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ABSTRACT: Core—shell magnetic air-stable nanoparticles have
attracted increasing interest in recent years. Attaining a satisfactory
distribution of magnetic nanoparticles (MNPs) in polymeric matrices
is difficult due to magnetically induced aggregation, and supporting the
MNPs on a nonmagnetic core—shell is a well-established strategy. In
order to obtain magnetically active polypropylene (PP) nano-
composites by melt mixing, the thermal reduction of graphene oxides
(TrGO) at two different temperatures (600 and 1000 °C) was carried
out, and, subsequently, metallic nanoparticles (Co or Ni) were
dispersed on them. The XRD patterns of the nanoparticles show the
characteristic peaks of the graphene, Co, and Ni nanoparticles, where
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the estimated sizes of Ni and Co were 3.59 and 4.25 nm, respectively.
The Raman spectroscopy presents typical D and G bands of graphene
materials as well as the corresponding peaks of Ni and Co nanoparticles. Elemental and surface area studies show that the carbon
content and surface area increase with thermal reduction, as expected, following a reduction in the surface area by the support of
MNPs. Atomic absorption spectroscopy demonstrates about 9—12 wt % metallic nanoparticles supported on the TrGO surface,
showing that the reduction of GO at two different temperatures has no significant effect on the support of metallic nanoparticles.
Fourier transform infrared (FT-IR) spectroscopy shows that the addition of a filler does not alter the chemical structure of the
polymer. Scanning electron microscopy of the fracture interface of the samples demonstrates consistent dispersion of the filler in the
polymer. The TGA analysis shows that, with the incorporation of the filler, the initial (T,) and maximum (T,,,) degradation
temperatures of the PP nanocomposites increase up to 34 and 19 °C, respectively. The DSC results present an improvement in the
crystallization temperature and percent crystallinity. The filler addition slightly enhances the elastic modulus of the nanocomposites.
The results of the water contact angle confirm that the prepared nanocomposites are hydrophilic. Importantly, the diamagnetic
matrix is transformed into a ferromagnetic one with the addition of the magnetic filler.

1. INTRODUCTION

Stimuli-responsive materials that can effectively respond to
external incentives, for instance, electrical or magnetic fields,

graphene a suitable material for sensors, electronics, catalysis,
drug delivery, and energy devices.” ® The cutting-edge
utilization of graphene is its use as a reinforcement in polymer

alterations in temperature, or mechanical force, have recently
become a hot topic of research in materials science." In this
respect, in the last few decades, nanofiller-reinforced polymer
composites have attracted significant interest in a large number
of applications, including energy storage, biomedical, automo-
tive, aerospace, computing, construction, astronomy, and other
fields.”® The incorporation of carbon nanostructures to
synthesize polymeric nanocomposites with improved mechan-
ical properties and/or electrical conductivity is a promising
alternative. The electrically insulated and soft polymeric matrix
imparts mechanical resistance, and the carbon nanomaterials
provide electrical conductivity.* The discovery of monolayer
graphene, presenting a hexagonal lattice arrangement com-
posed of sp*-hybridized carbon atoms, has opened a wide
range of research possibilities. The excellent thermal,
mechanical, electrical, and various other properties make
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matrices due to its exceptional characteristics, including
superior mechanical strength, thermal conductivity, and surface
area.”’

Nanofiller-reinforced polymer nanocomposites have gained
increasing attention from researchers both in academic and
industrial sectors due to the significant enhancement in their
mechanical, thermal, and flame retardancy properties at low

filler loadings. The incorporation of nanofillers in polymers,
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namely, inorganic nanoparticles (Ag, TiO,, ZnO, etc.), layered
silicates, and carbon nanostructures (nanofibers (CNFs),
nanotubes (CNTs) fluorenes, graphene, etc.), has demon-
strated substantial improvement in properties at very low filler
loadings compared to microfiller-reinforced polymers.”"”
Because of the exceptionally high strength, electrical
conductivity, and abundant presence of the precursor “graph-
ite”, graphene is of particularly great interest in the
advancement of graphene polymer nanocomposites.'”'> The
oxidation of naturally abundant graphite flakes leads to the
formation of 2D lamellae of graphene oxide (GO), containing
extensive hydrophilic functionalities, such as carbonyl,
hydroxyl, epoxide, ester, ether, and carboxylic groups.”” A
GO surface that accommodates oxygen functionalities is very
interesting as it offers interaction sites with the polymer
matrix."* In addition, the high surface area of graphene makes
it a fascinating hosting material, which allows the dispersion of
different nanoparticles (NPs) on its surface with special
properties, such as magnetic nanoparticles.

Several GO—polymer nanocomposites have been reported
using different polymers, for instance, polycarbonates,
polydimethyl siloxane, poly (vinylalcohol), polyurethane,
polymethylmethacrylate, and polyolefins.”>~"" PP is one of
the commercially important nonpolar semicrystalline poly-
olefins; its light weight, cost-effectiveness, and easy process-
ability make it the material of choice for a wide variety of
industrial applications. The incorporation of GO significantly
enhances the mechanical, gas barrier, and thermal conductivity
properties, as well as introduces electrical conductivity into the
insulating PP matrix.””*' However, to the best of the authors’
knowledge, few studies have been reported on multifunctional
magnetic PP nanocomposites.

