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In-situ growth of capping-free magnetic iron oxide
nanoparticles on liquid-phase exfoliated graphene

T. Tsoufis,”” Z. Syrgiannis,b N Akhtar,” M.*Prato,b " F. Katsaros,’ Z. Sideratou,’ A.
Kouloumpis,d D. Gournis,’ and P. Rudolf.,*

We report a facile approach for the in-situ synthesis of very small iron oxide nanoparticles
on the surface of high-quality graphene sheets. Our synthetic strategy involved the direct,
liquid-phase exfoliation of highly crystalline graphite (avoiding any oxidation treatment)
and the subsequent chemical functionalization of the graphene sheets via the well-
established 1,3-dipolar cycloaddition reaction. The resulting graphene derivatives were
employed for the immobilization of the nanoparticle precursor (Fe cations) at the introduced
organic groups by a modified wet-impregnation method, followed by interaction with acetic
acid vapours. The final graphene-iron oxide hybrid material was achieved by heating
(calcination) in an inert atmosphere. Characterization by X-ray diffraction, transmission
electron and atomic force microscopy, Raman and X-ray photoelectron spectroscopy gave
evidence for the formation of rather small (<12 nm), spherical, magnetite-rich nanoparticles
which were evenly distributed on the surface of few-layer (<1.2 nm thick) graphene. Due to

the presence of the

iron oxide

nanoparticles, the hybrid material showed a

superparamagnetic behaviour at room temperature.

1. Introduction

The discovery in 2004 that graphene can be produced by
micromechanical exfoliation' brought forth a plethora of unique
electronic, mechanical, thermal and optical properties of this
first stable two dimensional (2-D) material ever isolated.?> To
harness these properties for applications many efforts target
alternative chemical strategies for the large scale production of
graphene. Graphene oxide (denoted hereafter as GO) produced
via methods which involve the oxidative treatment of graphite
to various levels,** was initially considered a very attractive
graphene chemical derivative. But it was soon realized that GO
sheets suffer from severe structural damage (i.e. exhibit
topographical defects introduced along their two-dimensional
graphitic framework).” The introduced structural damage is
strongly reflected to the physicochemical properties of the
derived GO resulting in a material which is conceptually
different from graphene. A characteristic example is the
electrical conductivity; while high-quality graphene sheets
exhibit an excellent conductive behaviour.*’” GO is an
insulator.® In an effort to overcome these drawbacks, a
treatment commonly known as reduction of GO was proposed.
However the production of reduced GO (denoted hereafter as r-
GO) requires an additional chemical treatment step and most
importantly, cannot remove all structural defects (and oxygen
containing groups’) introduced during the oxidation process'®!'
Therefore, both GO and r-GO remain significantly inferior to
graphene in terms of structure and physicochemical properties
as recently highlighted in the literature.'>"'* In this context the
development of single and/or few layered graphene sheets

This journal is © The Royal Society of Chemistry 2013

through controlled liquid-phase exfoliation of graphite plays a
pivotal role'*'7 as a direct, facile, and benign production of
graphene avoiding the oxidation step.* Graphene produced in
this way forms rather stable, colloidal dispersions in certain
solvents, thereby enabling further manipulation of the sheets in
various processes (e.g. blending, impregnation, spin-coating) or
chemical functionalization via chemical reactions already well-
established for other forms of carbon nano-structured materials
(e.g. carbon nanotubes) such as the chemical functionalization
via 1,3-dipolar cycloaddition.'®*°

