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Magnetic graphene nanocomposites (MGNCs) with surface-adhered magnetic nanoparticles (NPs) are

synthesized by a facile thermal-decomposition method. Two different sized graphenes (Gra-10 and

Gra-40) are used. The stacking of a few layers of NPs is revealed by the AFM observation in the

nanocomposites, especially with a higher particle loading. The TEM observations show that the

average particle size increases from 12.1 to 17.4 nm with increasing particle loading from 2 to 10% on

Gra-10 substrate. The NPs exhibit a core@shell structure with an iron core and iron oxide shell,

confirmed by high resolution TEM, selected area electron diffraction and X-ray diffraction analysis.

The graphene size and particle loading dependent behavior such as dielectric permittivity, electrical

conductivity, magnetization and giant magnetoresistance (GMR) are observed. The electrical

conductivity has been significantly changed in the different sized graphenes after coating with NPs

(conductivity: Gra-10 > NPs/Gra-10; Gra-40 < NPs/Gra-40). The MR is observed to vary from 38 to

64% at 130 K, and even higher MR of about 46–72% is observed at 290 K. More interestingly, the

dielectric permittivity can be tuned from negative to positive at high frequency with increasing particle

loading. All the results indicate that graphene with smaller size obtains superior properties than the one

with larger size.
1. Introduction

The design and study of multifunctional materials have attracted

a great deal of attention due to their fundamental academic

interests and potential technical applications.1–4 With the ever

increasing development of modern technologies, materials with

multi-functionalities are in great demand for versatile advanced

applications. Among these, research targeted to materials pre-

senting magnetism,5–7 optical activity,8,9 conductivity1,10 and bio-

compatibility11,12 has increased significantly in recent years.

The discovered two-dimensional one-atom-carbon thick

defect-free graphene with a planar honeycomb lattice possesses

outstanding physical properties, such as high intrinsic mobility

and ballistic transport, high thermal conductivity (5000 W

(m K)�1), mechanical stiffness (130 GPa), electrical conductivity
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(6000 S cm�1) and gas barrier properties.13–19 Driven by these

exceptional properties, graphene has been recognized as one of

the hottest materials right now to be used either as a filler in

polymer matrix to enhance the mechanical strength, conductivity

and gas barrier performance or as a substrate to be decorated

with different nanoparticles (NPs) aiming to fabricate multi-

functional composites combining the advantages of both gra-

phene and NPs. For example, Liang et al. reported a 76%

increase in tensile strength and a 62% improvement of Young’s

modulus in graphene oxide (GO)/poly(vinyl alcohol) (PVA) with

a GO loading of 0.7 wt%.20 Even larger enhancement was

reported one year later with 150% improvement of tensile

strength and a nearly 10 times increase of Young’s modulus with

1.8 vol% graphene in PVA.21 Ultralow electrical percolation of

1 vol% was also observed in graphene/polystyrene (PS)

composites, which have a conductivity of 0.1 S m�1.1 More

recently, the unique properties of the graphene based nano-

composites expand their applications to environmental remedi-

ation, microelectronics, electrochemical devices and biological

field. For example, graphene/Fe3O4 nanocomposites are used to

remove arsenic(III) and arsenic(V) ions from wastewater with an

extremely high removal efficiency of 99.9%, which can be easily

separated by an external magnetic field.22 Graphene/noble metal

NPs (Au, Pt and Pd) composites have shown catalytic activity in

methanol oxidation reaction.23 Graphene/TiO2 nanocomposites
J. Mater. Chem., 2012, 22, 835–844 | 835
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have been applied in hydrogen generation from photocatalytic

splitting of water,24 batteries with enhanced Li-ion insertion25

and rhodamine B degradation from a photocatalytic process.26

Yan et al.27 synthesized flexible graphene/polyaniline hybrid

papers combining excellent electrochemical activity (capacitance

at a current density of 400 mA g�1: 489 F g�1) and biocompati-

bility with L-929 cells. Grafting a monolayer of self-assembled

1-octadecanethiol on graphene allows these materials to be used

for mercury detection28 and highly selective adsorption of Hg2+

(adsorption capacity: 980 mg g�1) is observed by a polypyrrole-

reduced graphene oxide composite.29 Even though graphene has

been well recognized as a perfect substrate to be equipped with

multi-functionalities as mentioned above, related research of the

doping effect on the electrical, dielectric and giant magnetore-

sistance (GMR) properties of graphene is still lacking, especially

all the aforementioned properties are strongly related to the

graphene size, which is still unknown to the best of our knowl-

edge. In addition, due to the different size of the graphene

precursor (graphite) as well as the difference of graphene fabri-

cation process, the results are not comparable from different

literature before the size dependent properties of the graphene

are elucidated.