Recently, core—shell air-stable MNPs have gained consid-
erable interest because of their promising applications in
biotechnology, medicine, tissue engineering, water treatment,
data storage, and catalysis.zz_25 The combination of a
magnetic core with the possibility to functionalize its surface
is an important benefit of these materials. The protection of
the metallic nanomagnet by an additional protective layer that
is inert toward acids and air and thermally stable guarantees a
considerably higher magnetic moment. A variety of protective
coatings, such as silica, carbon, transition metal oxides, and
gold, have been proposed.”*~** Because of the high cost, gold
is not considered as an appropriate choice; the hydrolysis of
covalent bonds on metal oxides and silica makes them less
desirable, thus promoting carbon coatings as the most
preferred choice. Iron is a conventional magnetic filler
commonly introduced to afford magnetism, along with cobalt
and nickel.””** On the other hand, the magnetic properties of
the finally produced composites are greatly affected/limited by
various factors, specifically, the extent of dispersion/agglom-
eration, interparticle interaction, and surface effect on the
magnetism of the nanoparticles.”’ Nanoparticles usually tend
to form agglomerates; the situation is more complex in the case
of magnetic nanoparticles (MNPs) as magnetically induced
aggregates are formed. Therefore, it is imperative to support
the MNPs on the surface of nonmagnetic materials for effective
dispersion and to attain the desired properties of the polymeric
nanocomposites.

Melt mixing is considered as the most adequate industrial-
scale process for polymer composite production due to its cost-
effectiveness, fast production rate, environmentally friendly
nature, simple operation, and high yield. Thus, in the present

work, graphene oxides thermally reduced at 600 and 1000 °C
(TrGO) were synthesized, and metallic nanoparticles of either
nickel (Ni) or cobalt (Co) were supported on them. Magnetic
and structural properties of the Ni and Co supported on TrGO
were studied. Furthermore, PP and TrGO-M (M = Ni, Co)
were melt-mixed in order to determine the impact of the
incorporation of these stimuli-responsive nanofillers on the
properties of the PP matrix.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite, hydrochloric acid (HCl, 37%),
sodium nitrate (NaNOs; 99.0% purity), sulfuric acid (H,SO,;
98% purity), pure potassium permanganate (KMnO,; >99.0%
purity), and cobalt (II) chloride (CoCl,) were purchased from
Merck (Kenilworth, NJ). Nickel (II) chloride hexahydrate
(NiCl,-6H,0) was supplied by Quimica Fina (Bogota D.C)
and hexamethylenetetramine (C¢H;,N,) by Labsynth (Dia-
dema, SP). Polypropylene (PP) PH 2621, having a molecular
weight of 195 Kg-mol_l, a density of 905 kg-m_3, and a melt
flow index of 27 g/10 min (2.16 kg, 230 °C), was purchased
from Petroquim S.A and used as received.

2.2. Synthesis and Thermal Reduction of Graphene
Oxide. The modified Hummers method was used to
synthesize graphene oxide (GO). Initially, 375 mL of H,SO,
at 0 °C was used to disperse 7.5 g of NaNOj; and 15 g of
graphite under constant stirring. After 30 min of stirring, 45 g
of KMnO, was added over a period of 4 h. The suspension was
left at 25 °C for a further 45 min to react. The suspension was
slowly poured into a solution containing 675 mL of hydrogen
peroxide (S vol %) and 750 mL of distilled water to eliminate
additional KMnO,. The synthesized material was cleaned with
HCI (26%) followed by washing with distilled water numerous
times to achieve a pH of ca. 7. Lastly, the drying of GO at 80
°C was carried for 1 h.””

Before the thermal reduction of GO to obtain TrGO, 6 h of
vacuum drying was performed at 80 °C. A calculated small
amount of GO was placed in a quartz rector, closed, and
purged with nitrogen gas. The process of thermal reduction
was carried out at either 600 or 1000 °C for ~30 s. Finally, the
reactor was cooled to room temperature to collect TrGO. To
achieve the exfoliation and reduction of graphene sheet
functional groups, thermal shocking is considered as the
main prerequisite.33

2.3. Support of Metallic Nanoparticles on the TrGO
Surface. The dispersion of MNPs on the surface of TrGO was
carried out by ultrasonic dispersion of 1.0 g of TrGO in 250
mL of distilled water. Similarly, hexamethylenetetramine
(HMT; 4.8 mmol) and NiCl,-6H,0 (2.4 mmol) were
separately dissolved in 170 and 70 mL of water, respectively,
to maintain a 1:2 molar ratio. Furthermore, all three solutions
were shifted to a round-bottom flask under overnight stirring.
The final solution is subjected to hydrothermal reaction using a
Teflon-lined stainless steel autoclave for 4 h at 120 °C to
obtain TrGO-supported Ni(OH),. To remove the excess Ni
and HMT, the obtained black powder was washed and filtered
numerous times. Finally, the TrGO-supported Ni(OH), was
heated in air up to 380 °C for 60 min to obtain crystalline
NiO-supported TrGO.>* A similar process with similar
concentrations was used to support cobalt nanoparticles on
the TrGO surface using CoCl,.