Metal nanoparticles (denoted hereafter as NPs) have
emerged as a new class of compounds that are particularly
interesting for their unique electronic, optical, magnetic and
catalytic properties.?'*? Iron oxide NPs in particular, hold a
special place within this family, not only because iron is the
fourth most plentiful element in the earth’s crust but also
because Fe has the highest room-temperature value of the
spontaneous magnetization, os, of any known element, and
exhibits a low magnetocrystalline anisotropy as well as an
attractive Curie temperature.”> Iron oxide NPs have received
particular attention because in addition to their unique magnetic

properties,®*?® they are also very attractive candidates for
27-30

applications in diverse fields, including biomedicine and
catalysis.>'
Literature reports on in-situ growth of iron oxide

nanoparticles towards the synthesis of NPs/graphene-based
hybrids involve the use of either GO**>° or 1-GO,*** with the
drawbacks discussed above. Alternative protocols for the
production of iron oxide NPs-graphene hybrids, based on the
liquid-phase exfoliation of graphite are scarce***> and most
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importantly focus on the separate synthesis of functionalized
graphene and pre-formed NPs, which are then connected in a
complicated procedure requiring additional experimental
synthetic efforts (i.e. suitable surface functionalization of NPs
to match the surface chemical groups of graphene, wet
chemistry processes to connect pre-formed NPs and
functionalized graphene efc.) and chemical reagents/organic
solvents.

Here instead, we report the synthesis of iron oxide NP-graphene
magnetic hybrid materials employing high-quality, single
and/or very few layered graphene sheets produced from the
liquid-phase exfoliation of graphite and the subsequent in-situ
synthesis of uncapped NPs at the graphene’s surface. Our
approach does not include any oxidation treatment of the source
material (graphite), with beneficial consequences to the
physicochemical properties of the resulting graphene sheets. In
addition, it does not require the separate synthesis of pre-
formed metal NPs, as well as the extra synthetic step required to
connect pre-formed metal NPs with exfoliated graphene.
Moreover, the proposed strategy yields capping-free NPs which
exhibit a fully accessible surface (an important prerequisite in
diverse fields like catalysis,***’ bio-sensors*®* and energy-
related applications®). Therefore, there is no need for further
treatment in order to eliminate the employed surfactants and/or
capping agents (which is the case for pre-formed NPs).

2. Results and Discussion

A schematic overview of the synthetic approach employed for
the preparation of the hybrid materials is presented in Fig. 1.
Graphene sheets produced from the liquid-phase exfoliation of
graphite were chemically functionalized via well-established
chemical routes based on 1, 3-dipolar cycloaddition reactions
(Fig. 1a)."® The introduced chemical groups were then used as
“anchor-sites” for the selected immobilization of the NP
precursor (Fe cations) (Fig. 1b). Next, acetic acid fumes were
brought to interact with the graphene/precursor solid mixture to
further stabilize the Fe cations prior to NP growth.>*!
Subsequently, iron oxide NPs were grown in-situ (via thermal
treatment) on the graphene sheets yielding the final hybrid
materials (denoted hereafter as NPs@Graph, Fig 1c¢).

TEM analysis, shown in Fig. 2, confirmed the presence of
iron oxide NPs on the surface of the exfoliated graphene sheets.
The images documented the development of rather uniform and
relatively small in size and round in shape NPs finely dispersed
over the graphene surfaces (Fig 2a, b). Although the density of
NPs appeared to be quite high, no significant accumulation or
aggregation into larger assemblies was observed. Based on a
statistical analysis of the acquired TEM images, the average
size of the synthesized NPs was estimated to be about 10(£2)
nm (see histogram Sup. Info. S1-top) in agreement with the
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Fig. 2. TEM images of synthesized NPs@Graph hybrids

average particle size calculated from the corresponding XRD
pattern using the Scherrer formula (discussed below).
Furthermore, the TEM analysis revealed the presence of
transparent and crystalline very thin sheets (Fig. 2a), providing
a first indication of the stacking configuration of graphene
sheets in the final hybrids; no multi-layered structures as found
for graphite crystallites were noticed. The EDX spectrum of the
NPs@Graph hybrids (Sup. Info. S1-bottom) showed nitrogen
and carbon signals originating from the functionalized
graphene. In addition, the spectrum testified the presence of
iron and oxygen attributed to the iron oxide NPs; neither iron
nor oxygen were recorded in the corresponding EDX spectrum
of functionalized graphene.

