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A set of nanocomposites made of iron oxide nanoparticles covalently bonded to graphene oxide and reduced
graphene oxide was successfully prepared. The synthesis was carried out in a precise step-by-step process in
order to carefully control the nanocomposite formation. The nanocomposites were characterized by a range of
techniques to verify the components arrangement according to the proposed strategy. Over the different samples,
an in-depth study by Small Angle X-Ray Scattering (SAXS) and DC-Magnetometry was accomplished to analyze
in detail the structure and properties of the systems. The results from this work indicate that the increase of the

nanoparticle to graphene oxide ratio and the chemical reduction from graphene oxide to reduced graphene oxide
modify the spatial distribution and the architecture of the nanoparticles over the sheets, leading to the formation
of localized assemblies and bundle-like structures that have a significant impact on the macroscopicmagnetic

behavior.

1. Introduction

In recent years, the development of novel complex materials pro-
duced by the combination of two or more nanostructures has become an
area of extremely promising research. These new nanomaterials, or
nanocomposites, benefit from the individual properties of each of the
structure components, enabling the fabrication of systems with en-
hanced functionality and potential technological applications in various
areas [1,2]. Graphene, a relatively novel carbon-based material, pos-
sesses extraordinary electrical, thermal, and mechanical properties [3],
and has turned out to be an excellent candidate for constructing carbon-
based nanocomposites when combined with other nanotechnology-re-
lated materials [4-6], such as metal nanoparticles (NPs) [7-10] and
metal oxides NPs [11,12]. In particular, an oxygen-containing type of
graphene known as graphene oxide (GO) has shown great potential for
this kind of nanocomposites due to its low-cost bulk preparation and
chemical versatility [13].

Many composites have been developed in the last years combining
iron-based magnetic oxides and graphene oxide or reduced graphene
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oxide (rGO). These materials can be prepared by various synthetic
routes. For instance, iron oxide NPs can be directly grown from the
ionic iron precursors over the GO sheets by autoclave reaction [14],
hydroxide co-precipitation [15-17], or thermal reaction in organic
solvents [18,19]. Another approach implies coupling of pre-existent
NPs through the formation of covalent bonds with the carboxylate
groups present in the GO sheets [20-22]. The latter strategy disjoins the
synthesis of the NPs from the formation of the composite, so the NPs
quantity can be precisely controlled and the magnetic properties
properly identified.

This type of iron oxide — graphene oxide nanocomposites showed
very promising results when tested in various technological applica-
tions, such as magnetic-assisted absorption and separation [16,17,22],
platforms for electrochemical sensing and catalysis [15,23] and as
Magnetic Resonance Imaging contrast agent [18,24].

In this work, we expand on our previously reported results on the
synthesis of composites formed by iron oxide NPs and GO/rGO [20].
The classical method for GO preparation, the so-called Hummers
method [25], presents some drawbacks related to the GO structure
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homogeneity. Therefore, we decided to employ a newly developed
synthesis route that improves the GO structure quality [26]. Two NPs-
to-GO ratios were assayed, so four samples (two NPs@GO and two
NPs@rGO) were produced and characterized. We focused our in-
vestigation on two physical characterization techniques: Small Angle X-
Ray Scattering (SAXS) and Zero Field Cooling — Field Cooling Magne-
tometry. The information obtained from these techniques allows us to
explore and understand the NPs assembly and distribution over the GO
sheets and relate it to the macroscopic magnetic behavior of the na-
nocomposites.

2. Materials and methods

NPs@GO and NPs@rGO composites were prepared in a stepwise
procedure inspired by previous published works [20,22].

2.1. Citric-coated iron oxide nanoparticles synthesis

The NPs were prepared by the co-precipitation of Fe®*/Fe?*.
Briefly, 8.63 mmol of FeCl; and 4.31 mmol of FeCl, were dissolved in
de-oxygenated water and co-precipitated with 10 mL of concentrated
NH4OH to form 1.00 g of Fe30,4. After 30 min, the NPs were magneti-
cally decanted, washed with water and re-dispersed in 100 mL of a
solution containing 4.00g of citric acid and 2.25g of NaOH (final
pH = 7). The dispersion was heated to 90 °C and stirred for 3h. The
citric-coated NPs were centrifuged after precipitation with acetone, and
finally re-dispersed in water to form a stable ferrofluid.

