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A B S T R A C T   

Graphene oxide (GO) was chemically synthesized by improved Hummer's method. The synthesis was confirmed 
by Raman and FT-IR spectroscopy. The dielectric relaxation studies of graphene oxide (GO) in the frequency 
range of 100 Hz - 1 MHz and in the temperature range of 77 - 475 K are reported here. At lower temperatures 
(<250 K), the measured ac conductivity shows linear variation with frequency. Whereas, at higher temperatures, 
it is almost independent of frequency as dc conductivity predominates in this region. In the dielectric mea-
surement studies, it is observed that dielectric constant increases rapidly with temperature up to 300 K. Broad 
loss peaks are observed in the temperature region where the measured ac conductivity approaches dc conduc-
tivity. The behaviour of both high values of real as well as imaginary part of complex permittivity has been 
thoroughly investigated in the light of dielectric modulus formalism and is attributed to the interfacial polari-
zation between insulating sp3 region and conducting sp2 domains. The material exhibits great potential towards 
giant dielectric constant applications.   

1. Introduction 

The frequency dependent dielectric measurements are considered as 
an additional important tool for the understanding of charge transport 
mechanism [1–9]. In the low frequency region, the dielectric measure-
ments provide an information about the motion of charge carriers 
[1,10].The ac conduction mechanisms of disordered materials are 
thoroughly discussed in the literature [10,11–14]. The temperature and 
frequency dependent ac conduction behaviour is explained by Mott and 
Davis [11] in terms of hopping model. This model is further supported 
by various researchers [12–14]. Therefore, the conduction behaviour of 
bulk disordered materials can be easily explained with Mott's variable 
range hopping (VRH) or with some other well established models. But, 
the ac conduction behaviour of the low dimensional and disordered 
material still needs greatest attention. The ac conduction mechanism of 
GO is still not clear after a decade of its discovery, only limited number 
of research articles are available in literature [1–4]. Huang et al. [1] 
reported the four stage temperature dependent insulator- 
semiconductor-insulator-semiconductor transition of GO at tempera-
tures between - 40 and 150 ◦C. A recently published report [2] on the 
dielectric properties of GO has a brief discussion about its dependence of 

dielectric loss and permittivity on temperature. Nioua et al. [3] have 
reported and discussed the ac conductivity behaviour of rGO-epoxy 
resin composite by Jonscher's law, with relaxation processes charac-
terized by a broad distribution of relaxation times. The Cole-Cole plot 
shows the single electrical conduction mechanism. The ac conduction of 
the composite at percolation threshold is explained on the basis of 
capacitive pathways and electron tunneling. A new theory for graphene 
polymer composites [4] shows that the electrical conductivity increases 
with rise in frequency but dielectric permittivity decreases. Sahu et al. 
[5] have fabricated an environment friendly nanocomposite and studied 
the dielectric relaxation behaviour of silver nanoparticles and graphene 
oxide embedded poly(vinyl alcohol) nanocomposite films and used 
Nyquist plots to show the decrease in bulk resistance with temperature. 

In this paper, we have reported our investigations on the electrical 
properties of GO in the temperature range of 77 - 475 K. The broadband 
dielectric spectroscopy of electrical properties of GO is reported in the 
frequency range of 100 Hz – 1 MHz. The dielectric spectroscopy provides 
highly accurate and simple measurements of electrical properties 
without influencing reduction parameters. We have observed a large 
value of dielectric constant with high dielectric loss for GO sample in 
low frequency regime. For such behaviour of complex dielectric 
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constant having higher values and not very well defined peaks, the 
modulus approach [1] is more suitable. Our data on the dielectric 
measurements of GO sample is systematically analysed using modulus 
approach and is explained on the basis of effect of interfacial 
polarization. 

2. Experimental details 

2.1. Sample preparation 

Graphene oxide was synthesized by improved Hummer's method 
[15–18]. In this method, oxidation of graphite flakes take place in the 
presence of potassium permanganate and mixture of conc. H2SO4/ 
H3PO4. The mixture is stirred for continuously 12 h at 50 ◦C. Then 
washed with water, hydrochloric acid, ethanol and ether, respectively to 
obtain solid powder of GO. 

2.2. Sample characterization 

The structural investigations of the prepared samples were per-
formed using Raman and FTIR spectrometers. For the Raman studies, we 
have used Renishaw InVia Reflex micro Raman spectrometer in the 
range of 400–4000 cm− 1. FTIR measurement performed at RX I spec-
trometer (Perkin Elmer). The surface Morphology of GO sample was 
investigated with the help of Transmission Electron Microscope (TEM), 
Technai G2 T30, U-Twin by FEI Netherlands. The broadband dielectric 
spectroscopy of the prepared sample was recorded in the temperature 
range of 77–475 K by using Waynkerr 6540A 120 MHz precession 
impedance analyser in the frequency range of 100 Hz- 1 MHz in an 
indigenously made three terminal measurement set-up with cryostat as 
shown in Fig. 1. The dc conductivity was measured using Keithley's 236 
SMU and Keithley's 2000 DMM (digital multimeter) in the temperature 
range 77–475 K. The ac and dc conductivity measurements were 

performed after the deposition of gold electrodes on both sides of the 
samples. 

