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NANOCOMPOSITES GRAPHENE/CoFe,0, AND GRAPHENE/NiFe,0, - PREPARATION AND CHARACTERIZATION

A series of nanocomposite graphene/CoFe,0, and graphene/NiFe,0,4 hybrid materials was synthesized via facile, one-pot
solvothermal route. The materials were obtained using two pressure methods: synthesis in the autoclave and synthesis in the mi-
crowave solvothermal reactor. The use of a microwave reactor enabled to significantly shorten the synthesis time up to 15 min.
All the syntheses were carried out in a solution of ethanol. The effect of processing conditions and composite composition on the
physicochemical properties and electric conductivity was studied. The specific surface area, density, morphology, phase composi-
tion, thermal properties and electric conductivity of the obtained composites were investigated. The results of studies of composites
obtained in an autoclave and in a microwave reactor were compared.
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1. Introduction

Spinel ferrites (MFe,O4, M = metal cation) are very
interesting materials because they are stable chemically and
magnetically and have a small energy band gap [1,2]. The ma-
terials are used in analytical biochemistry, medicine, removal of
heavy metals and biotechnology. They have been increasingly
applied to immobilize proteins, enzymes, and other bioactive
agents due to their unique advantages. Nano-CoFe,O, spinel
is a hard magnetic material with a high coercivity, high cubic
magneto crystalline anisotropy, excellent chemical stability and
mechanical hardness. Nickel ferrite (NiFe,O4) has been also
intensively investigated as one of the magnetic nanomaterials.
Nickel ferrite has an inverse spinel structure. Nickel ferrite shows
super-paramagnetic behaviour and it has various applications.

The possessed properties make the ferrites ideal candidates
in catalytic/photo catalytic applications, electro chemical energy
storage devices, gas/humidity sensors, microwave devises,
magnetic resonance imaging, magnetic fluids, spintronics, solar
cells, high density recording media and power transformer in
electric and telecommunication applications [3-9]. Large-scale
applications of ferrites with small particles and tailoring of
specific properties have prompted the development of widely
used chemical methods, including combustion, coprecipitation,
sol-gel, mechanical alloying and precipitation or microwave
solvothermal process for the fabrication of stoichiometric and
chemically pure spinel ferrite nanoparticles [10-13].

Graphene has recently become a new promising candidate
as the support for metals because of its excellent properties.
Graphene is an ideal material for electrochemistry because it
exhibits improved features, such as very large 2-D electrical
conductivity, very fast heterogeneous electron transfer, large
surface area and low cost [14,15].

In the literature many methods have been described for
preparing nanocomposites of graphene / XFe,O4 where X is
— Co, Mn, Zn, Ni, etc. The most commonly used methods are
preparation in autoclave and annealing processes [16-20]. In this
work, we demonstrate the synthesis of graphene/NiFe,O,4 and
graphene/CoFe,04 nanohybrid composites using a solvothermal
strategy in a microwave reactor and in an autoclave. The syn-
theses were carried out in a solution of ethanol. We investigated
the effect of synthesis parameters on the quality of the obtained
nanocomposites. The specific surface area, density, morphology,
phase composition, thermal properties and electric conductivity
of the obtained composites were investigated.

2. Experimental

Graphene/CoFe,0,4 and grapheme/NiFe,O,4 hybrid materi-
als were synthesized by applying a microwave solvothermal
reactor (ERTEC Magnum II) and an autoclave (Berghof). The
procedure for the preparation of composites has already been
described in our previous work [21]. Graphene Nanopowder
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AO-3 was used for the synthesis. In the first preparation step
a mixture of graphene in ethanol (sonification for 20 minutes)
was prepared. In next step cobalt or nickel nitrate and iron nitrate
were added to this solution and stirred. The amount of cobalt,
nickel and iron nitrates corresponded to a content of 5 wt.% or
25 wt.% CoFe,0,4 or NiFe,Oy, spinel in the composite. Ammonia
water was used for the precipitation of the corresponding hydrox-
ides (cobalt, nickel and iron hydroxide). Ammonia water was
added until pH = 12 was reached. Then, the obtained solution
was subjected to a pressure treatment. The temperature applied
in the process conducted in the autoclave was 120°C, 160°C or
200°C. The synthesis time was 12 h at each temperature. Pres-
sure treatment in the microwave solvothermal reactor was much
shorter, the solution was treated here for 15, 30 or 45 min, under
a pressure of 4 to 5 MPa. The synthesis time in the microwave
reactor was measured from the moment when the predetermined
pressure was reached. In the last step the obtained materials were
filtered and washed with deionised water to remove salt residues.
Finally, the materials were dried at 80°C for 24 h.

