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ABSTRACT

In this work, we report the synthesis of novel inorganic–organic hybrid nano-

materials (GO@Fe3O4/CuPc) and GO@Fe3O4/ZnPc) consisting of sheets of gra-

phene oxide (GO) decorated by iron oxide nanoparticles (Fe3O4), the whole

heterostructure functionalized with metallo-phthalocyanines (MPc, M:Cu or

Zn). First the synthesis of nanomaterial (GO@Fe3O4) was prepared by

hydrothermal self-assembly process through the mixture of graphene oxide and

Fe?2/Fe?3 salt solution. The metallo-phthalocyanines anchorage on the surface

of nanosystem was lately performed by facile and effective ultrasonication

method. The structure, composition and morphology of nanohybrids and

intermediates were investigated by Fourier transform infrared spectroscopy,

X-ray diffraction, thermogravimetric analysis, differential scanning calorimetry,

UV–visible spectroscopy, scanning and transmission electron microscopy and

impedance spectroscopy. All the results suggested that iron-based nanoparticles

were successfully deposited onto graphene oxide sheet networks in the form of

Fe3O4, forming nanospheres, decreasing in lattice defects of the GO sheets and

dramatically increasing the dielectric properties of nanosystems. Nanomaterials

presented saturation magnetization in the 52–58 emu/g and superparamagnetic
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behavior. It was observed that the values of dielectric constant decreased as a

function of the amount of phthalocyanines in the nanomaterials. Therefore,

because of their versatile magnetic and dielectric performances, the novel

superparamagnetic hybrid nanomaterials, herein described, can be considered

as potential for microwave devices.

Introduction

According to the recent studies, nanoparticles (NPs)

including magnetite (Fe3O4) and maghemite (Fe2O3)

have attracted the attention of many researchers

because of their unique physical and chemical prop-

erties [1, 2]. Their exclusive properties physical,

magnetic and optical are attributed to nanoscale

phenomena [3]. In particular, the magnetite has been

widely investigated and proved to be useful for the

development of novel nanomaterials and biomateri-

als with great potential the application for various

areas as biomedical, nanoscience and biotechnology.

Besides the traditional application, recently some

deserve greater emphasis, cancer therapy [4], cataly-

sis [5], biosensors [6], controlled drug delivery [7]

and magnetic resonance imaging [8]. However,

despite the large number of application of magnetic

nanoparticles, recent studies show that the combi-

nation with other compounds has generated nanos-

tructured hybrids with distinct properties and high

performance [9]. These monohybrid materials have

attracted special attention the past years as a result of

opening novel perspectives in other areas of research

involving the nanoscience and nanotechology due to

the possibility of achieving enhanced properties or

specific advanced functional materials [10]. Nanohy-

brid materials are formed from the combination of at

least two components that interact on a molecular

level, such as surfactant–nanoparticles metal [10],

nanoparticles iron–biopolymers [11] and nanoparti-

cles–macromolecules [12]. Study reported in the lit-

erature has been shown that magnetic nanohybrid

materials can be of great use to absorb microwave,

owing to their advantages over pure magnetite with

respect to low cost, low dielectric loss, design flexi-

bility and dielectric properties [13–15]. Antunes et al.

[12] have synthesized phthalocyanine–Fe3O4 hybrid

materials, and the results showed that as-prepared

hybrid exhibited excellent magneto-optical property.

Recently, the graphene oxide@Fe3O4–cellulose

nanohybrid materials were prepared via solvother-

mal method by introducing the Fe3O4 nanoparticles

in the graphene oxide sheets [16].