2.2. Silanization of NPs

A ligand exchange process was carried out to functionalize the ci-
tric-coated NPs with the amino-silane (3-Aminopropyl)triethoxysilane
(APTES). An aliquot of the ferrofluid was diluted to a final volume of
200 mL and concentration of 1.25 mg/mL of iron oxide. 1 mL of APTES
was added to the dilution and the mixture was refluxed under an Ar
atmosphere. After 6 h of reaction, the solid was magnetically decanted,
washed twice and redispersed in 50 mL of water.

2.3. Graphene oxide synthesis

GO was synthesized using a modified Hummers method [25,26].
According to Eigler et al. [26], the final GO structure can be optimized
by carefully controlling the addition rate of the reagents and the tem-
perature of the mixture during the procedure.

1.0 g of synthetic graphite (100 Mesh) and 0.5 g of sodium nitrate
were added to 24 mL of concentrated H,SO,4 and cooled to 0 °C. Then,
3.0 g of potassium permanganate was added over a period of 3 h while,
keeping the temperature below 10 °C and stirred at 0 °C for additional
16 h. Afterwards, 20 mL of 10% H,SO, and 60 mL of water were con-
tinuously added to the reaction mixture, carefully maintaining the
system temperature below 10 °C. The reaction mixture was then poured
into 500 mL of water at 0 °C, and 20 mL of 3% hydrogen peroxide was
added dropwise until gas evolution was completed. The solid obtained
(graphite oxide, GtO) was purified by repeated cycles of dispersion and
centrifugation until the pH of the supernatant was neutral. Finally, GO
was exfoliated from GtO in a slightly basic solution by mild sonication
for 30 min and magnetic stirring for 16 h.

2.4. NPs@GO covalent bonding

The APTES@NPs dispersion was mixed with the exfoliated GO so-
lution and water was added to a final volume of 200 mL. Two different
ratios of NPs-to-GO were tested. Sample NPs@GO 1:2 was prepared
with 125 mg of NPs and 250 mg of GO, while sample NPs@GO 2:1 with
250 mg of NPs and 125 mg of GO. The mixtures were heated to 80 °C
and after 10min 25mg of 1-Ethyl-3-(3-dimethylaminopropyl)

Materials Research Bulletin 107 (2018) 255-263

carbodiimide (EDC) and 25 mg of N-Hydroxysuccinimide (NHS) were
added. The system was kept at reflux conditions for 24 h. Then, the
NPs@GO composites were magnetically decanted, washed with H,O
and dried at room temperature inside a desiccator.

Finally, a fraction of NPs@GO 1:2 and 2:1 composites were treated
with hydrazine to reduce GO to rGO [27]. We decided to use this re-
duction strategy instead of other existing alternatives, such as thermal
[28,29] or photocatalytic reduction [30]. 0.2 g of NPs@GO was dis-
persed in 50 mL of H,0. Then, 2mL of hydrazine was added and the
mixture was refluxed for 2 h The NPs@rGO composites were magneti-
cally decanted, washed with H,O and dried at room temperature inside
a desiccator.

3. Sample characterization

X-ray diffraction (XRD) patterns were obtained on a standard
Rigaku diffractometer with CuKa radiation. FTIR spectra were acquired
at room temperature in the range 400-4000 cm ™! with a Shimadzu
infrared spectrometer model IR-Prestige21, using the standard KBr
method. Calorimetric analysis was carried out in a Thermo-Gravimetric
Analyzer TGA-50 under static air atmosphere at a heating rate of 10 °C/
min. Scanning electron microscopy (SEM) images were obtained with a
Carl Zeiss Supra 40 field emission SEM microscope. Transmission
electron microscopy (TEM) images were obtained in a JEOL JEM-2100F
FEG-TEM microscope operated at 200 kV (C2Nano, LNNano, CNPEM,
Campinas, Brazil). Samples were prepared by dripping 10 pL of dis-
persion in water onto a lacey carbon copper grid and vacuum-dried at
room temperature. Hydrodynamic size by Dynamic light scattering
(DLS) was measured using a Z Plus equipment by Brookhaven
Instruments.

