0.44 (2Eox),
and −0.96 (3Eox), respectively. These data corresponded to the first to the third half wave reduction
potentials of −0.25 (1E1/2,red), −0.63 (2E1/2,red), and −1.12 V (3E1/2,red), respectively. By comparison
of these values to those of C60(>t-Bu-malonate)2 (Figure 5Aa,Ba) for the fullerene cage moiety and
those of C60(>DPAF-C9) (Figure 5Ac,Bc) for both DPAF and fullerene cage moieties, highly consistent
and reproducible redox potential characteristics among structural components were found that also
substantiated the structural derivatization of tris[(BrDPAF-C2M) (3-C2M) with triple C60(>DPAF-C9)
to form cis-cup-4-C2M–9. Accordingly, the latter exhibited combined CV characteristics of <C60> and
DPAF-C9. These CV characteristics were reproducible for four repeated redox cycles with the reductive
C60> and the oxidative DPAF potential profiles showing only slight changes at the potential range of
−2.0 to 2.0 V. This implied good stability of the material under CV conditions that led to possible reuse
of 4-C2M–9.
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Figure 5. Cyclic voltammograms (CV) of (a) C60(>t-Bu-malonate)2, (b) cis-cup-tris[(DPAF-C2M)-
C60(>DPAF-C9)], and (c) C60(>DPAF-C9), where (A) displays the sequential redox cycles of each
compound with the assignments and (B) shows the corresponding potential voltage values at either the
peak maximum or minimum of each redox cycle. All solutions were in a concentration of 5.0 × 10−3 M
in CH2Cl2 using (n-butyl)4N+-PF6− as the electrolyte (0.1 M), Pt as working and counter electrodes,
and Ag/AgCl as the reference electrode at a scan rate of 10 mV/s.

2.3. Evidence of Intramolecular Energy- and Electron-Transfer Events within cis-cup-4-C2M–9 by Detection of
Corresponding Reactive Oxygen Species (ROS)

There is an appropriate approach to substantiate intramolecular energy and electron transfer
events within the nanomolecular structure of cis-cup-4-C2M–9 by directly detecting the photoinduced
production of reactive oxygen species (ROS). In general, the most common ROS includes singlet oxygen
(1O2) produced by the Type-II photomechanism via the intermolecular transfer of triplet energy to
molecular oxygen (O2) and superoxide radical (O2

−
·) generated by the intermolecular transfer of

electron (e−) to O2. For the former case, upon photoexcitation at the C60> cage moiety of cis-cup-4-C2M–9,
the singlet excited state of bis-methanofullerenyl 1(<C60>)* may undergo facile intersystem crossing
in a nearly quantitative efficiency to its triplet excited state 3(<C60>)* that can be accounted for by
the efficient production of 1O2 via Type-II triplet energy transfer processes. Alternatively, if the
photoexcitation process is aimed at either the DPAF-C2M or the DPAF-C9 moiety of cis-cup-4-C2M–9,
the resulting corresponding singlet excited states of either 1(DPAF-C2M)* or 1(DPAF-C9)* may undergo
both pathways of (1) intramolecular energy transfer from either 1(DPAF-C2M)* or 1(DPAF-C9)* to the
<C60>moiety to produce neutral DPAF-C2M or DPAF-C9 and 1(<C60>)*, respectively; (2) intramolecular
electron (e−)-transfer from either 1(DPAF-C2M)* or 1(DPAF-C9)* to the <C60> moiety to produce
cationic (DPAF-C2M)+· or (DPAF-C9)+· and (<C60>)−·, respectively. Both events of (1) and (2) can occur
concurrently. Subsequent intermolecular e−-transfer from (<C60>)− to O2 produces the corresponding
neutral <C60> and O2

− following the Type-I photomechanism.
Accordingly, by the direct detection of ROS on either 1O2 and/or O2

−
· upon irradiation on

cis-cup-4-C2M–9 at either <C60> or DPAF-C2M/DPAF-C9 moiety, we were able to provide the evidence of
intramolecular energy and electron transfer processes happening within this 3D-conformer. We selected
two reliable fluorescent (FL) probes for the detection of either 1O2 or O2

−·separately in the solution of
cis-cup-4-C2M–9 with high selectivity and specificity as a crucial measure. To detect the former ROS
1O2, a synthetic highly fluorescent compound α,α’-(anthracene-9,10-diyl)-bis(methylmalonic acid)
(ABMA) was used as the probe in the experiment. Its UV-vis absorption and fluorescence emission
spectra are given in Figure 6a,b, respectively. In the probe reaction, chemical trapping of 1O2 by
highly fluorescent ABMA resulted in the formation of non-fluorescent 9,10-endoperoxide product
ABMA-O2 (Figure 7A). This chemical conversion allowed us to follow the intensity loss of fluoresce
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emission upon photoexcitation. The loss could be associated with the proportional quantity of 1O2

