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Carbon is an essential element of all
organic compounds and is regarded
as a building stone of all living organ-

isms. In nature, elemental carbonexists in two
well-known forms, that is, soft graphite and
hard diamond. Thus, carbon is said to display
allotropy, a feature of a chemical element to
occur in several different stable structural
forms with significantly different physical
properties. Nanotechnology approaches,
which underwent a dramatic boom in the
late 20th century, have given rise to other
structurally distinct forms of carbon, often
referred to as carbon nanomaterials. They
include fullerene,1 nanodiamond,2 carbon

quantum dots,3,4 carbon nanotubes5 and na-
nofibers,6 carbon nanobuds,7 graphene,8�10

carbon nanohorns,11 and carbon (graphene)
nanoribbons.12�14 With respect to their di-
mensionalities, carbon nanomaterials can be
divided into threegroups: (i) zero-dimensional
(0D) structures such as fullerene, carbon
quantum dots, and nanodiamonds, (ii) one-
dimensional (1D) structures such as carbon
nanotubes and carbon nanohorns, and (iii)
two-dimensional (2D) structures such as gra-
phene, carbon (graphene) nanoribbons, and
few-layered graphenes. (Graphite and dia-
mond are classified as 3D carbon allotropes.)
Other classification criteria involve types of
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ABSTRACT Owing to the three different orbital hybridizations carbon can

adopt, the existence of various carbon nanoallotropes differing also in dimension-

ality has been already affirmed with other structures predicted and expected to

emerge in the future. Despite numerous unique features and applications of 2D

graphene, 1D carbon nanotubes, or 0D fullerenes, nanodiamonds, and carbon

quantum dots, which have been already heavily explored, any of the existing

carbon allotropes do not offer competitive magnetic properties. For challenging

applications, carbon nanoallotropes are functionalized with magnetic species, especially of iron oxide nature, due to their interesting magnetic properties

(superparamagnetism and strong magnetic response under external magnetic fields), easy availability, biocompatibility, and low cost. In addition,

combination of iron oxides (magnetite, maghemite, hematite) and carbon nanostructures brings enhanced electrochemical performance and

(photo)catalytic capability due to synergetic and cooperative effects. This work aims at reviewing these advanced applications of iron-oxide-supported

nanocarbon composites where iron oxides play a diverse role. Various architectures of carbon/iron oxide nanocomposites, their synthetic procedures,

physicochemical properties, and applications are discussed in details. A special attention is devoted to hybrids of carbon nanotubes and rare forms

(mesoporous carbon, nanofoam) with magnetic iron oxide carriers for advanced environmental technologies. The review also covers the huge application

potential of graphene/iron oxide nanocomposites in the field of energy storage, biomedicine, and remediation of environment. Among various discussed

medical applications, magnetic composites of zero-dimensional fullerenes and carbon dots are emphasized as promising candidates for complex

theranostics and dual magneto-fluorescence imaging.

KEYWORDS: carbon allotropes . carbon nanotube . fullerene . graphene . graphene oxide . carbon quantum dot .
mesoporous carbon . carbon foam . core�shell nanoparticles . functionalization . γ-Fe2O3

. R-Fe2O3
. Fe3O4
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covalent bonds (sp2 and sp3) between carbon atoms in
a respective carbon nanoallotrope or morphological
features of carbon nanoallotropes (e.g., empty internal
space vs “flat” or curved structures). Besides these
carbon nanomaterials, which have been extensively
covered in the literature, other nanosized members of
the carbon family have been reported, such as carbon
nanofoam15 and aggregated diamondnanorods.16,17 In
terms of orbital hybridization, carbon is found to display
sp3, sp2, and sp1 configurations, allowing existence a
great variety of crystalline and disordered structures.
According to the recent theoretical studies, other possi-
ble forms of carbon have been predicted, including
body-centered tetragonal carbon (bct carbon),18

T-carbon,19 M-carbon,20 nanorope,21 and prismane
C8.

22 Thus, in the near future, new carbon nanoallotropes
are expected to emerge, enriching significantly the
carbon family. The structures of the most frequently
studied carbon (nano)allotropes are depicted in Figure 1.
Despite many unique material features, carbon

(nano)allotropes show they miss some properties,
which restricts their application portfolio and makes
them unfit for some practical fields. Thus, carbon
nanomaterials are frequently surface-modified by sui-
table functional groups to enable attachment of various
organic and inorganic substances in order to enrich the
properties and, hence, the application potential of the
resulting hybrid system.23�28 The covalent or noncova-
lent attachment of various compounds may tune the
physicochemical features of the carbon nanomaterials
due to synergetic effects and bring new characteristics
that are not shown by the carbon nanostructures alone.
These nanocomposite systems then become competi-
tive materials in various fields where carbon nanoma-
terials themselves are not so attractive or they offer a
good substitute for other (nano)materials with worse
efficiency in a given application. One of the properties
that carbon nanomaterials do not possess is amagnetic
response if placed under external magnetic fields (or
the response is very small as, for example, in graphene29

or fullerene30). Thus, there have been a series of suc-
cessful attempts reported to endow carbon-based
nanocomposites with magnetic properties. Out of all

VOCABULARY: Allotropy - a property of a chemical

element showing potentiality to exist in two or more

distinct forms differing in the crystal structure and having

thus significantly distinct physical properties;Nanocom-

posite - a system composed of two or more phases, where

at least one of the components has one, two, or three

dimensions of less than 100 nm; Functionalization - a

process of modification of (nano)material contact surface

with substances of diverse chemical nature enriching the

combined architecture with physical, chemical, or biolo-

gical features that are different from those exhibited by

the (nano)material alone;Covalent functionalization - a

type of functionalization when the two ormore chemically

or physically distinct species in a nanocomposite are

combined together via functional groups (e.g., �OH,

�COOH, �OOH, �F, �NH2, �SH, �OP(dO)(OH)2), estab-

lishing covalent bonds among the components involved in

the nanocomposite. This, among others, enables to alter

the properties of individual nanocomposite components

via cooperation and synergetic effects, bringing new

functions, features, and capabilities of the nanocomposite,

enhancing its application potential;Physical adsorption -

a process of nanocomposite formation when various

structures, substances, and/or compounds are adsorbed

on a surface of a given nanomaterial, exploiting its large

surface area. Thephysical adsorption ismediated by forces

of physical nature acting between nanocomposite com-

ponents including electrostatic Coulomb forces, unba-

lanced valence forces of atoms at the surface, van der

Waals forces, etc.; Superparamagnetism - a magnetic

phenomenon when a nanoparticle's magnetic moment

(i.e., a superspin;a vector sumof all atomic (ion)magnetic

moments inside the nanoparticle) spontaneously fluctu-

ates between directions along easy axes of magnetization

established by the nanoparticle magnetic anisotropy; in

each direction, the superspin stays for a certain time

before flipping known as the relaxation time. The nano-

particle's superspin oscillations are triggered by a tem-

perature when a thermal energy exceeds energy of

anisotropy barrier(s) separating energetically favorable

superspin directions. The temperature at which super-

paramagnetic fluctuations occur (the so-called blocking

temperature) depends, among other factors, on the parti-

cle size, material's magnetic anisotropy energy constant,

strength of external magnetic field, and characteristic time

of the measuring technique. In other words, at a certain

temperature, nanoparticles become superparamagnetic

once their size falls downbelow a threshold limit particular

for anymaterial showing long-rangemagnetic ordering in

the bulk form;Bioimaging - imaging of tissues and organs

in the living organisms employing (nano)materials as

contrast or photoluminescence-active agents. Nanoparti-

cles showing a superparamagnetic property (e.g., iron

oxide nanoparticles) are often used inmagnetic resonance

imaging (MRI) and magnetic particle imaging (MPI) di-

agnostic approaches, whereas quantum dots (of carbon

nature) play a significant role in diagnostics exploiting

their fluorescent properties;Magnetic delivery - a way to

deliver a biologically active compound (e.g., a drug) to a

target place in a living organism employing a magnetic

nanoparticle as its carrier; the complex can be easily

magnetized by a homogeneous external magnetic field

and controllably driven to a particular site by magnetic

forces generated by a magnetic field gradient; Lithium-

ion battery - a member of a class of rechargeable battery

types based on passage of lithium ions from the negative

electrode to the positive electrode during discharge and

back when charging undergoing intercalation and dein-

tercalation processes, respectively.
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the possible magnetic substances that carbon nano-
materials can be decorated with, nanosized iron oxides
[especially,γ-Fe2O3 (maghemite) and Fe3O4 (magnetite)]
hold a paramount position.31 They show not only inter-
esting magnetic properties (e.g., a strong magnetic
response under small applied magnetic fields, super-
paramagnetism, tunable heating performance in alter-
nating magnetic fields) but also favorable biochemical
characteristics (e.g., biocompatibility, biodegradability,
nontoxicity).32,33 In addition, combination of iron oxides
and carbon nanostructures brings enhanced electroche-
mical performance and (photo)catalytic capability of the
hybrids due to cooperative effects, thus making them
very promising, for example, in the field of chemical
degradation of various organic and/or inorganic com-
pounds and in energy storage. Besides this, iron oxide/
carbon nanoallotrope composites show improved sen-
sing properties, providing feasible detection of various
organic compounds and biomolecules.
In these nanocomposites, iron oxides play two roles.

They are considered to behave passively when they act
as an agent providing the hybrid with the capability
to be targeted or separated by applying a magnetic
field gradient (e.g., removal of the pollutants adsorbed
on the surface of a magnetic nanocomposite, carriers

of compounds to be delivered to a target site). On the
other hand, they perform an active function if the
hybrid is designed for diagnostic (MRI imaging)
and/or theranostic (biological imaging and therapy)
purposes or photocatalytic applications. In addition,
iron oxides are found to be extremely valuable in nano-
composites explored for anode materials for lithium-
ion batteries as they readily undergo conversion- or
displacement-type reactions (i.e., MOx þ xLiþ þ xe� T

M þ LiO2, where M is the metal) to store energy.
Similarly, different carbon allotropes show different
applicability as their physicochemical properties
are governed by their structure and dimensionality.
For example, to form a more conductive material, it is
beneficial to introduce highly conductive graphene.
However, for some photocatalytic applications, it may
be more effective to exploit the photoactive carbon
quantum dots.
In this review, in order to highlight the extraordinary

position of carbon nanomaterials in the current mate-
rials science, we first provide an overview of the basic
carbon (nano)allotropes, their physicochemical pro-
perties, preparation routes, and applicability in various
practical fields. Afterward, we review the syntheses,
properties, and current or proposed applications of
carbon nanostructures functionalized with nanosized
iron oxides. Specific attention is devoted to nanocom-
posites containing iron oxides with carbon nanotubes,
graphene and graphene oxide, fullerenes, carbon
quantum dots, mesoporous carbon, and carbon foam.
Future perspectives and directions in the field of
magnetic carbon nanocomposites are also discussed
with regard to their application potential.

Overview of Basic Carbon Allotropes, Their Physicochemical
Properties, Syntheses, and Applications. Diamond and Gra-

phite. Diamond, the hardest known natural mineral,
has tetrahedrally coordinated sp3 carbon atoms that
form an extended three-dimensional network adopt-
ing features of the face-centered cubic Bravais lattice.
In contrast, graphite has three-coordinated sp2 carbon
atoms arranged in a honeycomb lattice with layered
planar structure, where the sheets of the carbon atoms
are held together by weak van der Waals forces. The
different layout of carbon atoms in the lattice of
diamond and graphite endows them with completely
different physical properties (e.g., graphite is opaque
and metallic to earthy-looking, whereas diamond is
transparent and brilliant).

Fullerenes. In 1985, a new carbon allotrope, known
as fullerene, was discovered by Kroto et al.1 while
studying the nature of carbon in interstellar space.
It was named after Richard Buckminster Fuller, a vision-
ary architect famous for the design of geodesic domes
which have structural characteristics resembling
those of spherical fullerenes. In fullerenes, the closed-
cage structure is established by the presence of five-
membered rings; the arrangement of carbon atoms is

Figure 1. Allotropes of carbon: (a) graphite; (b) diamond; (c)
lonsdaleite; (d) single-walled carbon nanotube; (e) multi-
walled carbon nanotube; (f) fullerene C60; (g) fullerene C76;
(h) carbon nanohorns; (i) onion-like carbon; (j) graphene; (k)
carbon nanoribbons.
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not planar but rather slightly pyramidalized as a result
of a “pseudo” sp3 bonding component present in the
essentially sp2 carbons.34 Among the known forms of
fullerenes, C60 is regarded as themost symmetrical and
stable fullerene molecule.34 It consists of 20 hexagonal
and 12 disjoint pentagonal faces where a carbon atom
is located at each corner of the individual polygons;
the polygons are arranged into highly symmetric
truncated icosahedrons. The van der Waals diameter
of C60 is ∼1.1 nm, and its nucleus-to-nucleus diameter
is ∼0.71 nm.35 The C60 molecule is often said to be
not “superaromatic” because of its tendency to avoid
formation of double bonds in the pentagonal rings.25

As a result, poor electron delocalization is observed,
and thus the C60 molecule, behaving like an electro-
phile with a large electron-acceptor capability (i.e.,
able to reversibly accept up to six electrons), reacts
readily with electron-rich species.34 Besides C60, other
fullerenes have been reported, such as C70, C76, C82,
and C84.

36 C60 and other larger fullerenes are routinely
produced by a low-pressure method in which an
electric discharge is passed across a gap between
two carbon electrodes in a helium atmosphere.34

Alternatively, they can be formed using laser vaporiza-
tion of carbon or arc vaporization of graphite in an inert
atmosphere.37 From the viewpoint of physical proper-
ties, fullerenes and their derivatives have generated
significant interest due to their remarkable optical
characteristics,38 heat resistance,39 superconductivity,40

and ferromagnetic behavior with Curie temperatures
(up to∼33 K) much higher than those reported for any
organic magnets.41,42 Most of the fullerene derivatives
are described as soft organic ferromagnets when the
low-temperature long-range magnetic ordering is,
among other factors, governed mainly by orientational
ordering of C60

� ions, short C60�C60 distances along
the fullerene c structural axis, and presence of ions
of a charge transfer compound.41,42 Fullerenes are
frequently functionalized (see Figure 2) with a variety
of organic and inorganic compounds to extend
their range of potential applications. Functionalized

fullerenes have found promising applications in the
field of medicine (antioxidants and neuroprotective
agents,43 enzyme inhibition,44 antimicrobial activity45),
electronics (organic solar cells,46�49 liquid crystals,50

photocurrent generation devices,51 etc.), and catalysis
(sensors).52 The discovery of fullerenes stimulated an
eminent interest in carbon chemistry, which in turn
intensified attempts to produce new carbon-based
nanostructures.