Small angle X-ray (SAXS) experiments were performed on SAXS-1
beamline at the Brazilian Synchrotron Light Laboratory (LNLS). The
measurements were conducted at room temperature, using an X-ray
wavelength of A = 1.822 A. Two sample distances to cover the rage of
scattering vector 0.06 < g < 1.6nm ™ ’. The acquisition time was 30s.
The scattering intensity was measured as function of the scattering
vector defined, as ¢ = 47 sin 6/1, where 6 is the scattering angle. Prior
to data acquisition, powder samples of GO sheets, iron oxide nano-
particles and NPs@GO composites were diluted in water and sonicated
for 1h to then be injected into a 1-mm thick sample holder. The ac-
quired SAXS data for NPs@GO composites was corrected according to
the detector sensitivity, sample transmission, background scattering
from GO sheets, water and sample holder mica disks. SAXS data was
analyzed using a software from Paul Scherrer Institute [31].

The DC magnetization measurements were carried out using a
Quantum Design SQUID magnetometer (MPMS XL). The zero-field
cooling (ZFC) and field cooling (FC) magnetization curves were re-
corded following the standard protocols in a temperature range of
5K-300K, under an applied field of 20 Oe and a heating rate of 2K/
min. The isothermal magnetization curves were measured with a
maximum applied field of 30 kOe.

4. Results and discussion

Fig. 1.a shows a TEM image of the NPs employed in the elaboration
of the composite. The mean diameter of the synthesized particles is
around 10.1 nm. The crystalline structure of the NPs obtained from XRD
measurements of the dried powder confirms the formation of the
magnetic fcc spinel-inverse iron oxide phase (Fe;04 and/or y-Fe;03) as
the only crystalline phase present in the system. The citric acid func-
tionalization performed before the reaction with APTES is necessary to
obtain a stable ferrofluid and avoid particle agglomeration as revealed
by TEM images and DLS measurements. A well-dispersed ferrofluid as
the starting material is essential to take advantage of the entire NPs
surface and optimize the functionalization with the amino-silane mo-
lecules.
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Fig. 1. a: TEM micrograph of citric-coated magnetic NPs. b: High-resolution image of a single NP. c: Ferrofluid before and after exposure to a magnetic field. d:

Particle diameter distribution by DLS of citric-coated NPs and APTES@NPs.

After the amino-silane functionalization, the color of the ferrofluid
changed from dark-brown to orange. The APTES modification was
confirmed by the presence of the characteristic absorption bands of
amine groups (—NH,) and the stretching vibrations of Si—O bonds in
the FTIR measurements. DLS measurements, presented in Fig. 1.d, ex-
hibit an increase in the mean hydrodynamic size due to the SiO,-shell
and a small formation of clusters of tens of nanometers. Nevertheless,
the obtained APTES@NPs dispersion remains stable for several days.
The SiO,-shell represents approximately 15% of the total mass of the
APTES@NPs.

On the other hand, the synthetic graphite was successfully con-
verted to GtO by the modified Hummers method, as confirmed by XRD.
Fig. 2.a shows the XRD pattern of graphite and GtO. The characteristic
interplanar spacing diffraction peak of graphite at 26° was shifted to-
wards lower angles in the GtO sample. This result is attributed to the
homogenous broadening of the graphene sheets interspacing caused by
the oxidized groups. According to Bragg’s law, the interplanar distance
increased from 0.34 nm in graphite to 0.90 nm in GtO. The SEM image
of the prepared sample (Fig. 2.b) shows a characteristic sheet-like
structure. The graphene oxide layers are already exfoliated to a large
extent, with a wrinkled structure that provides a large rough surface as
scaffold for final exfoliation and further modification. Subsequently, the
GtO can be easily dispersed in water to form a stable solution of GO
sheets.