produced. The correlation was valid owing to a higher reaction kinetic rate of the trapping process in
solution than the internal decay of 1O2 in the same solvent system of a DMF–CHCl3 (1:9, v/v) mixture.
Experimentally, the quantity of 1O2 generated was monitored and counted by the relative intensity
decrease of fluorescence emission (λem) of ABMA at 428 nm under excitation wavelength (λex) of
380 nm. At this excitation wavelength, it matched partially with the optical absorption band of DPAF
moieties of cis-cup-4-C2M–9 that led to a slight fluorescence emission (Figure 6c) after the intramolecular
energy and the e−-transfer processes. It gave a slightly higher count in the overall FL intensity during
the experiment (Figure 6d). In a typical probe reaction, a master solution of ABMA in DMF was
diluted by CHCl3 prior to the addition of cis-cup-4-C2M–9. It was followed by periodical illumination
using a light emitting diode (LED) lamp of white light (a power output of >2.0 W) operated at two
major emission peak maxima (λmax) centered at 451 and 530 nm. The former light emission spectrum
exhibited a sufficient bandwidth covering the 410–470-nm region for photoexcitation of DPAF moieties
with optical absorption bands covering 380–500-nm (Figure 4Ae). As a result, we were able to detect
rapid production of 1O2 by cis-cup-4-C2M–9 upon irradiation in a decreasing curve profile over a period
of more than 120 min (Figure 7Ab).
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Figure 6. (a) UV-vis spectra of α,α’-(anthracene-9,10-diyl)bis(methylmalonic acid) (ABMA) and
fluorescence (FL) emission spectrum of (b) ABMA, (c) cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)]
(cis-cup-4-C2M–9), and (c) a combination of ABMA and cis-cup-4-C2M–9 in a solvent mixture of
DMF–CHCl3 (1:9, v/v) in a concentration of 10−6 M.

The FL probe experiments were calibrated by a blank control run using the same probe
concentration of ABMA alone and an illumination time scale in the absence of cis-cup-4-C2M–9

(Figure 7Aa). Apparently, we observed slight photodegradation of ABMA itself. This may have
implied the existence of a photoinduced triplet state of ABMA in a low quantity due to exposure to short
wavelength regions of the light emission bandwidth covering over ~380 nm of ABMA absorption bands.
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Figure 7. Fluorescence (FL) emission spectra of (A) ABMA and (B) tetrafluorofluorescein-10′

(or 11′)-carboxylate (TFFC) to correlate directly the singlet oxygen (1O2) and superoxide radical
(O2

−
·) production efficiency, respectively, with (a) blank control and (b) a mixture of corresponding

probe and cis-cup-4-C2M–9 samples in DMF–CHCl3 (1:9, v/v) at a concentration of 1.0 × 10−5 M using
ABMA as the 1O2 trapping agent at λex 350 nm and λem 428 nm and DNBs-TFFC as the O2

−
·-acceptor

agent at λex 484 nm and λem 530 nm for detection with the irradiation of white light emitting diode
(LED) light.

In the case of detecting superoxide radical as the second ROS, a synthetic O2
−
·-reactive

fluorescent probe precursor molecule, non-fluorescent potassium bis(2,4-dinitrobenzenesulfonyl)-
2′,4′,5′,7′-tetrafluorofluorescein-10′ (or 11′)-carboxylate (DNBs-TFFC), was applied for the experiment.
Its molecular structure was synthetically modified from that reported previously [38], showing good
reaction selectivity with a high O2

−
·/1O2 sensitivity ratio. Since DNBs-TFFC itself is photodegradable,

a dialysis film with the molecular weight cut-off (MWCO) of 100−500 Daltons was applied to hold
the solution of cis-cup-4-C2M–9 in toluene–DMSO (9:1, v/v). The sack bag was separated from the
solution of the probe DNBs-TFFC. The latter was kept in a cuvette with stirring during the fluorescence
emission measurement. Only the solution of cis-cup-4-C2M–9 in the dialysis membrane sack was
subjected to the white LED light exposure. Any superoxide radical produced was allowed to rapidly
diffuse into the probe solution through the dialysis membrane and initiate the desulfonylation of
DNBs-TFFC. The O2

−
·-trapping reaction led to the elimination of two dinitrobenzenesulfonyl moieties

and yielded the corresponding bisphenol intermediate, as shown in Figure 7B. Rearrangement of
the bisphenol intermediate to the ring-opening of lactone afforded highly fluorescent potassium
2′,4′,5′,7′-tetrafluorofluorescein-10′ (or 11′)-carboxylate regiosisomers (TFFC). The latter compound
gave the fluorescence emission at 530 nm (λem) with the excitation at 484 nm (λex). As the probe
DNBs-TFFC was not a fluorescent compound, detected emission photon counts were fully associated
with the quantity of TFFC produced. Measured total emission intensity counts were then correlated to
the relative quantity of O2

−
· generated. As shown in Figure 7Bb, nearly linear progressive increase of

fluorescence intensity counts over the full irradiation period was observed that revealed the constant
production of O2

−
· from the photoexcited cis-cup-4-C2M–9. As discussed above, continuous irradiation

on six DPAF moieties of cis-cup-4-C2M–9 by white LED light (2.0 W) stimulated photoexcitation from
the ground to the singlet excited state. Subsequent intramolecular e−-transfer from 1(DPAF-Cn)*

to <C60> moieties resulted in the formation of anionic [60]fullerenyl bisadduct radical (<C60>)−

intermediate. In the presence of O2, it was followed by further e−-transfer from (<C60>)− intermediate
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to O2 to produce O2
− in a sequential multiple-step Type-I photomechanism. These results clearly

provided the evidence of photoinduced intramolecular e−-transfer mechanism within the 3D-conformer
cis-cup-4-C2M–9.

Furthermore, one of the main crucial criterion for the use of these types of C60-(light-harvesting
antenna)n conjugates, such as 4-C2M–9, as the nano-photosensitizers for antibacterial inactivation (aPDI)
is their high photostability. Unlike the conventional organic chromophore-based photosensitizers
suffering rapid photodegradation, C60-(light-harvesting antenna)n based nano-drugs were found to be
capable of a single dose with multiple aPDI/PDT (photodynamic therapy) treatments [39–42].

