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ABSTRACT
The graphene oxide composite (GO), iron oxide  (Fe3O4), and titanium dioxide 
 (TiO2) were prepared by the sol–gel process. The surface of GO is coated with 
 TiO2 and  Fe3O4 nanoparticles, and the composite contains 10.26% C, 23.70% O, 
57.17% Ti, and 8.87% Fe. The formation of anatase  TiO2 and magnetite  Fe3O4 on 
the surface of GO was detected by XRD and Raman analysis. The  N2 adsorp-
tion–desorption isotherm and pore size distribution results showed the formation 
of a mesoporous material with a specific surface area of 233.3  m2/g, a total pore 
volume of 0.298  cm3/g, and an average pore diameter of 7.7 nm. The GO–Fe3O4–
TiO2 composite’s dielectric characteristics were examined in the frequency and 
temperature ranges of 0.1 Hz–5 MHz and 293–373 K, respectively. The Nyquist 
plot suggests the non-Debye conduction behaviour, which may be related to the 
distribution of relaxation times within the composite material. The contribution of 
grains and grain boundaries to the total conductivity is confirmed by impedance 
spectroscopy. Jonscher’s power law was used to examine AC conductivity graphs, 
and the variation in the exponent “s” revealed that CBH models accurately char-
acterize the conduction mechanism in the composite. The dielectric measurements 
reveal Maxwell–Wagner polarization and a thermal-activated relaxation process.

1 Introduction

Graphene consists of a layer of carbon atoms and is 
known as the thinnest conducting layer[1]. The appli-
cation of a gate voltage can change the properties of 
the charge carriers from electron-like to hole-like, and 
extremely high charge carrier mobilities have been 

recorded [2, 3]. Modification of graphene increases 
its applications and expands its potential. Derivatives 
and composites of graphene are used in many differ-
ent fields such as electronics, electrochemistry, pho-
tochemistry, and photocatalysis, due to their unique 
properties [4–6].
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Graphene oxide (GO) containing sp2 hybridized car-
bon atoms is prepared by the oxidation of graphite under 
difficult conditions. When GO with unique properties is 
combined with metal nanoparticles, their chemical and 
electronic properties improve significantly. For this pur-
pose, the semiconductor titanium dioxide  (TiO2) is used 
in various fields, such as catalysts, catalyst supports, and 
membranes. The electrical properties of  TiO2 have been 
discussed in the literature by various researchers. For 
example,  TiO2 is used as a humidity sensor because it 
reacts differently to different humidity concentrations [7, 
8]. The large band gap of bare  TiO2, 3.2 eV for anatase 
and 3.0 eV for rutile, limits its application for solar light 
because the recombination of holes (h+) and electrons (e−) 
is not fast [9]. Therefore, changes in morphology must be 
made by coupling  TiO2 with other noble metals, nonmet-
als, semiconductors, etc., to improve photocatalytic activ-
ity along with electrical conductivity. For this purpose, 
 TiO2 can be anchored to GO which has excellent electri-
cal conductivity, is rich in hydrophilic oxygen-containing 
functional groups, and has high chemical stability [10, 11].

Magnetite  (Fe3O4) consists of equivalent trivalent 
and divalent iron ions  (Fe3+ and  Fe2+) and is used in 
many applications. Comparing  Fe3O4 with other iron 
oxides, it is found that its higher light absorption 
allows for high electrocatalytic activities and high per-
formance in solar cells [12, 13]. Therefore, anchoring 
 Fe3O4 with GO together with  TiO2 allows the forma-
tion of materials with unique properties.

Based on the forementioned explanations, the main 
objective of this study is to study the structural, morpho-
logical, and conductive properties of the GO anchored in 
the  TiO2 and  Fe3O4. GO–Fe3O4–TiO2 composite. The latter 
was prepared using GO synthesized by the Hummers 
method [14] with sol–gel synthetise technic. The compos-
ite was characterized using XRD, SEM-EDS,  N2 adsorp-
tion–desorption, and Raman spectroscopy. Moreover, the 
dielectric and electrical properties are investigated in the 
current work through impedance spectroscopy measure-
ments as a function of temperature and frequency.