In the next step, the GO was mixed with the amine functionalized
NPs and coupled via the EDC/NHS reaction. Two samples with different
GO to NPs ratio were prepared, and the composites formation was
analyzed by different characterization techniques. The temperature vs.
weight-loss graphs obtained by TGA are shown in Fig. 3. In both
NPs@GO 1:2 and NPs@GO 2:1 systems, an initial weight loss below
120 °C can be associated to the evaporation of adsorbed water. Then, a
major drop at 200 °C denotes the starting point of the decomposition of
labile oxygen-containing functional groups of GO present in the sam-
ples. The combustion of GO and subsequent mass loss continues with a
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Fig. 3. TGA curves of APTES@NPs and the four composites. The percentage at
the left indicate the final remaining mass.

homogeneous slope until 800 °C. The remaining mass at 800 °C can be
related to the non-volatile iron oxide percentage in the composite, as
GO is expected to be almost completely incinerated at this temperature.
It is noteworthy that the mass ratio between the labile and stable phases
obtained by TGA curves matches well with the precursor ratio em-
ployed in the elaboration of both composites.

For the NPs@rGO composites an important weight loss is also seen,
but the shapes of the curves are clearly different to the ones of NPs@GO
samples. The major drop in TGA curves for NPs@rGO occurs at 500 °C
instead of 200 °C, suggesting a different pathway for the combustion
reaction and some kind of modification in the carbon skeleton struc-
ture. In addition, the weight loss of both rGO composites is smaller than
the respective GO composite. This could be related to the higher
thermal stability of the samples due to the deletion of the carbon oxi-
dized groups during the reduction reaction [32].

In the XRD patterns of the NPs@GO 1:2 and NPs@GO 2:1 systems

Fig. 2. a: XRD patterns of Synthetic Graphite and GtO. b: SEM image of GtO.

257
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Fig. 4. XRD patterns of citric-coated NPs and the four composites. The dif-
fraction peaks in all samples corresponds to spinel iron-oxide crystalline phase.
* Points a peak at 24° that can be assigned to rGO stacking.

(Fig. 4), only the diffraction peaks of the iron oxide phase are revealed.
Despite the TGA curves evidenced a significant amount of GO, the
strong and clear diffraction peak at 9.3° associated to interplanar GO
spacing does not appear in the composite diffraction pattern. This result
suggests that the NPs acts as a spacer between the GO sheets and avoid
homogeneous stacking after drying the dispersion. For the NPs@rGO
2:1 system the same result is obtained, while for NPs@rGO 1:2 a small
peak at 24° can be associated with a small fraction of stacked rGO
sheets.

SEM images of NPs@GO and NPs@rGO systems are presented in
Fig. 5. In these micrographs, the functionalized NPs appear as bright
dots and are well distributed along the GO and rGO sheets, with the
formation of some localized clusters of particles. As suggested by the
XRD patterns, the NPs act as a spacer by anchoring to both sides of the
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Fig. 6. FTIR spectra of a: APTES@NPs and GO, b: NPs@GO 1:2 and NPs@GO
2:1, with the corresponding band assignment for the observed peaks.

graphene sheets, in this case, the exposed and hidden sides of the su-
perficial single layer.

Fig. 6 shows the FTIR data, with the detailed assignment of the
absorption bands for each sample in the figure caption. The broad band
at 3400 cm ! in the GtO spectrum sums up the contribution of —OH
groups bounded to the carbon skeleton and adsorbed H,O molecules.
Oxygen in the form of carbonyl groups is also revealed by the small
shoulder at 1730 cm ™', The narrow asymmetric peak at 1610 cm ™! can

be a contribution from both C=C bonds (un-oxidized graphitic

Fig. 5. SEM images of a: NPs@GO 1:2, b: NPs@GO 2:1, c: NPs@rGO 1:2, d: NPs@rGO 2:1. Scale bar = 200 nm.
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domains) and adsorbed H,O [26,33]. Bands below 1250 cm ~* may be
associated to epoxy, hydroxyl groups and the skeletal C—C vibrational
modes [26]. In summary, the GtO spectrum reveals all the expected
bands for this material and is similar to the one obtained in Eigler et al.
work, suggesting the good quality of the prepared GtO.