Graphene oxide (GO), a promising carbon-based

material, shows excellent mechanical properties,

large surface area and distinctive two-dimensional

(2D) structure; furthermore, it contains versatile

oxygen functional groups (hydroxyl, epoxide and

carbonyl groups) located on the basal planes and

edges of the 2D lattice, providing an ideal platform to

anchor functional groups or moieties as nanoparticles

and/or macromolecules. Their wide uses include

research areas such as microelectronics [17], sensing

[18], photocatalysis [19], biomedicine [20], dye-sen-

sitized solar cells [21], drug delivery [22], electrome-

chanical [23] and supercapacitors [24]. The presence

of oxygenated functional groups confers to GO a

significant polarity, thus making it compatible with

materials that have similar dipolar character, as well

as contributes to effectively improve the interfacial

interactions between the free hydroxyls and the sur-

face of magnetic nanoparticles. Thus, functional

groups on the GO surface provide abundant reaction

sites useful in the functionalization chemical. Recent

studies have proved how organometallic com-

pounds, showing a p-electron-conjugated system as,

for instance, metallo-phthalocyanine, can be adsor-

bed/intercalated onto/into GO or other examples of

layered carbon materials [25]. Yang et al. reported the

synthesis of cobalt phthalocyanine–graphene oxide

(CoPc–GO) nanostructures. The functionalizing dri-

ven force could be attributed to the strong p–p
interaction between the molecules of the phthalo-

cyanine and oxygenated groups present on the gra-

phene oxide surface [26].

Copper phthalocyanine (CuPc) and zinc phthalo-

cyanine (ZnPc) represent a class of molecules pre-

senting a p-electron system highly conjugated, with

unique chemical properties and wide applications in

sensors [27], photocatalysts [28], electrocatalysts [29],

supercapacitors [30], solar cell [31], transistors [32],
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semiconductors [33], optical data storage devices [34],

photodynamic therapy agents [35], liquid crystals

[36], nonlinear optics [37] and organic electronics and

optoelectronics [38]. Among such applications, the

dielectric performances represent a key parameter to

be investigated for electronic aims.

The synthesized phthalocyanines give greater sol-

ubility to the nanosystem in organic solvents.

Unsubstituted phthalocyanines show poor solubility

in organic solvents. However, the literature reports

that phthalocyanines substituted with compounds

with extensive alkyl chain increase solubility in

organic solvents [35]. Thus, the use of Pc substituted

with cardanol (which has an alkyl chain of up to 15

carbons) widens its range of use in several solvents.

In addition, our study showed that the presence of Pc

in the nanosystem did not significantly interfere in

the dielectric and magnetic properties. This allows its

application in dielectric–magnetic devices. A further

advantage is that the thermal properties of the

nanohybrid are improved with the incorporation of

the Pc.

In the present paper, we report a facile and effec-

tive approach of preparation of GO@Fe3O4/MPc

nanostructured hybrid materials using GO sheets as

nanoscale building blocks, surface-doped with Fe3O4

nanoparticles and metallo-phthalocyanine, the latter

synthesized from cardanol, a compound derived

from cashew nut shell liquid (CNSL), which is a

biomass-derived renewable sources. The main pur-

pose of the paper is to investigate possible interac-

tions between Fe3O4 nanoparticles, GO and

phthalocyanine at the supramolecular level. For this

aim, we used several techniques to characterize the

final samples including scanning electron microscopy

(SEM), Fourier transform infrared spectroscopy

(FTIR), X-ray diffraction (XRD), thermogravimetric

analysis (TGA) and differential scanning calorimetry

(DSC). In addition, dielectric properties, spectro-

scopic and thermal stability of the GO@Fe3O4/MPc

nanohybrids are also investigated in detail.

Experimental

The reagents used in this work were from Sigma-

Aldrich, Vetec, Dynamics, Synth and Acros Organic

and were used without prior purification. Solvents

were previously distilled before their use. GO was

prepared by a modified Hummer’s procedure

[39, 40]. Tetrakis-(3-pentadecylphenoxy)phthalocya-

nine metallated with copper and zinc were synthe-

sized in our laboratory, according to the method

reported in Ref. [41].