GMR, first discovered in alternating ferromagnetic iron and

non-ferromagnetic chromium layers,30 is defined as a large

change in resistance when the relative orientation of the magnetic

domains in adjacent layers is adjusted from anti-parallel to

parallel under an applied magnetic field. The unique band

structure (zero band gap) of graphene makes it one of the best

candidates for studying GMR. To the best of our knowledge,

most of the current research on the MR behavior of graphene is

still in a state of modeling and theoretical prediction.31 Mu~noz-

Rojas et al. predicted a 100% MR in a device by computing the

spin-polarized electron transport across a finite zigzag graphene

ribbon bridged by two metallic graphene electrodes.31 Bai et al.32

have found 50% MR in graphene nanoribbons at room

temperature. Owing to the unusual electronic band structure,

graphene has triggered great interest in exploring its plasmon

dispersion which is the most important ingredient in the meta-

materials. Metamaterials are of great interest due to their unique

negative physical properties such as refractive index and

permittivity. Recently, our group discovered negative permit-

tivity in conductive polymer-based nanocomposites (PNCs)3,33

and carbon nanofibers (CNFs)/elastomer PNCs.34 These mate-

rials obtain a promising future that can be applied in cloaking,

superlens, wave filters, remote aerospace applications, and

superconductors.35–37However, rarely work has been reported on

the GMR and negative permittivity in the magnetic graphene

nanocomposites (MGNCs).

In this work, magnetic graphene nanocomposites based on

two different sized graphene substrates with various nanoparticle

loading levels are synthesized by a facile thermal-decomposition

method. Iron(0) pentacarbonyl was used as iron precursor and

all the formed NPs were adhered on the graphene sheet with

a uniform dispersion and narrow size distribution. The particle

size and particle–particle interaction are strongly related to the

iron precursor concentration and graphene size. The effects of

the particle loading levels and graphene size on the electrical

conductivity, dielectric permittivity, GMR and magnetic prop-

erties of the nanocomposites are investigated and detailed here.
836 | J. Mater. Chem., 2012, 22, 835–844
2. Experimental

2.1 Materials

Graphene (N008-100-P-10, XY: 5–10 mm, Z: 50–100 nm; N008-

100-P-40, XY: # 44 mm, Z: 50–100 nm. For brevity, Gra-10 and

Gra-40 are used to represent these two graphenes) is supplied by

Angstron Materials Inc, USA. These two graphene materials

have the same thickness (Z) but different in XY plane dimension.

Gra-40 has a larger XY plane dimension than Gra-10. Iron(0)

pentacarbonyl (Fe(CO)5, 99%) and dimethylformamide (DMF,

99%) are commercially obtained from Sigma Aldrich. All the

chemicals are used as-received without any further treatment.
2.2 Preparation of magnetic graphene nanocomposites

(MGNCs)

The MGNCs are fabricated using a one-step thermal decompo-

sition method. Graphene nanocomposites (based on Gra-10)

with different particle loadings (2.0, 5.0 and 10.0 wt%) are

prepared and Gra-40 nanocomposites with 10 wt% loading are

also prepared for comparison. Typically, Gra-10 (1.0 g) is

dispersed in DMF (100.0 ml) using ultrasonication for 30 min at

room temperature. And then 0.0714, 0.1841 and 0.3850 g Fe

(CO)5 are injected to the Gra-10 solution (DMF and Fe(CO)5 are

intermiscible) to make nanocomposites with 2.0, 5.0 and 10.0 wt

% particle loading, respectively. The suspension is heated to the

boiling temperature (�153 �C) and refluxed for an additional 4

hours. Finally, the solid products are removed from the

suspension using a permanent magnet, and the residue solution is

transparent, which indicates that Fe(CO)5 has been decomposed

completely (otherwise the solution will be yellow). The 10% NPs/

Gra-40 nanocomposites are prepared following the same

procedures. The collected solid powders are dried in a vacuum

oven for 24 h and then annealed at 500 �C for 2 h under H2/Ar

atmosphere. Pure graphenes and their nanocomposite powders

are pressed into disk-shaped samples (compressed at 20 MPa in

a hydraulic presser, Carver 3853-0, USA) with a diameter of

25 mm and thickness of �0.5 mm for characterizations.
2.3 Characterization

The Raman spectra of pure graphenes (Gra-10 and Gra-40) and

their nanocomposites were measured using a Horiba Jobin-Yvon

LabRam Raman Confocal Microscope with 633 nm laser exci-

tation at a 1.5 cm�1 resolution at room temperature.