On the other hand, absorption bands from both components can be
observed in the composites spectra. In addition, the formation of the
amide bond can be inferred by the differences between the composites
spectra and the APTES@NPs spectrum. At high wavenumbers, the
characteristic —NH stretching band (3440 cm~! in APTES@NPs)
shifted towards lower energies (3320 cm 1) because of the bond con-
jugation in the amide group. In addition, the wide —NH bending band
at 1625 cm ™! observed in APTES@NPs vanishes in the two composites
spectra and, in a similar location, a narrow peak at 1645cm ™! is re-
vealed and can be assigned to —CONH amide band I [22]. The other
evidence of the bond formation, the —NH stretching band associated to
the amide (band II), is overlapped with the C=C stretching band at
1550 cm ™! [22]. Like the TGA curves, the FTIR measurements also
highlight the differences in NPs-to-GO ratio between the samples, with
GO related bands (like —CH and C=C stretching) being more sig-
nificant than Fe;O4 and SiO, related bands (like Si—O and Fe—O
stretching) for composite NPs@GO 1:2 than for NPs@GO 2:1, and vice
versa.

4.1. SAXS analysis

Small Angle X-ray Scattering (SAXS) was used as a structural
characterization technique to analyze the global architecture of the
composite. In a SAXS experiment, the whole sample volume is analyzed
simultaneously, so it is possible to obtain more statistically accurate
average structural values, as well as a defined idea of the architecture of
the nanocomposite. Double-logarithmic plots of the experimental
scattering curves are shown in Fig. 7.a and. b. There are a significant
number of qualitative features visible in these curves. First, at the low-q
region (0.06nm~' < g < 0.4nm™') the scattered intensity of both
systems displays a distinctive power law behavior instead of the typical
Guinier behavior, commonly observed in a set of non-aggregated single
nanoparticles [34]. The dependence, of I(q) with ¢~ * (a being 2.5 and
2.6 for samples NPs@GO1:2 and 2:1, respectively) ratifies that the NPs
form a compact collective structure randomly arranged over the GO
sheets in each sample. Secondly, at high-q values, the two samples show
essentially the same I(q) ~ ¢~ * behavior, a distinctive feature of
spherical nanoparticles with clearly defined borders [34]. Finally, at
intermediate-q values, the lack of a well-developed oscillating behavior
is an indicator of the polydisperse nature of the NPs and of possible
interferences caused by proximate scattering objects.

Further information about the composites architectures was found
by fitting the experimental SAXS data. The scattering intensity is
modelled as a product of a form factor P(q), which contain the char-
acteristics of single NPs, such as dimensions and shape; and a structure
factor S(q), which captures the effect of the scattering interference
between the neighboring NPs [35]. For this procedure, we assume a
form factor for spherically symmetric particles smeared with a suitable
size distribution, given by:

P(q, r, An) = [ K3(q, r, An)f (r)dr
0 ¢))

Here, An is the scattering length density difference between nano-
particles and the surrounding medium, f(r) the log-normal number
distribution of NPs with median radius Ry, related to the mean diameter
through:

(Dsaxs) = 2Rge””/2.