2.4. Preparation of Polypropylene TrGO-—Metal
Nanoparticle Nanocomposites. PP-TrGO nanocomposites
were synthesized using a Brabender Plasticorder double screw
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Figure 1. XRD patterns of neat graphite, GO, and TrGO at 600 and 1000 °C (a) and TrGO-supporting Ni and Co nanoparticles (b).

mixer (Nordrhein-Westfalen, Germany). TrGO-containing
metallic nanoparticles (Ni, Co) and PP were dried at 80 °C
for 8h before mixing. Initially, the PP matrix was melted at 190
°C for 3 min. Subsequently, TrGO-containing metallic
nanoparticles were added to a mixing chamber, and the rotor
speed was maintained at 110 rpm for a total time period of 10
min. The quantity of the filler in the prepared composites
differed from 1 to S wt %. Finally, the nanocomposite films
were prepared by processing at 190 °C in a hydraulic press
having a water-cooling apparatus. The prepared films have a
thickness of 1.0 mm for measurements.

3. CHARACTERIZATION

The analysis of the specific surface area and pore structure
parameters of the GO, TrGO, and TrGO-supported metallic
nanoparticles was performed at —196 °C by obtaining the
nitrogen adsorption—desorption isotherms using a Micro-
meritics Instrument, TriStar II 3020. The pore size distribution
(PSD) was calculated by the Barrett—Joyner—Halenda (BJH)
method using the adsorption branch. A 16 h outgassing of the
samples at 200 °C was carried out before measurements.

The carbon, nitrogen, hydrogen, and oxygen contents of the
synthesized nanoparticles were determined using an elemental
analyzer (Perkin Elmer M CHNS/O model 2400). The C, N,
and H percentages were subtracted from the total mass to
derive the oxygen percentage.

The morphological analysis was carried out by field-emission
scanning electron microscopy in the secondary electron mode
using the Inspect FSO equipment (FEI Instruments). An
aluminum stub was used to place the samples, and gold coating
was performed to make it a conductor.

The phase compositions of neat nanoparticles and Ni- and
Co-supported nanoparticles were assessed by X-ray diffrac-
tometry (XRD), using a Philips Diffractometer, XPert MPD
model, accompanied by a fixed anode and graphite
monochromator run at 40 kV and 40 mA using Cu-Ka
radiation. Raman spectroscopy was performed to evaluate the
structural characteristics of the synthesized nanoparticles using
a classical Renishaw Raman spectroscope inVia spectrometer
system. The experiment was carried out in the range of 0 to
3100 cm™" using a 514 nm laser at room temperature. Fourier
transform infrared (FT-IR) spectroscopy was performed for
structural analysis. A Perkin Elmer spectrum 100 spectrometer

was used to record the FT-IR spectra using attenuated total
reflection mode ranging from 4000 to 400 cm™".

A high-resolution atomic absorption spectrometer with the
model contraAA 700 (Analytik Jena AG, Jena, Germany)
equipped with a flame atomizer (HR-CS F AAS) and
continuum source graphite furnace (HR-CS GF AAS) was
used for the quantification of metal nanoparticles supported on
the TrGO surface. The direct sample weighing method was
applied to the graphite platform, with masses ranging from
0.10 to 0.16 mg. A preadapted pair of tweezers was used for the
transference of the pyrolytically coated graphite tubes to the
atomizer. The reported method and program temperature were
adapted from the literature.*® Before the introduction of the
graphite tube into the atomizer, the sample was treated with a
10 mL chemical modifier prepared by mixing 12 mg of Mg and
20 mg of Pd. Pyrolysis and atomization were carried out at
temperatures of 800 and 2500 °C, respectively.

Thermal analysis of the polymer nanocomposites was carried
out by differential scanning calorimetry (DSC) and thermog-
ravimetric analysis (TGA). A DSC model Q20 of Perkin Elmer
differential calorimeter at a heating rate of 10 °C/min was
used, in the range of 0—180 °C. The crystallinity percent was
obtained using the enthalpy of fusion data calculated from the
DSC curves, and the melting temperature (T,) was
determined from the second scan. The thermal stability and
percent residue of the samples in comparison to those of pure
PP were calculated by a Q20 SDT Q600 thermal analyzer at a
scanning rate of 10 °C/ min from 0 to 700 °C.