Preparation of GO@Fe3O4

Typical synthesis of GO@Fe3O4 nanohybrid material

was carried out in a hydrothermal system by promot-

ing the nucleation of iron oxide nanoparticles onto GO

sheets. Briefly, 0.5 g of GO was first dispersed in

400 mL of water under ultrasonication for 60 min,

whereas 0.1428 g of FeCl3�6H2O and 0.0525 g of

FeCl2�4H2O (2:1 molar ratio) were dissolved in 20 mL

of water. The Fe3?/Fe2? stock solution was added

dropwise to the GO solution during constant stirring;

then, the pH of the solution was adjusted to 9–10 by

30% ammonia solution. The as-obtained Fe3O4@GO

black solid was washed with methanol (3 9 20 mL)

and separated with the aid of neodymium magnet,

dried at 60 �C and stored under vacuum conditions.

Preparation of GO@Fe3O4/CuPc
and GO@Fe3O4/ZnPc

GO@Fe3O4/CuPc inorganic–organic hybrid material

nanospheres were prepared by following the proce-

dure hereafter detailed. 0.020 g of GO@Fe3O4 was

dissolved in 2 mL of water under ultrasonication for

30 min. Afterward, a chloroform solution (1 mL)

containing 0.050 g of CuPc was added to the inor-

ganic systems and sonicated for 2 h at 45 �C. The

dark brown product was washed several times with

ethanol and stored under vacuum conditions. The

same procedure was used in the case of ZnPc to

produce Fe3O4@GO/ZnPc nanostructured hybrids.

Characterization

FTIR spectra were recorded in the range

4000–400 cm-1 with a Perkin-Elmer Spectrum One

spectrophotometer, and samples were prepared

using KBr pellets. Absorption spectra were recorded

with a Varian Cary 5000 spectrophotometer. TGA

was conducted under N2 atmosphere (50 mL/min)

using a Mettler–Toledo TGA/SDTA851e and ana-

lyzed at a heating rate of 10 �C/min. Samples of

9548 J Mater Sci (2017) 52:9546–9557



10 mg were heated from 25 to 800 �C. DSC analysis

was carried out under N2 atmosphere (50 mL/min)

at a heating rate of 10 �C/min using Mettler–Toledo

DSC823e heated from 25 to 400 �C, in platinum cru-

cible; sample mass used in this experiment was 5 mg.

SEM analyses were performed with a Quanta FEG

450 equipped with EDS/EBSD at 10–20 kV, and the

samples overcoated with 10 nm of gold (Q 150t ES,

Quorum). The samples’ morphologies were analyzed

with Jeol JEM-1011 TEM operating at 100 kV and

equipped with a CCD camera ORIUS 831. The XRD

analysis was performed in an X-ray powder diffrac-

tometer Xpert Pro MPD (Panalytical) using Bragg–

Brentano geometry in the range of 5�–80� with a rate

of 1� min-1. CoKa radiation (k = 1.7889 Å) was used,

and the tube operated at 40 kV and 30 mA. The

dielectric measurements were obtained in an impe-

dance analyzer Solatron model SI 1260 equipped with

an accessory (Sample Holder-1296A), to investigate

dielectric behavior at room temperature (25 �C). The

real (e0) part and imaginary (e00) part of relative per-

mittivity and dielectric loss factor (tan d = e00/e0)
were thus measured.