Carbon Nanotubes. In 1991, Iijima discovered a
new structural form of carbon, known as multiwalled
carbon nanotubes, in a carbon soot prepared by an
arc-discharge method;5 2 years later, he observed
single-walled carbon nanotubes.53 A single-walled
carbon nanotube is a graphene sheet that is rolled to
form a cylinder with a typical diameter from ∼0.4 to
∼2 nm.54,55 In contrast, amultiwalled carbon nanotube
comprises concentric cylinders with an interlayer spa-
cing of 0.34 nm and a typical diameter ranging from
∼2 to ∼25 nm; the rolled graphene sheets are
held together by van der Waals interactions.54,55 The
length of single-walled and multiwalled carbon nano-
tubes can reach hundreds of micrometers or even
centimeters.56 The aspect ratio (i.e., length-to-diameter
ratio) frequently exceeds 10 000, and thus, carbon
nanotubes have been suggested to be the most
anisotropic materials ever produced. Besides the di-
ameter and length, chirality (the angle between the
hexagons and the nanotube axis) is another key pa-
rameter of the carbon nanotube.54,55,57�60 Depending
on the chirality, the carbon atoms around the nano-
tube circumference can be arranged in several ways
of which arm chair, zigzag, and chiral patterns (see
Figure 3) are the most common examples.54,55,57�60 In
carbon nanotubes, the carbon atoms are held together
by sp2 bonds, endowing them with a unique strength.
It turns out that the properties of carbon nanotubes
significantly depend on the way the graphene sheets
are rolled, their diameter and length, their morphol-
ogy, and defects. Carbon nanotubes are found to
be among the strongest and stiffest materials yet
discovered and existing in nature (Young's modulus
of ∼1.2 TPa and tensile strength of ∼100 GPa,
about 100 times higher than steel).54,55,57�60 The elec-
trical properties of carbon nanotubes are markedly

Figure 3. Structure of (12,0) zigzag, (6,6) armchair, and (6,4)
chiral single-walled carbon nanotube. Reprinted with per-
mission from ref 59. Copyright 2007 American Physical
Society.

Figure 2. Covalent chemical functionalization of fullerene
surface (silane, alkene, carboxylate, and carbohydrate
modifications). Reprinted with permission from ref 24.
Copyright 1996 American Association for the Advancement
of Science.
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governed by their chirality and diameter; single-walled
carbon nanotubes can be either a metal, semiconduc-
tor, or small-gap semiconductor. Because the nano-
tube diameter lies in the nanometer range, electrons
propagate only along the axis of the nanotube
and their transport involves quantum effects. Thus,
carbon nanotubes are sometimes referred to as
one-dimensional conductors. The remarkable optical
properties of carbon nanotubes include absorption,
photoluminescence, and Raman scattering.54,55,57�60

Moreover, carbon nanotubes possess excellent ther-
mal and chemical stability. Owing to their large surface
area, they can be readily functionalized; three different
approaches are possible (see examples in Figure 4):23,61

(i) covalent attachment of chemical groups through
reactions on the π-conjugated skeleton of carbon
nanotubes, (ii) noncovalent adsorption of various func-
tional molecules, and (iii) endohedral filling of their
inner empty cavity. Three main methods are used to
produce carbon nanotubes,57,60 such as electric arc-
discharge (EAD), laser ablation (LAB), and chemical
vapor deposition (CVD). EAD- and LAB-based synthetic
procedures involve vaporization of graphite samples,
whereas in the CVD-based method (exploited for
commercial production of high-purity carbon nano-
tubes), carbon-containing vapor is passed over sup-
ported metal catalyst nanoparticles (nickel, cobalt,
iron) in a furnace. Up to now, carbon nanotubes have
been applied or proposed as attractive candidates in
many fields of human activity including strength re-
inforcement elements in composites, components in
energy and gas storage devices, building blocks in
nanoelectronics (e.g., transistors and logic, memory,
and sensory devices), fillers in polymer matrixes, mo-
lecular tanks, and tools in medicine (e.g., drug delivery

carriers, components in gene delivery systems, and
photothermal therapy).57,60 Besides application-related
areas, carbon nanotubes are widely considered a sui-
table model system for studying various quantum
phenomena occurring in quasi-1D solids, such as
single-electron charging,62 ballistic transport,63 weak
localization,64 and quantum interference.65

Graphene. Graphene (sometimes referred to as
“the thinnest material in our universe”), a flat 2D planar
monolayer of sp2-bonded carbon atoms arranged
in a two-dimensional hexagonal honeycomb lattice
and first isolated in 2004,8 constitutes another carbon
allotrope that can be viewed as the building unit of
3D graphite (stacking of graphene sheets), 1D carbon
nanotubes (rolling of a graphene sheet), or 0D ful-
lerenes (wrapping of a graphene sheet) (see Figure 5).66

In graphene, two equivalent carbon sublattices can be
identified. There are three extremely strong σ bonds
connecting each carbon to its three nearest neighbors,
giving rise to themechanical stability of the sheet; each
carbon atom has a π orbital contributing to a deloca-
lized network of electrons, which is responsible for its
electron conductivity.67�71 In order to maintain stabi-
lity, the graphene layer contains “intrinsic” ripples with
an amplitude of ∼1 nm. The ripples can be induced
externally to tune the local electrical and optical fea-
tures of graphene to meet the requirements of a given
application. Proper graphene behaves as a semimetal
or zero-gap semiconductor. Besides this, graphene
shows unique physical properties, including large
values of intrinsic mobility (∼200 000 cm2 V�1 s�1),
Young's modulus (∼1 TPa), theoretical surface area
(∼2630 m2 g�1), thermal conductivity (∼5000 Wm�1

K�1), and optical transmittance (∼97.7%).26,67�69 More-
over, in the field of physics, graphene has been used to
study interesting physical phenomena, such as ambi-
polar field effects,70,71 the quantum Hall effect at room
temperature,72 single-molecule adsorption events,73

giant magnetoresistance,74 DNA sequencing,75,76 etc.

Figure 5. Graphene as a building block of a fullerene,
carbon nanotube, and graphite. Reprinted with permission
from ref 66. Copyright 2007 Nature Publishing Group.

Figure 4. Surface functionalization of the carbon nanotubes
with various functional groups. Reprinted with permission
from ref 61. Copyright 2010 Royal Society of Chemistry.
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If the size of the graphene sheet is reduced below
100 nm in all dimensions, graphene quantum
dots are formed that show physical phenomena gov-
erned by size and edge crystallography. Graphene
can be prepared by mechanical exfoliation, epitaxial
growth, chemical vapor deposition, and chemical ex-
foliation;8�10,26,67�69 currently, mechanical exfoliation
is considered the most convenient method for provid-
ing high-quality graphene samples. As in the case of
carbon nanotubes, graphene (and graphene oxide) can
be functionalized covalently (see examples in Figure 6)
and/or noncovalently with various functional groups
for secondary attachment of organic or inorganic com-
pounds.27,28,77 The covalent modification of graphene
sheet involves formation of oxygenated species such
as carboxyl, epoxy, and hydroxyl on the graphene
surface generating graphene oxide; these oxygenated
functional groups are then exploited for covalent
attachment of other compounds.77 On the other hand,
noncovalent functionalization is based on van derWaals
forces and/or π�π stacking of aromatic molecules on
the graphene sheet.77 Owing to the superior properties
of graphene and its derivatives,27,78 a wide spectrum of
applications has been proposed, including lightweight,
thin, and flexible yet durable display screens,79 field-
effect ballistic transistors,80�83 as an active component
in electrochromic devices (in the form of graphene
oxide),84 transparent conducting electrodes in liquid-
crystal displays,85 organic photovoltaic cells,86 organic

light-emitting diodes,87 components in optical modula-
tors,88 and conductive plates in ultracapacitors.89

Besides exploitations in technical branches, graphene,
graphene oxide, and graphene quantum dots have
been shown to bepromising candidates in various fields
of medicine, including drug/gene delivery90 and cancer
therapy,91 biosensing,92�94 and bioimaging.95 However,
the practical introduction of graphene into composite
materials is hampered by low production yields and
product purity.

Carbon Quantum Dots. Recently, carbon quantum
dots (or carbon nanoparticles) have attracted signifi-
cant interest owing to their unique quantum size
effects and strongly size-dependent electronic, optical,
and electrochemical properties.96 Carbonquantumdots
are carbon nanocrystals with a size in all dimensions
less than 10 nm and are composed of graphitic (sp2)
carbon. Besides many fascinating optical features such
as photoluminescence tuned by dot size and surface
functional groups (see Figure 7),97�102 nonlinear optical
response,103 photoinduced electron transfer,104 and
electrochemiluminescence,105 carbon quantum dots
offer several advantages over heavy-metal-containing
semiconductor-based quantum dots, including chemi-
cal inertness, biocompatibility, and low toxicity.96 They
can be prepared using both bottom-up and top-
downapproaches. The bottom-uppreparationmethods
are based on using molecular precursors (e.g., citric
acid, glucose, resin), whereas the top-down synthesis

Figure 6. Covalent functionalization of graphene or graphene oxide: I, reduction of graphene oxide into graphene employing
various approaches; II, covalent functionalization of reduced graphene through diazonium reaction; III, functionalization of
grapheneoxideupon reactionof grapheneoxideand sodiumazide; IV, reductionof azide-functionalizedgrapheneoxide toward
amino-functionalized graphene oxide; V, functionalization of azide-functionalized graphene oxide; VI, functionalization of
grapheneoxidewithalkyl chains; VII, esterificationof grapheneoxide;VIII, nucleophilic ring-opening reaction; IX,modificationof
graphene oxide with organic isocyanates. Reprinted with permission from ref 77. Copyright 2010 Royal Society of Chemistry.
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procedures start with larger carbon (nano)materials
(e.g., nanodiamonds, graphite, carbon nanotubes, car-
bon soots, activated carbon, graphene oxide). Carbon
quantum dots and their functionalized analogues
have been utilized mainly in medicine for diagnostic
purposes (bioimaging and biosensing).106,107

Iron-Oxide-Functionalized Carbon Nanotubes for Medical
Applications and Water Treatment. In general, a nanocom-
posite is a system composed of two or more phases,
where at least one of the components has one, two, or
three dimensions of less than 100 nm. Nanocomposite
systems can be found in nature, or they can be pre-
pared by a variety of synthetic procedures. The reason
for combining two or more phases together is that
a nanomaterial can be produced with interesting
properties stemming from the components involved.
In other words, due to synergy, nanocomposite mate-
rials show desirable combinations of physicochemical
properties that are not found in the individual compo-
nents. The resulting nanocompositemay then exhibit a
multifunctional character with several modes of action
simultaneously.

It is known that the properties of carbon nanotubes
can be improved or tuned by chemical modification to
meet the requirements of a given application.23,108,109

Hence, to increase the application potential of carbon
nanotubes, it is necessary tomodify themwith relevant
functional groups and/or nanoparticles in order to
integrate them into desired structures or attach suita-
ble nano-objects. It has been shown that decoration of
carbon nanotubes with compounds of different che-
mical nature can improve their dispersity in solvents110

and/or provide them with new optical, electrical, and
magnetic properties.111�114 As they have small size,
large surface-area-to-volume ratio, a layered structure,
and high chemical stability, carbon nanotubes are
frequently used as a supporting material for transition
metal nanoparticles acting as catalysts, increasing their
distribution and thus catalytic efficiency of the carbon
nanotube�metal nanoparticle nanocomposite.115 In
addition, because of their well-defined tubular mor-
phology (hollow cavities) and high aspect ratio, carbon
nanotubes can be used as templates for the prepara-
tion of other nano-objects or as nanosized reaction
vessels.116�118 Recently, it has been shown that che-
mical reactions, especially their course and final phase
composition of products, can proceed in a confined
space (i.e., within the nanochannels of carbon nano-
tubes) in a manner significantly different than that
observed in a size-unrestricted environment.119�122 In
addition, the confinement can modify the structure
and physicochemical properties of the nanomaterials
grown inside the channels of carbon nanotubes. In
particular, the redox properties of substances confined
inside the carbon nanotubes can easily be modified,
yielding hybrids appealing for many catalytic reactions
that highly depend on the redox state of the active
components.121,122 Moreover, theoretical studies have
predicted that deviation of the graphene layers from
planarity induces the π-electron density to shift from
the concave inner surface to the convex outer surface,
resulting in an electron-deficient interior surface and
an electron-enriched exterior surface of the carbon
nanotubes.123,124 Hence, a substance in contact with
either surface may show altered structural and elec-
tronic properties depending on the type and degree of
its attachment.

Carbon nanotubes, no matter whether single-
walled or multiwalled of nature, are diamagnetic125

(with a very weak field-induced magnetization having
an opposite orientation with respect to the direction
of the appliedmagnetic field), which precludes their use
in any magnetism-based applications. However, once
functionalizedwithmagnetic nanoparticles, they can be
used in various applications, such as for components in
magnetic data storage devices,126 toners and inks for
xerography,127 contrast agents in magnetic resonance
imaging,128 magnetic composites for drug delivery,129

ferrofluids,130 materials absorbing in the microwave
domain of the electromagnetic spectrum,131 optical
transducers designed for wearable electronics,132,133

advanced catalysts and sensors controllable and
separable by external magnetic fields,134 magnetically
separable adsorbents for removing various inorganic
and organic pollutants from aqueous solutions, etc. (see
below for detailed discussion of applications of carbon
nanotube/iron oxide-based hybrids).135�144

There are two possible approaches for decorating
carbon nanotubes with magnetic nanoparticles: (i)

Figure 7. Photoluminescenceproperties of carbonquantum
dots: (a) differently sized carbon quantum dots illuminated
under white (left) and UV light (right; 365 nm); (b) photo-
luminescence spectra of differently sized carbon quantum
dots (red, black, green, and blue lines represent photolumi-
nescence spectra of blue, green, yellow, and red emission
carbon quantum dots, respectively); (c) dependence of
photoluminescence properties of carbon quantum dots on
their size; (d) relationship between HOMO�LUMO gap and
the size of graphene fragments. Reprinted with permission
from ref 97. Copyright 2010 Wiley-VCH.
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attaching them to the exterior surface of carbon
nanotubes or (ii) placing them inside the channels of
carbon nanotubes. Modification of the exterior surface
of carbon nanotubes can be achieved in two ways,
that is, by covalent attachment of chemical groups
stemming from a suitable compound covering the
nanoparticle surface through reactions onto a π-
conjugated skeleton of carbon nanotubes and/or by
noncovalent adsorption or polymer-mediated wrap-
ping of various functional groups from the substance
covalently or noncovalently bound to the surface of a
nanoparticle.23 To place nanoparticles inside carbon
nanotubes, two strategies are often used which differ
in the number of preparation steps:145�149 (i) to cut
the end of carbon nanotubes and fill them with liquid-
containing precursors for formation of metal and/or
metal oxide nanoparticles (a two-step process) or
(ii) to grow metal and/or metal oxide nanoparticles
simultaneously with evolution of the carbon nanotube
skeleton (a one-step process).

Filling the Carbon Nanotubes with Magnetic Nano-

particles. In order to prepare nanoparticle-filled carbon
nanotubes, the phenomenon of spontaneous penetra-
tion of fluids (i.e., molten substances containing pre-
cursors for formation of metal and/or metal oxide
nanoparticles) into wettable capillaries is frequently
employed.123,150 There are two factors determining
the degree of nanotube filling, that is, the surface
tension of the fluid151 and the contact angle between
the pore walls and the fluid.122 It is known that carbon
nanotubes are wettable for liquids if their surface
tension is below 100�200 mN/m.152 However, in the
early stage of this method, a few drawbacks have been
reported including hardly controllable opening of the
nanotube ends, low filling efficiency (low level of filling),
presence of knars inside the carbon nanotubes, reac-
tions with carbon due to high melting points of metal
sources, formation of admixtures of iron and carbon
(e.g., Fe3C), etc.