3. Experimental Section

3.1. Chemicals and Reagents

Reagents of sodium t-butoxide, α-bromoacetyl bromide, aluminum chloride (AlCl3),
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), rac-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP),
and tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3(0)] were purchased from Aldrich Chemicals,
Natick, Massachusetts, USA and used without further purification. Fullerene materials with a
purity of 99% were purchased from Suzhou Dade Carbon Nanotechnology Co., Ltd. Suzhou,
Jiangsu, China. Anhydrous grade solvent of tetrahydrofuran (THF) was used and further dried
via refluxing over sodium and benzophenone overnight and distilled under reduced pressure
(10−1 mmHg). The precursor compounds including 1,3,5-tris(N-phenylamino)benzene (TPAB)
and 2-bromo-9,9-di(methoxyethyl)fluorene (BrF-C2M) were synthesized according to our previous
procedures [34].

3.2. Instruments for Spectroscopic Measurements

1H-NMR spectra were recorded on either Bruker and Spectrospin Avance 500 or Bruker
AC-300 spectrometer. UV-vis spectra were recorded on a PerkinElmer Lambda 750 UV spectrometer.
Fluorometric traces were collected using a PTI QuantaMasterTM40 Fluorescence Spectrofluorometer.
The light source used in this experiment included a collimated white LED light with an output power
of 2.0 W (Prizmatix, Southfield, MI, USA). Infrared spectra were recorded as KBr pellets on a Thermo
Nicolet AVATAR 370 FTIR spectrometer. Cyclic voltammetry (CV) was record on EG&G Princeton
Applied Research 263A Potentiostat/Galvanostat using Pt metal as the working electrode, Ag/AgCl as
the reference electrode, and Pt wire as the counter electrode at a scan rate of 10 mV/s. The solution
for CV measurements was prepared in a concentration of 1.0–5.0 × 10−3 M in appropriate solvents
containing the electrolyte Bu4N+-PF6

− (0.1 M).

3.3. Synthesis of N1,N3,N5-Tris(9,9-di(methoxyethyl)fluoren-2-yl)-1”,3”,5”-tris(phenylamino)-benzene as
Tris(DPAF-C2M) (2-C2M)

Synthetic procedure for the preparation of tris(DPAF-C2M) was slightly modified from those
methods reported recently [34]. In general, a mixture of BrF-C2M (7.33 g, 20.3 mmol, excess), TPAB
(1.16 g, 3.3 mmol), and sodium t-butoxide (1.94 g, 20.3 mmol) was dissolved in anhydrous toluene
(75 mL) and stirred for 1 h to give a homogeneous solution. The catalyst Pd2(dba)3(0) (0.023 g,
0.25 mol%) and rac-BINAP (0.046 g, 0.75 mol%) were added to the solution, followed by heating to
refluxing temperature under nitrogen for a period of 72 h. After cooling the resulting mixture to room
temperature, it was washed with water three times by extraction, the organic layer was separated,
and it was dried over sodium sulfate. After solvent evaporation, a small quantity of crude paste was
tested on the TLC plate to show the major product at Rf = 0.6 using hexane–ethylacetate (1:1, v/v)
as the eluent. This product spot had a dense yellow-brown color on the top accompanied by a light
visible tail. The tail portion was assumed to be the product in the trans-chair form. This tail portion
was subsequently separated from the main top portion of the cis-cup form via column chromatography,
followed by the TLC plate purification using silica gel as the stationary phase and hexane-ethylacetate
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(1:1, v/v) as the eluent to afford the product of cis-cup-tris(DPAF-C2M) (2-C2M) as light yellow solids
in 82% yield (3.23 g). Verification of the cis-cup form was based on the detection of a singlet proton
peak at δ6.53 (Ha) corresponding to three central core 1,3,5-benzene protons, whereas the trans-chair
form gave two proton groups at a integration ratio of 2:1. Spectroscopic data: FT-IR (KBr) υmax

3062 (w, aromatic C-H stretching), 3031 (w), 3016 (w), 2969 (w, aliphatic C-H stretching), 2922 (m),
2875 (m), 2814 (w), 1571 (s, C=C), 1491 (s, anti-symmetric deformations of CH3 groups and scissor
vibrations of CH2 groups), 1448 (s), 1428 (m), 1381 (w, symmetric deformations of CH3 groups), 1292
(m, asymmetric stretching vibrations of C-N-C), 1248 (m, asymmetric stretching vibrations of C-N-C),
1212 (w), 1176 (w), 1155 (w), 1110 (s, stretching vibrations of C-O-C), 1039 (w), 948 (w), 877 (w), 829
(w), 754 (m), 738 (s, out-of-plan deformation of C-H), 711 (m, out-of-plan deformation of C-H), 692 (s),
and 511 (w) cm−1; UV-vis (CHCl3, 1.0 × 10−5 M) λmax (ε) 321 (7.24 × 104 L mol−1 cm−1) and 351 nm
(7.66 × 104 L mol−1 cm−1); 1H NMR (500 MHz, CDCl3) δ 7.58 (s, 3H, br), 7.52 (d, 3H), 7.35–7.24 (m, 9H),
7.15–7.03 (m, 18H), 6.89 (t, 3H), 6.53 (s, 3H, central benzene protons Ha), 2.91 (s, 18H), 2.65 (m,12H),
and 2.19 (m, 12H).