The successful formation of NPs was further confirmed by
atomic force microscopy (AFM). In agreement with the TEM
analysis discussed above, the AFM images of NPs@Graph
hybrids (Fig. 3) showed the successful growth of relative small
and uniform NPs on the graphene surface. The analysis of the
height profile (Fig. 3a), showed that the mean, average size of
the NPs deposited on the graphene sheets was about 10(£2) nm,
the same value obtained from TEM analysis. Furthermore,
detailed height profile measurements by AFM at the edges of
the graphene sheets in NPs@Graph (Fig 3b) showed a height of
less than 2 nm, a value typically reported for single or few layer
graphene sheets’™® and corresponding (in our case) to
approximately 5-6 sheets. This finding was further confirmed
by Raman results as discussed further down. This indicates that

Fe3*
NH,  NH,
HZNI {‘le N o -
HNO NH
Fe* NH HN pear [ o Fe®
o o
Fe3*

NPs Precursor

—

Acetic acid

Iron Oxide NPs
Growth

Fig. 1. A schematic representation of the synthetic approach.
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Fig. 3. AFM images and corresponding cross-section profiles of NPs (a) and
graphene sheets (b) in the synthesized NPs@Graph hybrids.

during the growth of NPs the single graphene sheets retained
their exfoliated configuration to a large extent; no significant
restacking leading to a multi-layer configuration was observed.
This conclusion is further supported by Raman studies
discussed below.

To retrieve information regarding the crystalline phases
present in the NPs@Graph hybrids XRD measurements were
performed. The XRD pattern (Fig. 4a) exhibited a set of
relatively broad Bragg reflections attributed to the formation of
a spinel-type iron oxide nanocrystalline phase. The peaks’ large
broadening resulting from the NPs’ small size did not allow us
to safely distinguish the different crystalline phases from the
since both

observed reflections in a particular pattern,

maghemite y-Fe,O3; and magnetite Fe;O, exhibit very similar
X-ray diffractograms.™
The Scherrer equation®® allows estimating the average size
of the synthesized NPs as about 10+2 nm. Another interesting
finding is the absence of any strong diffraction peak at around
20=26°. This 26 value corresponds to the characteristic 002
graphitic peak, reported for graphite,” multi-walled carbon
nanotubes®® and similar multi-layered graphitic structures.’’
This observation again suggests that the graphene sheets in the
final hybrids did not restack to form multilayer structures, in
agreement with the findings of the AFM and TEM analysis.
To gain insight into the elemental composition and the
chemical state of the elements composing the intermediate and

This journal is © The Royal Society of Chemistry 2012

Fig. 4. XRD patterns of NPs@Graph (a). The diffraction patterns of
a-Fe;O; (b, JCPDS 46-1312), Fe;04 (¢, JCPDS 19-629) and y-Fe,0;
(d, JCPDS 39-1346) are also shown for comparison.

final materials, XPS spectra of functionalized graphene, of
functionalized graphene after interacting with acetic acid and
the NP precursor, as well as of the NPs@Graph hybrid were
collected. The spectral analysis procedure consisted of
mathematically reconstructing each spectrum with a minimum
number of peaks consistent with the raw data and the
molecular structure. Three contributions to the carbon 1s core
level region of the XPS spectrum recorded on functionalized
graphene can be identified (Fig. 5a), namely a component at a
binding energy of 284.6 eV, attributed to C-C bonds of the
hexagonal lattice, which accounts for 60 % of the overall
carbon intensity; a second contribution at 285.8 eV, due to C-N
and C-O bonds (30% of the total carbon intensity), and a third
component at 287.0 eV assigned to carbonyl groups (C=0, 10
% of the overall carbon intensity). These XPS data therefore
confirm the successful functionalization of graphene. The C 1s
core level region of the XPS spectrum of functionalized
graphene after interaction with the NP precursor and acetic acid
(shown in Fig. 5b), exhibits an additional fourth component at a
binding energy of 288.7 eV, which is attributed to carboxylic (-
COOH) groups and accounts for 17% of the overall carbon
intensity. These groups originate from the successful adsorption
of the acetic acid, used for the stabilization of the NP precursor.
Additional evidence towards the same conclusion comes from
the comparison of the N 1s core level region of the XPS spectra
of functionalized graphene before and after interacting with the
Fe precursor and acetic acid shown in Fig.6. Before the
immobilization of Fe cations the spectrum (Fig. 6a) can be
fitted with two peaks, namely a contribution at 399.6 eV,
attributed to the
contribution due to the positively charged protonated amino
groups (NH*") at a binding energy of 401.1 eV, both introduced
after the organic functionalization of liquid-phase exfoliated

pyrrolidine-like nitrogen atoms, and

graphene as we previously reported.'® The profile of the N 1s
spectrum after the interaction with Fe cations and acetic acid