Results and discussion

The coexistence in the nanohybrid synthesis product

of GO, magnetic Fe3O4 nanoparticles and MPc

molecules was originally detected by FTIR (Fig. 1),

one critical characterization technique which allows a

quick and efficient identification of molecular chem-

ical groups and their interaction thereof [24]. In all

the spectra, a very broad intense peak at

*3425 cm-1, due to O–H stretching vibration, was

distinct. Concerning the pure GO sample, peaks at

1730 and 1630 cm-1 were attributed to C=O and –OH

bands, respectively (Fig. 1a). Then, the peak at

1390 cm-1 was assigned to the bending vibration of

O–H, whereas the peaks at 1221 and 1022 cm-1 were

attributed to the C–O–C epoxy and C–O alkoxy

groups stretching vibrations [39]. Figure 1b displays

the FTIR of GO@Fe3O4 nanoachitecture. A strong

absorption band at *560–580 cm-1, attributed to

stretching vibration of Fe–O in tetrahedral site

[42, 43], evidenced the presence of the magnetite

nanoparticles on the GO interlayer spacing. Similarly,

two peaks at 3410 and 1633 cm-1 were attributed to

the presence of hydroxyl groups that reside at the

Fe3O4 nanoparticles surface and uniquely due to O–H

stretching and angular vibration, respectively. Fig-

ure 1b also presents bands at 3410, 1630, 1390,

1221 cm-1, vibrations characteristic of the functional

chemical groups present in the GO, as previously

mentioned. Further, disappearance of the signal at

1728 cm-1 in the GO@Fe3O4 spectrum with respect to

pure GO suggests possible interaction of graphite

oxide –COOH groups with the free hydroxyls of the

magnetite by hydrogen bonds. The functionalization

of GO@Fe3O4 with CuPc (Fig. 1c) was confirmed by

the presence of characteristics absorption bands typ-

ical of C–H of aliphatic chains (2918 and 2848 cm-1)

of cardanol and absorption bands at 1610, 1582, 1470

and 1445 cm-1, attributable to the stretching vibra-

tions of the bond C–C of the aromatic rings. Similar

features are presented in Fig. 1d, showing the FTIR

analysis of GO@Fe3O4/ZnPc nanohybrid material.

The effectiveness of functionalization with metallo-

phthalocyanine could be further confirmed by UV–

Vis analysis (Fig. 2). The bands at 352 and 680 nm are

characteristic absorption bands of ZnPc [44]. Fur-

thermore, compared with the spectrum of GO, a

shoulder peak shift from 250 to 280 nm can be

observed. Such red shift is attributed to the strong p–

p interaction between GO and grafted ZnPc in

GO@Fe3O4/ZnPc, leading to the relocation of the

electrons from graphene sheets to the zinc phthalo-

cyanine group in the heterostructure [44]. The same

behavior was observed for Cu phthalocyanine-based

hybrid nanoarchitecture. In fact, a more significant

alteration of the intensity profile of the absorption

band in the case of GO@Fe3O4/CuPc nanohybrid

could be noticed. For instance, the peak that in the
Figure 1 FTIR spectra of (a) GO, (b) GO@Fe3O4, (c) GO@Fe3O4/

CuPc and (d) GO@Fe3O4/ZnPc, respectively.
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case of ZnPc was located at 612 nm showed an

intensity increase and a redshift to 620 nm in the case

of CuPc, reasonably caused by a strongest adsorption

and/or intercalation onto carbon sheets.

Figure 3 shows the TGA curves of GO, GO@Fe3O4,

GO@Fe3O4/CuPc and GO@Fe3O4/ZnPc nanohy-

brids. The thermogravimetric curve of GO showed

three main stages of weight losses, respectively, at

150 �C (18 wt%), 220 �C (22 wt%) and 380 �C
(10 wt%). In agreement with previous reports in the