3.4. Synthesis of N1,N3,N5-Tris(7-α-bromoacetyl-9,9-di(methoxyethyl)fluoren-2-yl)-1”,3”,5”-tris-
(phenylamino)benzene as Tris(BrDPAF-C2M) (3-C2M)

The compound cis-cup-tris(DPAF-C2M) (cis-cup-2-C2M, 0.53 g, 0.44 mmol) was added to a
homogeneous suspension of AlCl3 (1.0 g, 7.5 mmol) in 1,2-dichloroethane (40 mL) at 0 ◦C with
vigorous stirring. The reagent α-bromoacetyl bromide (1.0 g, 5.0 mmol) was added slowly over 10 min
while maintaining the temperature between 0–10 ◦C. The mixture was then stirred overnight at room
temperature. An excessive amount of AlCl3 remaining in the solution was quenched by slow addition
of water (50 mL) while maintaining the temperature below 45 ◦C. After washing sequentially with dil.
HCl (1.0 N, 50 mL) and water (50 mL × 2), the organic layer was separated and dried over sodium
sulfate and then concentrated in vacuo to give the crude product as viscous yellow semi-solids. It was
purified by column chromatography (silica gel) followed by thin-layer chromatography (TLC) using
hexane–EtOAc (1:1, v/v) as eluent to afford cis-cup-tris(Br-DPAF-C2M) (cis-cup-3-C2M) (at Rf = 0.5 on
TLC plate) in 48% yield (0.33 g). Spectroscopic data: FT-IR (KBr) υmax 3062 (w, aromatic C-H stretching),
3031 (w), 3016 (w), 2969 (w, aliphatic C-H stretching), 2922 (m), 2875 (m), 1673 (s, C=O), 1571 (s, C=C),
1491 (s, anti-symmetric deformations of CH3 groups and scissor vibrations of CH2 groups), 1467 (s),
1448 (s), 1428 (m), 1388 (w), 1348 (w), 1282 (s), 1251 (s), 1195 (m), 1176 (w), 1110 (s, stretching vibrations
of C-O-C), 1035 (w), 948 (w), 879 (w), 823 (m), 755 (m), 740 (s, C-H out-of-plan deformation), 715 (m,
C-H out-of-plan deformation), 694 (s), 617 (w) and 538 (w) cm−1; UV-vis (CHCl3, 1.0 × 10−5 M) λmax

(ε) 310 (7.65 × 104 L mol−1 cm−1) and 406 nm (7.91 × 104 L mol−1 cm−1); 1H NMR (500 MHz, CDCl3) δ
7.98 (m, 3H), 7.58 (m, 3H), 7.34–7.20 (m, 9H), 7.11–6.98 (m, 18H), 6.96 (m, 3H), 6.56 (m, 3H, aromatic
protons of central phenyl ring), 4.49 (m, 6H, α-proton next on C61), 2.91 (s, 18H. primary C2M alkyl
protons next to O-atom), 2.81–2.50 (centered at δ 2.66, m, 12H, secondary C2M alkyl protons next to
O-atom), 2.48–2.07 (centered at δ 2.16, m, 12H, C2M alkyl protons next to the fluorene ring).

3.5. Synthesis of N1,N3,N5-Tris(7-(1,2-dihydro-1,2-methanofullerene[60]-61-carbonyl)-9,9-di(methoxyethyl)
fluoren-2-yl)-1”,3”,5”-tris(phenylamino)benzene) as Tris[(DPAF-C2M)-C60(>DPAF-C9)] (4-C2M–9)

The reagent 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 0.21 g, 1.38 mmol) was added slowly
to a homogeneous mixture of C60>(DPAF-C9) (1.1 g, 0.97 mmol) and cis-cup-tris(BrDPAF-C2M)
(cis-cup-3-C2M, 0.31 g, 0.20 mmol) in anhydrous toluene (700 mL). During the Bingel reaction for the
first 2.0 h, the products of mono- and bis-adducts became visible by the TLC technique, showing two
brown bands at Rf = ~0.2 and ~0.3, respectively, using a mixture of toluene–EtOAc (7:3, v/v) as eluent.
After a longer reaction period of 4 h, three brown bands close to each other were observed at Rf = ~0.2,
~0.3, and ~0.4 with the former band progressively becoming faint. At the end of the reaction (8.0 h),
only two latter bands remained at Rf = ~0.3 and ~0.4 with the latter as the major chromatographic
fraction. At this stage, the reaction mixture was concentrated to a 10% volume and then precipitated
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from methanol (100 mL) to afford the crude product mixture, which was isolated by centrifugation.
Further purification by column chromatography (silica gel) using toluene to a solvent mixture of
toluene–EtOAc (7:3, v/v) as the eluent with sequential increments of increasing solvent polarity afforded
cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)]. It was further purified by TLC with isolation of only the
narrow dense color fraction band to give brown solids of cis-cup-4-C2M–9 in 79% yield (0.74 g) (at
Rf = ~0.4 on TLC). Spectroscopic data: FT-IR (KBr) υmax 3062 (w, aromatic C-H stretching), 3031 (w),
3016 (w), 2952 (w, aliphatic C-H stretching), 2925 (m), 2852 (w), 1679 (s, C=O), 1591 (s, C=C), 1490
(s, anti-symmetric deformations of CH3 groups and scissor vibrations of CH2 groups), 1465 (s), 1419
(m), 1346 (w), 1315 (m), 1274 (s), 1238 (m), 1211 (s), 1170 (m), 1110 (s, stretching vibrations of C-O-C),
1072 (w), 1029 (w), 950 (w), 879 (w), 815 (m), 746 (s), 694 (s), 574 (w) and 524 (s, <C60>) cm−1; UV-vis
(CHCl3, 1.0 × 10−5 M) λmax (ε) 296 nm (1.82 × 105 L mol−1 cm−1) and 411 nm (1.11 × 105 L mol−1 cm−1);
1H NMR (500 MHz, CDCl3) δ 8.65–8.12 (m, 12H, fluorenyl protons next to the keto group), 7.91–7.48
(m, 12H, fluorenyl protons), 7.31−7.06 [m, 57H, 45 aminophenyl protons and 12 fluorenyl protons
(2H for each fluorene ring) next to N-atom], 6.57 (m, 3H, aromatic protons of the central phenyl ring),
5.78–5.25 (m, 6H, α-proton next on C61), 3.01–2.81 (centered at δ 2.93) (m, 18H, primary C2M alkyl
protons next to O-atom), 2.81–2.50 (centered at δ 2.65, m, 12H, secondary C2M alkyl protons next to
O-atom), 2.48–2.07 (centered at δ 2.17, m, 12H, C2M alkyl protons next to the fluorine ring), 2.07−1.18
(m, 12H, C9 alkyl protons next to the fluorene ring), 1.18–0.94 (centered at δ 1.14) (m, 6H, tertiary C9

alkyl protons), 0.94–0.30 (centered at δ 0.70) (m, 96H, primary and secondary C9 alkyl protons).