J. Name., 2012, 00, 1-3 | 3
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Fig. 5. The C 1s core level region of the XPS spectra of
functionalized graphene (a), functionalized graphene after
interacting with acetic acid and NP precursor (b) and NPs@Graph
hybrids (c). Experimental data (o) and fit (-).
shows the same profile (Fig. 6b) with the exception of a shift in
binding energy. In particular, the pyrrolidine-like nitrogen
appeared at 399.3 eV, while the amine-related contribution was

N1s

(b)

Intensity (a.u.)

Binding Energy (eV) Binding Energy (eV)
Fig. 6. The N 1s core level region of the XPS spectra of functionalized
graphene (a) and functionalized graphene after interacting with acetic
acid and NP precursor (b). Experimental data (o) and fit (-).

recorded at 400.8 eV. Nevertheless, the relative intensity of the
two components was not changed compared to the spectrum of
starting functionalized graphene material. The shift in binding
energy suggests the successful adsorption of Fe cations and
acetic acid in agreement with the findings derived from analysis
of C 1s region. Further proof was provided by the analysis of
the C 1s spectrum of the NPs@Graph hybrids (Fig. 5c). The C
ls spectrum of NPs@Graph was fitted using three
contributions. The major contribution at 284.6 eV (accounting
for 77 % of overall C 1s intensity) derives from C-C bonds, the
second contribution at 285.8 eV (17% of the total C ls
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Fig. 7. The Fe 2p core level region of the XPS spectrum of the
NPs@Graph hybrid.
intensity) is due to C-O and C-N bonds and the last one at 287.0
eV (6% of the overall C 1s intensity) is assigned to C=0O bonds.
The fourth contribution due to adsorbed acetic acid (Fig. 5b)
was not present in the spectrum of the final hybrids, testifying
to the removal of acetic acid during the prolonged heating at
elevated temperature that took place during NPs growth. The
lower relative intensities of C-O and/or C-N, and C=0
contributions as compared to the corresponding values for the
functionalized graphene starting material (Fig. 5a) can also be
explained as due to the heating. A similar behaviour involving
the partial removal of nitrogen- and/or oxygen-containing
groups is commonly reported in XPS studies of carbon-based
nano-structured materials (including graphene) after controlled
heating at similar temperatures.’*>’

The Fe 2p region of the XPS spectrum of NPs@Graph (Fig.
7) exhibits the Fe 2p;,, and Fe 2p;/, contributions at 711.6 and
725 eV, respectively. The profile of the spectrum resembles
published spectra of Fe;0,.**%° This, together with the absence
of the charge transfer satellite of Fe 2p3, at 720 eV
characteristic for y-Fe,0;®' points to the conclusion that
magnetite is the dominant phase in the synthesized NPs.

Raman spectroscopy was also employed to study the
intermediate ~ products  (exfoliated  graphene  sheets,
functionalized graphene sheets) and the final product of the
synthesis (NPs@Graph hybrid material), as illustrated in Fig. 8.
The spectrum of the starting graphene sheets produced from the
liquid-phase exfoliation (Fig. 8a) showed two major Raman
features; the vibrational G band and the two-phonon 2D band.
The position and shape of the 2D band at about 2700 cm™ as
well as the intensity ratio between the G and the 2D band
strongly suggest the presence of few-layer graphene aggregates
in agreement with previous reports.®” After functionalization
the product showed a high-intensity D band at about 1350 cm™
(Fig. 8b) which is commonly attributed to the presence of
defects in the lattice well as to the result of the occurred organic
functionalization.'”® The Raman spectrum of NPs@Graph
shows the same profile but the intensity of the D-band is further
increased (Fig. 8c). This additional increase of the D band
intensity in the final hybrids is attributed to an even higher

This journal is © The Royal Society of Chemistry 2012
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defect density that was introduced during the thermal treatment
of graphene to induce the growth of iron oxide NPs.
Nevertheless, graphene sheets retained their overall structural
quality in the final hybrids as suggested by the observed
relative D to G band and G to 2D band intensity ratios.