The structure and crystallinity was determined by powder
X-ray diffraction studies using a PANalytical Empyrean X-ray
diffractometer. Cu-Ko radiation with wavelength /= 1.54 A was
used for the study. The obtained XRD pattern was analyzed in
the X Pert High Score Plus program using the ICDD PDF-4+
database.

Microstructure and morphology of obtained samples
were characterised by TEM technique (FEI TECNAI G2 F-20
S TWIN).

The specific surface area of the obtained samples was
determined by physical adsorption of N, at —196°C using Quan-
tachrome Quadrasorb Instruments. Density measurements were
made on the Micro-Ultrapyc 1200e.

The thermal properties of nanocomposites were determined
by thermogravimetric analysis using DTA-Q600 SDT TA Instru-
ments thermal imaging.
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Fig. 1. Comparison of XRD spectra of graphene/25% CoFe,O4 com-
posites obtained in a microwave reactor in ethanol at 4 MPa at various
reaction time of 15-45 min

Electrical properties were determined by measuring the
resistivity of the layer containing the test material dispersed in
paraffin. Samples were prepared by adding different amounts
of the test powder to 1 g of the molten paraffin. The suspension
of powder in paraffin was placed in an ultrasonic bath, and the
ultrasound power was adjusted to solidify the sample in the
molds of copper.

3. Results and discussion

The structure and crystallinity was determined by powder
X-ray diffraction studies.

As shown in Fig. 1 and Fig. 2, peaks shown on the nano-
composite pattern can be ascribed to the rhombohedral phase of
CoFe, 0y structure (ICDD 00-003-0864) with small crystallites.
The peaks shown in Fig. 3 and Fig. 4 can be ascribed to the
rhombohedral phase of NiFe,O, structure (ICDD 01-074-2081).
In all the composites (Fig. 1-4) the graphite phase with a char-
acteristic peak at 2Theta =26.52°, indicating an interlayer spac-
ing of 0.336 nm with an index of (002) can be ascribed. Some
small peaks of carbon (ICDD 00-026-1076) can be identified
as well. Stacking peak of graphene sheets could indicate the
agglomeration occurring in the hybrid material and formation
of graphite-like structure.

The analysis of XRD patterns made for samples prepared in
microwave reactor (40 atm, 15-45 min) as well as in autoclave
(12'h, 120-200°C) showed that all composites had the same phase
composition. Using XRD analysis, it was confirmed that NiFe,O,
and CoFe,0,4 were obtained in all composites. The synthesis con-
ditions had no significant effect on the phase composition of the
obtained samples. Also, the method of the preparation of samples
did not affect the phase composition of the obtained materials.
It should be noted that the use of a microwave reactor during
the preparation of composite materials significantly reduced
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Fig. 2. Comparison of XRD spectra of graphene/25% CoFe,O4 com-
posites obtained in a autoclave for reaction time of 12 h at various
temperature in the range of 120-200°C
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Fig. 3. Comparison of XRD spectra of graphene/25% NiFe,O, com-
posites obtained in a microwave reactor in ethanol at 4 MPa at various
reaction times of 15-45 min

the synthesis time. The average crystallite size of CoFe,0, in
all composites was estimated by the Scherrer formula to 5.0 nm
and the lattice parameter was 8,35 A. The average crystallite
size of NiFe,O, in all composites was estimated to 7.0 nm and
the lattice parameter was 8,35 A. The calculations showed that
the synthesis parameters did not affect the crystallite size in the
obtained composites.

Microstructure and morphology of selected obtained prod-
ucts were characterised by TEM technique. The morphology
of various graphene/CoFe,0, andgraphene/NiFe,0, samples
obtained in the microwave solvothermal reactor and in the
autoclave TEM is presented in the images in Fig. 5 and 6. All
the samples G/NiFe,0,4 and G/CoFe,0, exhibited a typically
wrinkled, sheet-like structure. In the G/CoFe,0, composites
obtained in the microwave reactor, the crystallite size slightly
increased with the elongation of the synthesis time. Increasing
of the synthesis time also affected the agglomeration in these
composites. The increase of pressure did not affect the size of
crystallites in these samples. In G/NiFe,O,4 samples obtained
in the microwave reactor, crystallite size were similar in all the
composites. In these materials, the length of the synthesis time
and increase of the pressure did not affect the size of crystal-
lites (Fig. 6). The opposite situation was observed in the case
of G/NiFe,0,4 composites obtained in autoclave. In these sam-
ples the NiFe,0, crystallinity was higher than in the samples
obtained in the reactor. Furthermore, the temperature affected
the size of crystallites and the agglomeration of NiFe,O,4 crys-
tallites. However, the results obtained from the XRD analysis
showed that the synthesis conditions did not affect the size of
the crystallites. This may suggest that in TEM images single
crystallite aggregates can be observed. In addition, CoFe,0y,
and NiFe,0, crystallites were distributed homogeneously on
the surface of graphene. In some places they formed small
clusters in which single crystallites agglomerated. The obtained
results showed that the layer of graphene did not allow for an
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Fig. 4. Comparison of XRD spectra of graphene/25% NiFe,O, com-
posites obtained in a autoclave for reaction time of 12 h and at various
temperature in the range of 120-200°C