(2)

The function that takes into account the NPs spherical shape is:
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K2(q, 1, Ay) = imsA,,{3w]_
3 (qr) 3
As mentioned above, the functional dependence of I(q) with ¢~¢ and

the obtained a values at low-q values suggest the formation of NPs
aggregates with a fractal structure, according to the fixed assembly of
NPs over the GO sheets. Then, a structure factor S(q) derived from the
fractal aggregate model was chosen. Such model, described by Teixeira
and Chem [36,37], establishes that the power law form (¢~ being o
the fractal dimension) of the scattering function is limited by a finite
cluster size & appearing as a cut-off function h (r, £). Generally speaking,
the structure factor S(q) that describes a system composed by fractal
aggregates can be written as:

T e in(gr)
S@@) =1+ — [ re-ap(r, 53 gy
Ry { qr )

There are several cut-off functions that have been applied on dif-
ferent nanostructured systems [31], some of them, discussed and
compared by Sorensen et al. [38]. However, the exponential cut-off
function:

hexp (r, g) = e_g )

has been successfully applied in similar nanocomposites in order to
extract important structural parameters [39]. Then, using h.y, (r, £), the
Eq. (4) can be analytically solved to obtain [31]:

al (a—1) sin[(a—1)tan"1(g&)]
(qR)* [1 . ;]QT_I '

(@t (6)
being I' (x) the gamma function. By using the proposed model, the
experimental SAXS intensities of samples NPs@GO1:2 and 2:1 were
successfully fitted (continuous lines at Fig. 7.a and. b). This means that
only the mass fractal contribution was needed to consider the inter-
particle interference into the cluster and thus, to fit the entire curves.
Relevant associated parameters are listed in Table 1. Fig. 7.c reports the
structure factor evolution with g. In both samples, this S(q) factor
clearly displays a power law dependence on g~ in the lower-q range.

The obtained primary nanoparticle diameter ((D)saxs) and the SAXS
log-normal size distributions suitably corresponds to the particle size
distributions shown in the histograms (Fig. 7.d). The most significant
difference is the width of the size distributions. The SAXS size dis-
tribution is broader than the calculated from the TEM histograms, but
narrower to the hydrodynamic size distribution obtained by DLS mea-
surements. This effect can have several origins, such as, for example, an
irregular distribution of silica coatings generated during the functio-
nalization procedure or the presence of small close-packed aggregates
of NPs in the dispersion before the conjugation reaction. Furthermore,
it must be considered that TEM images were conducted on an ultra-
diluted NPs dispersion, while SAXS experiments were carried out on
samples where the NPs are arranged on bundles (areas with higher
concentration) over the GO sheets, which leads to an overestimation of
the polydispersity due to increasing particle interactions [40]. The es-
timated fractal dimensions and the finite cluster sizes (being a 2.5 and
2.7; and £ 39.2nm and 107.8 nm for samples NPs@GO 1:2 and 2:1,
respectively) indicate that the NPs on the GO sheets are prone to form
bundle-like structures with a three-dimensional architecture [39], being
denser and larger on sample NPs@GO 2:1, accordingly the larger NPs
concentration. In summary, the SAXS results evidence the strong de-
pendency of the NPs architecture with the mass ratio between them and
the GO sheets.

Si@=1+

4.2. Magnetization results

Previously, the SAXS data analysis indicated that the nanoparticle
arrangements over the GO sheets differ between the two studied
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Fig. 7. SAXS profiles of a: NPs@GO 1:2, b: NPs@GO 2:1. Fitted curves are presented as a continuous line. c: log-log plot of the structure factor function S(q). d: TEM
NPs diameter histogram (gray bars) and log-normal fitted curve (red line). SAXS log-normal size distribution of NPs from NPs@GO 1:2 (black line) and NPs@GO 2:1
(grey line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
SAXS fitted parameters. Mean primary nanoparticle diameter ((D)saxs), log-
normal standard deviation (¢), fractal dimension () and cluster size (£).