The three dimensional structures of pure graphene and its

nanocomposites were characterized by atomic force microscopy

(AFM, Agilent 5600 AFM system with multipurpose 90 mm

scanner). Imaging was done in acoustic ac mode (AAC) using

a silicon tip with a force constant of 2.8 N m�1 and a resonance

frequency of 70 kHz. The sample was prepared by sonicating the

powders in water for 15 min to form an aqueous suspension,

drop casting some suspension on a freshly cleaved mica slide, and

then drying in air overnight. The sample surface was blown with

compressed nitrogen to remove possible loose particles on the

surface before imaging.

The morphologies of the MGNCs were further characterized

by a FEI Tecnai G2 F20 transmission electron microscopy

(TEM) with field emission gun, operated at an accelerating
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Raman spectra of the pure graphene with different dimensions

and their nanocomposites (a) Gra-10, (b) 2% NPs/Gra-10, (c) 5% NPs/

Gra-10, (d) 10% NPs/Gra-10, (e) Gra-40 and (f) 10% NPs/Gra-40 in the

range of (A) 500–4000 cm�1, (B) 1250–1450 cm�1, (C) 1540–1620 cm�1

and (D) 2550–2800 cm�1.
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voltage of 200 kV. The TEM samples were prepared by drying

a drop of the ethanol suspension on carbon-coated copper TEM

grids.

The powder X-ray diffraction (XRD) analysis on the

compressed disk-shaped samples was carried out with a Bruker

AXS D8 Discover diffractometer with GADDS (General Area

Detector Diffraction System) operating with a Cu-Ka radiation

source filtered with a graphite monochromator (l ¼ 1.5406 �A).

The detector used was a HISTAR two-dimensional multi-wire

area detector. The samples were mounted on a quarter-circle

Eulerian cradle (Huber) on an XYZ stage. The X-ray beam was

generated at 40 kV and 40 mA power and was collimated to

about an 800 mm spot size on the sample. The incident u angle

was 5�. A laser/video system was used to ensure the alignment of

the sample position on the instrument center. XRD scans were

recorded from 5 to 50� for 2q with a 0.050� step-width and a 60 s

counting time for each step.

The dielectric properties are measured by a LCR meter (Agi-

lent, E4980A) equipped with a dielectric test fixture (Agilent,

16451B) within the available frequencies of 20 Hz to 2 MHz. The

measurements are conducted at room temperature.

The magnetic properties of the GNCs at room temperature are

measured in a 9 T physical properties measurement system

(PPMS) by Quantum Design. The temperature dependent

conductivity (s) and magnetoresistance (MR) are measured

using a standard four-probe method in this system.

The thermal degradation of pure graphene and its nano-

composites is studied with a thermo-gravimetric analysis (TGA,

TA instruments Q-500) from 25 to 900 �C with an air flow rate of

60 ml min�1 and a heating rate of 10 �C min�1.
3. Results and discussion

3.1 Raman spectra

Fig. 1(A) shows the Raman spectra in the entire wavenumber

range from 500 to 4000 cm�1 of Gra-10, Gra-40 and their

nanocomposites. No additional peak is observed from the

nanocomposites as compared to that of pure graphenes. Typi-

cally, the two most important features are the D band at

1331 cm�1 and G band at 1578 cm�1. The edge-induced disor-

dered D band38 is related to the presence of sp3 defects. The G

band is related to the in-plane vibration of sp2 carbon atoms,

which is a doubly degenerate (transverse-optical and longitu-

dinal-optical) phonon mode (E2g symmetry) at the Brillouin zone

center. The relatively lower intensity of the D band as compared

to that of the G band indicates that only a small proportion of

defects exist in these samples, Fig. 1(A). The observed 2D band,

historically named as G0 at 2684 cm�1, is due to the two phonons

with opposite momentum in the highest optical branch near the

K point of the Brillouin zone.39,40 The presence of a sharp and

symmetric 2D band is used as a fingerprint to differentiate single

or bilayer graphene from multilayer graphene.41 In this work, the

broad and nonsymmetrical 2D band at 2550–2800 cm�1, Fig. 1

(D), indicates a multilayer structure, i.e. larger than five layers.42

Taking a closer view of these three bands, it is interesting to

observe that all the D, G and 2D bands shift to lower wave-

number (or often called red shift) after being decorated with NPs,

Fig. 1(B–D). For the D band, Fig. 1(B), the peak shift is relatively
This journal is ª The Royal Society of Chemistry 2012
lower, for example, the peak position shifts to low wavenumber