153 Improvements of the filling method
have been suggested, such as the use of template to aid
growth of the carbon nanotubes. It has been shown
that if carbon nanotubes are synthesized within the
pores of an alumina (aluminum oxide) template (by
a method of noncatalytic chemical vapor deposition),
we get nanotubes with open ends and free of catalyst
particles (see Figure 8).117,133 Such prepared nanotubes
can be easily filled with suspensions of functional
nanoparticles and then separated from the alumina
membrane (see Figure 9).133 This strategy provides,
among others, to load carbon nanotubes with nano-
particles in large amounts. The magnetic properties of
carbon nanotubes filled with magnetic nanoparticles
depend on the amount and theway they are organized
inside the nanotubes. However, it is generally difficult
to control the distribution of magnetic nanoparticles
inside the channels of carbon nanotubes, resulting in
undesired agglomeration driven by strong interparticle

magnetic interactions. Sometimes, to improve the
magnetic properties of themagnetic nanoparticle-filled
carbon nanotubes, an external magnetic field is applied
during the synthesis as it affects the magnetic anisot-
ropy of the formed hybrid.133 In addition, an external
magnetic field may assist the penetration of magnetic
nanoparticles into the nanotube channels by over-
coming possible opposing forces (e.g., friction with
the nanotube walls). For nanotubes with very small
diameter, it is believed that the filling process is
predominantly driven by capillary forces with almost
negligible effect of the external magnetic field.

The methods used to prepare carbon nanotubes
filled with magnetic nanoparticles include the arc-
discharge evaporation technique,154 capillary action-
based technique,150 wet chemical method,155

template carbonization method,117 spray pyrolysis,145

catalyzed hydrocarbon pyrolysis,156 condensed phase
electrolysis,157 etc. In principle, wet chemical ap-
proaches are considered the most simple and versatile
methods for catalysis in terms of applicability to most
metals. It has been shown that shortening the carbon
nanotubes reduces the transport resistance associated
with filling the nanotube channels with solutions of
precursors for formation of iron oxide nanoparticles.122

Nanotube shortening can be achieved by, for
example, a controlled oxidation process catalyzed by

Figure 8. (a) Scheme of the preparation of carbon nano-
tubeswith open ends. (b) Transmission electronmicroscopy
(TEM) image demonstrating inclusion of iron oxide nano-
particles inside carbon nanotubes. Reprinted from ref 117.
Copyright 1998 American Chemical Society.
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Ag nanoparticles (see Figure 10).122 In addition, it has
been suggested that ultrasonic treatment and stirring
may expel air from the nanotube cavity, making it
easier for the precursor-containing fluid to enter the
nanotube channels.122 Alternatively, the nanotube
channels can be filled with iron oxide precursors in a
vapor state. This is usually achieved by employing the
metal�organic chemical vapor deposition (MOCVD)
technique.117 It has been identified that the pressure of
the vapor and MOCVD temperature and time period
greatly influence the size and number of iron oxide
nanoparticles formed inside the carbon nanotube.

The most frequently used precursors for iron
oxide nanoparticle synthesis include iron(III) nitrate
(Fe(NO3)3),

121,158,159 iron pentacarbonyl (Fe(CO)5),
160

ferrocene (Fe(C5H5)2),
117,145,146,161�163 ferrocene�

Fe3(CO)12 mixture,145 and the Fe�urea coordination
complex (Fe[(NH2)2CO]6(NO3)3).

145 In most cases, iron
nanoparticles are formed in the first step; these iron
nanoparticles are then subjected to oxidation to
obtain iron oxide phases (Fe3O4 or γ-Fe2O3). Before
filling the nanotubes with iron precursors, it is advisible
to wash them to remove any catalyst that could give

rise to formation of unwanted phases, degrading the
properties of the hybrid.

Besides the strategy to fill nanotubes with a ferro-
fluid or iron oxide precursor in solution, prepared in a
separate step, magnetic nanoparticle-loaded nano-
tubes can be synthesized in a single step when the
nanotube skeleton and magnetic nanoparticles are
formed simultaneously (i.e., in situ synthesis). In such
cases, the suitably chosen precursor (e.g., ferrocene)
acts as a source for both the carbon nanotubes and
iron and/or iron oxide nanoparticles.145

Decorating the Exterior Surface of Carbon Nanotubes

with Magnetic Nanoparticles. As it turns out, filling
carbon nanotubes with nano-objects is not such a
trivial process as a series of problems must be over-
come to obtain a hybrid with the required chemical
composition and properties. Thus, another approach
to functionalize carbon nanotubes has been suggested
based on modification of their outer surfaces.23,108,109

It is well-known that the convex surface of carbon
nanotubes can be used to transfer mass or ions, sup-
port host compounds (e.g., organic small molecules,
complexes, surfactants, macromolecules, metals,

Figure 9. (a) Strategy for filling carbon nanotubes with magnetic nanoparticles. (b) TEM image showing iron oxide
nanoparticles inside carbon nanotubes. Reprinted from ref 133. Copyright 2005 American Chemical Society.

Figure 10. Procedure for cutting carbon nanotubes and filling them with magnetic nanoparticles. The inset shows their
particle size distribution inside the carbon nanotubes. Reprinted from ref 122. Copyright 2011 American Chemical Society.

REV
IEW



TU�CEK ET AL. VOL. 8 ’ NO. 8 ’ 7571–7612 ’ 2014

www.acsnano.org

7580

oxides, and quantum dots), and act as a substrate.
In general, the attachment of nanoparticles on the
exterior surface of carbon nanotubes can be realized
in two ways:164�172 by direct or indirect connection.
In the case of direct linkage, the large surface area of
both carbon nanotubes and nanoparticles promotes
physical adsorption, establishing noncovalent interac-
tion between the two counterparts holding them
together. Another possibility involves charging the
surface of a nanoparticle and carbon nanotube with
an opposite charge; the binding then occurs by evolu-
tion of electrostatic interactions between the nanocom-
posite components.134,153 For an indirect connection,

a compound and/or functional group (e.g., �OH,
�COOH) mediating a bond between the nanoparticle
and carbon nanotube is required. In such a strategy,
the surfaces of either nanoparticles or carbon nano-
tubes or both of them are functionalized with suitable
substances favoring the formation of a link, particu-
larly of covalent nature. It has been reported that if
the connection between the carbon nanotube and the
surface-modifying substance (e.g., pyrene) exploits
the π�π stacking interactions173 the attachment is
weak and may get weaker due to the weight of
nanoparticles. Regardless of the strategy, the loading
capability mainly depends on the available surface

Figure 11. (a) Cartoon of cationic multiarm multiwalled carbon-nanotube-based “nanocatcher” and scheme of synthetic
steps towards polyelectrolyte-grafted multiwalled carbon nanotubes functionalized with anionic Fe3O4 nanoparticles
(MWNT = multiwalled carbon nanotube, MWNT-g-PAm = polyamine-grafted multiwalled carbon nanotube, MWNT-g-PAmI =
polyelectrolyte-grafted multiwalled carbon nanotube). (b) TEM images showing manipulation of sheep red blood cells with
magnetic hybrids attached to the cell (magnetic nanotubes are indicated by black arrow; the frequency and intensity of the
magnetic field usedwere 0.5 Hz and12.7 A/m, respectively). Reprinted from ref 153. Copyright 2006American Chemical Society.
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which is generally much larger for single-walled
carbon nanotubes than for multiwalled counterparts.
Alternatively, the guest compounds can be attached
to the nanotube outer surface by chemical vapor
deposition.174

The examples of loading of iron oxide nanoparticles
on the exterior surface of nanotubes are shown in
Figures 11�15. The synthetic procedure toward mag-
netic multiwalled carbon nanotubes, depicted in
Figure 11a, involves two stages:153 (i) covalent grafting
of cationic polymeric chains onto the surface of the
multiwalled carbon nanotubes forming nanocatchers
(see Figure 11a), and (ii) attachment of iron oxide
nanoparticles to the polyelectrolyte-coated multi-
walled carbon nanotubes. First step involves oxidation
of multiwalled carbon nanotubes using fuming HNO3

followed by reactionwith thionyl chloride and glycol to
produce the ester. Transformation of this group into
2-bromodimethylpropionyl residue constitutes the key
step for further polymerization with diethylaminoethyl
methacrylate. Reaction with methyl iodine provides
the positively charged dimethylamino groups which
can then electrostatically react with anionic Fe3O4

nanoparticles. The prepared nanocomposite was

successfully tested for biomanipulation purposes as
shown in Figure 11b.

Figure 12 shows an alternative synthetic process
toward assembly of functionalized carbon nanotubes
decorated with both Fe3O4 nanoparticles and polyani-
line molecules.175 The first step involves oxidation of
carbon nanotubes in strong acid followed by in situ

synthesis of Fe3O4 under basic conditions (NH3) and
in nitrogen atmosphere. Further functionalization was
obtained by adding aniline under mild oxidative con-
dition (FeCl3) after 15 h at low temperature (0�5 �C).

The synthetic steps needed for the preparation of
PEG-grafted carbon nanotubes functionalized further
with magnetic iron oxide/silica nanoparticles are pre-
sented in Figure 13.171 First step uses amixture of nitric
and sulfuric acid followed by silanization using SiCl4 in
basic conditions. This precursor can be used to pro-
duce PEG-functionalized carbon nanotubes by reac-
tion with the silane moieties that can be used to
assemble magnetic heterosystems by interaction with
the preformed core�shell Fe3O4/SiO2 nanoparticles.

A sophisticated way to covalently attach iron oxide
nanoparticles on the exterior surface of carbon nano-
tubes is shown in Figure 14.168 The synthesis of the
carbon nanotube/iron oxide hybrid involves oxidation
of the carbon nanotube surface under strong acid
conditions followed by some dehydration to afford
alcoholic residues (�OH) due to high-temperature
heating (1 h, 120 �C) within the reaction. Activation
of the acid group of the poly(acrylic acid) (PAA) with
N,N0-dicyclohexylcarbodiimide (DCC) and 4-dimethy-
laminopyridine (DMAP) allows formation of an ester
group in which PAA becomes directly attached to the
surface of the carbon nanotubes. The free carboxy-
late residues of PAA were then reacted with amino-
functionalized Fe3O4 nanoparticles, and amide bonds
were formed, affording carbon nanotube/Fe3O4

nanocomposites.
A simple procedure toward carbon nanotube/iron

oxide hybrids is depicted in Figure 15.172 First, carbon
nanotubes were reacted under mild conditions (60 �C)

Figure 12. Schematic representation of the preparation steps
toward the carbon nanotube/Fe3O4/PANI hybrid (NPs =
nanoparticles). Reprinted with permission from ref 175. Copy-
right 2008 Elsevier B. V.

Figure 13. (a) Scheme of reaction pathway toward PEG-grafted carbon nanotubes with possible further functionalization by
magnetic iron oxide silica nanoparticles. (b) Representative TEM image of the carbon nanotube/Fe3O4/SiO2 nanoparticle
hybrid (Fe3O4 nanoparticles encapsulated within silica sphere with a diameter of ∼35 nm). Reprinted with permission from
ref 171. Copyright 2009 Elsevier B. V.
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with strong acid mixture (H2SO4/HNO3) to promote
formation of acid groups on the exterior wall of carbon
nanotubes. Then, the oxidized intermediate was re-
acted in situ with ferric acetylacetonate (Fe(acac)3)
using N-methylpyrrolidone as the nanoparticle's cap-
ping agent to give the carbon nanotube/iron oxide
assembly.

Overview of Applications of Carbon Nanotube/

Iron Oxide Hybrids. As already briefly outlined above,
carbon nanotubes functionalized with magnetic iron
oxide nanoparticles have been used in various applica-
tions in the biomedical, environmental, electronics,
and other fields. The utilization of the inherent physical
properties of the carbon nanotubes can be tuned
when using magnetic carbon nanotube composite

materials as the carbon nanotubes can be aligned by
application of an external magnetic field.126,133,176 It is
believed that owing to the magnetic alignment in
these composite materials they can then be applied
in filters, wearable electronics, changeable diffraction
gratings, data storage, memory devices, polarizers,
etc. Additionally, the alignment of magnetic carbon
nanotube additives in the matrix of other materials
can enhance the properties of these materials. This
has been shown for polymers, where an increase
in the mechanical strength and conductivity has
been demonstrated by adding magnetic carbon
nanotubes.177,178 Kim and colleagues177 showed that
the orientation of the carbon nanotubes in the polymer
matrix can affect the conductivity of the polymer in

Figure 14. Scheme describing the synthetic protocol toward magnetic carbon nanotube/Fe3O4 nanocomposites (MWCNT =
multiwalled carbon nanotube, PAA-g-MWCNT = poly(acrylic acid) (PAA)-grafted multiwalled carbon nanotube). Reprinted
with permission from ref 168. Copyright 2010 Wiley Periodicals, Inc.

Figure 15. Scheme of preparation steps toward carbon nanotube/iron oxide hybrids employing N-methylpyrrolidone as a
capping agent (CNT = carbon nanotube). Reprinted with permission from ref 172. Copyright 2009 Elsevier B. V.
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different directions, with a higher conductivity in direc-
tions parallel to the external magnetic field. Recently,
Cava et al.179 prepared iron-oxide-filled carbon nano-
tubes and tested them successfully as functional
components in resistive memory devices. It was dem-
onstrated that the electronic properties of these
hybrids are governed by hopping charge transfer
phenomena that occur both between the nanotube
shells and between the iron oxide filling and the
nanotube. Along with iron oxide oxygen migration,
these processes promote bipolar resistive switching
between the two different electronic states. Thus, if an
external electric field is applied in different directions,
the hybrid is still found in the same electronic condi-
tions unless the space charge at the filling changes its
polarization.

Some of themost interesting applications of carbon
nanotube/iron oxide composite materials come from
the biomedical field. Works by Freedman et al.180 and
Singhal et al.181 have shown that a magnetic carbon-
nanotube-tipped pipet can be used to transfer liquid
into and within a single cell, as well as for fluorescence
and electrochemical probing of the cell (see Figure 16).
Interestingly, the use of this carbon-nanotube-based
cellular endoscope allows for the magnetic relocation
of the tip in the cell by application of a magnetic field.
This provides far more precise probing of the cell than
can be achieved when using normal techniques.

Since the report by Syljuki�c and colleagues182

showed that the assumed hydrogen peroxide detection
ability of carbon nanotubes is actually due to iron oxide
nanoparticles, there has been an increase in the use of
the carbon nanotube/iron oxide composites as sensors.
These magnetic carbon-nanotube-based materials
have now been applied as electrochemical biosensors

(paracetemol,183 glucose,184 and dopamine134) and gas
sensors162 by taking advantage of the inherent con-
ductivity of carbon nanotubes.

The magnetic properties of these composites have
allowed them to be applied as contrast agents in MRI
diagnostic techniques185,186 (see Figure 17) as well as
in magnetic field directed fluorescence and surface-
enhanced Raman spectroscopy cell imaging.187,188

Interestingly, Lu and co-workers189 have shown that by
directing the magnetic carbon nanotube/doxorubicin
composite with an external magnetic field, chemother-
apeutic drugs can be delivered directly to cancer
cells. Additionally, the magnetic carbon nanotube/
doxorubicin composite displayed an enhanced cytoxi-
city toward cancer cells, indicating the unique appli-
cation of these types of drugs.