The ASTMD 638-10 method was applied to measure the
stress—strain curve of the neat PP and its nanocomposites
using a dynamometer HP model D-500 at ~25 °C. Five
measurements were carried out for each wt % of the sample
using a speed of 50 mm min™'; the presented results are the
average of five measurements. The water contact angle (WCA)
was measured by a goniometer (Phoenix 300, SEO) using the
sessile drop method. Each sample was subjected to five drops
of water, and the angle calculated was the mean of the five
tests; “a drop shape analysis system” was used to obtain images
taking into account an experimental error of 2.

Magnetic moments of the nanoparticles and the magnetic
filler-filled polymer were studied by applying a magnetic field.
An EZ9 MicroSense vibrating sample magnetometer (VSM)
was used at room temperature, with a magnetic field (H) of up
to 20 kOe. The room temperature variation of H between +20

21985 https://doi.org/10.1021/acsomega.3c01917
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Figure 2. Raman spectra of neat graphite, GO, and TrGO at 600 and 1000 °C (a) and TrGO-supported Ni and Co nanoparticles (b).

and —20 kOe was applied to obtain the hysteresis of
magnetization.

4. RESULTS AND DISCUSSION

To assess GO and metallic nanoparticles decorated on TrGO,
numerous characterizations were performed. XRD graphs of
neat graphite and GO are displayed in Figure la. Neat graphite
shows a strong diffraction peak at 20 = 26.3° and a mild peak
at 54.5° corresponding to the (002) and (004) planes,
respectively. After the oxidation, the peak associated with the
(002) plane shifted to a new position (20 = 11.2°). The
change of the peak position to a small angle in the XRD
patterns proves the increase in the d-spacing between graphene
sheets. The Braggs law and curve fittings were applied to
calculate the 26 and d-spacing values for nanoparticles.”” It can
be concluded that the introduction of oxygen functionalities,
for instance, -COOH and -OH, due to the oxidation process
increased the d-spacing of pristine graphite from 0.338 to 0.790
nm for GO.">*® In contrast, in Figure 1A, the diffractogram of
thermally reduced GO at 600 and 1000 °C presents a broad
peak, shifted to 26 = 23.8 and 25.1°, respectively, presenting a
decrease in the interlayer spacing of the graphene sheets,
showing that GO was successfully reduced.’”

Furthermore, the TrGO-supporting metallic nanoparticles
were also characterized by XRD, as shown in Figure 1b. The
existence of XRD peaks (in the TrGOgy,-Ni and TrGO40-Ni
samples) at 20 = 36.7, 43.2, and 62.3 analogous to the (111),
(200), and (220) plane reveals the presence of NiO
nanoparticles (JCPDS. 01-078-0429) with a cubic symmetry

21986

Fm3m.*® The MNPS average crystalline size was estimated
using the Scherer equation.” The calculated crystal size of the
NiO nanoparticles was 3.59 nm, taking into account the
enlargement of the maximum concentrated peak at 36.7° (200
plane). Similarly, Figure 1b shows the XRD pattern of the
TrGOgp-Co and TrGO,py-Co samples, where diffraction
peaks were observed at 20 = 31.1, 36.7, 44.4, 59.3, and 65.4
associated with the (220), (311), (222), (511), and (440)
planes, respectively, identical to the values of JCPDS 01-080-
1533, presenting a simple cubic structure of the cobalt oxide."
The obtained crystalline size of Co;0, was 4.25 nm
considering the intense peak at 36.7° (311), assuming that
the XRD study shows a nanometric crystalline structure of the
MNPs. In addition, no information on the Ni(OH), and
Co(OH), peaks was obtained, proving the complete transfer of
metallic hydroxide to the metallic oxide by annealing at 380
°C. However, the sample TrGOgy-Co presents only the
characteristic peaks of TrGO at 26 = 25.1(002) and 43.4(222),
signifying that the TrGO surface probably has a lower amount
of cobalt oxide.

The GO reduction and formation of TrGO-immobilized
MNPs were additionally followed by Raman spectroscopy.
Figure 2 presents the Raman spectra of neat graphite, GO, and
TrGO at 600 and 1000 °C. Two distinct peaks were observed
in each spectrum, corresponding to D and G bands. The
intensity of the D band (related to the structural defects) of the
GO peak is higher than that of TrGO, showing the presence of
an additional functional group with sp® bonds of the graphite
basal plane. In contrast, the G band corresponding to the sp*
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Figure 3. FT-IR spectra of GO and TrGO (a) and the PP nanocomposite (b).
Table 1. Elemental Analysis, Metal Amount, and BET Surface Area
samples % C % H % N %0 M-content (%)“ Sper (m’g™") Viee (cm® g71)
GO 544 1.9 0.1 43.6 70
TrGOp 83.9 03 0.1 15.7 282 0.572
TrGO 000 90.8 04 0.1 8.7 373 0.725
TrGOgy-Co 71.84 0.48 0.41 27.3 9.0+ 3 147 0.264
TGO 400-Co 72.93 0.65 0.42 26.0 90+ 1 134 0.268
TrGOgo-Ni 63.94 0.61 071 3474 12 +2 186 0.327
TrGO 05-Ni 729 0.54 0.61 25.95 80 +2 138 0231