2  Experimental

2.1  Materials and methods

Graphene oxide (GO) was synthesized from graphene 
powder using a modified Hummers method [14].  Fe3O4 
nanoparticles were prepared by thermal decomposition 
of  FeSO4 and  FeCl3 in ethylene glycol (EG) with sodium 

acetate (NaAc) and ethanolamine[15]. A composite 
material of  Fe3O4, GO, and  TiO2 was prepared by sol–gel 
method as reported in our previous study [16].  Fe3O4 
and GO were dried at 60 °C for 24 h before the sol–gel 
method. To prepare the composite, 0.65 g of GO and 0.65 
g of  Fe3O4 were dissolved separately in 260 mL of ethanol 
and sonicated for 1 h. After mixing both solutions, 65 mL 
of titanium (IV) butoxide was added and mixed for 1 h. 
The mixture was heated in a Teflon-coated stainless-steel 
autoclave under nitrogen purge for 10 h at 180 °C. After 
the reaction, the grey coloured precipitate was washed 
with ethanol and water to remove impurities and dried 
at 60 °C for 10 h in a vacuum oven. The composite was 
labelled as GO–Fe3O4–TiO2.

2.2  Characterizations

X-ray diffraction (XRD) of the composite material was 
measured using Panalytical Empyrean Diffractometer 
(Malvern Panalytical Ltd., Malvern, UK) with Cu Kα 
(λ = 1.54 Å).

A scanning electron microscope (SEM) of the GO 
and GO–Fe3O4–TiO2 was visualized with TESCAN 
MIRA3 XMU to reveal the surface morphology of the 
nanocomposite.

Raman spectra of the composite were measured 
using a micro-Raman system (Renishaw inVia Qon-
tor, UK) equipped with a 785 nm laser.

The  N2 adsorption–desorption isotherm to 
determine the surface and pore properties of GO 
and GO–Fe3O4–TiO2 wasdetermined using the 
AUTOSORB 1 C sorption analyzer (Quantachrome 
Corp., USA). Nitrogen with a purity of 99.99% 
was used as adsorption gas. Multipoint BET 
(Brunauer–Emmett–Teller) and t-plot techniques, 
were used to calculate the surface area and pore 
volume. Using the Barrett, Joyner, Halenda (BJH) 
approach based on the Kelvin equation, the distribu-
tion of pore sizes was determined. With P/Po = 0.99, 
the total pore volume (VT) was assumed to be the 
adsorbed volume, with adsorption and desorption 
occurring simultaneously. The Autosorb 1 C pack-
age program was used for the calculations.

The impedance spectroscopy measurements on 
the GO–Fe3O4–TiO2 composite material were car-
ried out on disc shaped pellets (8 mm diameter and 
1.2 mm thickness) in a uniaxial hydraulic press at 
a pressure of 3 tons/cm2. The pellet was prepared 
with a relative density of 92%. Then, thin gold films, 
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(with a thickness of a few nanometers), were manu-
ally deposited on both flat faces of the pellet. This 
measurement was performed using an Impedance/
Gain-Phase analyzer (Solartron SI-1260), coupled 
with a dielectric interface (Solartron 1296), and a 
temperature control system (Linkam LTS420). The 
data were collected at temperatures between 293 and 
393 K over a wide frequency range from  10−1 to 5 
MHz.

3  Results and discussion

3.1  X‑ray diffraction analysis

The XRD pattern of GO–Fe3O4–TiO2 is shown in 
Fig. 1. In the XRD analysis with MDI Jade 6, the sam-
ple mainly contains the anatase phase of  TiO2 (PDF: 
73-1764) and the magnetite phase (PDF: 75-0033) of 
iron oxide. The estimated crystal size of the mate-
rial was calculated to be 56 (11) Å. The characteristic 
peak index of  TiO2 and  Fe3O4 was marked in Fig. 1. 
Since the anatase peak of  TiO2 at 25.5° coincides with 
reduced graphene oxide [17, 18], the characteristic 
peak of reduced graphene oxide cannot be detected 
in Fig. 1.

3.2  Scanning electron microscope analysis

The elemental composition of GO, determined by EDS, 
is 56.2% C and 43.8% O. After preparation of a com-
posite of  Fe3O4, GO, and  TiO2, the material contains 

10.26% C, 23.70% O, 57.17% Ti, and 8.87% Fe. The 
SEM images in Fig. 2 show a comparison of GO and 
GO–Fe3O4–TiO2. The GO has a smoother surface with 
layered structure. When  Fe3O4 and  TiO2 were added 
to GO,  Fe3O4 and  TiO2 nanoparticles accumulated on 
the surface of GO. Also GO–Fe3O4–TiO2 particles with 
agglomerated and irregular structures are formed.