by 3, 4 and 2 cm�1 with a particle loading of 2.0, 5.0 and 10.0 wt%

as compared to that of pure Gra-10 (1331 cm�1). A larger peak

shift of 7, 7 and 3 cm�1 is observed in the G band in the MGNCs

with the same particle loading as compared to 1578 cm�1 of pure

graphene, Fig. 1(C). An even larger shift is observed from the 2D

band, Fig. 1(D), which exhibits a peak shift of 18, 12 and 7 cm�1

on increasing the nanoparticle loading. However, it is worth

noticing that the peak shifts (D, G and 2D) from Gra-40 to 10%

NPs/Gra-40 nanocomposites are not obvious, with only a 2 cm�1

shift observed. Several factors contribute to the changes in the

Raman peak shift, including phonon confinement, strain,

broadening associated with the size distribution, defects, and

variations in phonon relaxation with particle size.43 The Raman

red shift has been observed in polycrystalline and microcrystal-

line materials, which was attributed to the confinement of optical

phonons in a small crystalline particle.44,45 When the size of the

particles is reduced to the order of nanometres, the wave function

of optical phonons will no longer be a plane wave. The locali-

zation of the wave function leads to a relaxation in the selection

rule of the Raman active optical phonons. Not only the phonons

with zero wave vector q ¼ 0 but also those with q > 0 take part in

the Raman scattering process, resulting in the red shift of the

peak position. The embedded NPs on the graphene sheet would

definitely affect the wave function of the optical photons not only

from the relaxation of the selection rule but also from the surface

strains the NPs applied on the graphene sheet.43 Both factors

contribute to the red shift of the nanocomposite bands.
3.2 Microstructure and crystalline phase investigation

Fig. 2(a and b) shows the AFM image of pure Gra-10 and Gra-

40. Both Gra-10 and Gra-40 are observed to exhibit a smooth

surface, however the thickness is unable to be precisely measured

due to the multi-layer structure and the curving nature of
J. Mater. Chem., 2012, 22, 835–844 | 837
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Fig. 2 AFM image of (a) Gra-10, (b) Gra-40, (c) 2%NPs/Gra-10, (d) 5%NPs/Gra-10, (e) 10%NPs/Gra-10, (f) 10%NPs/Gra-40 and the depth profile of

the line of interest on the graphene sheet.
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graphene. Fig. 2(c–e) shows the NPs/Gra nanocomposites with

a nanoparticle loading of 2.0, 5.0 and 10.0%, respectively.

Obviously, the spherical NPs are deposited directly on the gra-

phene sheet. In the absence of chemical bonding between NPs

and graphene, the favorable deposition of the NPs on graphene

needs to be elucidated. Similar deposition of Fe3O4 on graphene

and an enhanced mechanical strength of the nanocomposite

paper than that of pure graphene paper are reported.46 The

interfacial interaction between NPs and graphene/graphene

oxide can be explained from the physisorption, electrostatic

binding, or through charge transfer interactions.47 For example,

gold NPs are deposited on graphene sheets through

physisorption.48

Both the particle dispersion and the particle–particle inter-

action are strongly related to the amount of the NPs and the

specific surface area of the graphene sheet. AFM height profile

can be used to identify the three dimensional structure of the

particle–particle interaction, especially the NPs stacking, which

is unable to be identified from TEM. The particle size is

observed to be in the range of 10–20 nm and the detailed
838 | J. Mater. Chem., 2012, 22, 835–844
particle size distribution is analyzed by TEM as following. The

cross-section analysis with a height of 10–20 nm on the Gra-10,

Fig. 2(c), corresponds to 1–2 layers of NPs for the 2% NPs/

Gra-10 MGNCs. The height in the majority areas of Fig. 2(d)

(5% NPs/Gra-10 MGNCs) is larger than 20 nm, indicating 2–3

layers of NPs, even though the bare area of graphene is still

observed. The even larger height with a maximum of about 60

nm observed in Fig. 2(e) (10% NPs/Gra-10 MGNCs) means

more layers of NPs in some specific area. With a larger

dimension of graphene sheet as Gra-40, the height of the peaks

from Fig. 2(f) is about 35–40 nm, equivalent to 2–3 layers

of NPs.