3.6. ROS Measurements Using singlet oxygen (1O2)-Sensitive Fluorescent Probe

The compound α,α’-(anthracene-9,10-diyl)bis(methylmalonic acid) (ABMA) was used as a
fluorescent probe for singlet oxygen (1O2) trapping. The quantity of 1O2 generated was monitored
and counted by the relative intensity decrease of fluorescence emission of ABMA at 428 nm under
excitation wavelengths of 380 nm (λex). A typical probe solution was prepared by diluting a
master solution of ABMA (1.0 × 10−5 M in DMF, 0.4 mL) with an amount 9-fold in volume
of CHCl3 (3.2 mL) in a cuvette (10 × 10 × 45 mm). The solution was added by a pre-defined
volume of tris[(DPAF-C2M)-C60(>DPAF-C9)] in CHCl3 (1.0 × 10−5 M, 0.4 mL), followed by periodic
illumination using an ultrahigh power white light LED lamp (Prizmatix, operated at the emission
peak maxima centered at 451 and 530 nm with the collimated optical power output of >2.0 W in
a diameter of 5.2 cm). Progressive fluorescent spectra were taken on the PTI QuantaMasterTM 40
Fluorescence Spectrofluorometer.

3.7. ROS Measurements Using Superoxide Radical (O2
−·)-Sensitive Fluorescent Probe

A superoxide radical (O2
−·)-reactive fluorescent probe, non-fluorescent potassium

bis(2,4-dinitrobenzenesulfonyl)-2′,4′,5′,7′-tetrafluorofluorescein-10′ (or 11′)-carboxylate regioisomers
(DNBs-TFFC), was used for the experiment. A typical probe solution [10−6 M in toluene–DMSO
(9:1)] was prepared by diluting a stock solution of DNBs-TFFC in DMSO (10−5 M, 1.0 mL) by
10 times with toluene (9.0 mL). A dialysis film (CE) with the molecular weight cut-off (MWCO)
of 100–500 Da was used to separate the solution of tris[(DPAF-C2M)-C60(>DPAF-C9)] [10−6 M in
toluene–DMSO (9:1)] from the probe solution kept in a cuvette with stirring during the fluorescent
measurement. Only the solution of 4-C2M in the membrane sack was subjected to the LED light
exposure at the excitation wavelength of 400–700 nm (white light). The quantity of O2

−
· generated

was counted in association with its reaction with DNBs-TFFC that resulted in the product of highly
fluorescent potassium 2′,4′,5′,7′-tetrafluorofluorescein-10′ (or 11′)-carboxylate regioisomers (TFFC)
with fluorescence emission at 530 nm (λem) upon excitation at 484 nm (λex). The detected intensity
increase of fluorescence emission was then correlated to the relative quantity of O2

− produced.
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4. Conclusions

Previous studies on detected photoswitchable dielectric amplification phenomena by the simulated
ferroelectric-like capacitor design using the construction and the fabrication of a fullerosome shell layer
on core-shell γ-FeOx@AuNPs were based on the photoinduced intramolecular charge-polarization
of (C60> acceptor)-(DPAF-Cn donor) conjugates [16–18]. The corresponding formation of dielectric
ion-radical components (C60>)− and DPAF+·-Cn within a fullerosome array layer was the basis of
observed dielectric properties. Accordingly, several such conjugates were developed by the extension
from the initial C60(>DPAF-C9) to demonstrate the correlation of the structural relationship and
the chemical modifications to the enhanced dielectric properties, as stated above. Two interesting
modifications both involved 3D-conformeric C60(>DPAF-C9) derivatives by fusing three phenyl rings
of three diphenylamino groups together to form a shared central benzene moiety as the base of 3D
configuration design. Specifically, the successful synthesis of cis-cup-tris[(DPAF-C2M)-C60(>DPAF-C9)]
stereoisomer may be beneficial for use as positive (DPAF-Cn)+ and negative charge (<C60>)− carriers
in enhancing photoinduced dielectric characteristics [43]. It can also be applied as the precursor
building block in the synthesis of several C60- and C70-based ultrafast photoresponsive nonlinear
two-photon absorptive nanomaterials. Accordingly, we demonstrated efficient intramolecular energy
and electron transfer capabilities of 3D conformer cis-cup-4-C2M–9 using photophysical measurements
and its effective production of singlet oxygen (via the energy transfer mechanism) and superoxide
radicals (via the electron transfer mechanism). They can be applied as nano-photosensitizers [39–42]
and nonlinear photonic agents [30–32,44].
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Abstract: In this study, a novel sort of sample preparation sorbent was developed, by preparing
thin layer graphene oxide tablets (GO-Tabs) utilizing a mixture of graphene oxide and polyethylene
glycol on a polyethylene substrate. The GO-Tabs were used for extraction and concentration of
omeprazole (OME) in human saliva samples. The determination of OME was carried out using
liquid chromatography-tandem mass spectrometry (LC–MS/MS) under gradient LC conditions
and in the positive ion mode (ESI+) with mass transitions of m/z 346.3→198.0 for OME and m/z

369.98→252.0 for the internal standard. Standard calibration for the saliva samples was in the range
of 2.0–2000 nmol L−1. Limits of detection and quantification were 0.05 and 2.0 nmol L−1, respectively.
Method validation showed good method accuracy and precision; the inter-day precision values
ranged from 5.7 to 8.3 (%RSD), and the accuracy of determinations varied from −11.8% to 13.3%
(% deviation from nominal values). The extraction recovery was 60%, and GO-Tabs could be re-used
for more than ten extractions without deterioration in recovery. In this study, the determination of
OME in real human saliva samples using GO-Tab extraction was validated.