“Calculated by atomic absorption; Sger = BET surface area; V,,, = total pore volume.

carbon—carbon double bond shows higher intensity for TrGO
compared to GO. Another parameter to assess the removal of
defects and restoration of carbon—carbon double bonds is the
Iy /I value, which is the intensity ratio of D and G bands. Pure
graphene has a well-ordered structure with no defects and is
characterized by a low I/I value.”' Interestingly, Figure 2a,b
shows that the TrGO (reduced at 600 and 1000 °C) spectrum
has an inferior intensity of the D band and superior intensity of
the G band in comparison to GO, showing a lower I/I; value.
These results prove the decrease in the number of structural
defects, leading to an increase in sp* double bonds, promoting
graphene structural renovation by the thermal reduction
process.

Furthermore, all samples supported Ni and Co nano-
particles, as expected, showing the typical D and G bands of
graphene materials at 1350 and 1585 cm™’, as can be seen in
Figure 2b. Moreover, the TrGO-supported Co nanoparticles
show peaks around 467, 511, and 672 cm™! attributed to the
F_ "2 ngz) and Ay active modes of Co3O4.42‘43 In addition,
TrGO-immobilized Ni nanoparticles exhibit Raman bands
situated at ~515 and 618 cm™" ascribed to the A, (T) lattice
vibration of the NiO nanoparticles on the reduced graphene
oxide surface. This proves the successful immobilization of
metallic NPs on the TrGO surface.**~*

FT-IR is a powerful technique to verify the existence of
diverse functionalities in the GO structure, as well as to detect
oxygen-containing functional groups. Figure 3a displays the
FT-IR spectrum of graphene oxide and thermally reduced GO
at 600 and 1000 °C; the obtained spectrum of graphene oxide
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established the effective oxidation of graphite. The GO
spectrum confirms the peaks at 1047, 1231, and 1581 cm™!
corresponding to the C—0, C—O—C, and C—OH bendings,
respectively. The peak at 1724 cm™" is attributed to the C=0
stretching due to the presence of carbonyl groups in the
graphene structure. A broad absorption peak at 3384 cm™'
corresponds to the O—H stretching, because of the existence of
alcohol groups and water molecules overlaid on the OH
bending of COOH groups.***’

FT-IR spectra of TrGO at 600 and 1000 °C are also
displayed in Figure 3a. One can note that the peak intensities
conforming to oxygen functionalities decreased or vanished
after GO was thermally reduced. This demonstrates the
efficacious reduction of graphene oxide by thermal treatment.
However, the complete disappearance of the peaks was not
absorbed, indicating a partial reduction of GO by heat
treatment.’

Table 1 demonstrates the effect of thermal reduction on the
chemical composition of graphene oxide (GO). It can be noted
from the elemental analysis that the carbon content of GO is
54.4%, which gradually increased to 83.9 and 90.8% by the
thermal reduction at 600 and 1000 °C, respectively. Similarly, a
significant decrease in the oxygen content from 43.6 to 15.7%
and 8.70% is observed by reducing GO at 600 and 1000 °C,
respectively. TrGO g, shows the lowest content of oxygen,
attributed to the higher temperature during the reduction
process promoting a more complete reduction of GO. On the
other hand, the support of the metallic nanoparticles on the
TrGO surface shows a slight decrease in the carbon content
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Figure 4. SEM images of pure PP (a), PP-TrGO4,-Co-5% (b), PP-TrGO44-C0-5% (c), PP-TrGOgpo-Ni-5% (d), and TrGO409-Ni-5% (e).

and an increase in the oxygen percentage. This could be
attributed to the formation of oxides of metallic nanoparticles.
Furthermore, the BET surface area results of the nanomaterials
are presented in Table 1. The analysis shows a significant
enhancement in surface area from 70 m*g~" for GO to 283 and
373 m’g™" for TrGOgy and TrGO,y, respectively. These
results prove the effectiveness of the thermal reduction in the
exfoliation of GO. On the other hand, the support of metallic
nanoparticles (Ni, Co) displays a substantial reduction in the
total pore volume and surface area of TrGO, presenting
maximum decreases of 48 and 65% for TrGOgy, and TrGO o,
respectively. A similar decrease in the surface of TrGO with
the support of metallic nanoparticles has been reported by
other researchers.’® The reduction in the surface area with the
addition of metallic nanoparticles is perhaps due to the
blockage of some pores by metallic nanoparticles during the
synthesis as well as because of the coarsening effect.”">” The
greater decrease in the surface area of TrGO,y, compared to
that of TrGOyy, is, most probably, a consequence of the
accessibility of a large surface area for the support of the
metallic particles, which in turn decreases the surface area.
Atomic absorption spectroscopy confirmed the presence of
MNPs on the surface of TrGO. The results show the
deposition of metallic particles ranging from 9 to 12% with a
standard deviation of +3, indicating the deposition of almost

similar amounts of Ni and Co nanoparticles. The deposition of
similar amounts of MNPs in TrGOs, obtained at different
reduction temperatures, could be due to two different
phenomena operating during the support of the MNPs on
carbon materials having different surface areas and chemical
structures. The reduction at 600 °C left more polar functional
groups on TrGO as compared to the reduction at 1000 °C,
providing more interaction between the polar group and
MNPs to be supported. On the other hand, TrGO,oy, (372
m’g~") has a higher surface area available for the support of
MNPs compared to TrGOg, (282 m’g™"). Thus, the above
two phenomena compete with each other, and finally, almost
the same amounts of metallic particles are supported on the
two surfaces. Thus, we concluded that the reduction of GO at
two different temperatures (600 and 1000 °C) has no
significant effect on the support of metallic nanoparticles.