Carbon nanotube/iron-oxide-based nanocompo-
sites have also been used in water purification as
adsorbents. The benefit of these types of adsorbents
is that they are easily influenced by external magnetic
forces. As such, separation of the adsorbents with
adsorbed pollutants from the clean water is easier
than in other purification methods. It has been shown
that these materials can successfully remove inorganic
[Ni(II),190 Sr(II),190Cr(III) (seeFigure18),191 Eu(III),142As(III),192

As(IV),192 Pb(II),193 etc.] as well as organic pollutants
(methylene blue,194 neutral red,194 1-napthol,193

brilliant cresyl blue,143 etc.) from contaminated water.
Normally, the adsorption capacity of the nanocompo-
site is larger than that of the unmodified carbon
nanotubes due to additional surface area brought by
iron oxide nanoparticles. Remarkably, in some circum-
stances (pH, ionic strength), the adsorption capacity
of the nanocomposite material is larger than the
sum of the separate components.190 Other novel and

Figure 17. Magnetically based modulation of the uptake of
carbon nanotube/iron oxide hybrids by the PC3 tumor cells
(the cells incubated with 10 mg mL�1 of magnetic carbon
nanotubes for 20 h in the presence of a magnet placed
underneath the culture dish). The magnetic hybrids were
attracted to the area with the highest magnetic gradient at
the periphery of the magnet, resulting in a higher cellular
uptake (top) compared to the regions outside the magnet
(bottom). Reprinted with permission from ref 186. Copy-
right 2013 Royal Society of Chemistry.

Figure 16. Comparison between cellular endoscopes and
glass pipettes. (a) Scheme showing a conventional glass
pipet (left) and a nanotube endoscope (right). (b) HeLa cell
(left) being injectedby a 1mmcommercial glass pipet, and a
primary rat hepatocyte nucleus (right) being interrogated
by a 100 nm nanotube endoscope. Reprinted with permis-
sion from ref 181. Copyright 2011 Macmillan Publishers
Limited.
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appealing applications of magnetic carbon nanotubes
include catalysis,195,196 magnetorheological fluids,197

and chromatography in a single carbon nanotube.198

Composites of Graphene and Graphene Oxide with Iron Oxides
in Energy Storage, Medical, Sensing, Catalytic, and Environmental
Applications. Currently, graphene is one of the most
studied nanomaterials because of its remarkable and
application-appealing physicochemical properties.
However, pristine graphene is nonmagnetic unless
other nonmagnetic atoms (e.g., fluorine) are added or
some carbon atoms are removed, forming vacancies.29

In order to create magnetic graphene, defects (e.g.,
defects at the edges, introduction of foreign non-
magnetic atoms or vacancies) must be located far away
from each other and their concentration should be
relatively low to avoid cancelation of their magnetic
behavior and/or graphene disintegration.29 It has been
reported that inhomogeneity of the graphene surface
hinders the establishment of long-range ferromagnetic
ordering between unpaired spins. Thus, only small
regions in graphene show a magnetic response, often
of superparamagnetic nature, making it impossible to
identify the type of magnetic order (i.e., ferromagnetic,
antiferromagnetic, or ferrimagnetic alignment).199

Moreover, the magnetic signal of these localized
domains is often very small and hardly detectable.
If graphene could be made magnetic in a controll-
able manner, it would open doorways for its use in
various spintronic applications based on magnetic
semiconductors.

To endow graphene with magnetic properties
(e.g., superparamagnetism, strong magnetic response
under small applied magnetic fields200), the graphene
surface can be decorated with magnetic nanopartic-
les of transition metal oxides, most frequently, iron
oxides.27 Both theoretical and experimental studies
have demonstrated that incorporation of magnetic

nanoparticles on graphene not only introduces inter-
esting magnetic properties but can also be used to
tune the surface morphology, electronic structure, and
other intrinsic characteristics of graphene.201�204 More
specifically, the intrinsic properties of graphene can be
altered by fine control of the surface coverage and
distribution of the nanoparticles over the graphene
surface. In addition, nanoparticles, both magnetic and
nonmagnetic, are believed to act as stabilizers, pre-
venting the aggregation of individual graphene sheets
due to the strong van der Waals interactions between
the graphene layers.205 In this way, the unique proper-
ties of graphene sheets can be maintained even in a
dry state.206 On the other hand, the graphene struc-
ture, acting as a substrate, may have a positive impact
on the growth mechanism of magnetic hybrid compo-
nents, yielding nano-objects with well-defined size,
particle size distribution, shape, and form (e.g., iron
oxide nanosheets).207 As such, the nanocomposite's
magnetic properties are significantly distinct from
those exhibited by nanoparticle assemblies prepared
without a graphene template.

In particular, graphene/iron oxide nanocomposites
have been proposed to be promising candidates in
a variety of fields, including biomedicine (especially
in biodiagnostics),208�210 catalysis,211,212magnetic and
electric energy storage (e.g., electrode materials in
supercapacitors),89,213�215 and water treatment and
soil remediation.216,217 In biomedical fields concerned
with the transport of drugs to desired sites in living
organisms, these hybrids have been suggested towork
very effectively as drug carriers due to their large
surface areas, stability for the adsorption of biomole-
cules, and capability to control their motion inside the
bloodstreamby applying an externalmagnetic field.218

Recently, iron oxide nanoparticles as anode materials
for lithium-ion batteries were found to show improved
performance once incorporated on the surface of
graphene sheets (see below for detailed discus-
sion of applications of graphene/iron oxide-based
hybrids).219�222

In general, nanoparticles can be attached to the
surface of graphene in two ways:27,223�227 covalent
linkage and physical adsorption. Physical adsorption is
driven, inmost cases, by van derWaals forces, resulting
in weak interactions between the nanoparticles
and graphene which can be destroyed if the nano-
composite is exposed to an unfavorable environment.
In addition, the physical adsorption process is difficult
to control and can lead to aggregation of nanoparticles
on the surface of graphene, significantly decreasing
the surface area of the nanocomposite and, in the
case of magnetic nanoparticles, negatively affecting
the magnetic properties of the hybrid due to evolu-
tion of magnetic interparticle interactions of both
dipole�dipole and exchange type. On the other
hand, the establishment of covalent bonds between

Figure 18. Dependence of the contact time on the amount
of Cr(III) adsorbed on different adsorbents (conditions:
initial chromium concentration = 20 ppm; dosage of
adsorbent = 50 mg; pH = 6; agitation speed = 150 rpm).
The carbon nanotube/iron oxide nanocomposite shows a
higher adsorption capability due additional adsorbing sites
provided by the oxygen atoms of iron oxide nanoparticles.
Reprinted with permission from ref 191. Copyright 2011
Elsevier Ltd.
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nanoparticles and a graphene sheet promotes a much
stronger interaction accompanied by significant mod-
ification of the geometric and electronic structure
of graphene due to sp2-to-sp3 hybridization change.
The covalent linkage can be either direct or indirect
in nature. To establish a covalent link indirectly, a
surfactant, such as an organic compound or a poly-
mer-containing functional group (i.e., organic molecu-
lar chains in most cases), is used as a mediator of
the bond between the magnetic nanoparticles and
the graphene surface. In this approach, the surface
of either the magnetic nanoparticles or graphene is
functionalized with a suitable organic compound, re-
sulting in a hybrid assembly where both components
may affect each other via the organic linker. In order to
achieve strong covalent coupling, magnetic nano-
particles must be attached directly to the graphene
surface. It is assumed that two types of bonds can
develop between the two components: (i) Fe�O�C
bonds228,229 (see Figure 19) and (ii) a direct Fe�C
bond.230�232 If a covalent strategy is adopted, mag-
netic nanoparticles are homogeneously distributed
over the graphene surface, avoiding thus formation
of nanoparticle aggregates.

In the case of physical adsorption,227 the synthetic
protocol involves simple mixing of graphene and iron
oxide nanoparticles prepared separately. However,
several other methods to prepare graphene/iron oxide
nanocomposites have been reported in the literature.
Generally, they are divided according to the complex-
ity of the synthesis and number of reaction steps. Most
of the early preparation routes toward graphene/
iron oxide covalently linked hybrids generally require
three steps:203,204,232,233 (i) synthesis of graphene by
reduction of graphite oxide and/or graphene oxide,
(ii) surface modification of graphene by a suitable
organic compound or polymer (e.g., poly(sodium
4-styrenesulfonate), 4-aminophenoxyphthalonitrile)
to provide chemical groups for attaching iron oxide
nanoparticles, and (iii) preparation of iron oxide nano-
particles, either surface chemically modified or not,

and then mixing them with surface-functionalized
graphene. However, multistep synthetic procedures
are often time-consuming and difficult to control,
resulting in hybrids with random and inhomogeneous
coverage of the graphene surface by iron oxide nano-
particles. Additionally, in these reactions, a significant
fraction of graphene sheets are not coated with iron
oxide nanoparticles as they are stacked together due
to van derWaals interactions. Thus, one-step syntheses
are favored as both nanocomposite components are
formed in situ; the reaction can more easily be opti-
mized (e.g., the size of nanoparticles, the degree and
uniformity of nanoparticle distribution over the gra-
phene surface), and the physicochemical properties
of the hybrids can be readily tuned with regard to
the specific application requirements.221,234,235 The
techniques employed to prepare graphene/iron oxide
hybrids often involve either solvothermal or hydro-
thermal methods or traditional chemical vapor deposi-
tion technique.208,221,236

The synthesis of maghemite/graphene composites
has been shown to proceed through solution deposi-
tion of an Fe(III) salt237 or Fe(II) complexes238 onto
graphene oxide. This deposited material is then cal-
cined or dried under an open atmosphere to promote
the formation of maghemite (γ-Fe2O3). An alternative
method to decorate graphene sheets using maghe-
mite is to deposit preformed nanoparticles on exfo-
liated graphene oxide and followed by subsequent
reduction of the graphene oxide.239

The most common synthetic routes for the
formation of magnetite/graphene involve the simple
chemical reduction of Fe3þ/Fe2þ ions in the presence
of graphene oxide in solution as has been shown
by Chandra et al.240 The other method involves the
reduction of Fe(III) ions in the presence of graphene
oxide.207,241 Alternatively, Li et al.242 showed that a
magnetite/graphene oxide composite can be synthe-
sized by the simple solution phase mixing of graphene
oxide in the presence of preformed magnetite nano-
particles. In a report by Guo et al.,243 it was suggested
that both magnetic iron oxides form when an Fe3þ

salt is reduced in the presence of graphene oxide.
In this study, the authors showed that lepidocrocite
(γ-FeOOH) is formed during the reduction process. As
it is known that lepidocrocite can be transformed to
either maghemite and/or magnetite, this assumption
is not unreasonable.244

As it turns out, graphene oxide, produced by
oxidative exfoliation of graphite, is most frequently
used as a graphene precursor because of its low cost
andmassive scalability.245 More importantly, graphene
oxide has a variety of oxygen-containing functional
groups on its surface, including epoxy (C�O�C),
hydroxyl (�OH), and carboxyl (�COOH) groups.246

The presence of these groups provides opportuni-
ties for the immobilization of a diverse spectrum of

Figure 19. Representative O 1s X-ray photoelectron spectra
of the pure graphene nanosheets and graphene/iron oxide
nanocomposite showing positioning of Fe�O�C (∼532 eV)
bonds. The presence of Fe�C bonds is signaled by a peak at
∼707.5 eV in the Fe 2p X-ray photoelectron spectrum.
Reprinted with permission from ref 232. Copyright 2011
Royal Society of Chemistry.
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substances, such as fluorescent molecules, drugs,
inorganic nanoparticles, biomolecules, metals, etc.
Owing to these functional groups, graphene oxide
sheets are hydrophilic and readily dispersible in water.
As a precursor for iron oxide nanoparticles, mixed
aqueous solutions of Fe2þ and Fe3þ compounds (e.g.,
FeSO4 and Fe2(SO4)3),

203 FeOOH,233 ferric triacetylaceto-
nate,221 FeCl3,

204 Fe(NO3)3,
222,232,246 and Fe(CO)5 (ref

234) have already been used.
Exemplary Preparation Routes towardGraphene/Iron

Oxide Hybrids. Typically, graphene/iron oxide nano-
composites are synthesized adopting the protocol
shown in Figure 20.222 First, as mentioned above,
graphene oxide is prepared by themodified Hummers'
method (i.e., exfoliation of natural graphite powders).
The advantage of working with graphene oxide
springs from a large amount of oxide functional groups
available which strongly react with Fe3þ ions. In this
way, Fe3þ ions are firmly attached to the surface oxides.
The dried graphene sheets obtained are then thermally
treated under a H2 atmosphere which promotes re-
duction of graphene oxide sheets as well as adhesion
between reduced graphene oxide sheets and the
formed Fe3O4 nanoparticles.

222

Another synthetic protocol, as mentioned above,
consists of the direct growth of FeOOH nanorods on
the surface of graphene sheets followed by electro-
chemical transformation of FeOOH to Fe3O4 nano-
particles (see Figure 21).233 The formation of the
graphene/iron oxide hybrids occurs in three steps:
(i) preparation of partially reduced graphene oxide or
graphene oxide sheets, (ii) mixing of partially reduced
graphene oxide or graphene oxide sheets with an
FeCl3 aqueous solution, and (iii) hydrolysis of the
attached Fe3þ ions. Iron oxide nanoparticles grow
directly on the graphene surface, ensuring that the
resulting hybrid has excellent capacitive properties.

Alternatively, graphene/iron oxide hybrids can
be prepared following the reaction scheme shown in

Figure 22.247 In this synthesis, graphene oxide sheets
are dispersed into 1-methyl-2-pyrrolidone solution
using sonication. This dispersion is then heated, and
a ferric triacetylacetonate solution is added dropwise.
This addition induces formation of iron oxide nano-
particles which are attached to the surface of graphene
oxide via metal�carboxyl bonds (confirmed by ap-
pearance of a peak at 1680 cm�1 in the Fourier trans-
form infrared spectrum of the hybrid; see Figure 22).247

To control the nucleation and growth of iron
oxide nano-objects on the surface of graphene, the
procedure shown schematically in Figure 23 has been
proposed.248 Reduced graphene oxide and iron(II)
acetylacetonate are used as a substrate and iron oxide
precursor, respectively. Chemically reduced graphene
oxide is dispersed in a solution of ethylene glycol
using polyvinylpyrrolidone as a dispersing agent.
Subsequently, the suspension is mixed with iron(II)
acetylacetonate employing an ultrasonication process,
and the solution is heated to 170 �C for 30 min, which
promotes nucleation of iron glycolate on the graphene
oxide surface. The prolonged reaction time induces
formation of iron glycolate nanoribbons; the hybrid
is then thermally annealed at different temperatures
(250�400 �C) to yield iron oxide nanoribbons. More
importantly, the as-prepared iron oxide nanoribbons
show a large aspect ratio and porous structure
favoring, for example, the rapid diffusion of lithium
ions from the electrolyte to electrode, and flexible
graphene matrix provides a space for volume changes
of iron oxide during the cycling processes. Thus,
the large specific capacity and stable cyclability (see
Figure 23) of iron oxide nanoribbons make the gra-
phene/Fe3O4 hybrids promising candidates as anode
materials in lithium-ion batteries (see Figure 24).222

To increase the cycling performance of graphene/
iron oxide anodes in lithium-ion batteries, an architec-
ture comprising graphene nanosheets with continu-
ous iron oxide nanofilms directly anchored on their

Figure 20. Scheme showing the reaction steps for preparation of a graphene/iron oxide hybrid where the two components
are linked via hydroxyl groups. Reprinted with permission from ref 222. Copyright 2011 Elsevier Ltd.
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surfaces has been developed (see Figure 25);246 the
tight attachment of the iron oxide nanofilms was
achieved by covalent chemical bonding via oxygen-
containing defect sites on the graphene surface.
Partially reduced thermally exfoliated graphene oxide
and Fe(NO3)3 3 9H2O were used as graphene matrix
and precursor for iron oxide nanofilms, respectively.
After the initial mixing of graphene nanosheets with
Fe(NO3)3 3 9H2O in ethanol solution, Fe(NO3)3 3 9H2O
was impregnated into the interspaces of the graphene
nanosheets by ethanol evaporation. The resulting
nanocomposite was then annealed at 200 �C in air to
promote decomposition of Fe(NO3)3 3 9H2O to iron
oxide nanofilms. It is believed that the graphene sub-
strate plays an important role in the process of accom-
modation of lithiation-induced strain of iron oxides as
well as establishing electron conduction pathways for
the iron oxide. In addition, the mesoporous structure
of the iron oxide nanofilms provides a space to partly
compensate lithiation-induced strain and enables elec-
trolyte access and lithium-ion diffusion. The combina-
tion of these factors improves the cycling capability of
the anode hybrid material.246 As shown in Figure 25,

the iron oxide nanofilms are still firmly bound to the
graphene nanosheets after 60 cycles at 100 mA g�1

and even 400 cycles at 1000 mA g�1. Thus, the high
performance of the graphene/iron oxide nanofilm
composite as an anodematerial is understood in terms
of its specific architecture.