literature, the firsts loss has been attributed to evap-

oration of adsorbed water, and the others, respec-

tively, to decomposition of labile oxygen deriving

from functional groups such as hydroxyl, epoxy and

carbonyl [45] and to the removal of more stable oxy-

gen functionalities deriving from phenol, carbonyl

and quinone [44, 46]. The thermogram of GO@Fe3O4

shows a 22% of weight loss at 250 �C, then a further

4% of loss in the range of 250–400 �C and 24% above

400 �C (400–600 �C). The final residual weight at

800 �C was roughly of 43%. The high residual weight

of GO@Fe3O4 is interpreted in light of the presence of

Fe3O4 nanoparticles adsorbed in the layers among

GO sheets. The TGA curves of GO@Fe3O4/CuPc and

GO@Fe3O4/ZnPc nanohybrids showed profiles sim-

ilar to GO@Fe3O4, although they revealed a differ-

ence of weight loss of 8.8% in relation to GO@Fe3O4

system, in the temperature range 350–800 �C. This is

attributed to the thermal decomposition of metallo-

phthalocyanine covalently attached to graphene

oxide sheets. The DSC scans for the GO, GO@Fe3O4

and MPc-functionalized magnetic nanohybrids are

shown in Fig. 4. One can observe that all the samples

have two characteristic events observed in the

endothermic and exothermic transition which can be

associated with dehydration and decomposition of

respective nanomaterials. The thermograms of the

GO (1) and the GO@Fe3O4 (2) presented two thermal

stages: the first endothermic (peak 64 �C and

enthalpy 437.08 J g-1) was attributed to water

adsorption between the sheets of the GO, whereas the

second exothermic event (peak centered at 217 �C
and enthalpy 723.66 J g-1) could be attributed to the

decomposition of labile oxygen functional groups,

yielding CO, CO2 of the GO [45, 47]. Both are in the

accordance with TGA data wherein a mass loss

below 150 �C was observed, as due to water evapo-

ration, whereas the second feature could be ascribed

to the decomposition of the oxygenated chemical

functions that are part of the structure of the GO.

Table 1 summarizes all the information with thermal

parameters including the enthalpy obtained from the

integration of the DSC curves of the thermal events,

temperature range and peak position of the events.

The anchoring of the phthalocyanines on the GO

surface was confirmed by the appearance of a small

endothermic feature below 50 �C, with enthalpy

between 10 and 19 J g-1, which was attributed to

Figure 2 UV–Vis spectra of GO, GO@Fe3O4, GO@Fe3O4/CuPc

and GO@Fe3O4/ZnPc.

Figure 3 TGA curves of GO, GO@Fe3O4, GO@Fe3O4/CuPc and

GO@Fe3O4/ZnPc.
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phase transition presented by phthalocyanine in this

temperature range [48]. Thus, based on the results by

FTIR, TGA and DSC, we can affirm that the

phthalocyanines were incorporated in the nanoar-

chitectures, reasonably interacting with the surfaces

of the graphene sheets.

The magnetic hysteresis curves of nanohybrids

were performed at room temperature by using a

vibrating sample magnetometer as shown in Fig. 5.

The magnetization curves of all samples exhibit a

strong magnetic response to magnetic field variation

and a characteristic superparamagnetic behavior. The

values of saturation magnetization (Ms) found for

Fe3O4, GO@ Fe3O4, GO@ Fe3O4/CuPc and GO@

Fe3O4/ZnPc were 58.60, 54.65, 53.48 and 52.03

emu g-1, respectively. In general, the magnetization

values obtained from the hybrid materials are slightly

smaller than those of the pure magnetite (60

emu g-1), in totally agreement with similar examples

reported in the literature [49]. At first sight, such

discrepancies in the magnetization values are rea-

sonably due to the various contents of GO sheets

existing in the hybrid materials and of metallo-ph-

thalocyanines adhering onto their surfaces. Never-

theless, it is also to be noted that graphene oxides and

metallo-phthalocyanines are materials with no hys-

teresis curve; therefore, when they adhere to the

surface of magnetite, they act as insulators, reducing

the action of the magnetic field and consequently

disfavoring the alignment of the spins contained in

the magnetite domains. This effect promotes the

reduction in the saturation values of the magnetiza-

tion presented by this nanomaterial. The nanohy-

brids, dispersed into ethanol, can be rapidly

separated (within 20 s) by a small neodymium mag-

net, as shown in Fig. 5.

The GO@Fe3O4 nanohybrid crystalline structure

and size were initially investigated by XRD analysis

Figure 4 DSC curves of GO,

GO@Fe3O4, GO@Fe3O4/

CuPc and GO@Fe3O4/ZnPc.