To investigate the dispersion of the filler and the interfacial
bonding between metal-supported TrGO and the PP matrix,
scanning electron microscopy (SEM) images of the fracture
interface were obtained, as displayed in Figure 4. The latter
demonstrates the cross-sectional view of the samples,
presenting a relatively rough morphology compared to that
of neat PP [Figure 4a] because of the improved crystalline
structure of PP. The strong layered morphology of PP
composites reveals that the polymer is coated around the
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Table 2. Thermal Properties of the Neat PP, PP-TrGO-Ni, and PP-TrGO-Co Nanocomposites

samples filler (%) residue (%)“ metal (%)° Tynser (°C) Toax (°C) T T. X, (%)
Neat PP 0 0 412 455 163 107 38
PP-TrGOgy-Co 1.0 1.71 0.09 430 467 164 117 43
PP-TrGO¢q-Co 3.0 2.95 027 431 463 164 118 46
PP-TrGOgp-Co 5.0 5.32 0.45 446 474 164 120 48
PP-TrGO 109-Co 1.0 143 0.09 434 470 163 117 44
PP-TrGO) gp-Co 3.0 312 027 435 470 163 119 40
PP-TrGO ) 409-Co 5.0 451 045 442 474 160 118 40
PP-TrGO g-Ni 1.0 0.9 0.12 432 469 163 117 44
PP-TrGOgp-Ni 3.0 4.32 0.36 423 463 163 120 45
PP-TrGOg-Ni S.0 5.98 0.60 440 471 164 120 42
PP-T1GO g50-Ni 1.0 128 0.08 435 470 163 115 51
PP-TrGO)g5o-Ni 3.0 4.66 0.24 421 463 163 118 41
PP-TrGO ) go9-Ni 5.0 5.52 0.40 441 473 165 120 40
“Calculated from the TGA residue. “Calculated from atomic absorption.
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Figure 5. TGA thermograms of neat PP and PP-TrGO.Co nanocomposites (a) and neat PP and PP-TrGO-Ni nanocomposites (b).
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Figure 6. DSC thermograms of neat PP, PP-TrGO-Co and PP-TrGO-Ni nanocomposites (a) S wt % of filler (b) 1 wt % of filer.

fillers, enhancing the dispersion of the filler. The invisibility of
the MNs confirms the uniform distribution in the PP matrix.

To evaluate the nature of the interaction between PP and
metal-supported TrGO. An FT-IR study was conducted, and
the results are illustrated in Figure 3b. The characteristic IR
peaks of PP observed at 2950 and 2870 cm™" correspond to
the C—H asymmetric and C—H symmetric stretchings of CHj;
groups, respectively. The two peaks at 2918 and 2840 cm™" are
associated with the C—H symmetric stretching of CH, groups.
Furthermore, the peaks at 1454, 1376, and 1167 cm™
correspond to the asymmetric C—H bending vibration of
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-CH, and CHj; groups, symmetric C—H bending vibration of
-CH, and CHj groups, and C—C stretching of C—CHj; groups,
respectively. A wide band around 3370 cm™!
hydroxyl groups and trapped water molecules in the graphene
layer is also observed in PP-TrGO nanocomposites; the
intensity of this peak is considerably low due to the low
percentage of fillers in the polymer matrix.”>® To avoid the
oxidation of the PP matrix, an antioxidant was used during
melt mixing. The FT-IR spectra demonstrated the absence of
the characteristic peak of CSO around 1720 cm™, showing
that there is no oxidation taking place during melt mixing.

related to
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Figure 7. (a) Effect of the concentration of MNPs on the Young modulus and (b) elongation at break.