The morphologies of the MGNCs were observed by TEM.

Fig. 3(a–c) shows the microstructures of the nanocomposites

with increasing particle loading from 2.0 to 10.0%. The flake-like

shapes of graphene are clearly observed to be embedded with

uniformly dispersed and narrowly distributed NPs. The top inset

of each image shows the particle size distribution together with

an average diameter of 12.1, 14.5 and 17.4 nm for the MGNCs

with a particle loading of 2.0, 5.0 and 10.0%, respectively. In
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 TEM images of the NPs/Gra-10 nanocomposites with a NP loading of (a) 2.0%, (b) 5.0% and (c) 10.0%. (Left inset shows the high resolution

TEM of one particle and the column figure on right side shows the particle size distribution with a mean value.) (d–f) Enlarged magnification of images

(a), (b) and (c), respectively. The inset shows the selected area electron diffraction (SAED) pattern of the core@shell NPs. (g) TEM image of 10.0%NPs/

Gra-40 nanocomposites (top inset shows the NP distribution and bottom inset show high resolution TEMof one particle) and (h) enlargedmagnification

of 10.0% NPs/Gra-40 with SAED as inset at bottom, (i) SAED pattern analysis corresponds to the Fe (110, 200, 211) and Fe2O3 (311) crystal planes.
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most cases, the particle size is governed by the rates of initial

nucleation and subsequent atomic growth surrounding the

nuclei.49 The larger particle size obtained at higher loading is due

to the growth of more concentrated nucleates in the unit volume.

The high resolution TEM (HRTEM) of individual nanoparticle

is shown in the bottom inset. The particles exhibit a core@shell

structure with both crystallized inner core and crystalline outer

shell; similar core@shell structure is also observed in Fe@Fe2O3/

polypropylene nanocomposites following the same procedures.49

Fig. 3(d–f) exhibits the HRTEM images of the nanocomposites.

The NPs are separated from each other at 2.0 wt% loading and

the core@shell structure is clearly observed on some big sized

particles (Fig. 3(d)). With increasing particle loadings to 5.0%,

especially 10.0%, the NPs tend to agglomerate and form a cluster

with several NPs bundling together, Fig. 3(f). However, these

‘‘clusters’’ are still isolated from each other. With a larger

dimension graphene sheet (Gra-40) as substrate at the same

10.0% particle loading, more serious agglomeration is observed

and all the NPs are connected to form a network, which is due to

the fewer edge defects on the Gra-40 than those of the Gra-10.

The clusters form a stronger bonding with the substrate at defect

sites, these sites act as traps and effectively slow down the
This journal is ª The Royal Society of Chemistry 2012
mobility of the clusters; similar observations are also reported for

the palladium NPs grown on a TiO2 surface.50 The reduced

mobility of the clusters results in a higher density of nuclei at the

defect sites on the edge and therefore lower particle density is

observed on the graphene sheets.51 The crystalline structure of

the NPs is well maintained independent of the particle loadings,

as evidenced by the clear dots of SAED pattern in the bottom

inset of each image, Fig. 3(d–f and h). The detailed analysis on

the SAED pattern is displayed in Fig. 3(i), from which the crystal

planes of the iron core (110, 200 and 211) and the iron oxide shell

(311) are determined.

Fig. 4(a) shows the XRD patterns of pure Gra-10 and its

MGNCs with various particle loadings. The strong peak at 26.5�

corresponds to the (002) crystalline plane of graphene. Some

additional peaks are observed in the MGNCs as compared to

those in pure graphene, the peaks at 2q ¼ 42.27 and 44.65�

correspond to the (100) and (110) crystalline planes of iron

(PDF#06-0696) and the other peak at 2q ¼ 35.80 is from the

(311) crystalline plane of iron oxide (PDF#39-1346).52,53 The

same additional peaks at 2q ¼ 35.80, 42.27 and 44.65�, which
correspond to the Fe2O3 (311), Fe (100) and (110) crystal planes