Recently, an advanced architecture of hybrids
comprising graphene sheets and core/double shell
nanoparticles of Fe/Fe2O3/Si�S�O nature has been
proposed as an effective material for Cr(VI) removal
(see Figure 26).234 The reaction route toward such
magnetic graphene nanocomposites involves two
steps: (i) graphene sheets were dispersed in DMF using
sodium dodecylbenzenesulfonate (SDBS) as a surfac-
tant; to this dispersion was added Fe(CO)5, and the
mixture was heated to 153 �C, yielding formation of
partially oxidized iron nanoparticles (i.e., iron core and
Fe2O3 shell) covered with SDBS; (ii) thermal annealing
of the magnetically separated solid at 500 �C for 2 h
under a H2(5%)/Ar atmosphere promotes formation
of Fe/Fe2O3/Si�S�O nanoparticles on the graphene
sheets. The resulting hybrid showed a high adsorption
capacity for Cr(VI) which was attributed to single-layer

Figure 21. (a) Scheme showing the reaction steps for preparation of a graphene/iron oxide hybrid with iron oxide nano-
particles directly grown on the surface of graphene. (b�d) TEM images monitoring individual reaction steps. Reprinted with
permission from ref 233. Copyright 2011 Wiley-VCH.
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adsorption on the graphene surface and surface com-
plexation between sulfur of SDBS on the outer shell of
the magnetic nanoparticles and Cr(VI) (see Figure 26).
Moreover, this hybrid is magnetic (see Figure 26), and
after use, it can easily be removed from the solution by
applying an external magnetic field.

As can be expected, various authors have shown
that, by altering the reaction conditions and reactants,
it is possible to change the attached magnetic nano-
particles' distribution, size, and shape (Figure 27).
These modifications of the attached nanoparticles can
in turn help to tune the magnetic graphene nano-
composite properties, such as electrical conductivity,
flexibility, giant magnetoresistance, negative permittiv-
ity, and paramagnetism.27,203,207,249

Overview of Applications of Graphene/Iron Oxide

Hybrids. As already mentioned above, graphene/iron
oxide nanocomposites offer a broad application port-
folio. Magnetic graphene has predominantly been
used in water purification applications, as was initially
shown by Chandra et al.240 In this study, it was demon-
strated that amagnetite/graphene composite could be
used to effectively remove 99.9% of As(III) and As(V)
from contaminated water. One advantage of using
this magnetic material is that the water-dispersible

adsorbent can be easily removed from the solvent
phase by application of an external magnetic
field. Since this initial report by Chandra et al.,240 this
magnetite/graphene nanocomposite material has
been used in the removal of various heavy metal ions
(Cr(VI),218 Pb(II),250 U(VI),251 Co(II)252) and organic ma-
terials (tetracycline,253 1-naphthol, 1-naphthylamine,250

methylene blue,243 polychlorinated biphenyls, polyaro-
matic hydrocarbons, phthalates,254 Reactive Black 5,255

ciprofloxacin, norfloxacin256).257 The adsorption capa-
city of these magnetite/graphene materials is deter-
mined by the pH/ionic concentration/temperature of
the polluted solution as well as the specific surface area
of the individual components.240,258

If graphene oxide sheets are organized to form 3D
macroscopic structures such as aerogels, sponges, and
foams, the hybrid architecture then shows ultrahigh
specific surface areas, enhanced mechanical strength,
and fast mass and electron transport kinetics.259�261

In the work of Lei et al.,262 a nanocomposite made
up of graphene oxide foam and Fe3O4 nanoparticles
(∼7 nm in size) was tested for Cr(VI) removal. The
hybrid exhibited a large surface area amounting to
∼574 m2 g�1 and excellent adsorption performance
toward Cr(VI) removal with a maximum adsorption

Figure 22. (a) Scheme showing the reaction steps for pre-
paration of a graphene/iron oxide hybrid where the two
components are linked viametal�carboxyl bonds. (b) Four-
ier transform infrared spectra of the pristine graphene oxide
(GO) and a graphene/iron oxide hybrid (MGO) (peaks at
∼1440 and ∼1380 cm�1 were assigned to the formation
of either a monodentate or bidentate complex between
the carboxyl group and iron on the surface of iron oxide
nanoparticles). Reprinted from ref 247. Copyright 2010
American Chemical Society.

Figure 23. (a) Scheme showing reaction steps for prepara-
tion of graphene/iron oxide ribbon hybrids for application
in lithiumbatteries. (b) Cycle performance of graphene/iron
oxide ribbon hybrids at a current density of 74 mA g�1.
Reprinted with permission from ref 248. Copyright 2012
Nature Publishing Group.
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capacity of ∼258 mg g�1 and fast adsorption rate
(100 mg L�1, 20 min) at pH = 2, much higher than
reported for current 2D graphene-based adsorbents
and other traditional adsorbents. The adsorption capa-
city of such a magnetic 3D organized hybrid was
explained in terms of synergetic effect involving re-
duction of Cr(VI) to Cr(III) and ion exchange between
the hydroxyl groups and Cr2O7

2�/HCrO4�.262

Other more advanced magnetic graphene water
purificationmaterials havebeen synthesized andapplied.

To promote the adsorption of As(V) ions, Luo et al.263

showed that by including MnO2 with the magnetite/
graphene material, As(III) could be oxidized to As(V)
without the need for additional external oxidizing
agents. This report showed that the synthesized ma-
terial could stably adsorb As(V) over a wide pH range
(2�10), which is important as the magnetite/graphene
material normally only affords stable adsorption at low
pH values.263

In a similar manner, maghemite/graphene nano-
composites have been used in water purification as
shownby Sinha and Jana.239 In this study, the authors de-
monstrated that the endocrine disruptors;bisphenol A,
atrazine, 1-naphthol, and dibutyl phthalate;could be
efficiently (85�100%) removed from polluted water.
By including ZnO in a maghemite/graphene nano-
composite material, Kumar and co-workers264 showed
that methylene blue could be effectively degraded and
the water purification material efficiently separated
using an external magnetic field. This material displayed
a very high efficiency (95%) even after 5 cycles. These
multiple reports demonstrate that even though these
magnetic graphene materials do not show selective
adsorption, they can still be applied in water purification
as they are highly effective at adsorbing heavy metals
and organic pollutants.

The affinity of these magnetic graphene materials
for organic compounds and ions has been exploited
in sensing and biosensing applications. Two studies
have shown that magnetite/graphene nanocompo-
sites offer a novel and stable environment for the
immobilization of the biomolecules such as hemo-
globin265 and horseradish peroxidase.266 These mate-
rials were then applied for mediator-free detection of
hydrogen peroxide and displayed low detection limits
of∼0.5 μM as well as large linear response ranges. The
sensitivity toward hydrogen peroxide was attributed
to fast electron transfer between the magnetite/
graphene material and the immobilized enzyme. Jin
et al.267 showed that iron(II) phthalocyanine-decorated

Figure 24. Graphene/iron oxide hybrid as an anodematerial in lithium-ion batteries (GNs = graphene nanosheets). Reprinted
with permission from ref 222. Copyright 2011 Elsevier Ltd.

Figure 25. (a) Preparation of a graphene/iron oxide nano-
film nanocomposite as an anode material in lithium-ion
batteries (GNS=graphenenanosheets,MIO=magnetic iron
oxide). TEM images of graphene nanofilm composites (b)
after 60 discharge/charge cycles at 100mA g�1 and (c) after
400 discharge/charge cycles at 1000mAg�1. Reprintedwith
permission from ref 246. Copyright 2013 Royal Society of
Chemistry.
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magnetite/graphene could be used in the electro-
chemical detection of tert-butyl hydroperoxide. This
sensing ability was possibly due to the reduction of the
organic peroxide by the iron-containing phthalo-
cyanine. A study by Prakash and colleagues268 demon-
strated that a magnetite/graphene-modified electrode
could be used to determine the concentration of
Cr(III) in solution. By incorporating Ru(bpy)3

2þ (bpy is
2,20-bipyridine) into a porous magnetite/graphene
material, Xu et al.269 have showed that compounds
containing tertiary amino groups and DNA could be
detected using electrochemiluminescence. Applica-
tion of an externalmagnetic fieldwas found to stabilize
the electrochemiluminescence of the material by
stabilizing the electrostatic interactions between the
Ru(bpy)3

2þ and magnetite/graphene surface, thereby
preventing leakage (see Figure 28).269

Recently, mesoporous Fe2O3 nanoparticles com-
bined with graphene were proposed as a peroxidase
mimetic potentially used as a reusable nanosensor for
simple, rapid, and highly sensitive and selective optical
detection of glucose.270 Themechanismof glucose detec-
tion is schematically shown in Figure 29. In the presence
of Fe2O3/graphene nanocomposites, H2O2 decomposes
into a number of free radical species (e.g., HO and HO2)
which oxidize 3,3,5,5-tetramethylbenzidine (TMB)
owing to their strong oxidation capability, giving blue
colored products. As H2O2 is the main oxidation pro-
duct of glucose-oxidase-catalyzed reactions, glucose
can be easily detected by colorimetric visualization.
The improved catalytic activity of Fe2O3/graphene nano-
composites is governed by two factors: (i) mesoporous
Fe2O3 nanoparticles with high surface area, provid-
ing a large number of catalytically active sites and

Figure 26. (a) Preparation of the graphene/Fe/Fe2O3/Si�S�O hybrid (SDBS = sodium dodecylbenzenesulfonate, NPs =
nanoparticles). (b) Room-temperature hysteresis loop of the graphene/Fe/Fe2O3/Si�S�O hybrid (the insets show behavior
of the hybrid hysteresis loop around the origin and a response to a simple hand magnet; MGNCs = magnetic graphene
nanocomposites). (c) Mechanism of adsorption of Cr(VI) by graphene and graphene/Fe/Fe2O3/Si�S�O hybrid. Reprinted
from ref 234. Copyright 2012 American Chemical Society.

Figure 27. (a) Fe3O4 nanoneedles grown on graphene sheets, (b) 60 nm Fe3O4 nanoparticles grown on graphene sheets, and
(c) 3 nm Fe3O4 nanoparticles grown on graphene sheets. Panel (a) reprinted with permission from ref 203. Copyright 2011
Wiley-VCHVerlagGmbH&Co. KGaA,Weinheim. Panel (b) reprintedwith permission from ref 208. Copyright 2010 Elsevier B. V.
Panel (c) reprinted with permission from ref 242. Copyright 2011 Elsevier B. V.
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encouraging the diffusion of TMB and H2O2 toward
graphene surface, and (ii) graphene's π-rich two-dimen-
sional structure promoting the adsorption and enrich-
ment of TMB within the nanoparticle mesopores.270

Jiang et al.271 have reported fabrication of paper-
like Fe2O3/graphene nanosheets and tested the hybrid
as H2S gas sensor. It was observed that the efficiency
of the sensor strongly depends on the alignment of
nanosheets decorated with iron oxide nanoparticles,
imprinted during preparation by an external magnetic
field. If Fe2O3/graphene nanosheets are aligned verti-
cally, they are more sensitive to H2S than those show-
ing horizontal arrangement.271 This may be of crucial
importance not only in sensing applications but also
in lithium-ion batteries where higher storage capaci-
ties could be reached.

Magnetic graphene has been applied in biomedical
applications other than biosensing, such as bio-
imaging,272 magnetic resonance imaging (MRI),241,273

and drug delivery.272,274 A magnetite/graphene nano-
composite material has been employed to load anti-
cancer drugs, such as 5-fluorouracil and doxorubicin
hydrochloride, with a high loading capacity.272,274

These studies showed that release of the drugs was
determined by the cell pH of the targeted cells (see
Figure 30).272 Importantly, it was shown that the carrier

material was nontoxic to Chang lung cancer cell
lines.274 The concept of using magnetic graphene as
an MRI agent was proposed by Cong et al.,241 who
showed that T2-weighted MRI could be conducted due
to the excellent magnetic properties of the magnetite/
graphene nanocomposite material. This initial work
was expanded by Chen and co-workers273 by showing
that the magnetite/graphene nanocomposite material
could be applied in cellular imaging. In this study, the
magnetite/graphene nanocomposite was functionalized
with aminodextran to induce larger T2 shortening than
observed for magnetite coated aminodextran nanopar-
ticles. Themagnetite/graphene nanocomposite material
was confirmed to be nontoxic toward HeLa cell lines,
which could be imaged at a limit of 1000 cells mL�1.
The nontoxicity and cell permeability of these magnetic
graphene materials make them ideal candidates for
future targeted bioimaging and drug delivery applica-
tions. However, no study, published so far, has addressed
the issue of in vivo distribution of graphene/iron oxide
nanocomposites inside the living organisms.

Recently, a new multifunctional theranostic agent
exploiting iron-oxide-loaded poly(lactic acid) micro-
capsules coated with graphene oxide has been devel-
oped by Li et al.275 This hybrid provides a trimodal
imaging (ultrasound (US) imaging, photoacoustic (PA)
tomography, and nuclear magnetic resonance imag-
ing (MRI)) and, at the same time, enables performance
of photothermal therapy of cancer by irradiating the
graphene oxide with electromagnetic waves in the
near-infrared region. Here, Fe3O4 nanoparticles loaded
in the poly(lactic acid) microcapsules with ultrasound
imaging capability serve as magnetic resonance im-
aging contrast agents and carriers driven to the cancer
site in the living organism by the magnetic field
gradient. On the other hand, graphene oxide, having
a strong near-infrared light absorbance, acts as con-
trast enhanced photoacoustic imaging agent and tool
for photothermal therapy. When irradiated with near-
infrared light, graphene oxide strongly absorbs light
that is converted to heat, destroying the tumor cells. It
was found that as-designed iron oxide/poly(lactic acid)/
graphene oxide nanocomposite effectively kills the
cancer cells (HeLa cells) upon near-infrared laser irra-
diation under the guidance of the contrast enhanced
US/PA/MRI imaging without damaging normal healthy
cells. In addition, the efficiency of photothermal therapy
can be increased by applying an alternating external
magnetic fieldwhen iron oxide nanoparticles give extra
heat due to hysteresis losses.275

The use of magnetite/graphene201,276,277 and
maghemite/graphene237 nanocomposites in renew-
able energy applications has been demonstrated by
employing these materials as anodes in lithium-ion
batteries. Zhang and co-workers276 showed that a
magnetite/graphene nanocomposite could be synthe-
sized using an efficient microwave method, which

Figure 28. Electrochemiluminescence (ECL) intensity versus
time curve for 10 cyclic voltammetry cycles with (a) and
without (b) the effect of an external magnetic field on
paper-based chips in a solution of 100 mM phosphate
buffered saline (PBS; pH = 7.4) at a scan rate of 100 mV s�1.
Reprinted with permission from ref 269. Copyright 2012
Springer-Verlag.