Figure 3b proves that with the addition of the filler, the
sustainability of the chemical structure of PP was not altered,
as it is clear from the characteristic PP spectrum. This proves
the physical incorporation of the filler in the polymer rather
than chemical linkage during nanocomposite blending.”*

A summary of the thermal performance of the polymeric
nanocomposites is given in Table 2 and Figures S and 6. It can
be observed from Table 2 that with the incorporation of NPs,
the initial (Typee) and maximum (T,,,) degradation temper-
atures of the nanocomposites increase with respect to those of
neat PP. T, .. and T, of the sample PP-TrGOgy-Co-5%
show maximum increases of 34 and 19 °C, respectively,
attaining the highest values of 446 and 474°C. The studies
show that the introduction of graphene and its derivatives with
a high aspect ratio and surface area in the polymer produces
tortuous paths, hindering gas molecule diffusion and causing a
remarkable reduction in the permeation quantity of gas.”
Herein, TrGO serves as a physical barrier preventing the
transfer of oxygen molecules to the degradation sites of the
polymer, delaying the volatilization of the Sgenerated macro-
radical, and enhancing the thermal stability.‘6

Interestingly, all samples with 1.0 and 5.0 wt % fillers present
superior thermal stability than those with 3.0 wt % fillers. The
cause for the decline in the thermal behavior of the composites
as the addition of fillers is increased from 1.0 to 3.0 wt % is not
clear. However, various authors have reported the effect of
metallic NPs, including Ni, Cu, Co, Fe, and Al, on the thermal
degradation of polymers such as LDPE, HDPE, and PP. They
considered that the catalytic effect of the metal is responsible
for the thermal behavior of the organic segment of the
polymers at changeable rates.”” For the TrGO-Co and TrGO-
Ni nanoparticles studied in the present work, Co and Ni are
supposed to be protected by the carbon part of graphene oxide,
preventing the direct interaction of metallic nanoparticles with
PP, thus avoiding catalytic thermal degradation. However, the
availability of a small amount of metal is possible, which could
lower the thermal stability by competing for the carbon part.

Furthermore, DSC analysis of the pristine PP, PP-TrGO-Co,
and PP-TrGO-Ni nanocomposites was carried out to obtain
information about the percent crystallinity along with the
melting and crystallization temperatures. It can be seen in
Figure 6a that the introduction of the filler did not modify the
melting temperature (T,,) prominently. However, the employ-
ment of TrGO-based fillers increases the crystallization
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temperature (Figure 6b), indicating that the filler functions
as a seed for rapid nucleation. The observed nucleation result
was more prominent at higher amounts of filler loadings, i.e.,
5.0 wt % (see Table 2); these findings reveal that a higher
quantity of NPs causes an increase in the heterogenous
nucleation effect, which favors the formation of more
crystals.”*” Higher T. values promote a reduced processing
cycle and increase the production rate.’” Likewise, the percent
crystallinity (X.) shows a maximum of 13% improvement
compared to that of pure PP. This indicates that the
crystallization rather begins at a higher temperature with the
development of bigger/improved crystals enhancing the T, and
X. of the nanocomposites compared to that of neat PP.

Typically, the composite materials present advanced
mechanical properties with the incorporation of a definite
amount of fillers. However, critical factors such as the aspect
ratio, dispersion, surface area, polymer—filler interaction, and
the crystalline structure of the polymer greatly affect the
mechanical properties of the polymeric materials.”* Figure 7a
displays the variation in the tensile modulus with respect to the
filler addition. It can be noted that the PP reinforced filler
nanocomposites show an improved tensile modulus as
compared to bare PP. As the amount of TrGO-supported
metallic nanoparticles is increased in the polymer, the Young’s
modulus shows a gradual improvement. Practically, all samples
with filler addition show an enhanced modulus of elasticity;
however, the sample PP-TrGO-¢y-Co-5% demonstrates a
maximum enhancement of 27% compared to neat PP. This
enhancement in mechanical properties of the nanocomposites
is credited to the exfoliated nature of TrGO with increased
specific surface area in interaction with the PP matrix,
improving the load transfer from PP to TrGO and improved
interfacial contact between the filler and the polymer matrix.”’
Alternately, the elongation at break value decreases with the
incorporation of a higher amount of the filler, as can be seen in
Figure 7b. This effect is well understood as with the
introduction of TrGO, the motion of the PP chain becomes
limited, and the polymer matrix converts into a more rigid one,
as shown in other studies.®' ~*

For the practical application of the polymer nanocomposites,
it is imperative to assess the water wettability of the composite
materials, practically estimated by the water contact angle (6)
measurement. The water contact angle measurement in the
present work does not show a clear trend. However, some of
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the samples can be considered as hydrophilic in nature
compared to neat PP, presenting a water contact angle value
lower than 90°, as shown in Figure 8.°* All of the samples

= PP-TrGO,,-Ni
= PP-TrGO,,-Ni

B PP-TrGO,,,-CO
= PP-TrGO,,,-CO

mm PP-neat

100+

1000

80 —

60 —
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Figure 8. Results of the water contact angle of the bare PP and
nanocomposites with different filler percentages.

containing TrGO,4p-Ni show almost identical 8 values
compared to neat PP; the rest of the samples demonstrated
a rather lower @ value with the loading of the metal-supported
TrGO nanoparticles. Interestingly, it can be noted that the PP-
TrGO-600-Ni/or Co samples show a lower contact angle than
PP-TrGO-1000-Ni/or Co for all concentrations of the filler
used. This can be due to the fact that the GO reduced at 600
°C contains more polar groups than the GO reduced at 1000
°C, which interact more strongly with water molecules. A
literature research showed that the incorporation of fillers such
as clay, carbon nanotubes, and graphene oxide can produce an
increase in the hydrophilic behavior of polymer nano-
composites.és_67