3.3  Vibrational spectroscopy study

An effective method for examining the arrangement of 
crystal structures in carbonaceous materials is Raman 
spectroscopy. The Raman spectral curve of GO and 
GO–Fe3O4–TiO2 is shown in Fig. 3. Two distinctive 
peaks of GO can be seen at 1350 and 1591  cm−1, which 
correspond to the D band and G band, respectively. 
The D band in disordered carbon indicates structural 
defects. However, in sp2 carbon domains, the G band is 
the  E2g vibrational mode of first-order scattering [19]. 
The disorder of carbon is often related to the inten-
sity ratio (ID/IG). The intensity ratio of ID/IG for GO is 
0.978. The peaks of GO–Fe3O4–TiO2 are observed at 
1345  cm−1 and 1598  cm−1 with 0.983 of ID/IG. The intro-
duction of  Fe3O4–TiO2 into GO increases the value of 
ID/IG, indicating increasing sp3 defects in the sp2 due 
to the formation of GO–Fe3O4–TiO2. The peak at 154 
 cm−1 is related to the anatase phase of  TiO2 [20] along 
with the peaks at 537 and 647  cm−1 [21]. The peaks at 
212, 285 and 402  cm−1 show the presence of  Fe3O4 [22].

3.4  N2 adsorption–desorption isotherm

The  N2 adsorption–desorption isotherms and pore size 
distributions of GO–Fe3O4–TiO2 are shown in Fig. 4a. 
The hysteresis observed in the range of 0.4–0.95 P/Po 
shows the opening between the plates. The isotherm 
of the composite corresponds to the IV type with a 
hysteresis loop of  H4, which is characteristic of micro-
mesoporous materials [23]. The surface area and pore 
volume of the composite were calculated to be 233.3 
 m2/g and 0.298  cm3/g, respectively. According to the 
BJH method, the average pore size of GO–Fe3O4–TiO2 
is 7.7 nm, as shown in Fig. 4b. As a result, the prepared 
composite material has a mesoporous structure with 
high surface area.

3.5  Electrical conductivity

To investigate the electrical properties of materi-
als, impedance spectroscopy is a commonly used Fig. 1  XRD diffraction pattern of GO–Fe3O4–TiO2
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technique in electrochemistry and materials research. 
It is feasible to glean knowledge about the dynam-
ics of the charges within the material as well as the 
mechanisms governing charge transport by studying 
the frequency-dependent impedance [24].

Figure 5 depicts the evolution of the real impedance 
(Z′) against frequency for the GO–Fe3O4–TiO2 compos-
ite. The fact that Z′ values decrease as temperatures 

increase points to a material that is more electrically 
conductive. This behaviour is frequently accompa-
nied by a negative temperature coefficient of resist-
ance (NTCR), which has also frequently been noted in 
earlier investigations [25, 26]. The increase in electri-
cal conductivity with temperature can be attributed 
to an increase in the mobility of charge carriers in the 
material [27]. The existence of dc conductivity is then 

Fig. 2  SEM pictures of GO and GO–Fe3O4–TiO2
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predicted by the observation of constant values for Z′ 
at low frequencies (<  105  rads−1), which is also clearly 
seen [28]. The Z′ values rapidly go off at high frequen-
cies. According to this behaviour, the produced mate-
rial may have ac conductivity [28].

Figure 6 illustrates the temperature-dependent fre-
quency response of Z″ for the GO–Fe3O4–TiO2 com-
posite, which provides valuable information about 
the relaxation behaviour of the material. At all tem-
peratures, two peaks are observed in the plot, indi-
cating the presence of two relaxation processes in the 
material.

The initial peak observed at low frequencies is 
attributed to the grain boundary relaxation process, 
which is associated with the movement of charged 
defects or ions along the grain boundaries. As tem-
perature increases, the mobility of these defects or ions 
also increases, leading to a shift in the frequency at 
which the peak occurs to higher frequencies. The rea-
son behind this displacement may be due to the accu-
mulation of charge carriers [29]. Also, the broadening 
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in the peaks verified the temperature dependence on 
the electrical relaxation mechanism in the material 
[30].