Figure 29. Scheme describing optical detection of glucose
employing graphene/iron oxide hybrid (GOx = glucose
oxidase, TMB = 3,3,5,5-tetramethylbenzidine, oxTMB =
oxidized 3,3,5,5-tetramethylbenzidine, G = graphene sheet,
mFe2O3/G = graphene/iron oxide hybrid). Reprinted with
permission from ref 270. Copyright 2014 Elsevier B. V.
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resulted in magnetite nanoparticles (20�70 nm) inter-
calated between graphene sheets. The material
showed a stable capacity of 650 mA h g�1 after
50 cycles. This stability was believed to be due to the
interspaces and flexibility of the material, which is able
to accommodate the volume changes upon lithium
insertion andextraction. In a similar study, Zhou et al.201

showed that the graphene substrate stabilizes the
magnetite nanoparticles upon cycling with the aver-
age size of the nanoparticles staying almost constant
(increases from 196 to 213 nm) compared to commer-
cial magnetite nanoparticles (decreases from 735 to
428 nm). Behera277 reported that magnetite/graphene
nanocomposites with 10 nm sized magnetite nano-
particles showed a stable capacity of∼1100 mA h g�1.
This study demonstrated that the magnetite nano-
particle size, as well as graphene content and synthetic
method, can affect the capacity of the material when
used as an anode in lithium-ion batteries.

Similar to the magnetite/graphene material, Kim
et al.237 have shown that maghemite/graphene nano-
composite can be used as an anode in lithium-ion
batteries. In this study, a stable capacity of 690 mA h g�1

was obtained at a current density of 500 mA g�1.
This capacity is similar to that achieved in the other
magnetite/graphene-focused studies, which again
suggests that both forms of magnetic iron oxide may
be formed during the synthetic procedures.243

Magnetite/graphene nanocomposite materials have
also been applied as supercapacitors. Li et al.278 ob-
tained a specific capacitance of 85 F g�1 by coating a
gold electrode with a magnetite/graphene nanocom-
posite material. However, in another similar study,

a specific capacitance of 358 F g�1 was reported for
the same magnetite/graphene nanocomposite.279

The difference between these results is probably due
to different component content in the magnetite/
graphene nanocomposite materials, as reported pre-
viously by Cheng and co-workers,280 who showed that
theweight ratio of the components has a dramatic effect
on the sample surface area aswell as pore volume,which
in turn affects the specific capacitance. This is an im-
portant observation asmagnetite/graphene compounds
with far larger surface areas have been reported.281

Recently, it has be shown if a nitrogen atom is
introduced into the structure of graphene, it brings
enhancement in the graphene electrical conductivity
as extra lone pair electrons are induced.282�284 More-
over, nitrogen-doped graphene provides more active
and nucleation sites due to defects formed upon
nitrogen substitution, thus preventingmore effectively
the aggregation of metal oxide nanoparticles and,
at the same time, strengthening the binding energy
both for combination of nitrogen-doped graphene
and metal oxide nanoparticles and for the adsorption
of electrolyte ions on the electrode surface. After
100 charge/discharge cycles, this hybrid maintained
a reversible capacity of 1012 mA h g�1 at a current
density of 100 mA g�1, much higher than that of Fe2O3

nanoparticles alone (∼200 mA h g�1, 100�500 nm
in size) and graphene/Fe2O3 nanoparticles hybrid
(∼430 mA h g�1, 100�500 in size).283 Nitrogen-
doped graphene/maghemite nanocomposite (with
Fe2O3 nanoparticles having 20�100 nm in size) was
also tested as a potential electrode material in super-
capacitors.285 The specific capacitance of nitrogendoped

Figure 30. Confocal fluorescence images of (a) magnetite/graphene�folic acid�fluorescein isothiocyanate (FTIC) and (b)
magnetite/graphene-FITC after incubation with SK3 at 37 �C for 1 h. Reprinted with permission from ref 272. Copyright 2011
Royal Society of Chemistry.
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graphene/maghemite electrode was found to
∼260 F g�1 and dropped to∼215 F g�1 after 1000 cycles
at a current density of 2 Ag�1. The enhanced capacitance
of the nitrogen-doped graphene/maghemite electrode
was explained in terms of increased binding energy
promoting accommodation of higher number ions on
the electrode surface and presence of pyrrolic nitrogen
decreasing the electrode internal and charge transfer
resistances.285

It is known that graphene nanoribbons;thin rib-
bons of graphenemonolayers;combine properties of
graphene (e.g., high electrical conductivity) and long
carbon nanotubes (e.g., high aspect ratio). It has been
thus suggested as a promising conductive platform
for iron oxide nanoparticles providing mechanical
flexibility to readily accommodate volume changes
during charging and discharging cycles. Lin et al.286

reported that if graphene nanoribbons are decorated
with ∼10 nm sized γ-Fe2O3 nanoparticles, the gra-
phene nanoribbon/iron oxide nanocomposite anode
shows a reversible capacity of∼1190 mA h g�1, falling
to∼910 mA h g�1 after 134 charge/discharge cycles at
a current density of 0.2 A g�1. At a rate of 2 A g�1, the
electrode still maintains a high capacity performance
amounting to ∼540 mA h g�1 due to the unique
structure of γ-Fe2O3 nanoparticles conformally coated
with conductive graphene nanoribbons. It is worth
mentioning that the lithium storage performance is
significantly affected by the temperature at which the
electrode nanocomposite material is annealed. On an
increase of the annealing temperature, γ-Fe2O3 trans-
forms to R-Fe2O3, raising the concentration of R-Fe2O3

nanoparticles in the nanocomposite. It is known that
contrary to γ-Fe2O3, R-Fe2O3 shows a phase transition
during lithium insertion, favoring irreversible lithium
storage and thus drop in capacity after cycling. In
addition, at higher annealed temperatures, graphene
nanoribbons tend to oxidize easily, losing their elec-
trical conductivity.286

Ni�Fe alkaline batteries are regarded as alternatives
to lithium-ion batteries. However, their practical utiliza-
tion is hindered by several drawbacks including high
self-discharge,287 relatively low energy efficiency,288

and low power density289 of the iron anode in aqueous
media. Recently, Wang et al.290 reported a 1000 times
increase in the charging and discharging rates for
strongly coupled FeOx/graphene nanocomposite
anode compared to those exhibited by traditional
electrodes in Ni�Fe batteries. Similar approach was
adopted by Jiang et al.,291 who prepared graphene
sheets onwhich FeOx nanoparticles were grown (Fe3O4

and FeO phases with the particle size of about 100 nm).
The as-prepared nanocomposites were tested as an
electrode in the Ni�Fe alkaline batteries, giving an
initial discharge capacity of∼552mA h g�1 at a current
density of 200 mA g�1. The enhanced electrochemical
performance of this electrodewas attributed to a size of

FeOx nanoparticles decreasing significantly due to
strong coupling during decomposition�crystallization
progress providing larger available surface area and
graphene layers promoting electron transfer through
nanoparticles during charging and discharging.291

In the future, hydrogen is viewed as a promising
candidate to store solar energy. Among all methods
currently explored, direct splitting of water using solar
energy in a photoelectrochemical (PEC) cell is viewed
as one of themost attractive, economical, and environ-
mentally friendly ways to produce hydrogen. The
performance of the PEC cell is governed by the selec-
tion of amaterial for the photosensitive semiconductor
electrode. Out of all potential materials for the elec-
trode in the PEC cell, R-Fe2O3 (hematite) has turned
out to be promising as a photoelectrode owing to its
suitable band gap (2.0�2.2 eV) absorbing almost 40%
of incident sunlight, high abundance, and low cost.
However, R-Fe2O3 suffers from several drawbacks such
as poor conductivity, high electron�hole pair recom-
bination rate, and mismatch in the conduction band
edge with respect to the redox level of the H2/H

þ

couple (∼0.2 V vs normal hydrogen electrode).292 In
order to improve photoelectrochemical characteristics
ofR-Fe2O3 (i.e., electrode capacity and cycling stability)
and enhance the efficiency of hydrogen production,
R-Fe2O3 has been recently combined with graphene
sheets to overcome problems with poor charge trans-
port property of R-Fe2O3. In the R-Fe2O3/graphene
hybrid, graphene's role is to promote a quick pathway
for electron transport from the semiconductor to
the transparent conducting oxide substrate (i.e., the
charge collector) (see Figure 31). Such a hybrid in the
form of a composite thin film has been, for example,
developed by Rai et al.293 and was tested as a photo-
anode in the PEC cell showing the highest photo-
current density of 2.5 mA cm�2 (at 0.75 V/SCE under
150 mW cm�2) and maximum solar-to-hydrogen con-
version efficiency of 1.8% with 0.2 wt % of graphene
sheets in the nanocomposite. The increased photo-
current was explained in terms of improved conduc-
tivity of R-Fe2O3 with graphene sheets (restriction of

Figure 31. Scheme describing electron transfer mechanism
from R-Fe2O3 to the transparent conducting oxide substrate
mediatedby the graphene sheets. Reprintedwith permission
from ref 293. Copyright 2014 Royal Society of Chemistry.
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recombination of photoexcited electron�hole pairs at
the surface or the interface), improved morphology,
and decreased value of the net resistance.

Fe3O4/graphene nanocomposites have been sug-
gested as effective electromagnetic absorbers in the
microwave range. Both components play an active role
in microwave absorption; however, due to very high
carrier mobilities in graphene, nonmagnetic behavior,
and unbalance of its dielectric permittivity and mag-
netic permeability, impedance mismatch is often ob-
served degrading graphene's microwave absorption
capability. Also, if Fe3O4 nanoparticles are left alone,
they show bad thermal stability (Fe2þ is easily oxidized
to Fe3þ, and Fe2þ�Fe3þ electron hopping mechanism
is lost) and tend to agglomerate, negatively influencing
microwave absorption properties. Once combined,
problems with particle agglomeration and graphene
impedance mismatch are significantly suppressed due
to synergetic effects; Fe3O4/graphene nanocomposites
then show improved absorption features (wider
absorption bandwidth) as a result of combination of
optimized dielectric and magnetic loss, geometrical
effect (i.e., thickness of the absorber), particle size,
morphology, and chemical stoichiometry.294�297 For
example, in the work by Xue et al.,297 ∼100 nm sized
Fe3O4 nanoparticles decorating graphene sheets
showed a multifrequency absorption covering C band
and Ku bandwith amaximum reflection loss of�20 dB.

Large surface area magnetite/graphene nano-
composites have been reported by Zhou et al.,281

who showed that a maximum BET specific surface
area of 901 m2 g�1 can be obtained by self-assembly
of the components into a three-dimensional structure.
Interestingly, thismaterial exhibited a hydrogen storage
capacity of 1.4 wt % at 77 K.

Hu and co-workers298 have shown that a novel
sulfonated graphene oxide/magnetite substrate can
be used to support Pd nanoparticles. This material was
applied as a catalyst in the Suzuki�Miyaura cross-
coupling reaction. One benefit of using this material
is that the catalyst can be easily removed from the
reaction solution by application of an external mag-
netic field. The novel support also enabled even dis-
persion of the Pd catalyst over the surface, increasing
the catalytic efficiency. In a related study, Li et al.299

showed that Pt, Pd, and Pd/Pt nanoparticles can be
uniformly deposited on a magnetite/graphene sub-
strate. These catalysts were applied in the NaBH4

reduction of 4-nitrophenol, where it was found that
the Pd/Pt catalyst displayed the highest resistance to
catalytic poisoning as well as a stable turnover fre-
quency after 10 cycles. By reversing the synthetic
method and first depositing Pd nanoparticles on gra-
phene, Chandra et al.300 succeeded in obtaining an
even dispersion of magnetite nanoparticles. This cata-
lytic material was used in the hydrogenation of vinyl
acetate with a near 100% conversion efficiency after

5 cycles. The stability of these catalysts was attributed
to the stability introduced by electronic modulation
between the graphene and the catalytic metal nano-
particles. In the work by Zubir et al.,301 Fe3O4/graphene
oxide nanocomposites were exploited in the degrada-
tion of Acid Orange 7 dye. It was found that the
degradation occurs predominantly at the solid�liquid
interfaces of the nanocomposites promoted by the
formation of hydroxyl radicals (HO•) due to the cata-
lyzed decomposition of hydrogen peroxide (H2O2) by
the active sites (Fe2þ and Fe3þ) of Fe3O4 nanoparticles.
On the other hand, graphene oxide contains unpaired
electrons originating from many semiconducting
π-conjugated sp2 domains on its basal plane, favoring
electron transfer between graphene oxide and iron
centers. This ensures regenerationof Fe2þ ions to speed
up the redox cycle between active sites, resulting in
degradation and mineralization of Acid Orange 7 dye.
Thus, several factors have been identified significantly
participating in enhancement of the chemical reactiv-
ity: (i) high surface area of graphene oxide securing
good dispersion of Fe3O4 nanoparticles over the gra-
phene oxide sheets, supporting mass transfer of reac-
tant to the active sites; (ii) large aromatic ring structure
of graphene oxide promoting adsorption of Acid
Orange 7; (iii) strong interaction between Fe3O4 nano-
particles and graphene oxide sheets via Fe�O�C
bonds establishing electron transfer between the two
hybrid components; (iv) partial reduction in graphene
oxide speeding up the electron transfer and, hence,
the redox cycle between the active sites accompanied
by regeneration of ferrous ions.301 In addition, it was
observed that the efficiency of degradation strongly
depends on the graphene oxide loading; above 10wt%
of graphene oxide loading (see Figure 32), the structure
of graphene oxide changes due to dominant stacking
of sheets and iron oxide nanoparticles mostly aggre-
gated on the exterior surface of stacked sheets.301

Although there have been advances in the synth-
eses of graphene/iron oxide hybrids, some problems

Figure 32. Proposed two different structures of the gra-
phene oxide/Fe3O4 hybrids at the transitional graphene
oxide loading of 10 wt % (the cyan, red, and gray ball-
and-stick model correspond to the structure of graphene
oxide, oxygenated functional groups, and Fe3O4 nanopar-
ticles, respectively). Reprintedwith permission from ref 301.
Copyright 2014 Nature Publishing Group.
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and challenges remain that need to be addressed in
order to produce high-quality nanocomposites with
specific physicochemical properties for a given appli-
cation. These include problems with the (i) solubility/
dispersibility of the functionalized graphene nano-
sheets, (ii) prevention of stacking of graphene sheets
before the introduction of the iron oxide precursors,
(iii) control of the phase composition of the iron oxide
nanoparticles (to avoid the presence of undesirable
iron(III) oxide polymorphs as other nanoparticles or
nanoparticle shells), (iv) control of the size and shape of
the iron oxide nanoparticles, (v) control of the coverage
of iron oxide nanoparticles on the graphene surface,
and (vi) optimization of mutual interactions between
both components involved in the hybrid (via suitable
interaction pathways, i.e., functional groups). In addi-
tion,most of the syntheses reported so far are relatively
complex (involve several reaction steps) and hardly
allow optimization. As such, they are time-consuming
and relatively costly and often give low yields.