5. MAGNETIC CHARACTERIZATION

Figure 9 presents the variations of the magnetization, M, with
the magnetic field M(H) measured for Co and Ni nano-
particles supported on the thermally reduced (at 600 and 1000
°C) graphene oxide. The maximum field apg)lied here is high
enough to avoid any minor loop effects.”*”"® Both Co and Ni
nanoparticles supported on TrGOg, show the typical behavior
for very small superparamagnetic particles with M(H) having
very low coercivity, H, values of 8 and 11 Oe, respectively. On
the other hand, nanoparticles supported on TrGO,y,,
although still predominantly superparamagnetic, present
hysteresis loops with higher H¢ values of 60 and 90 Oe for
the Co and Ni samples, respectively. This increase indicates
the presence of a small portion of particles (or agglomerations)
with sufficiently large sizes to exhibit ferromagnetic behavior.
Also, the overall superparamagnetic shape of the M(H) curves
for the latter samples is characteristic of systems that are larger
in size, as compared with the former ones, nanoparticles.

The magnetization hysteresis loops, traced for the PP-
TrGO-Co and PP-TrGO-Ni nanocomposites with 1 and S wt
% fillers, are plotted in Figure 10. The pertinent parameters
extracted from the magnetization data corresponding to the
samples with 3 wt % fillers presented values in between those
of the samples with 1 and 5 wt % fillers. Thus, for better
visualization, magnetization curves for samples with 3 wt %
fillers are not displayed in Figure 10. Although all curves in this
figure are characteristic of ferromagnetic systems and seem
rather comparable in shape, the low-field M(H) slopes of the
PP-TrGO-Ni nanocomposites are apparently higher. Also, all
Co samples show normalized remanent magnetization values
(~0.04), approximately half that (~0.10) of the respective Ni
samples. The H¢ values vary slightly, between ~60 and ~90
Oe, for all samples, always being higher for the Ni samples.
The above features indicate that, most probably, the PP-
TrGO-Co nanocomposites have a higher ratio of super-
paramagnetic and ferromagnetic fractions.

Here, we also estimated the effects of the magnetic
interactions in all samples with the help of the recoil loop
SMg plots technique’" based on a relationship between parts of
a recoil magnetization hysteresis loop, which is used to build
an 0My plot. For uniaxial magnetic anisotropy systems, it is
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Figure 9. Magnetization versus magnetic field variations obtained for the TrGO-supported Co (a and b) and Ni (c and d) nanoparticles.
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Figure 10. Magnetization hysteresis loops (symbols), recoil loops (solid curves), and the respective My, plots, measured for the PP-TrGO-Co (a—

d) and PP-TrGO-Ni (e—h) nanocomposites.

accepted that nonzero deviations of SMy(H) are caused by
magnetic interactions. In the present work, dMy plots were
constructed from recoil loops with a recoil branch starting at a
field approximately equal to Hc. The respective recoil curves
and the oMy plots obtained from them are also displayed in
Figure 10. All My plots show very small negative values,
indicating that the interactions present are very weak and of
dipolar type. This implies that in each sample, the
ferromagnetic metallic nanoparticles are uniformly distributed
and do not aggregate significantly.

6. CONCLUSIONS

The development of magnetic materials for microelectronic
applications is an emerging area of research. Here, we report
the synthesis of thermally stable PP magnetic nanocomposites
using reduced graphene oxide-supported Ni and Co NPs. The
synthesis process of the nanofiller leads to the encapsulation of
the magnetic particles by the carbon portion, shielding them
from oxidation and providing protection, thus enhancing their
distribution in the polymer by hindering magnetically induced
agglomeration. Atomic absorption spectroscopy confirms that
similar amounts of metal nanoparticles were supported on the
TrGO reduced at 600 and 1000 °C. The FT-IR spectra

confirm the characteristic bands for GO and TrGO and also
confirm the chemical structure of PP. The uniform diffusion of
the filler in the PP matrix is established by SEM analysis. The
thermal analysis of the nanocomposites indicates an enhance-
ment of T, and T, with the addition of the filler. The DSC
analysis indicates an improvement of 13° in the value of T,
while X, increases from 38 to 51% in comparison to that of
pristine PP. The filler addition enhances the modulus of
elasticity, making some of the samples hydrophilic. Interest-
ingly, with the inclusion of a magnetic filler, the polymer matrix
shows a ferromagnetic behavior at room temperature. These
findings are substantial given that most of the studies described
in the literature reveal better magnetic characteristics at low
temperatures, while here, we report a rather high coercivity
value of ~90 Oe at room temperature. Therefore, the
multifunctional flexible magnetic materials reported here
present a variety of possible applications with potential
processability, for instance, in electromagnetic device applica-
tions, microelectronics, and aircraft industries.
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