Thermal analysis measurements (TGA) provided additional
quantitative information about the synthesized NPs@Graph
hybrid material. The TGA diagram (recorded under air flow) of

ya
7/

_ (c)
3
s
>
x
7]
(=4
8 J\\m
£
(a)
/L
T T 7/ T T T T
1200 1400 1600 2500 2750 3000

Waveumbers (cm'1)

Fig. 8. Raman spectra of liquid-phase exfoliated graphene sheets (a),
chemically functionalized graphene sheets (b), and the final NPs@Graph
hybrid (c).

the chemically functionalized graphene is presented in Fig. 9a.
The weight loss (about 30% of the initial overall weight) in the
temperature range 100-350 °C is attributed to the thermal
removal of the organic groups introduced during the chemical
functionalization. Above 415 °C, the sharp weight loss indicates
the thermal destruction of the graphitic network. On the
contrary, the TGA diagram of NPs@Graph (also recorded
under air flow, Fig. 9b) did not show any significant weight
loss in the temperature range 100-350 °C, since the introduced
organic groups were already removed during the thermal
treatment to induce NP growth. Most importantly, the recorded
weight loss above 450 °C is only 70% of the initial weight. The
remaining 30% weight can be assumed to correspond to the
synthesized magnetite-rich NPs since at this temperature the
graphene portion present in the final hybrids was selectively
removed during the heating ramp of the TGA measurement.

The magnetic behaviour of the synthesized NPs@Graph
hybrids, was investigated in detail as a function of applied field
and temperature. Specifically, Fig. 10-Left presents the zero
field cooling (ZFC) and field cooling (FC) magnetization
curves of the NPs@Graph in the temperature range 5-300 K.
Samples were cooled down to 5 K without a magnetic field and
then a field of 500 Oe was applied to record the ZFC
magnetization as a function of temperature from 5-300 K. For
the FC, samples were cooled down from room temperature to 5
K in a magnetic field of 500 Oe and then measurements were
taken in the temperature range 5-300 K. The ZFC and the FC
data show a divergence at around 270 K. The ZFC curve

This journal is © The Royal Society of Chemistry 2012
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Fig. 9. TGA measurements of the chemically functionalized graphene
sheets (a) and the final NPs@Graph hybrid (b).

exhibits a broad peak, the maximum of which (TP) is
influenced by various factors such as inter-particle distance,
size and shape distribution of particles. Despite of various
influencing factors for TP, this temperature is roughly
identified as the average blocking temperature of the material.
This type of ZFC and FC behaviour has also been seen for other
magnetite nanoparticles based hybrid materials.®> A rather
broad and flat plateau for the ZFC cure could be understood in
the context of particles with varying size and inter-particle
distance.®

Magnetization vs field (M-H) different
temperatures of the NPs@Graph are shown in Fig. 10-Right.
The room temperature hysteresis shows a coercive field of 50
Oe that increases up to 507 Oe at 5 K. A very small coercive
field in the former case is typical of superparamagnetism,
which is manifest in NPs@Graph because the particle size is
smaller than a single domain (~54 nm).** Fig. 10-Right also
shows a very small saturation magnetization in NPs@Graph as
compared to bulk magnetite (92 emu/g). This has also been
observed in previous reports where it has been attributed to the
small size of the nanoparticles, and pinning of the surface
spins.®>%

The synthesized NPs@Graph hybrids could be dispersed in
aqueous solutions (up to a concentration of 0.6 mg/ml), and the
derived dispersions were stable for several days without any

curves at

noticeable sings of precipitation. Very interestingly, and due to
their magnetic properties the solids could be easily re-collected
and isolated with the aid of a magnet (Sup. Info. S3). The latter
clearly highlights the efficient and sustainable use and recovery
of the developed hybrids in applications requiring their
dispersion in liquid media (e.g. catalysis of aqueous pollutants,
drug delivery etc)”.