increase of dopant crystallites dopant, whatever even the vari-
ous synthesis conditions. A similar relationship was observed
by Heidari et al. on composites obtained from exfoliated
graphite [22].

The structural properties of the obtained materials were
characterized by the determination of the specific surface area
and density. The theoretical density of the pure bulk CoFe,0,
and pure bulk NiFe,0, is 5,30 g/cm® [23] and 5,39 g/cm? [24],
respectively. Since the density of pure spinels is higher than the
density of pure graphene, it was expected that the density of
composites would also be higher than the density of graphene.
If the content of spinels in the composites would be at the same
percentage level, no differences in density measurements were
expected. With a decreasing content of the admixtures the density
of the composites should also decrease.

The results of the density measurements are shown in
Tables 1 and 2. All obtained materials had a higher density than
pure graphene, then the obtained results confirmed that the
spinel CoFe,0, or spinel NiFe,O4 was present in the samples.
In addition, no significant differences were observed depending
on the type of dopant and on the application of the preparation
method. The obtained results also showed that the parameters
of the composite preparation process did not affect the results
of density. The density depended only on the content of the
admixture in the composite. The composites with an admixture
content of 5 wt.% had the density of about 0.3 g/cm® lower than
the composites with a content of 25 wt.% admixture.

The specific surface area of the composites were measured
by physical adsorption of N, at —196 °C using a Quadrasorb
apparatus. Specific surface area was determined by the multi-
point BET (Brunauer-Emmet-Teller equation) [25] method with
the N, adsorption isotherm over a relative pressure (P/Py) in the
range of 0.05-0.20. The total pore volume, V,, including both
micropores and mesopores, was estimated by converting the
amount of N, gas adsorbed at a relative pressure of 0.99 to liquid
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Fig. 5. TEM pictures of graphene/25% CoFe,0, composites obtained in microwave reactor at 4 MPa and 5 MPa and in autoclave at 160°C and 200°C

volume of the adsorbate (N,). Micropore volumes (<2 nm), V..,
was determined using the Density Functional Theory (DFT).
According to the studies of the specific surface, the com-
posite containing CoFe,O,4 had higher surface areas than pure
graphene. This is probably due to the small size of the spinel
crystallites that formed in the composites. According to Fig. 5
showing the crystallites of the G/CoFe,0, composites obtained
in a microwave reactor were smaller and had a lower tendency to
agglomerate. In the case of these composites, it can be observed
that the increase in the synthesis pressure and the extension of the
synthesis time had a slight influence on the structural properties
of the produced materials. However, in the case of composites
obtained in the autoclave, the specific surface area was similar
to that of puregraphene (Table 1 and 2). In these composites,

25% CoFe,0, 200°C/ 12h

we observed CoFe,0, crystallites of larger size and greater
tendency to agglomerate, which affected the value of the spe-
cific surface area. Graphene/NiFe,04 composites had a smaller
specific surface area than pure graphene (composites produced
in the autoclave) or similar to that of graphene in the case of
the composites obtained in the reactor. The NiFe,O, crystallites
observed in TEM images had larger mean crystallite size than
that of CoFe, 0, crystallites.