The second peak observed at higher frequencies 
corresponds to the grain relaxation process, which is 
associated with the movement of charged defects or 
ions within the grains. This process is less sensitive 
to temperature, and hence the frequency at which 
the peak occurs remains constant with increasing 
temperature.

The Nyquist plot is graphical representations of 
the impedance data, with Z″ (the imaginary part of 
the impedance) plotted against Z′ (the real part of the 
impedance). This plot can provide information about 
the distribution of relaxation times and the charge trans-
port mechanisms in the material [31]. In the case of the 
GO–Fe3O4–TiO2 composite, Fig. 7 present the variation 
of Z″ against Z′ (Nyquist plot) in the temperature range 
of 293–373 K. The presence of depressed semicircle at 
all temperatures indicates the presence of a distribu-
tion of relaxation times, which can be associated with 
non-Debye conduction processes in the material [32]. 
The decreasing radius of the semicircle with increas-
ing temperature suggests a change in the dynamics of 
the charges within the material, such as an increase in 
the mobility of charge carriers, and that conductivity 
is a thermally activated process [32]. The Nyquist plot 
described by a attened arc with its center located below 
the real axis arc, at each temperature, may be related to 
the grain and grain boundary contribution in this mate-
rial [33].

The frequency dependence of the electrical conduc-
tivity is a commonly used method to study the active 
conduction process in materials. It can provide insight 
into the types of charge carriers present and the mecha-
nisms governing charge transport. By measuring the 
conductivity at different temperatures, it is also possible 
to determine the activation energy for charge transport. 
The total conductivity values are determined from the 
impedance measurements according to the following 
expression [34]:

The behaviour of the frequency response of the ac 
conductivity of the investigated composite is shown 
in Fig. 8. When a range of practically frequency-inde-
pendent conductivity appears in the low frequency 
zone, it means that the frequency of the applied 
electric field has little effect on the material’s charge 
carriers. Dc conductivity is matched by this plateau. 
However, electrical conductivity is substantially tem-
perature dependent in such a plateau. This behaviour 
suggests that the conduction mechanism in the mate-
rial is thermally activated [35]. The ac conductivity, 
which characterizes the dispersion phenomenon and 
increases with increasing frequency, manifests in the 
high frequency zone [36].

To determine the appropriate conduction mecha-
nism in the GO–Fe3O4–TiO2 composite, we fitted 
total conductivity data using Jonscher’s law, which 
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is a widely used empirical relation that describes the 
frequency-dependent conductivity described by the 
following [37]:

where σT(ω) is the total conductivity at frequency ω, s 
is the degree of interaction between mobile ions with 
the lattices around them and A is a constant whose 
value specifies the strength of polarizability.

It was possible to determine the parameter ‘s’ at 
various temperatures by modelling the experimen-
tal curves using the Jonscher equation (Eq. 2), which 
demonstrates good agreement between the theoretical 
and experimental curves. Analysis and comparisons 
with theoretical models are done for thermal evolu-
tion of the exponent ‘s’ (Fig. 9) [38]. It is clear that the 
value of s decreases with increasing temperature. This 
result suggests that the CBH model is the best choice 
for characterizing the electrical conduction process 
[39]. Where, the CBH conduction mechanism involves 
charge carrier hopping between closed sites over a 
potential barrier that separates them [40].

Figure 10 displays the relationship between ac con-
ductivity and the temperature inverse for various fre-
quencies. The experimental data can be fitted using the 
first-order Arrhenius law to determine the material’s 
activation energy Ea. Based on the assumption that 
thermally activated hopping between localized states 
dominates the conduction mechanism, this model 
depicts the temperature dependence of the electrical 

(2)�
T
(ω) = σ

DC
+Aωs = σ

DC
+ σ

AC
,

conductivity of materials caused by thermally acti-
vated carriers [36].

where σ(T) is the electrical conductivity at temperature 
T, σ0 is a pre-exponential factor that depends on the 
material and the density of states at the Fermi level, Ea 
is the activation energy (required for a charge carrier 
to hop from one localized state to another),  kB is the 
Boltzmann constant, and T is the absolute temperature.

The activation energy deduced from each linear 
side’s slope is Ea = 0.10 eV. It suggests that the charge 
carriers can easily hop between localized states with 
a relatively low amount of energy. This indicates 
that the material may have a high density of local-
ized states, or the localized states may be relatively 
shallow.