Using our proposed synthetic methodology,
investigated the effect of employing different initial mass ratio
of graphene:NP precursor on the morphology of the resulting

we also
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hybrids and explore whether the size and/or population of
attached NPs at graphene be modified. However when the
initial mass ratio of graphene-NP precursor was increased to
1:2, the resulting hybrids were mainly composed of large,
aggregated NPs assemblies (Sup. Info. S2) rather than isolated,
small, homogeneously distributed NPs. We also investigated a
lower (1:0.5) initial mass ratio but found only a very small
number of NPs attached to the Graphene surface in this case
and consequently a poor magnetic behaviour of the hybrid. The
1:1 mass ratio is therefore the optimal one.

3. Conclusions

In conclusion, we demonstrated the successful development of
magnetite-rich, very small in size (<12nm), spherical NPs on
the surface of graphene sheets produced via the liquid-phase
exfoliation of graphite. TEM, XRD and AFM results indicate
that the graphene sheets in the final hybrids did not restack into
multi-layered structures, while Raman spectroscopy confirmed
their good structural quality. Additional Raman measurements
in conjunction with XPS studies shed light on the various
intermediate products of the adopted synthetic steps. A
quantification of the NPs yield was derived from TGA data,
suggesting a content of magnetite-rich NPs up to 30% wt. in
final hybrids. Magnetic measurements showed room
temperature superparamagnetism in the hybrid material. Our
reported synthetic approach opens new perspectives for the
development of graphene-based hybrid materials useful in
applications related to magnetism, catalysis and biomedicine.
Especially with regards to the latter two applications, this route
is particularly attractive due to the complete absence of any
coupling agent and/or surfactant on the surface of synthesized
NPs, which makes these NPs fully accessible for catalytic and
bio-related processes.

4. Experimental

Liquid-phase exfoliation of graphene: Graphite (Bay Carbon,
Inc., SP-1 graphite powder). Graphite was exfoliated according
to previously reported, well-established and widely accepted
routes. '#%°

Chemical functionalization of graphene (Sup. Info. S4): Fifty
mL of exfoliated graphite solution was used to carry out the
reaction. The graphene concentration of the solution was
calculated by the optical characterization reported by Coleman
and co-workers.® The concentration was found to range from
0.01 £ 0.005 mg/mL. To perform the organic reaction, 1.5
equiv. with respect to graphene of N-(hydroxyphenyl)-glycine
and paraformaldehyde was added to the graphene suspension.

6 | J. Name., 2012, 00, 1-3

The reaction mixture was heated at 125 °C under magnetic
stirring, while the reagents were added each 24 h for 3 days.
The resulting mixture was filtered with a Millipore system (JH
0.45 um filter), and the solid was washed thoroughly with
methanol until the solvent was clear. The product was dispersed
in 20 mL of DMF by mild sonication. The functionalized
graphene solution reacted with the Dendron structure 2 (Sup.
Info. S5) in an excess of 10% with the equimolar addition of
K,CO;, followed by heating at 100 °C for 3 days. Subsequently
the mixture was filtered and washed thoroughly with the use of
DMF, MeOH and THF. The collected powder was re-dispersed
in MeOH and allowed to further react with excess of ethylene
diamine at 60 °C for 3 days. The final material was filtered and
washed with distilled water, MeOH and THF. TGA analysis
confirmed the successful attachment of the dendron structure
(Sup. Info. S6). The quantification of the free amino groups
present on dendrons was carried out by the quantitative Kaiser
test. Graphene resulted in average as 0.584 mmol/g of amino
groups.