Magnetic Fullerenes, Carbon Dots, Mesoporous Carbon, and
Nanofoams in Theranostics, Dual Imaging, and Other Applica-
tions. Nanocomposites of Fullerenes and Iron Oxides:

Syntheses and Applications. Like carbon nanotubes
and pure graphene, fullerene does not show long-
range magnetic ordering. In general, the short-range
magnetic properties of fullerene are driven by its
structure, containing both pentagons and hexagons.
The fullerene magnetic susceptibility involves two
contributions, that is, a diamagnetic term originating
from the hexagonal rings and a paramagnetic term
stemming from the pentagonal rings.302 Sometimes,
the paramagnetic term is strengthened by the pre-
sence of oxygen.303,304 Weak ferromagnetic behavior
has been observed only in some fullerene derivatives,
such as C60 charge transfer complexes (e.g., C60-TDAE
(tetrakisdimethylaminoethylene, C2N4(CH3)8), C60Rn
compounds (where R = H, F, CF3, and polymer frag-
ments, and n is odd), and pressure-polymerized full-
erenes (orthorhombic, tetragonal, and rhombohedral
fullerene polymers).

To impart a strongmagnetic response to fullerenes,
theymust be functionalized with magnetic species. Up
to now, only a few studies have reported the prepara-
tion of fullerene/iron oxide hybrids where iron oxide
nanoparticles are covalently bound to the fullerene
surface via mediating functional groups (e.g., �COOH
groups).305,306 However, no work has been published
on the encapsulation of iron oxide nanoparticles inside
the carbon cage (onlymetal atoms or simplemolecules
have been caged inside fullerenes so far;endohedral
metallofullerenes307�309). Other types of linkages have
also not been explored,most probably due to theweak
forces that can develop between the two components.

Owing to very low biological toxicity of both full-
erene and iron oxide nanoparticles, their hybrids are
particularly promising for biomedical applications.

Recently, the potential of fullerene/iron oxide nano-
composites has been explored in photodynamic ther-
apy, an alternative method developed to treat cancer
and noncancer diseases.305 Such therapy employs
a photosensitizer, a compound selectively localized in
the target tissue and activated by a specific wave-
length of light, inducing photodamage and death of
the target cells. However, this treatment strategy faces
several challenges, including the low water solubility
of many potential photosensitizers, tendency for the
formation of aggregates under physiological condi-
tions, accumulation rate at a target tissue, and limited
target-selective recognition. It is known that nanopar-
ticles can increase the solubility of hydrophobic drugs;
if of magnetic nature, they can be driven to the target
site by an external magnetic field where they accumu-
late. On the other hand, fullerenes which possess
superior photo- and electrochemical features can ef-
fectively work as a photosensitizer owing to their
capability to absorb visible light. Fullerene's light ab-
sorption is accompanied by the intersystem crossing to
the long-lived triplet state, which equips fullerenes
with the ability to generate oxygen-reactive species.
Thus, if the fullerene surface is decorated with iron
oxide nanoparticles, the hybrids can potentially act as
photodynamic agents that can be delivered to the
desired site in a controllable manner. Moreover, their
presence at the site of action can easily be monitored
by nuclear magnetic resonance imaging as magnetic
nanoparticles behave as contrast agents. The proposed
architecture of a new photodynamic anticancer drug
composed of a fullerene/iron oxide hybrid further
functionalized with hematoporphyrin monomethyl
ether (HMME) is depicted in Figure 33, and the synthe-
sis scheme is shown in Figure 34a.305 The synthesis

Figure 33. Proposed architecture of the photodynamic
agent based on fullerene/iron oxide nanoparticle hybrid.
Reprinted with permission from ref 305. Copyright 2013
Elsevier Ltd.
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involves four steps: (i) functionalization of C60 with
�COOH groups by Bingle cycloaddition and ester
hydrolysis reaction, (ii) a hydrothermal reaction pro-
moting formation of iron oxide nanoparticles from an
FeCl3 3 6H2O precursor on the surface of the fullerenes,
(iii) PEGylation (PEG = polyethylene glycol) by conden-
sation of carboxyl groups of the C60/iron oxide and
NH2 groups of the MeO-PEG2000-NH2 compound,
and (iv) physical adsorption of the photodynamic
HMME anticancer drug on the fullerene's surface.

The functionalization with polyethylene glycol
(PEG2000) provides the nanocomposite with the in-
creased stability in physiological environment. As such,
this C60/iron oxide/PEG complex possesses a very
low biological toxicity and may serve as a combined
photodynamic therapy and contrast agent and
magnetic-targeted drug delivery carrier, thus being
regarded as a promising theranostic tool.305 As demon-
strated in Figure 34b, the C60/iron oxide/PEG complex
shows a relatively low cytotoxicity to B16-F10 cells

Figure 34. (a) Scheme showing the reaction steps for preparing a fullerene/iron oxide photodynamic agent. (b) Relative
viabilities of B16-F10 cells treated with C60/iron oxide/PEG (C60-IONP-PEG2000), HMME, and C60/iron oxide/PEG/HMME
(C60-IONP-PEG2000/HMME) complex with or without laser irradiation (532 nm, 100 or 300 mW/cm2, 5 min). (c) Detection of
intracellular reactive oxygenproductionbyDCFH-DAstaining inB16-F10 cells incubatedwithC60-IONP-PEG/HMMEcomplex:
(i) control cells, (ii) C60-IONP-PEG, (iii) HMME, and (iv) C60-IONP-PEG/HMME. Reprinted with permission from ref 305.
Copyright 2013 Elsevier Ltd.
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(mice melanoma cell line), whereas when irradiated
with 532 nm laser, the cytotoxity of the hybrid greatly
increases. Significant enhancement in killing of cancer
cells was witnessed for C60/iron oxide/PEG/HMME
complex after exposure to laser; almost all cancer cells
were killed with 300 mW/cm2 laser power. In addition,
a high level of generation of reactive oxygen species
(ROS) was detected for C60/iron oxide/PEG/HMME
complex after laser exposure (greener fluorescence in
Figure 34c), confirming its remarkable photodynamic
therapy efficiency.305

Nanocomposites of Carbon Quantum Dots and Iron

Oxides: Syntheses and Applications. If carbon quantum
dots are combined with iron oxide nanoparticles, the
resulting hybrid can be used as a dual fluorescent/
magnetic imaging agent or as an efficient photocata-
lyst. Such a nanocomposite shows core/shell archi-
tecture, where the core is composed of an iron oxide
phase to which quantum dots are attached either via
covalent bond (i.e., use of functional groups present
on the surface of one of the hybrid components) or
electrostatic interactions (i.e., through electrostatically
charged surfaces of the hybrid units). An example
of a preparation route toward a carbon quantum
dot/iron oxide hybrid for bioimaging purposes
is shown schematically in Figure 35.310 In this ap-
proach, carbon quantum dots are synthesized using

tris(hydroxymethyl)aminomethane and betaine hydro-
chloride as a carbon source and surface modifier,
respectively. The modifier provides the carbon quan-
tumdot surface with�N(CH3)3

þ groups, which enables
their immobilization on the negatively charged surface
of the iron oxide nanoparticles (due to hydrolyzed
hydroxyl group on the iron oxide nanoparticle
surface) via electrostatic interactions, such as Fe�O� þ
þN(CH3)3 f Fe�O�þN(CH3)3.

310 The core/shell archi-
tecture is clearly seen in TEM images in Figure 35;
different contrast reflects iron oxide nanoparticles as a
core and carbon quantum dots as a shell. Thus, owing
to the core/shell nature, hybrid nanoparticles combine
fluorescence with magnetic response on a single plat-
form (see Figure 35 where nanocomposite's fluores-
cence properties are highlighted).

Figure 36 shows a synthesis scheme for a carbon
dot/iron oxide nanocomposite for photocatalytic ap-
plications.311 It is believed that the presence of carbon
quantum dots significantly enhances the photocataly-
tic activity of the iron oxide as they promote effective
separation of photogenerated electrons and holes,
preventing their rapid recombination. As all carbon
nanostructures have a large electron storage capacity,
the photon-excited electrons from Fe2O3 nanoparticles
can be readily transported in the conducting network
of carbon quantum dots. The electron�hole pairs can
interact with adsorbed oxidants/reductants (e.g., O2

and OH�), generating a large amount of active oxygen
radicals (i.e., •O2

� and •OH) with strong oxidation capa-
bility for degrading toxic gases (see Figure 37).311

In addition, carbon quantum dots show upconversion
photoluminescence by emitting light with a wave-
length shorter than that of absorbed light, which excites
Fe2O3 to produce electron�hole pairs. This hybrid has
been proposed as a high-performance novel magneti-
cally separable catalyst suitable for remediation applica-
tions. It has been successfully tested for degradation
of gas-phase benzene and methanol.317 As clearly seen
from Figure 37, the degradation efficiency of benzene
increased from 37% for Fe2O3 nanoparticles alone to
nearly 80% in the case of carbon quantum dot/Fe2O3

Figure 35. (a) Preparation scheme of a nanocomposite com-
posed of carbon quantum dots attached on the surface of
iron oxide nanoparticles (QCD = carbon quantum dot, NPs =
Fe3O4 nanoparticles). TEM images of (b) biogenic Fe3O4

nanoparticles and (c) carbon quantum dot/Fe3O4 hybrid
(pH = 12, carbon quantum dot/Fe3O4 = 1/1). Carbon quan-
tum dot/Fe3O4 hybrids imaged by a fluorescence micro-
scope: (d) phase contrast and (e) phase contrast combined
with a fluorescence mode. Reprinted with permission from
ref 310. Copyright 2012 Royal Society of Chemistry.

Figure 36. Scheme describing the preparation of the
carbon quantum dot/iron oxide nanocomposites acting
as magnetically separable catalysts. The photographs show
(i) carbon quantum dots dispersed in aqueous solution,
(ii) reaction solution containing carbon quantum dots,
FeCl3, and (NH2)2CO, and (iii) product solution. Reprinted
with permission from ref 311. Copyright 2011 Royal Society
of Chemistry.
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nanocomposites. Similarly, carbon quantum dot/Fe2O3

hybrids show much higher activity for methanol degra-
dation in comparison to that observed for Fe2O3 nano-
particles alone.

Recently, nanocomposites of graphene quantum
dots and Fe3O4 nanoparticles have been proposed as
a one of the promising peroxidase mimic systems and
as a catalyst for removal of phenolic compounds from
aqueous solutions.312 As graphene quantum dots pos-
sess a defect-free 2D hexagonal lattice structure and
enriched periphery carboxylic groups, they have been
found to show much higher intrinsic peroxidase-like
capability compared to that of micrometer-sized gra-
phene oxide and improved performance and stability
in H2O2 detection.

313,314 If combined with Fe3O4 nano-
particles through Fe�O chemical bonds (upon conver-
sion of periphery carboxylic groups into carboxylate
groups), electron transfer from electron-rich graphene
quantum dots to Fe3O4 nanoparticles is significantly
promoted, maintaining a higher number of Fe2þ ions
which play a dominant role in the catalytic peroxidase-
like activity of Fe3O4. In addition, it was demonstrated
that the magnetic graphene-quantum-dots-based
hybrids show better or comparable catalytic efficien-
cies for some phenolic compounds as compared with
those reported for horseradish peroxidase.312

Nanocomposites of Mesoporous Carbon and Iron

Oxides: Syntheses and Applications. There have been
several works reporting on embedding iron oxide nano-
particles in the mesoporous carbonmatrix so far.315�322

Mesoporous ordered carbon, frequently denoted as
CMK-n (where n= 1�9), discovered in 1999,323 has been
explored asa suitable candidate, for example, in the field

of energy storage and conversion or as an efficient
adsorbent of various environment-polluting com-
pounds.324 Its application potential is encouraged by
fascinating properties it shows such as high specific
surface area, well-ordered pore structure, tunable
mesopores, and pore size with high specific pore
volume, hydrophobicity, intrinsic high electrical con-
ductivity, good chemical and thermal stability, and
biocompatibility.324,325 Due to its porous structure, it
can accommodate various nano-objects and is thus
widely recognized as an important matrix component
in the host/guest chemistry.326 Commonly, mesopor-
ous carbon is synthesized via an impregnation method
employing well-ordered hexagonal and cubic meso-
porous silica materials (i.e., molecular sieves;MCM-48,
SBA-1, SBA-15) as hard templates and sucrose as a
carbon source.327,328 To produce host/guest architec-
tures, two strategies are often adopted, that is, either
addition of metal ions during the synthesis of mesopor-
ous carbon (one-step procedure) or postsynthetic in-
corporation of metals into the formed pore network
(two- or more-step procedure). To do so, several techni-
ques have been used including a cocasting method,318

combined hydrolysis and pyrolysis method,319 com-
bined wet impregnation and calcination procedure,317

method involving block copolymer self-assembly
and carbonization processes,316 and hydrothermal
method.320 Once assembled, the hybrids show im-
proved properties as a result of synergetic and coop-
erative effects between the mesoporous carbon and
well-dispersed active nanoparticles, extending thus
significantly the application potential of the individual
hybrid components. In case of nanocomposites based
on iron oxides and mesoporous carbon, a number of
applications have been envisaged such as electrodes
in lithium-ion batteries (see Figure 38),320,322 magneti-
cally separable adsorbents of toxic elements (e.g.,
arsenic, chromium),316,319 and catalysts (e.g., ammonia
decomposition, selective oxidation of benzyl alcohol
with molecular oxygen).321,329

A typical synthetic route toward mesoporous car-
bon/iron oxide hybrid is shown in Figure 39.318 First,
the mesoporous silica is filled with furfuryl alcohol
and iron source; it is then polymerized, leaving
small cavities into which Fe3þ ions can be adsorbed.

Figure 37. (a) Proposed model of the mutual interactions
between carbon quantum dots and iron oxide nanoparticles
explaining the enhanced photocatalytic capability of the
hybrid (e� = electron, hþ = hole). Photocatalytic degrada-
tion of (b) gas-phase benzene and (c) gas-phase methanol
over Fe2O3 nanoparticles and carbon quantum dot/Fe2O3

nanocomposite. Reprinted with permission from ref 311.
Copyright 2011 Royal Society of Chemistry.