Table 1 Thermal parameters: enthalpy, thermal events, temperature range and peak of the events obtained from of the DSC curves

Samples Events thermal

Endothermic event Exothermic event

Temperature range (�C) Peak(�C) Enthalpy (J g-1) Temperature range (�C) Peak(�C) Enthalpy (J g-1)

GO 30–150 68 –437.08 150–250 217 723.66

GO@Fe3O4 30–150 64 –163.76 150–250 214 307.50

GO@Fe3O4/Cu(Pc) 38–45 41 –19.06 150–250 212 192.32

GO@Fe3O4/Zn(Pc) 38–45 37 –10.13 150–250 212 257.55

J Mater Sci (2017) 52:9546–9557 9551



(Fig. 6). The blue lines represent the relative differ-

ence between the experimental (YExp) and calculated

(YCalc) intensities obtained by the Rietveld refine-

ment. The diffraction patterns showed that the main

reflection peaks at 2h = 21.37� {111}, 35.16� {220},

41.45� {311}, 50.56� {400}, 63.09� {422}, 67.37� {511},

74.44� {440} can be well indexed with the reference

pattern of the Fe3O4 inverse cubic spinel structure

(ICSD/PDF 08-4611). The powder XRD pattern of

GO@Fe3O4 showed a relatively low peak at

2h = 11.60� (d = 8.6 Å), corresponding to the

diffraction in {002} graphene oxide plane. The full

width at half maximum (FWHM) corresponding to

{311} peak from XRD patterns along with the calcu-

lated crystallize size by Scherrer’s equation showed a

magnetite nanoparticles average size of about

12 ± 2 nm and microstrain obtained by Williamsom–

Hall equation [50] of about 0.048%. Previous studies

carried out on synthesized Fe3O4 obtained by co-

precipitation method reported similar crystallite sizes

[42]. Such outcomes suggest that the iron nanoparti-

cle crystallite sizes are influenced by the addition of

GO sheets on the surface of which they adhere.

As shown in Fig. 7, the morphology of GO,

GO@Fe3O4 and GO@Fe3O4/MPc hybrid materials

was studied by SEM and TEM. According to the

image of Fig. 7a, it is possible to observe the stacking

of the graphene oxide sheets in a multilayer

arrangement, whose morphology is compatible with

the profile observed in the literature [51]. At the

edges of the leaves, the areas are slightly brighter,

indicating that such regions are even thinner, some of

which appear as formed by single layers of GO (see

Fig. 7b). Figure 7c, d exhibits SEM and TEM pictures

of Fe3O4-decorated GO sheets. Such heterostructured

morphology results more clear in the TEM picture

(see Fig. 7d). Fe3O4 nanoparticles are evenly and

densely deposited reasonably on both sides of sheets

according to a sandwich-like heterostructured archi-

tecture. After the functionalization either with CuPc

Figure 5 Magnetization

curves of the samples: GO,

GO@Fe3O4, GO@Fe3O4/

CuPc and GO@Fe3O4/ZnPc.

Figure 6 XRD analysis of GO@Fe3O4 heterostructures.
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Fig. 7e, f or with ZnPc Fig. 7g, h, the shape of the

heterostructures does not result significantly influ-

enced or the density of the iron-based nanoparticles

appreciable. In all probability, it can be assumed that,

in the above-described nanosystems, GO acts as

material–host favoring the anchoring of phthalocya-

nine molecules. So, according to the SEM and TEM

analyses, the nanostructures can be hypothesized as

formed by the adsorption of metallo-phthalocyanine

into/onto the layers of graphene oxide, also

containing iron nanoparticles, the latter interacting

with the sheets through the p-stacking. Following the

studies carried out by Yang et al. [26], the mechanism

of electronic interaction between the two components

is of the type p–p; namely, the sp2 carbons contained

in the domain of the GO interact with the Pc ring

through the p-stacking mechanism. Moreover, the

oxygen-based functional groups, especially the GO

carbonyl, interact with the metallic ion of the MPcs,

acting as a ligand that coordinates on the central

Figure 7 Micrographs of

samples: GO (a, b);

GO@Fe3O4 (c, d);

GO@Fe3O4/CuPc (e, f) and

GO@Fe3O4/ZnPc (g, h). The

left side of the figure reports

pictures obtained from SEM

analysis, whereas images on

the right side account for TEM

investigation.
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metal ions by a much more complex mechanism [26].