Development of iron oxide nanoparticles on graphene: The
iron oxide NP/graphene hybrids were prepared based on a
modified wet impregnation method previously reported.”*>' A
certain quantity of chemically functionalized graphene was
dispersed in 50 ml of CH3;OH containing an quantity of
Fe(NO3);-9H,O (100 mg, Aldrich) to produce samples with a
Graphene: Fe(NO3);-9H,0 weight ratio of 1:1. The mixture was
further stirred for 6 h, followed by rapid removal of the solvent
at 70 °C. The as-prepared powder was exposed to vapours of
acetic acid (99.5% Aldrich) at 70 °C for 1 h. The obtained
sample was further dried for 15 min at 70 °C in order to remove
any physically absorbed acetic acid. The final NPs@Graph
hybrid material was obtained by calcination for 1 h at 400 °C
under high-purity argon flow (50 sccm, 99.999%).
Characterization:

Powder X-ray Diffraction (XRD). The XRD patterns were
collected with a Philips PANanlytical X'Pert MRD
diffractometer with a Cu Ka radiation (A = 1.5418 A) using an
anode voltage of 40 kV and a current of 40 mA, a 0.25°
divergent slit and a 0.125° anti-scattering slit. The patterns were
recorded in a 20 range from 1° to 10°, in steps of 0.01° with a
counting time of 15 s each. Samples were in the form of films
supported on SiO, substrates.

Raman: Raman spectra were recorded with a Micro—Raman
system RM 1000 (RENISHAW) using a laser excitation line at
532 nm (Nd—YAG) in the range of 1.000-2.800 cm-1. A power
of 1 mW was used with 1 pm focus spot in order to avoid
photodecomposition of the samples.

X-ray Photoelectron Spectroscopy (XPS): For the XPS
measurements, evaporated gold films supported on mica were
used as substrates. Each sample was dispersed in ethanol, and
after short stirring for 30 min, a small drop of the suspension
was deposited on the Au substrate and left to dry in air.®’
Samples were introduced via a load lock system into a SSX-100
(Surface Science Instruments) photoelectron spectrometer
equipped with a monochromatic Al Ka X-ray source (hv =
1486.6 eV). The base pressure in the spectrometer was 1x107°
Torr during all measurements. The energy resolution was set to
1.3 eV to minimize measuring time. The photoelectron take-off
angle was 37°. An electron flood gun providing 0.3 eV kinetic
energy electrons in combination with an Au grid placed 1 mm
above the sample was used to compensate for sample charging.
Spectral analysis included a Shirley background subtraction and
peak deconvolution employing mixed Gaussian—Lorentzian
functions, in a least squares curve-fitting program (WinSpec)

This journal is © The Royal Society of Chemistry 2012
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developed at the LISE, University of Namur, Belgium. Binding
energies were referenced to the C ls photoemission peak of
aromatic carbon, centred at 285 eV,>® and are reported £0.1 eV.
Thermogravimetric measurements (TGA): TGA
measurements were recorded using either a Thermo Scientific
thermogravimetric analyzer. Samples of approximately 5 mg
were heated under air flow from 40 to 800 °C at a rate of 5
°C/min or (in the case of functionalized graphene derivatives) a
TGA Q500 (TA instrument), under N,, by equilibrating at 100
°C, and following a ramp at 10°C/min up to 1000 °C.

Atomic Force Microscopy: AFM images were obtained in
tapping mode with a Multimode Nanoscope 3D using Tap-
300G silicon cantilevers with a tip radius <10 nm and a force
constant of #20—-75 N m™'. Samples were deposited onto silicon
wafers (P/Bor, single side polished) from dilute aqueous
dispersions by drop casting.

Transmission Electron Microscopy: TEM analysis was
performed with a Philips CM12 microscope operating at 120
kV, on samples prepared by drop casting onto formvar/carbon
copper grids (200 mesh). To prepare the suspension for drop-
casting, the samples were sonicated in EtOH for 2 minutes
using a Julabo USR3 Labortechnic bath sonicator (35 kHz,
Power 2 x 150W) while cooling with a water/ice mixture. TEM
images were recorded with a CCD camera (Gatan 791).
Magnetic measurements: The magnetic behaviour of the
sample was studied using a SQUID based magnetic property
measurement system (Model: MPMS-Quantum Design7).
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