Figure 38. Schematic picture of an electrode based on
mesoporous carbon/iron oxide hybrid. Reprinted with per-
mission from ref 322. Copyright 2011 Elsevier B. V.
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Simultaneously with carbonization, Fe3þ-containing
precursor decomposes into an iron oxide phase. The
growth of iron oxide nano-objects is restricted by the
channel size of themesoporous silica and confinement
during conversion of the of cross-linked polymer
network into solid carbon. In the last step, the silica
template is removed by applying NaOH aqueous solu-
tion. Depending on the content of Fe3þ-containing
precursor introduced, iron oxide embedded inside the
mesoporous carbon shows either nanoparticle (low
content) or nanorod-like character as demonstrated
by X-ray powder diffraction patterns (see Figure 39).
On increasing the iron oxide loading, the iron oxide
diffraction peaks get stronger and sharper, indicating
growth of larger nanoparticles and nanorods.318

Alternative synthetic procedure of mesoporous
carbon/iron oxide nanocomposite is depicted in
Figure 40.321 C-SBA-15 was used as a precursor for
mesoporous carbon in order to secure a selective
immobilization of iron oxide nanoparticles only in the
pores within the tubes (not in the mesopores between
the tubes). The preparation route requires three steps,
that is, impregnation, drying, and calcination. The
selection of the matrix and synthetic conditions pro-
vide a high iron oxide loading (up to 12 wt% in a single
impregnation step). Moreover, upon leaching of the
silica from the precursor, an additional pore system can
be opened, enabling a controlled functionalization
of the CMK-5 pores. The proposed nanocomposite
has been tested as a promising catalyst for ammonia
decomposition. The conversion rate, highest reported
ever for any Fe-based catalyst employed in this reac-
tion, was explained by high porosity of the CMK-5
support, being beneficial for the mass transfer, and
the high dispersion of the iron oxide.321

To enhance the storage capacity and electrochemi-
cal performance of mesoporous carbon/iron oxide
hybrids in lithium-ion batteries, Li et al.320 proposed
to use a mixture of Fe2O3 and Fe3O4 phases (i.e., FeOx)
functionalizing the surface of the tubes from the
mesoporous carbon. The synthetic procedure, shown
in Figure 41, involves two steps, that is, covering
the tube surfaces with a surfactant (CTAB) and hydro-
thermal process converting Fe-containing precursor
into FeOx phase. As it is evident from Figure 41, the
mesoporous carbon/iron oxide hybrid exhibits much
better electrochemical performance than mesoporous
carbon alone on increasing the current density.
Even at the highest current density, the mesoporous
carbon/iron oxide nanocomposite maintains a stable
charge/discharge capacity of 320 mA h g�1, about
5.4 times higher than pure mesoporous carbon. In
addition, it is believed that employing the proposed
mesoporous carbon/iron oxide architecture may
shorten the path lengths for electron transfer and Liþ

transport, significantly improving the performance
of the electrode.320 Recently, Xu et al.330 incorporated
mesoporous Fe2O3 particles into mesoporous carbon
matrix to improve cycling stability and capability rate.
Similarly as Fe2O3 nanoparticles, mesoporous Fe2O3

particles show a long cycling life and high-rate perfor-
mance; additionally, despite much smaller surface area

Figure 39. (a) Scheme of synthetic steps toward mesopor-
ous carbon/iron oxide architecture: (1) addition of furfuryl
alcohol inside the pores of mesoporous silica and polymer-
ization; (2) iron ion adsorption; (3) carbonization and for-
mation of iron oxide (A) nanoparticles and/or (B) nanorods
inside the pores of the mesoporous carbon; (4) removal of
the silica template. (b) X-ray powder diffraction patterns of
the mesoporous carbon/iron oxide hybrids with different
levels of iron oxide loading (5, 10, and 20 wt %). Reprinted
from ref 318. Copyright 2007 American Chemical Society.

Figure 40. Scheme of formation of γ-Fe2O3 nanoparticles confined inside the pores of CMK-5. Reprinted from ref 321.
Copyright 2010 American Chemical Society.
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than Fe2O3 nanoparticles, they have large tapping
density and high Coulombic efficiency and provide
extra voids for accommodating volume changes dur-
ing lithium-ion insertion/extraction and relieving struc-
tural strain/stress during charge/discharge processes.
The hybrid anode showed a high reversible capacity of
∼800mA h g�1 maintained over 300 charge/discharge
cycles at a current density of 100 mA g�1, which is
much better than those reported for solid Fe2O3

nanoparticles incorporated into the mesoporous car-
bon and/or between the graphene sheets. Thus, two
factors have been identified to have a significant effect
on the high-rate performance of mesoporous Fe2O3

nanoparticles, such as fast charge transfer reaction
occurring at the large interface between electrode
and liquid electrolyte and reduced Li-ion diffusion
distances allowing fast kinetics.330

However, if iron oxide nanoparticles are incorpo-
rated into the pores of the mesoporous carbon or
cover its surface, several problems must be faced and
overcome in order to prepare hybrids with a desired
combination of properties. Most importantly, iron
oxide nanoparticles must be distributed homo-
geneously inside the pores and/or over the surface,
must not be embedded into the mesopore walls,
and must not aggregate. In addition, the surface of
mesoporous carbon is suggested to be coated with a
thin carbon layer to avoid the degradation of iron oxide
nanoparticles in the environment (particularly in the
case when iron oxide nanoparticles are attached to the
surface of mesoporous carbon).

Nanocomposites of Carbon Foam and Iron Oxides:

Syntheses and Applications. Mesoporous carbon offers
pores with ∼3�4 nm, which limits the iron oxide
loading capability and access of electrolyte to active
nano-objects confined inside the pores. Thus, carbon
foam has been suggested as an alternative for immo-
bilization of iron oxide nanoparticles.331,332 Carbon
foam has a larger pore size (>20 nm) and large pore
volume (>1.8 cm3 g�1). In addition, the pores of the
carbon foam are opened in all directions owing to the
inherently isotropic foam pore structure, making it
more feasible, for example, for an electrolyte to reach
iron oxide nanoparticles. An example of the prepara-
tion route toward a carbon foam/iron oxide hybrid,
based on host/guest approach, is depicted in
Figure 42.333 The synthetic procedure involves three
steps: (i) preparation of carbon foam with large inter-
connected pores from mesocellular silica as a hard

Figure 41. (a) Schematic representation of preparation steps
toward mesoporous carbon/FeOx hybrid. (b) Rate capacity
of the ordered mesoporous carbon (OMC) and OMC/FeOx

nanocomposite. Reprinted with permission from ref 320.
Copyright 2013 Royal Society of Chemistry.

Figure 42. (a) Scheme of preparation route toward carbon
foam/iron oxide composite coated with Al2O3 thin layer for
application as electrodes in lithium batteries (ALD = atomic
layer deposition). (b�e) TEM images showing incorporation
of Fe3O4 nanoparticles inside the pores of carbon foam
(b, without loading; c�e, different loading level: 45, 61, and
71 wt %, respectively). Reprinted with permission from
ref 333. Copyright 2011 Wiley VCH Verlag GmbH & Co.
KGaA, Weinheim.
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template; (ii) impregnation of pores by Fe-containing
precursor (e.g., Fe(NO3)3 3 9H2O); and (iii) heat treat-
ment under Ar atmosphere inducing decomposition
of Fe-containing precursor to Fe3O4. It turns out that

the loading level may reach up to ∼71 wt %. In order
to enhance durability and rate capability of the carbon
foam/iron oxide nanocomposite, an Al2O3 thin layer
was used as a hybrid coating. A similar strategy to
produce carbon foam/iron oxide nanocomposite is
shown in Figure 43.334 In this case, the iron oxide
loading level was found to reach ∼79 wt %. Several
possible applications of carbon foam/iron oxide hy-
brids have been proposed, including anode materials
in lithium-ion batteries335,336 or magnetically recover-
able Fenton catalyst for removal of phenol and arsenic
(see Figure 44).335

Iron Oxide/Carbon Core/Shell Nanoarchitectures:

Syntheses and Applications. Recently, a new architec-
ture comprising an iron oxide core and a carbon shell
has been developed.336�338 These core/shell nanopar-
ticles can be fabricated employing various techniques
including chemical vapor deposition,339 laser abla-
tion,340 arc-discharge,341 sol�gel assembly process,337

or salt template process.338 They can be synthesized
in one step (particularly in the cases when a single
precursor is used as a source for metal oxide core and
graphitic shell, such as a metal�oleate complex) or in
two steps (independent synthesis of iron oxide nano-
particles followed by coating with carbon). The advan-
tage of one-step procedures over the two-step routes
mainly lies in a possibility to tune the average particle
size and controllably alter the particle size distribution.
This is achieved by the so-called “wrap-bake-peel”
process,342 which secures preservation of the size
and shapes of the iron oxide nanocrystals during the
heat treatment. The iron oxide/carbon core/shell
nanoparticles have already been successfully tested
as lithium-ion battery anodes,338 showing a high per-
formance comparable to that exhibited by graphene/
iron oxide nanoarchitectures. In addition, sp2 carbon
coatings (e.g., graphene sheets) can be covalently and
noncovalently functionalized with diverse functional
groups so that the iron oxide/carbon core/shell
nanoparticles become dispersible in a physiological

Figure 43. (Top) Scheme of preparation route toward car-
bon foam (CF)/Fe3O4 hybrid. (Bottom) TEM images of Fe3O4

nanoparticles synthesized by the hydrothermal method
(a,b), and the in situ formed Fe3O4 nanoparticles inside the
pores of the carbon foam (c,d). Reprinted with permission
from ref 334. Copyright 2011 Royal Society of Chemistry.

Figure 44. Scheme showingmechanism of arsenic removal from aqueous solution employing carbon foam (MSU-F-C)/Fe3O4

hybrid. The inset shows removal of the (MSU-F-C)/Fe3O4 hybrid with adsorbed arsenic by a hand magnet. Reprinted with
permission from ref 335. Copyright 2012 Elsevier Ltd.
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environment and thusmore biocompatible. This opens
their possible exploitation in medical fields, especially
in those focused on targeted delivery of biologically
active molecules to desired sites in a living organism
(e.g., targeted delivery of anticancer drugs).

Figure 45 shows a formation of iron oxide/carbon
core/shell nanoparticles by in situ graphitization of
oleic acid on iron oxide nanoparticles.336 Iron oxide
nanoparticles were prepared a priori by a colloid chem-
istry approach using iron oleate complex (reaction
product of iron(III) chloride and sodium oleate) as a
precursor. The wet chemical synthesis yields nano-
particles with core/shell architecture when the core is

made up of γ-Fe2O3 and the shell is of oleic acid nature.
The shell is rich in carbon, and upon thermal treatment
under dynamic vacuum, it is graphitized to form a few-
layer graphene.

Alternatively, iron oxide/carbon core/shell hybrids
can be prepared by adopting the combined sol�gel
and pyrolysis procedure schematically described in
Figure 46.337 It involves three steps: (i) assembly of
Fe(CO)5/SBA-16 reaction system by a surfactant tem-
plate route; (ii) thermally induced formation of iron
oxide nanoparticles surrounded by a layer of carbon
originating from carbonization of the F127 surfactant;
and (iii) removal of silica by 5%HF. The resulting hybrid

Figure 45. (a�h) TEM images displaying evolution of graphene sheets on the surface of iron oxide nanoparticles from oleic
acid coating upon thermal treatment under dynamic vacuum induced by electron irradiation. The inset in panel (h) shows the
spacingbetween the individual graphene sheets on the surface of iron oxide nanoparticles. Reprinted from ref 336. Copyright
2012 American Chemical Society.
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shows a significant adsorption capability and can thus
act as a recoverable adsorbent; it was successfully
tested for removing methylene blue dye from an
aqueous solution (see Figure 46).337

SUMMARY AND FUTURE CHALLENGES

Herein we have shown the wide applicability and
versatility of magnetic nanocarbon materials in fields
such as water remediation, biosensing, bioimaging,
drug delivery, theranostics, and Li-ion batteries. This
versatility can be explained by the synergy between the
suitable nanocarbon source and themagnetic material.
In the environmental applications, it turns out that

iron oxides mostly play a passive role in the hybrid.
They equip the nanocomposite with a property to be
magnetically separable once pollutants of organic or
inorganic nature are adsorbed on the surface provided
by the carbon counterpart. This is highly desirable in
the case when carbon nanotubes, due to their huge
surface area and high reactivity, are used as adsorbents
for the removal of toxic chemicals from water and
gases. If notmagnetically functionalized, it is difficult to
separate them from aqueous solutions; most impor-
tantly, they show toxicity and may enter into cells,
causing damage to plants, animals, and humans once
released to the environment. Alternatively, mesopor-
ous carbon or graphenemay substitute the adsorption
function of carbon nanotubes; however, higher effi-
ciency and lower toxicity are redeemed by high cost,
low yields, and purity.

On the other hand, iron oxides are active in carbon-
based nanocomposites designed as promising materi-
als in energy storage devices, sensing, and medical
applications. In medical fields, both iron oxide and
carbon components equally participate in the function
of the hybrid; while carbon allotropes bring adsorption
capability, fluorescent property, photocatalytic power
or photo- and electrochemical features, iron oxides
work as imaging andmagnetically triggered therapeu-
tic agents (e.g., advanced architectures for combined
targeted drug delivery and hyperthermia treatment).
In lithium-ion batteries, iron oxides, possessing high
theoretical specific capacities, serve as electrochemi-
cally active constituents providing intercalation and
deintercalation of lithium ions during charging and
discharging processes. However, if iron oxide nano-
particles are used alone as anode materials, three
main problems are faced: (i) low electric conductivity;
(ii) large stress and volume changes during charge/
discharge processes disrupting the electric contact
and causing structural collapse; and (iii) aggregation
of iron/iron oxide nanoparticles during the cycle pro-
cess (due to their large surface area and activity).
Exploitation of carbon-based materials as a support
for iron oxide nanoparticles improves electric conduc-
tivity, provides space to accommodate stress and
volume changes, and prevents nanoparticle aggrega-
tion, preserving thus high reversible capacities
(∼1000 mA h g�1) and cycling performance (>150
cycles). Contrary to other potentially exploitable elec-
trochemically active compounds such as Co3O4, SnO2,
Cu2O, and NiO, iron oxides offer eco-friendliness and
are easily available and inexpensive, making them the
most promising candidates for lithium storage.
It is believed that, in the future, the efficiency and

applicability of many of these magnetic carbon-based
nanocomposites canbeenhancedby improving synergy
between the hybrid components. This can be achieved
by introduction of another component, functionalization
of the carbon surface, control of magnetic particle load-
ing and distribution (uniformly over the carbon allotrope
surface or specifically around the edges), etc. In addition,
the synergetic and cooperative effects are expected to
be more promoted in the case of covalent and selective
functionalization approaches when both counterparts
actively affect each other, providing the possibility to
tune their properties with respect to the intended
practical exploitation of the nanocomposite. Through
covalent linkage, magnetic nanoparticles may alter a
magnetic state of various carbonallotropes (e.g., similarly
as doping of foreign atoms into the structure of carbon
allotropes). Moreover, by covalent interactions, hybrid
components are firmly bound to each other, avoiding
their separation and release to the environment contrary
to the nanocomposites in which the counterparts are
held with each other by noncovalent interactions or
simple physical adsorption.

Figure 46. (a) Scheme describing the synthetic steps to-
ward iron oxide/carbon core/shell nanoparticles.Methylene
blue aqueous solution (b) before and (c) after adsorption on
the surface of iron oxide/carbon core/shell nanoparticles
and their subsequent separation fromsolutionby amagnet.
Reprinted with permission from ref 337. Copyright 2009
Royal Society of Chemistry.
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Multiple research avenues remain unexplored in the
field of magnetic carbon-based hybrids. Some of the
areas include the introduction of magnetic iron oxide
nanoparticles into fullerenes, magnetic functionaliza-
tion of nanodiamonds toward theranostic applications,
and enhancement and tuning of the intrinsic magnetic
properties of carbon nanotubes. Thus, within these
unchartered research areas, as well as the in-depth
exploration of the versatility of carbon/iron oxide
nanocomposites already synthesized, remarkable and
cutting-edge research breakthroughs are expected
to emerge.
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