This mechanism is consistent with the bands’ dis-

placement observed in UV–Vis. All the results

demonstrate the effectiveness of the solvothermal

synthesis of GO@Fe3O4/MPc nanohybrid materials,

and the sphere size of hybrid materials can be easily

controlled by the addition the of phthalocyanine.

The dielectric properties of GO, GO@Fe3O4 and

MPc-functionalized GO@Fe3O4 nanohybrids were

measured as a function of frequency, at room tem-

perature, with the aim at studying the effects of

magnetite nanoparticles and of phthalocyanine

molecules. As shown in Fig. 8a, GO@Fe3O4 displayed

a higher dielectric constant compared with those of

the other nanosized actors (GO, GO@Fe3O4/CuPc

and GO@Fe3O4/ZnPc) and these values normally

occurred at large frequencies. After being grafted in

the GO with Fe3O4, there was a considerable increase

in both the dielectric constant and dielectric loss. For

example, the dielectric constant for GO@Fe3O4 at

1 kHz to 100 MHz is 3962 and 148, with an increase

of 37 and 82% than that of the pure GO (2888 and 81),

respectively. The substantial improvement of the

dielectric properties of the nanohybrids is interpreted

in light of the interfacial polarization, also known

as Maxwell–Wagner–Sillars (MWS) polarization,

between GO and Fe3O4 [52]. It is also observed that

the values of e0r tend to decrease as a function of the

amount of phthalocyanines.

A similar trend of dielectric loss (tan d) and e0r, i.e.,

the highest and lowest values, is observed for

GO@Fe3O4 and GO@Fe3O4/CuPc, respectively. The

lowest values for nanohybrid are due to the interac-

tion between the GO@Fe3O4 and the phthalocya-

nines. Thus, the combination of high aspect ratios

and large surface area graphene oxide with the

grafting of magnetite and phthalocyanines makes it

possible to form microcapacitors. This behavior is

also expected because of the CuPc and ZnPc which

exhibit small values (smaller than 5 units for e’ r and

less than 0.04 units for tan d) in the microwave range,

as demonstrated by Wang [53]. Another works with

material based on graphene/phthalocyanines cor-

roborated with the results obtained in the work, in

which can be observed a small decrease in the values

of dielectric properties after the addition of phthalo-

cyanines [44, 54].

The lowest values of dielectric properties presented

by GO@Fe3O4/CuPc and GO@Fe3O4/ZnPc make

such nanomaterials good candidates as substrates for

microstrip antennas, commonly referred to as the

patch antennas. They are low cost, have a low profile

and are easily fabricated. Thus, nanohybrid materials

herein described may be thought as versatile mag-

netic–dielectric prototypes to be evaluated in devices

operating in the microwave regime.

Conclusions

In summary, GO@ Fe3O4/CuPc and GO@ Fe3O4/

ZnPc nanohybrid materials were successfully pro-

duced through a simple and effective ultrasonication

method. XRD analysis showed that Fe3O4 nanopar-

ticles had spinel phase with crystallize size about

12 nm and adhered to the surfaces of GO sheets.

FTIR, thermal analysis, SEM and TEM confirmed the

selective interaction of both Fe3O4 and MPcs with

graphene oxide sheets. The profile of the magneti-

zation curve of Fe3O4 and nanohybrids showed hys-

teresis, where the Ms followed a slight decrement

with the incorporation of the phthalocyanines. In the

nanohybrids, dielectric measurements showed the

highest dielectric constant and lower losses related to

the frequency between 0.1 and 6.0 MHz. These

results showed that nanohybrids are materials with
Figure 8 Behavior of a constant (e’r) and b loss (tan d) dielectric
samples.
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superparamagnetic properties which are likely to be

employed for dielectric–magnetic features. We also

intend to investigate in the future applications of this

material as organic dielectric materials.
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