Keywords: graphene oxide; omeprazole; liquid chromatography; tandem mass spectrometry;
saliva; GO-Tabs

1. Introduction

Omeprazole (OME) is a well-known drug that is used as a proton pump inhibitor to reduce
the amount of acid produced in the stomach. OME is used in the treatment of all acid-related
diseases, and it was introduced into the market for the first time by AstraZeneca under the brand
name Losec® [1]. The pure S-enantiomer of OME was subsequently commercialized under the name
Nexium®. OME is classified as an effective and safe medicine [2]. Gas chromatography (GC) and liquid
chromatography (LC) with mass spectrometric (MS) detection have been used for the determination of
OME, and solid phase extraction (SPE) has often been utilized as a sample preparation technique for
extracting OME from plasma samples [3,4].

Saliva provides a simple and non-invasive sample source compared to blood.
Numerous publications report that saliva can be a good choice for the determination of drugs for
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diagnostic purposes. Several research groups have studied methods for determining (i.e., screening)
different substances in oral fluid [5–7]. Until now OME was measured in saliva and plasma using
HPLC [8] and liquid chromatography-tandem mass spectrometry (LC–MS/MS) [9] with simple
extraction methods. However, developing a simple and novel sample preparation technique for
measuring the OME in saliva samples is a demanding issue.

Sample preparation is the first and, oftentimes, the main step in bioanalytical methods. As a
result, there is an increasing demand for biological sample preparation techniques that are simple,
inexpensive and environmentally friendly, and that permit acceptable recovery and selectivity [10].
During the last two decades, several sample preparation techniques have been developed and directed
towards automation and on-line coupling. Two of these techniques are microextraction by packed
sorbent (MEPS) and molecularly imprinted polymer tablets (MIP-Tabs), both of which were developed
and introduced by researchers in the Abdel-Rehim group. MEPS is a miniaturization form of SPE
that reduces significantly the required amounts of sorbent, solvent and sample volume. The MEPS
technique has been utilized to extract and enrich analytes from different matrices such as water, plasma,
urine and blood [11–15]. MIP-Tabs were prepared using a thin film of MIP polymer on a polyethylene
substrate as a support material, and have been applied to the extraction of methadone in plasma
samples and amphetamine in urine samples with good recovery and precision [16,17].

Nano-materials are of interest in the field of sample preparation due to their unique properties—in
this case, high surface area compared to bulk and microscale materials. High surface area provides
high adsorption capacity and high pre-concentration factor [16]. Additionally, nano-materials can
possess high chemical stability and can be easily functionalized to increase selectivity. In our recent
work, reduced graphene oxide (GO) materials as a solid phase in the MEPS method, was successfully
applied for extraction and measurement of local anesthesia in plasma and saliva samples [18]. GO as a
potential candidate in biomedical application presents a large surface area and proper dispersibility
in most solvents due to the formation of hydrogen bonds between polar functional groups of GO
surface and water molecules [19]. Nowadays, there is still no promising available information about
the in vitro and in vivo toxicity of GO, but it is well approved that the preparation of GO with high
purity is a key factor from a safety aspect [20,21].

Here for the first time, a combination of graphene oxide and polyethylene glycol was used to
prepare novel graphene oxide tablets (GO-Tabs) that were evaluated for the extraction of omeprazole
in human saliva samples. GO-Tabs is a novel, straightforward and effective sample preparation
trend which will be presented here for extraction of OME from saliva samples and measurement by
LC–MS/MS.

2. Materials and methods

2.1. Chemicals and Reagents

OME (racemate) and (S)-Lansoprazole (internal standard, IS) were obtained from Sigma-Aldrich
(Steinheim, Germany), and GO was obtained from Sigma-Aldrich (St. Louis, MO, USA).
The polyethylene material (PE), with a pore size of 0.2 µm, was a commercial material and was
obtained from Sigma-Aldrich and its surface was not chemically modified. This material is already
used as filter for aqueous solutions. The tablet form was prepared by a homemade tool. HPLC grade
acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Analytical grade formic
acid and ammonium hydroxide were obtained from Merck (Darmstadt, Germany). A Milli-Q Plus
water purification system from Millipore (Bedford, MA, USA) was used for water purification.

2.2. Instrumentation

The LC system used in this study included two Shimadzu pumps (LC-10ADvp, Kyoto, Japan)
and an autosampler (CTC-Pal, Analytics AG, Zwingen, Switzerland) with 50 µL sample loop.
The separation column was 100 mm × 2.1 mm i.d. packed with 3.5 µm Zorbax Bonus-RP particles
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(Agilent, Palo Alto, CA, USA). The LC mobile phase A was 0.1% formic acid in acetonitrile/water
(0.5:99.5 v/v) and mobile phase B contained 0.1% formic acid in acetonitrile/water (80:20 v/v).
The mobile phase gradient was 30% to 90% phase B in 5 min, with a final hold at 90% B for 2 min
before resetting at 30% phase B. The mobile phase flow rate was held constant at 0.6 mL min−1.