are also observed in 10.0% NPs/Gra40 nanocomposites, Fig. 4
J. Mater. Chem., 2012, 22, 835–844 | 839
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Fig. 4 XRD patterns of (a) Gra-10 and its PNCs with different particle

loadings and (b) Gra-40 and its nanocomposites with 10% loading of

NPs.
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(b). All these characteristics further demonstrate the core@shell

structure of the NPs.
3.3 Magnetic property

Fig. 5 shows the magnetic hysteresis loops of the MGNCs with

various particle loadings and two different-sized graphene

substrates. The saturation magnetization (Ms) is evaluated at the

state when an increase in magnetic field cannot increase the

magnetization of the material further. Magnetization is observed

to reach saturation at 20 000 Oe for Gra-10 nanocomposites with

a particle loading of 2.0 and 5.0%, and the corresponding Ms is

2.4 and 10.1 emu per g, respectively. However, with increasing

particle loading to 10.0%, the curves have not reached saturation

yet even at 20 000 Oe. And theMs is estimated to be 14.7 and 11.9

emu per g for 10.0% NPs/Gra-10 and 10.0% NPs/Gra-40 nano-

composites, respectively at a relatively high magnetic field of

90 000 Oe. The precise loading of the NPs can be calculated from

TGA, Fig. 6, since the actual loading of the NPs may be different

from the prior-designed due to the incomplete conversion of Fe

(CO)5 to NPs. The TGA curves rise up from 100 �C until 500 �C
due to the oxidation of iron to iron oxide. According to the final

residues in each sample, the weight of iron oxide could be

obtained by subtracting the weight residue of graphene. Con-

verting the weight of iron oxide to iron, the true iron loading is

obtained as 1.6, 5.3, 9.7 and 8.9% for the 2.0, 5.0, 10.0% NPs/
Fig. 5 Hysteresis loops of the NPs/Gra nanocomposites (a) 2% NPs/

Gra-10, (b) 5% NPs/Gra-10, (c) 10% NPs/Gra-10 and (d) 10% NPs/Gra-

40 at room temperature. Top inset shows the coercivity and bottom inset

shows the composites dispersed in water and magnetic separation.
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Gra-10 and 10% NPs/Gra-40 composites, respectively. TheMs is

calculated to be 145.9, 189.1, 151.0 and 133.5 emu per g,

respectively. All these values are lower than the bulk iron

(222 emu per g)54,55 due to the oxidized atoms around the iron

core. The higher the Ms value, the lower the oxidation degree is.

The coercivity (coercive force, Hc) is observed to be much larger

than that of the bare Fe NPs (5 Oe) with a comparable size.56,57

This observation indicates that the NPs become much harder

(ferromagnetic at room temperature) after embedding on the

graphene sheet. The large discrepancy on the Hc is due to the

decreased interparticle dipolar interaction arising from the

increased interparticle distance as compared to the close contact

of the pure iron NPs, and also due to the interfacial exchange

coupling58 between the ferromagnetic core and antiferromagnetic

iron oxide.59 The MGNCs show a tendency to be attracted by

a permanent magnet and the black aqueous solution of the sus-

pended solution turns transparent within seconds when it is

placed nearby, inset of Fig. 5. This property is essentially

important for the convenient recycling of these nanocomposites

while being used for environmental remediation applications.22,60
3.4 Electrical conductivity

Even though graphene nanocomposites incorporating metal or

metal oxide NPs have been widely studied in the last few years

targeting different applications such as catalysts,47 sensors61,62

and energy storage devices,63 the conducting mechanisms of the

graphene nanocomposites are still unclear and need to be eluci-

dated. It is undoubtedly important to explore the electron

transportation behavior in these nanostructures due to the ever

increasing interest in graphene based electronics and photoelec-

tric devices. Fig. 7(a) shows the temperature dependent s for

pure graphenes and their nanocomposites. The Gra-10 exhibits

the highest s over the whole temperature range, which starts

from 14 S cm�1 at �50 K to 21.1 S cm�1 at 300 K. The s of Gra-

40 is about 25% the value of Gra-10 at 50 K. The lower s of Gra-

40 is due to the larger fraction of parallel oriented graphene

sheets since graphite has a larger c-axis resistivity64 and thus less

effective electron transportation in c-axis direction. It is inter-

esting to observe that the s of the NPs/Gra-10 nanocomposites

decreases gradually with increasing particle loadings. With 10.0%

NP loading, the s is decreased by 69% than that of pure Gra-10.