Sample (D)saxs (nm) g o § (nm)
NPs@GO 1:2 11 0.47 2.5 39.2
NPs@GO 2:1 12 0.45 2.7 107.8

samples, i.e., despite that the formation of some aggregates and bun-
dles-like structures were detected in both composites, larger and denser
ones were found in sample NPs@GO 2:1. In order to evaluate the NPs
assembly effect on the magnetic properties, the temperature and mag-
netic field dependence of the magnetization were measured. Fig. 8
compares the zero field cooling (ZFC) and field cooling (FC) magneti-
zation curves of the NPs@GO and NPs@rGO samples. The four mea-
surements exhibit the typical characteristics of polydisperse weakly
interacting magnetic NPs systems [41], with a clear and broad max-
imum for the ZFC curve (peak temperature, Ty;). The temperatures of
these peaks are 147 K for NPs@GO 1:2, 183K for NPs@GO 2:1, 178K
NPs@rGO 1:2 and 211 K for NPs@rGO 2:1.

For ideal strongly diluted systems, both Ty, and the general shape of
the ZFC-FC curves are intrinsically defined by the NPs characteristics
(shape, size, anisotropy, etc.) [42]. However, the shape of the ZFC
curves of the samples exhibit different broadening and small shifts
between the maximum values, even though the same NPs precursor was
employed for all the samples. This variation can be ascribed to
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nanoparticle magnetic interactions of dipolar origin. The dipolar in-
teractions can indeed modify the magnetic behavior of nanoparticle
systems, i.e., by shifting T, towards higher temperatures or by flat-
tening the FC curve for T < Ty [40,42]. The decrease in the spatial
separation of the NPs by increasing their concentration and the for-
mation of localized clusters usually leads to higher dipolar interactions.
This may be the case of the four samples under study. In a first com-
parison between the NPs@GO systems, Ty occurs at a higher tem-
perature and the FC curve is flattened in the sample NPs@GO 2:1, the
composite with a higher NPs concentration and cluster density. In ad-
dition, the Ty values of the NPS@rGO systems are above than the re-
spective Ty of the pre-treated sample. These changes in the ZFC-FC
curves suggest that the chemical reduction process modifies the archi-
tecture of the NPs assemblies over the carbon sheets, decreasing the NPs
interparticle spacing and leading to the formation of some localized
clusters.

Based on the information from SEM, SAXS and ZFC-FC analysis, the
studied magnetic composites can be considered as weakly interacting
systems with a moderate NPs size dispersion. This fact allows us to
consider the peak temperature (Ty;) as a good approximation to the
point in which the system evolves from the blocked to the super-
paramagnetic regime, i.e. close to the so-called blocking temperature
(Tg). With the blocking temperature value, it is possible to estimate an
effective anisotropy constant, K.g, by means of the functional ratio,
K.ir = 25kgTg/V, where kg is the Boltzmann constant and V the mean
nanoparticle volume. The calculated anisotropies are listed in Table 2.
As expected, larger values of K¢ were found in samples with higher Ty,
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Fig. 8. Zero Field Cooled (ZFC) and Field Cooled (FC) curves of the four studied composites. External magnetic field = 20 Oe. Arrows shows the peak temperature of

the ZFC curves (Tyax)-

Table 2

Magnetic properties: Mg, Saturation magnetization per gram of composite; N,
number of magnetic nanoparticles per unit volume in a superyaramagnetic
regime; (1), mean magnetic moment, determined from (i) = xye°"/2, were X, is
the median of the distribution and ¢ is the standard deviation.

Sample Ty’ Ke’ Ms %of N (10"%em™® (u)  o°
10° (emu/  Fe30,4 a1o®
erg/ 8) up)
cm®)
NPs@GO 1:2 147 1.3 32 42 1.3 8.2 1.07
NPs@GO 2:1 183 1.6 48 63 1.4 8.1 0.98
NPs@rGO 1:2 178 1.6 33 43 1.2 9.1 1.10
NPs@rGO 2:1 211 1.9 51 67 1.2 9.0 1.08

2 Maximum of the ZFC curve.
b Calculated from Koy = 25k T/ V .
¢ From M vs. H curves fit.

a behavior that may be related to the increase of the energy barrier
caused by the dipolar interactions (Eg « K.4V) or to the existence of
collective effects [43].