The MS instrumentation consisted of a triple quadrupole MS analyzer (Quatro-micro, Waters,
Manchester, UK) equipped with an electrospray ionization source (ESI+) operated in the positive ion
mode. The MS source block and desolvation temperatures were set at 150 ◦C and 350 ◦C, respectively.
Nitrogen was utilized as curtain gas (950 L h−1), and argon was utilized as the collision gas (collision
energy of 10 eV for OME and 20 eV for lansoprazole). OME analysis in saliva samples was performed
by using multiple reaction monitoring (MRM) transitions of m/z 346.0 > 198.0 for OME and m/z

369.9 > 252.0 for the IS with a dwell time of 0.2 s/transition. Peak-area ratios (OME/IS) were used for
all calculations. Data analysis was performed using MassLynx software (version 4.1) obtained from
Waters (Manchester, UK).

2.3. Preparation and Characterization of GO-Tabs

Polyethylene substrates in the tablet form (9 mm diameter × 2 mm thickness) were washed with
HCL (1 M) and then NaOH (1 M) in an ultrasonic bath for 10 min, and then they were washed with
water and dried at room temperature. Graphene oxide (20 mg) was added to 10 mL of acetonitrile and
ultrasonicated for 30 min, and then 25 mg of polyethylene glycol (PEG) was added to the graphene
oxide suspension. PEG was used to improve the interfacial adhesion between the GO nano-particles
and the polyethylene tablet surface on which they were coated, and the dispersion of GO in the
resultant film. Blank polyethylene tablets (10 total) were immersed in the GO-PEG suspension and
ultrasonicated for 1–4 h; it was found that 3 h was the optimum time. After ultrasonication, the tablets
were removed and placed in a freeze dryer overnight. Figure 1 shows a photograph of some prepared
GO-Tabs. The GO-Tabs were chemically and mechanically stable.

 

−

−

 
Figure 1. Photograph of prepared graphene tablets (GO-Tabs).

2.4. Preparation of Stock, Standard and Quality Control Solutions

Two stock solutions (100 µM each) were prepared in methanol [one for preparing standard
samples and the other for preparing quality control (QC) samples]. The standard and QC samples were
prepared in blank pooled human saliva samples (n = 6). The concentrations of standard compounds
in the saliva were in the range of 2.0–2000 nM. The QC samples were prepared in saliva at three
concentration levels: Low (QCL, 6 nM), medium (QCM, 900 nM), and high (QCH, 1600 nM).
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2.5. Sample Preparation

Standard samples in saliva were freshly prepared for each validation assay, while QC samples
in saliva were prepared and stored at −20 ◦C until needed. A 200 µL volume of each sample was
mixed with a 100 µL of the IS (1000 nM in methanol), then diluted with water (1:4) and centrifuged for
3 min. Then a GO-Tab was immersed in each saliva sample and shaken for 10 min, after which it was
removed and washed with 200 µL of water. Then the analyte and internal standard were desorbed (i.e.,
extracted) by soaking in 1.0 mL of methanol for 1.0 min. The eluates were evaporated to dryness and
redissolved in 200 µL of LC mobile phase. A 30 µL volume of the final sample solution was injected
into the LC–MS/MS for analysis.

3. Results and Discussion

In this study, GO-Tabs were prepared and investigated for the extraction of OME in human saliva
samples. Factors affecting the extraction performance, including desorption solution, extraction time,
desorption time, sample pH, sample concentration and adsorption capacity, were investigated to
obtain the best extraction/recovery efficiency.

3.1. GO-Tab Morphology Analysis

As described above, thin layers of GO-PEG were absorbed into the pores and surface of a
polyethylene film and frozen overnight. The resultant GO-Tabs were 9 mm in diameter and 2 mm in
thickness (Figure 1). SEM images before (Figure 2A) and after (Figure 2B) GO-PEG addition clearly
show pores (Figure 2A) that become covered with the GO-containing polyethylene film (Figure 2B).

 

−

 

(A) 

Figure 2. Cont.
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(B) 

Figure 2. Electron micrographs (SEM) of GO-Tabs (A) before and (B) after polymerization.

3.2. Optimization of Extraction Protocol

3.2.1. Extraction Time

Because mass transfer is a time dependent process, the extraction time is an important factor.
The effect of time on extraction recovery was investigated for 3.0, 5.0, 10.0, 20.0 and 30.0 min.
The recovery was increased significantly when the time increased from 3.0 to 10.0 min (Figure 3A).

3.2.2. Desorption Time

The effect of desorption time on extraction efficiency was investigated for 1.0, 3.0 and 10.0 min,
and the best result was obtained with 10.0 min (Figure 3B). After 10.0 min, no significant improvement
was observed.

3.2.3. Type of Desorption Solvent

Desorption of extracted analyte from GO-Tabs was studied utilizing different solvents,
including methanol, mixtures of methanol and water, and acetonitrile. Acetonitrile gave the
highest recovery.

3.2.4. Effect of pH

The effect of sample pH on extraction recovery was investigated for three different pH values:
Low (3), neutral (7) and high (12). The highest extraction yield was observed at neutral pH (Figure 3C).
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Figure 3. Effect of extraction time on extraction recovery (saliva sample, 1600 nmol L−1) (A), effect of
desorption time on extraction recovery (saliva sample, 1600 nmol L−1) (B) and effect of sample pH
(saliva sample, 1600 nmol L−1) (C); pH was adjusted by addition of ammonium hydroxide and
formic acid.
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3.3. Adsorption Capacity

The adsorption capacity indicates the ability of the GO-Tabs to adsorb a specific analyte. In order
to study the adsorption capacity of the GO-Tabs for OME, a series of different concentrations of OME
in saliva samples ranging from 0.1 to 10 µmol L−1 were prepared. The extraction recovery was linear
up to 6.0 µmol L−1, and then the GO-Tab became saturated as shown in Figure 4.
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Figure 4. Capacity of GO-Tabs.