However, an enhanced s is observed in 10.0% NPs/Gra-40

nanocomposites compared to that of pure Gra-40. Recently,

Liang et al. reported an enhanced s after introducing Fe3O4 NPs

in graphene paper and explained this phenomenon in terms of

the conductive Fe3O4, the dimension of graphene was not

reported even though the size of the starting graphite material

was provided as 20 mm.46 According to our observation, the

conducting behavior is not only related to the intrinsic conduc-

tivity of each component of the nanocomposites, but also

dependent on the graphene matrix size. The gradually increased

resistivity in NPs/Gra-10 is arising from the less conductive

Fe@Fe2O3 core@shell NPs (single core@shell nanoparticle is

shown in the bottom inset of Fig. 3(a–c and g) and the conductive

iron core is fully covered by a thin layer of less-conductive Fe2O3

shell), while the decreased resistivity of the 10% NPs/Gra-40

nanocomposites is due to the formed network structure of the

NPs, Fig. 3(h), in which, the cores of the NPs are inter-connected
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 TGA curves of (a) Gra-10 and NPs/Gra-10 with different particle loadings and (b) Gra-40 and NPs/Gra-40.

Fig. 7 (a) Temperature dependent conductivity and (b) Schottky barrier-limited charge transport model.
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and thus the Fe2O3 layer can be ignored at the joints between the

NPs. However, the conducting behavior of the Fe@Fe2O3

core@shell NPs is still unknown which needs to be elucidated in

the near future.

For all the graphenes and their nanocomposites, the observed

positive ds/dT indicates a semiconductor-like behavior from 50

to 300 K.65 However, a linear pattern rather than exponential

curve typical of the thermally activated Arrhenius law, Fig. 7(a),

suggests the absence of a band gap.66 To determine whether the

resistance comes from the intrinsic sheet resistance or from the

contact resistance between electrodes and the sample surface,

the resistivity data are fitted with temperature as the Schottky

barrier-limited charge transport model, eqn (1),67,68

I(T) f T3/2exp (�1/T) (1)

where I represents the source-drain current (replaced by s in

this work since s and I are linearly dependent), and T is the

absolute temperature. The non-linear fitting curve of Ln(s/T3/2)

z T�1 from the Schottky transport model, Fig. 7(b), strongly

indicates that the measured resistivity is mainly governed by

the intrinsic sheet resistance rather than the contact

resistance.69
3.5 Magnetoresistance

Fig. 8 shows the magnetoresistance (MR) of pure graphenes and

their MGNCs at 130 and 290 K, Fig. 8(a and b), respectively.

MR is calculated using eqn (2):
This journal is ª The Royal Society of Chemistry 2012
MRð%Þ ¼ RðHÞ � Rð0Þ
Rð0Þ � 100 (2)

where R(0) and R(H) are the resistance at zero and any applied

field ofH, respectively. The peakMR is observed to vary from 38

to 64% at 130 K and 9 T, Fig. 8(a). While increasing the

temperature to 290 K, theMR shows a higher value of 46–72% at

9T, Fig. 8(b), accompanied by a small fluctuation due to the

thermally activated behavior.

The slope of the curves changes near the crossover field, Hcr

(the field at which the data become linear), the measured Hcr

oscillates around an average field of 1 T. The slope change across

Hcr is attributed to the switching from quantum to classical linear

magnetoresistance (LMR) behavior.70 It is interesting to observe

that the MR persists even up to room temperature, Fig. 8(b),

which is also observed in multilayer epitaxial graphene71 with

a similar magnitude of MR values. Recent study on the graphene

nano-ribbons shows a negative MR of nearly 100% at low

temperatures with over 50% MR remaining at room tempera-

ture,72 which was attributed to the reduction of quantum

confinement through the formation of cyclotron orbits and the

delocalization effect under the perpendicular magnetic field.73–75

The MR value is expected to be higher excluding the contact

resistance between individual graphene sheets inside the disk

sample, even though the observed MR value is relatively smaller

than the theoretical predictions on ultrasmall graphene devices

(100% MR at 10 T).31 To the best of our knowledge, the MR

behavior of graphene nanocomposites has not been reported yet,

especially with different sized graphene substrate. The MR of
J. Mater. Chem., 2012, 22, 835–844 | 841
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Fig. 8 The MR of graphenes and their nanocomposites at (a) 130 K and (b) 290 K.
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pure graphene shows an apparent size-dependent behavior.