Fig. 9 shows the Magnetization vs. Field (M vs. H) curves at room
temperature (T = 300 K) of both NPs@GO and NPs@rGO systems. The
experimental curves do not have remanent magnetization nor coercive
field, confirming that the systems are superparamagnetic and the NPs
are superparamagnetic at room temperature. Taking into account that
the contribution of GO and rGO to the magnetization response is
practically negligible, the saturation magnetization (M) values and a
comparison with M; of pure magnetite NPs (78 emu/g) can give us an
approximate idea of the Fe;04 amount in each sample. The M, values
and the Fe;04 fraction according to this analysis are given in Table 2.

504—— NPs@GO 1:2 N I
400 NPs@GO 2:1 ..-,"_ """
—— NPs@rGO 1:2| ;*
e 30+ NPs@rGO 2:1f
é 20
L o4
=
S 0
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5 e
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Fig. 9. Magnetization vs. Applied magnetic field curve at T = 300K of the four
composites. Inset: Reduced magnetization for sample NPs@GO 1:2 (black
points) and Langevin equation fit (red line). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

For NPs@GO composites, the calculated percentages of iron oxide are
in good agreement with the remaining mass observed in TGA, as the GO
and the APTES alkyl chains were expected to be complete incinerated in
those runs. The small differences in favor of the TGA measurement
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percentage can be attributed to the remaining SiO, shell. On the other
hand, a small increase of M; after the reduction process is observed and
can be associated to some minor changes in composite proportions. Due
to the removal of oxygen atoms of carbon oxidized groups during the
reaction with hydrazine, rGO sheets are slightly lighter than GO sheets,
thus modifying the percentage of the magnetic phase in the final pro-
duct. Also, for these latter cases, the calculated percentage of iron oxide
differs with the remaining mass value observed in TGA, suggesting that
the rGO sheets are not completely incinerated despite the air atmo-
sphere employed in the runs. The estimated percentage of rGO ac-
cording to TGA and magnetic measurements is 52% for NPs@rGO 1:2
and 27% for NPs@rGO 2:1.

Above the irreversibility temperature the magnetization dynamics
of a set of weakly interacting magnetic NPs are well described by the
superparamagnetic theory [44], and the magnetization curves can be
modeled by the Langevin function, L(x). We employ this function to fit
the data at T = 300 K and thus extract important parameters such as the
mean magnetic moment ((«)), the number of magnetic NPs in a su-
perparamagnetic regime (N), among others. To describe the real mag-
netization data, L(x) was weighted by a suitable log-normal type mo-
ment distribution function, f (u), to take into account the dispersion of
the nanoparticles. Thus, the fitted equation is:

MH) =Nf yL(%)f(ﬂ)dy +C

o B @
where C is a parameter that accounts for paramagnetic contribution at
high magnetic fields. The experimental magnetization curves were well
fitted by Eq. (6) (inset at Fig. 9), and the inferred parameters are
summarized in Table 2. The values are within the expected range for
superparamagnetic systems composed by magnetite nanoparticles, i.e.,
~10* ug for the mean magnetic moment and ~10'®cm™2 for the
number of magnetic nanoparticles in superparamagnetic regime per
unit volume. The small differences could be related to modifications of
the dipolar energy due to minor changes in the magnetic dipolar in-
teractions.

5. Conclusions

In summary, we managed to successfully synthesize a set of nano-
composites based on Fe3O4 nanoparticles covalently bonded to gra-
phene oxide and reduced graphene oxide sheets. We accomplished a
complete characterization of the composites in order to study the final
structure of the samples and prove the link between the starting ma-
terials. The employed synthesis strategy allowed us to control the NPs-
to-GO ratio in the composite in a precise manner. Moreover, we em-
ployed some novel characterization techniques on these magnetic
NPs@GO and NPs@rGO composites to achieve a better understanding
of their assembly process and architecture. We found that an increase in
the NPs-to-GO ratio and the reduction from GO to rGO modifies the
spatial distribution of the NPs over the sheets, leading to the formation
of localized assemblies and bundle-like structures that affects the
magnetic behavior.
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