The addition of both spinels to graphene had an effect on
the microporosity of the obtained composites. All materials had
a lower content of micropores than pure graphene, which may
indicate that the nanocrystals of CoFe,0, and NiFe,O,4 could
be partially deposited in the pores of the carbonaceous material,
clogging them.
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Fig. 6. TEM pictures of graphene/25% NiFe,O4 composites obtained in microwave reactor at 4 MPa and 5 MPa and in autoclave at 160°C and 200°C

Samples obtained in microwave solvothermal reactor

TABLE 1

Name of samples Specific suzrface area | Total Porg Volume Microporg Volume Densitay Crystallite size

[m/g] [cm*/g] [cm*/g] [g/cm’] [nm]

Graphene 64 0.109 0.020 1.78 —

5% CoFe,O4 4 MPa/15 min 48 0.138 0.013 2.09 4.5
25% CoFe,04 4 MPa/15-45 min 70-77 0.134-0.157 0.016-0.017 2.37-2.42 55
25% CoFe,04 4,5 MPa/15-45 min 72-73 0.137-0.148 0.015-0.016 2.38-2.41 5.0
25% CoFe,04 5 MPa/15-45 min 73 0. 116-0.147 0.016-0.018 2.42-2.44 5.0
5% NiFe,O0, 4 MPa/l5min 52 0.157 0.013 2.05 6.5
25% NiFe,O4 4 MPa/15-45 min 63-64 0.123-0.129 0.015 2.31-2.36 7.0
25% NiFe,O4 4,5 MPa/15-45 min 63-67 0.121-0.188 0.015-0.016 2.32-2.46 7.5
25% NiFe,O4 5 MPa/15-45 min 64-66 0.124-0.135 0.015-0.016 2.33-2.46 7.0
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TABLE 2
Samples obtained in autoclave
Name of samples Specific suzrface area | Total Porg Volume Microporse Volume Densigy Crystallite size

[m*/g] [cm*/g] [cm*/g] [g/cm’] [nm]

Graphene 64 0.109 0.020 1.77 —

5% CoFe,O, 120°C/12h 38 0.132 0.011 2.05 4.5
25% CoFe,0, 120°C/12h 66 0.095 0.014 2.37 5.0
25% CoFe,0, 160°C/12h 68 0.125 0.015 2.37 5.0
25% CoFe,0, 200°C/12h 59 0.117 0.013 2.39 5.5
5% NiFe,0, 120°C/12h 48 0.134 0.012 2.01 7.0
25% NiFe,04 120°C/12h 54 0.144 0.012 2.34 7.5
25% NiFe,0,4 160°C/12h 54 0.115 0.012 2.34 7.0
25% NiFe,04 200°C/12h 56 0.130 0.014 2.43 6.5

The thermal properties of nanocomposites were determined
by thermogravimetric analysis. The results obtained for the
selected samples are shown in Figures 7.

The tested materials exhibited thermal stability up to about
300°C. The weight loss below this temperature was due to the
evaporation of water from the surface and from the pores of the
materials. In all tested samples, the course of thermogravimetric
curves is similar. The mass loss of the tested composites started
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above 350°C. It was due to the gasification of carbon and the
removal of the resulting carbon oxides [26-28]. Many researchers
observed thermal stability in their composites at a similar level
[29-31]. Above 450°C the weight loss reached 8 %, which could
result from detachment of oxygen bound to on the graphene
surface. Carbon gasification process ended at 830°C. The total
weight loss was about 74-78%, than the remaining materials
were composed of CoFe,O,4 or NiFe,O,4 only. The weight loss
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Fig. 7. TG curves of selected samples obtained in microwave reactor at 4 MPa and in autoclave at various reaction temperature: 120°C, 160°C

and 200°C



in the range of 74-78% also confirmed the intended composition
of the obtained composites — 75 wt.% of carbon and 25 wt.%
of CoFe,0, or NiFe,0,. The previously analysed XRD spectra
also confirmed that the samples consisted only of carbon and
CoFe,0, or NiFe,0,. All obtained composites, regardless of
the kind of admixture, had lower thermal stability than pure
graphene. It should be noted that composites with NiFe,04 had
greater thermal stability than graphene/CoFe,O4 composites.
However, when the temperature exceeded 700°C in the case of
composites with CoFe,O,4 and about 450°C for samples with
NiFe,0,4, an improvement of thermal stability in relation to
pure graphene was observed (Fig. 8). An increase of pressure,
temperature and synthesis time did not improve the thermal
stability of the obtained samples. In Fig. 8 the results of the TG
for the different samples to a temperature of 600°C are presented.
Yao et al. in their work observed decarbonisation of graphene
at lower temperatures at about 382°C [32]. Xiao et al. in their
studies also observed decarbonisation of graphene in composites
at lower temperatures [ 18]. In our composites a decarbonisation
of the carbon skeleton we observed only above 600°C, then we
obtained very stable composites.

Electrical properties were determined by measuring the
resistivity of the layer containing the test material dispersed in
paraffin. A schematic diagram of the system applied to carry out
the conductivity measurements is shown below.