Specifically, Gra-10 gives better MR performance than that of

Gra-40 at both 130 and 290 K, which is due to the larger disorder

of Gra-10 and thus less quantum confinement through the

formation of cyclotron orbits and the delocalization effect under

the perpendicular magnetic field.74,76
3.6 Dielectric property

All the samples show a similar real permittivity (30) curve that 30

starts from an extremely high positive value (�105) at 20 Hz and

goes sharply down to�102 at around 1000 Hz, even negative 30 is
observed in these samples except the two with a particle loading

of 10.0% NPs, Fig. 9. It is interesting to observe that Gra-10

shows the largest positive 30 of about 4.7 � 105 at 20 Hz, which is

almost twice the value observed in Gra-40 at the same frequency

(the value for Gra-40 is not shown in Fig. 9 due to the break ofY-

scale in that range). At the same time, the largest negative 30 is
also observed in Gra-10, 30 varies within the range of �4000 to

�2000, Fig. 9, while the Gra-40 shows the 30 at �500 to �200,

inset of Fig. 9. The negative 30 at higher frequency is arising from
the unique electronic energy dispersion in the two-dimensional

(2D) graphene, i.e. surface plasmons. The plasmon frequency is

related to the carrier density in graphene and shows a w0 f n1/4

behavior due to the unique band structure, which is different

from the classical 2D plasmon behavior w0 f n1/2.77 w0 (plasmon
Fig. 9 Frequency dependent real permittivity of graphenes and their

nanocomposites.

842 | J. Mater. Chem., 2012, 22, 835–844
frequency) is define as w0 ¼ (gsgve
2EF/2k)

1/2, gs and gv are the spin

and valley degeneracies, EF is the Fermi energy, k is the back-

ground lattice dielectric constant of the system and n is the carrier

(electron and hole) density.77 With increasing particle loading

from 2.0 to 5.0%, the curves of NPs/Gra-10 in the grey-color

marked region come closer to zero (marked with dashed line) and

finally become positive when the particle loading increases to

10.0%. The similar positive 30 within the whole frequency range is

also observed in 10.0% NPs/Gra-40 nanocomposites. The

disappearance of negative 30 in the nanocomposites is attributed

to the electron localization of the non-conductive NPs which

disturbs the in-plane electron propagation in the graphene–

dielectric (NPs) interface. This phenomenon is consistent with

the previous report that the dielectric properties of graphene

could be affected by an adjacent dielectric material.78,79 To the

best of our knowledge, the experimental observation of the

negative permittivity in graphene, especially its nanocomposites,

has not been reported yet. Metamaterials are of great interest due

to their unique negative permittivity/permeability, which can be

applied in cloaking, superlenses, wave filters, and

superconductors.
4. Conclusion

Magnetic graphene nanocomposites embedded with core@shell

structured magnetic NPs have been successfully synthesized by

a facile thermal-decomposition method. Two different-sized

graphenes (Gra-10 and Gra-40) are used as substrates and the

corresponding electrical conductivity and magnetic properties

are comparatively investigated. The smaller graphene sheet (Gra-

10) with higher specific surface area allows individual NPs be

separately dispersed from each other. However, the NPs are

more condensely packed and interconnected between each other

on Gra-40 due to the smaller specific surface area. The core@-

shell structure of the NPs is maintained in both graphene based

nanocomposites. The incorporation of NPs in Gra-10 induces

higher resistance, while significantly lower resistance is observed

in Gra-40 arising from the difference in the nanoparticle

dispersion. Gra-10 gives higher MR than Gra-40 at both 130 and

290 K, and relatively lower MR is observed in the nano-

composites as compared to that of pure graphene. Higher satu-

rated magnetization is also obtained from the Gra-10 based

nanocomposites. All the electrical conductivity and magnetic
This journal is ª The Royal Society of Chemistry 2012
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properties indicate that the smaller size graphene exhibits

a superior nature as compared to those of the larger one.

Negative permittivity is observed from pure graphene at rela-

tively high frequency (>103 Hz), and interestingly the negative

permittivity is found to be strongly related to the particle

loading. With increasing NP loading from 2.0 to 5.0% in

NPs/Gra-10 MGNCs, the permittivity becomes less negative and

jumps to positive when the loading increases to 10.0%.
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