3.4. Selectivity of the GO-Tabs

The GO-Tab selectivity was investigated by comparing the extraction of OME in saliva using
GO-Tabs and bare polyethylene tablets. The extraction recovery (recorded as area) using GO-Tabs was
4-fold higher compared with uncoated polyethylene tablets (Figure 5).
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Figure 5. Efficiency of GO-Tabs and polyethylene blank tablet (saliva sample, 2000 nmol L−1).
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3.5. Method Validation

Validation of the method described in this study for determination of OME in human saliva was
carried out according to international guidelines [22,23] and included linearity, limit of quantification
(LLOQ), accuracy, precision, recovery, matrix effects, selectivity and carry-over.

3.5.1. Calibration, Selectivity and Extraction Efficiency

A standard calibration curve was constructed using eight OME standards prepared in saliva
over the concentration range from 2.0 to 2000 nmol L−1. A quadratic regression equation with 1/x
weighting was used. The coefficient of determination (R2) was 0.99 or higher for all analyses (n = 3).
The limit of detection (LOD) was found to be 0.1 nmol L−1 and the limit of quantification (LLOQ) was
equal to the lowest standard concentration (2.0 nmol L−1) used to construct the calibration plot.

To evaluate the method selectivity, six different saliva samples were used. A saliva blank without
OME and internal standard was analyzed and compared with a chromatogram obtained using a sample
with OME concentration at the limit of quantification (LLOQ) to confirm the absence of endogenous
interfering peaks at the same retention time of the OME analyte in the chromatograms. No significant
peaks (≥20% of the LLOQ) were observed at the same retention time as OME and the I.S. The method
extraction recovery was found to be between 80 to 90%.

3.5.2. Accuracy and Precision

The relative error method (i.e., percent difference between the determined mean concentrations
and the true concentrations) was used to evaluate accuracy, and the precision was calculated as
the percentage of the relative standard deviation for the analysis of the quality control samples.
For validation, three assays were done, and each assay consisted of eight calibration points and
six quality control (QC) sample replicates at three concentration levels: Low (QCL: 6 nmol L−1),
medium (QCM: 900 nmol L−1), and high (QCH: 1600 nmol L−1). The accuracy was found to be in the
range of 88.0–106.0% (n = 18), and intra- and inter-assay precisions were found to be in the range of
4.1–5.4% (n = 6) and 5.6–7.8% (n = 18), respectively (Table 1).

Table 1. Precision of quality control (QC) samples of omeprazole (OME) in human saliva.

Compound Sample (Conc.)
Accuracy (%)
(n = 18)

Precision (RSD%)

Intra-day (n = 6) Inter-day (n = 18)

Omeprazole

QCL (6.0 nM) 105.5 5.4 7.8

QCM (800 nM) 106.4 5.1 7.5

QCH (1600 nM) 87.8 4.1 5.6

3.5.3. Method Selectivity and Matrix Effects

The method selectivity was examined by comparing LC–MS/MS chromatograms of the blank
saliva sample (Figure 6A) and a standard sample spiked with internal standard and OME (Figure 6B).
The blank saliva did not introduce any interfering peaks near the retention time of OME and the
internal standard.
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(B) 

−
Figure 6. (A) Multiple reaction monitoring (MRM) transitions obtained from the analysis of a blank
saliva sample, and (B) OME at 2 nmol L−1 (S1) with internal standard.
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The effect of the saliva matrix on the MS signal was evaluated using the post-extraction addition
method. Blank saliva was extracted according to the described protocol and OME was added to the
extract at two concentration levels (QCL and QCH). Comparing LC–MS/MS analyses of these and
pure methanol samples containing the same concentrations of OME showed that the saliva matrix did
not affect the detector signal to any noticeable extent. Matrix effects ranged from –3% (using LQC) to
−1% (using HQC).

3.5.4. Carry-Over and Reuse of GO-Tabs

After each extraction, the GO-Tab was washed first with methanol and then with water to
eliminate carry-over into the next extraction. No carry-over could be detected when a blank saliva
sample was extracted immediately after extraction of the highest concentration standard. A single
GO-Tab could be re-used for ten extractions without any observable change in extraction efficiency
(n = 10, SD = 2.4 and %RSD = 4.0).

4. Analysis of Patient Samples

The methodology developed in this study was used for the analysis of saliva samples from healthy
subjects after administration of OME (20 mg dosage). Saliva samples were collected and analyzed for
OME. Figure 7 shows the LC–MS/MS analysis of a patient saliva sample 2 h after administration of
20 mg of OME.

 

−

 
Figure 7. Chromatogram of OME from a patient sample (2 h after administration).

5. Conclusions

In this study, GO-Tabs were prepared using a novel sample preparation sorbent. GO was mixed
with polyethylene glycol in acetonitrile and absorbed into a film of polyethylene using an ultrasonic
bath. Polyethylene glycol was used to improve the dispersion of GO in the polyethylene substrate
and the interfacial adhesion between GO and the substrate. This resulted in the formation of a
layer of GO on the surface and within the pores of the polyethylene scaffold (Figures 1 and 2).
Validation experiments demonstrated that this method accurately determined OME in human saliva
samples with high precision and good sensitivity. The GO-Tabs could be re-used for at least up to
ten extractions. GO-Tabs are a novel advance in sample preparation sorbent development and as a
potential sorbent, it can be applied in other complex solutions in the near future.
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