Rn Rnm
N
—e *r—

Where: R, — resistance of the nanocomposite, R,, — resistance of
the matrix, R, — resistance of the percolation paths.

Rn:pn.CI‘l'l
Ry=pn (1-C,)-1

Where: C, — concentration of the nanocomposite, p,,, p,, — resis-
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tivity of nanocomposite and matrix(paraffin). Then the conductiv-
ity of the system can be described as

1
G= +G,-N
Cn(pn_pm)+pm ¢

Where: G, — conductivity of the percolation path, N — the number
of percolation paths.

For the classic percolation network, the conductivity of the
entire system changes as a result of the rapid disappearance of
electrical continuity in the percolation threshold. For C < C,,

1

G=—n-—_ -
Co(P=p2)+ P2
while for C, > C,, because p, >>p,, to

1

Cn(pn_pm)+pm

Gy -N >>

then we can assume:
G=G,*N
Then taking
No.(C, - Cp)"

Where: C, — percolation threshold value, n — critical exponent
characterizing the increase in the probability of creating percola-
tion paths, G, — characterizes the conductivity of the emerging
paths.

Finally, we obtain:

G=G, (C,~C,)" X

Where G, — conductivity of the nanocomposite.

The figures below shows a percolation curve of conductiv-
ity against concentration of the nanocomposite along with the
parameters of the equation X.

The percolation region for pure graphene samples was in
the range of the mass fraction of pure graphene in the wax of
0.025-0.04. In the case of composites containing 5 wt% of spinel
NiFe,0, or CoFe,0, the percolation region moved and was in the
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Fig. 8. TG curves of selected samples obtained in microwave reactor at 4 MPa and in autoclave at 200°C
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Fig. 9. Percolation curves of electrical conductivity as a function of nanocomposite concentration

range of 0.03-0.05. However, for composites containing 25wt.%
of CoFe,0, or NiFe,O, spinel, the percolation region was in the
range of 0.07-0.09. Then, an increase of the spinel content in the
nanocomposite caused an increase of the percolation threshold.
This was a result of a more difficult creation of graphene percola-
tion pathways. The conductivity of the spinel particles was at the
level of matrix conductivity (wax) [33,34], forming insulation
bridges between the graphene platelets. Schematic creation of
bridges is shown in the Fig. 10.

The value of the critical exponent n varied depending on the
way the synthesis was conducted as well as on the type of spinel
applied. This may indicate different mechanisms of percolation
path formation. It can be a result of, for example, differences in
grain sizes of the synthesized spinel and the tendency of spinel
particles to agglomerate on the surface of graphene sheets. Based
on the G, parameter, it can be concluded that the addition of spi-
nel significantly affected the conductivity of the nanocomposite
by lowering it. The method of preparation of the composite did
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Fig. 10. Schematic representation of the creation of insulation bridges

not significantly affect the G, parameter. It was significantly
influenced by the type of spinel introduced into the composite.
G, for composites with 25 wt.% of NiFe,O,4 was in the range of
90-230 S/m and for CoFe,0,4 — in the range of 350-470 S/m. For
composites containing 5 wt.% of NiFe,O, it was in the range of
3600-3900 S/m and for CoFe,04 4000-4200 S/m. This effect is
probably due to a larger particle size of NiFe,0, (average size
of 7 nm) than that of CoFe,O,4 (5 nm). In addition, according to
the TEM images the spinel NiFe,O, easily agglomerated. This
effect can additionally influence on the increase of distance be-
tween graphene layers, causing a decrease in conductivity. The
conductivity of a nanocomposite in a non-pressed form should
be understood here, that is, the density corresponding to the bulk
density of the nanocomposite powder. This behavior showed
the effective formation of the graphene-spinel nanocomposite.

4. Conclusions

The nanocomposites G/CoFe,O, and G/NiFe,O, were
obtained in the microwave assisted solvothermal reactor or in
the autoclave. The materials obtained in the microwave reactor
were qualitatively comparable with identical materials obtained
in the autoclave. The use of a microwave reactor shortened the
preparation time to several minutes, when the synthesis time in the
autoclave was calculated in hours. The synthesis parameters did
not affect the structural properties. A kind of equipment (autoclave
or microwave reactor) had a small effect on structural properties
of the obtained materials. The content of admixtures had the
greatest influence on the properties of the produced composites,
especially in the case of electrical properties. Samples with 5
wt.% of spinel had better electrical properties than samples with
25 wt.% of admixture. The synthesis method and conditions may
have a small influence on the formation of spinel aggregates on the
surface of graphene, which can also affect the electrical properties.
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