3.6  Dielectric study

Different types of polarization, such as electronic polar-
ization, ionic polarization, dipole orientation polariza-
tion, and space charge polarization, can affect a mate-
rial’s overall dielectric response. Dielectric properties 
are connected to how a material reacts to an applied 
electric field. By examining the dielectric response with 
frequency and temperature, it is possible to identify the 
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relative contributions made by each of these polariza-
tion types to the material’s dielectric response.

The complex dielectric constant, also called the 
complex permittivity, is a complex-valued number 
that explains how a material interacts with an electric 
field at a specific frequency. It is denoted by the fol-
lowing [41]:

where ε′ is the real part of the dielectric constant, 
which represents the energy stored in the electric field, 
and ε″ is the imaginary part of the dielectric constant, 
which represents the energy dissipated as heat by the 
material.

Figure 11 exposes the variation of real permittiv-
ity ε′ with frequency at various temperatures. The 
figure shows that the dielectric constant has massive 
values, particularly at low frequencies, and that as the 
frequency rises, the values of the dielectric constant 
rapidly decrease. Four main types of polarization, 
including electronic, ionic, orientational, and space 
charge polarization, each contribute to the observa-
tion of maximum dielectric constant values at the 
low frequency area [42]. Real permittivity increases 
with temperature, illustrating that charge carriers are 
thermally activated. The two-layer Maxwell–Wanger 
model [43] explains how the dielectric permittivity 
evolved. We suppose that the material is made up of 
two layers, with the grains having a high conductivity 
and the grain boundaries having a low conductivity. 

(4)ϵ∗(ω) = ϵ� − iϵ��,

At lower frequencies the grain boundaries possess 
high resistance, so the electrons gather and generate 
polarization at the boundaries which explains the die-
lectric behaviour of the material in the low frequency 
area. Thereafter, we see an abrupt drop in the dielec-
tric constant that is independent of temperature. This 
may be explained by the fact that when frequency 
increases, electrons move in the opposite direction, 
which reduces polarization.

Figure 12 shows the evolution of imaginary per-
mittivity with frequency at various temperatures. 
It is observed that the imaginary permittivity rap-
idly declines with frequency, and at low frequen-
cies, there is a high value of ε″ that can be connected 
to the presence of space charge polarization at the 
interfaces of grain boundaries [44]. The Wagner and 
Koop model, which claims that at low frequencies, 
well-conductive grains are separated by very resis-
tive grain boundaries, causes the polarization of the 
space charge, explains this behaviour of the imagi-
nary permittivity with frequency. The material can 
store a lot of electrical energy, as evidenced by the 
high value of ε″ at low frequency, making it useful 
for applications such as capacitors. The ability of the 
charge carriers to move in response to the electric 
field decreases as the frequency rises, which causes a 
reduction in polarization and a corresponding fall in 
the imaginary permittivity. The dielectric permittiv-
ity’s temperature-dependent development suggests 
that charge carriers are thermally activated.
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4  Conclusion

A composite material was prepared by precipitating 
iron oxide and titanium oxide on the graphene oxide 
(GO) surface. The characterization results showed 
that anatase  TiO2 and magnetite  Fe3O4 particles were 
formed on the graphene oxide surface. The investiga-
tion of the surface and pore properties showed that 
the composite material has a mesoporous structure 
and has a surface area of 233.3  m2/g and a total pore 
volume of 0.298  cm3/g.

The GO–Fe3O4–TiO2 composite’s dielectric character-
istics were examined and Nyquist plots of the material 
demonstrated the existence of grains and the contribu-
tion of grain boundaries, as well as a thermally acti-
vated conduction mechanism. It turned out that the AC 
conductivity spectrum follows Jonscher’s power law. 
The correlated barrier hopping (CBH) model was found 
to be the most appropriate one based on the tempera-
ture dependency of the exponents s(T). The dielectric 
constant declines with frequency before stabilizing at a 
low value that represents typical dielectric dispersion, 
according to data on its variation with frequency and 
temperature. The GO–Fe3O4–TiO2 composite exhibits 
a high value of ε″ at low frequencies, indicating that 
it will have a large capacity to store electrical energy, 
making it ideal for capacitor applications. Therefore, the 
material is able to resist the flow of current, and it can 
hold a charge for a longer period of time.
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