3. Results and discussion 

The synthesis of GO sample is estimated with the help of Raman 
spectroscopy. It is a reliable technique to determine the structural 
properties of carbon based materials [1,18–21]. The Raman spectrum of 
GO sample (Fig. 2) consists of D and G band at 1360 cm− 1 and 1590 
cm− 1,respectively. The G band corresponds to the in plane bond 
stretching vibrations of sp2 carbon–carbon atoms [19–21]. The D band is 
attributed to the induced defects or due to the sp3 hybridization of 
carbon atoms that corresponds to out-of-plane vibrational modes 
[19–21].The D band mode is forbidden in the perfect graphite and only 
becomes active in the presence of disorder. The peaks towards higher 
wavenumber side at 2720 and 2950 cm− 1are assigned as second order 
band of 2D and D′ + G′ bands [18], respectively. The FT-IR spectrum 
(Fig. 3) of the GO sample is recorded in the transmission mode using KBr 
method. The spectrum consists of characteristic bands corresponding to 
the attachment of specific oxygen functional groups to graphene sheets. 
The characteristic band corresponds to C––C of carbon atoms and their 
restricted vibration in the plane of carbon atoms is present at 1630 cm− 1 

[10,22–24]. The peaks due to symmetric and asymmetric stretching of 
the epoxy groups are present at 1220 cm− 1 and 880 cm− 1, respectively 
[18,22,24]. The peak at 850 cm− 1 corresponds to deformation vibration 
of the epoxy groups [18,22,24]. The peaks at 1600–1650 cm− 1 and 
1750–1850 cm− 1 are attributed to the ketonic species [22,25,26]. The 
bands at 1070 cm− 1 and 3050–3800 cm− 1 are attributed to the hydroxyl 
groups such as phenol and all C–OH vibrations from COOH and H2O,etc. 
[25,26]. TEM micrograph of GO sample is recorded and it is observed 
that the prepared sample consists of two dimensional sheets type 
structure as shown in Fig. 4. 

The dielectric response of solids gives information about the orien-
tational adjustments of dipoles with frictional losses and translational 
adjustments of mobile charges on the application of electric field. 

In a time varying electric field, the complex dielectric permittivity 
can be expressed as 

ε*(ω) = ε′

(ω) − iε˝(ω) (1) 

The real and imaginary part of ε*(ω) is indication of the degree of 
polarization and the losses in the system of bound charges, respectively, 
exactly in a similar way as the free charges are ascribed to conductivity 
losses. 

The real and imaginary part of complex conductivity are given as 

σ*(ω) = σ(ω) − iσ1(ω) (2) 

The real and imaginary part of conductivity given in Eq. (2) can be 
related to the real and imaginary part of ε*(ω) as 

Fig. 1. Schematic of three terminal AC measurement set–up.  Fig. 2. Raman spectrum of GO.  
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σ(ω) = ωε0ε˝(ω) (3)  

σ1(ω) = ωε0[ε
′

(ω) − ε∞ ] (4)  

where, ε0 is the free space permittivity and ω is the angular frequency. 
The variation of the dielectric constant (ε′) of graphene oxide with 

temperature in the temperature range of 77–475 K at five different 
frequencies is plotted in Fig. 5 (a). In the low temperature region, 
dielectric constant at a particular frequency is slowly varying function of 

temperature. The dependence increases rapidly with increasing tem-
perature up to 300 K at given frequencies. The dielectric constant starts 
decreasing after attaining maximum value at 300 K. This behaviour is 
consistent with a Debye-type dielectric dispersion characterized by a 
relaxation frequency, f0 [10,12,13,27]: 

ε′

(ω) − ε∞(ω) =
ϵo − ε∞

{

1 +

(
f
f0

)2
} (5) 

As evidence from Raman spectrum of the sample, a subsequent 
amount of conducting sp2 graphitic domains are present in the insu-
lating sp3 matrix [1]. It may be visualized as the parallel network of 
resistors (sp2 domain) and capacitors (sp3 domain) (as shown in the inset 
of Fig. 5(a)). The increase in dielectric constant of GO with temperature 
may be due to highly conductive nature and positive temperature co-
efficient effect [2]. With further increase in the temperature above 300 
K, the intercalated water molecules, CO2 and CO are completely 
removed [1]. This results in decreasing capacitive contribution and 
hence dielectric constant. The variation of the dielectric loss (ε′′ac) with 
temperature is shown in Fig. 5(b) at five different frequencies. The 
dielectric loss is calculated by subtracting the dc conductivity from 
measured ac conductivity [10,12,13,27]. It can be seen from Fig. 5(b) 
that the intensity of dielectric loss peak decreases with increase in fre-
quency. The loss tangent behaviour of synthesized graphene oxide 
mainly depends upon the temperature. The maximum dielectric loss 
tangent increase as well as shifted towards higher frequency with 
increasing temperature. The Fig. 6 (a) and (b) shows the variation of the 
ε'and ε′′ac of GO in the frequency range of 100 Hz to 1 MHz at various 
temperatures. At low temperatures, the GO shows low values and weak 
frequency dependence of dielectric constant. As temperature increases, 
the ε′ value increases and exhibits a strong dependence on frequency. 
The magnitude of ε'rises by four orders as the frequency decreases from 
1 MHz to 100 Hz. The increase in the value of ε′ of GO can be attributed 
to the orientation and change in the dipole moment of functional groups 
present on the graphene oxide [2,28–30]. The higher value of ε′ at low 
frequencies may also be related to interfacial polarization, which occurs 
at the interface between reduced clusters and the unreduced sp3 matrix 
[1]. Beyond 300 K, dielectric constant starts decreasing up to 400 K and 
again attains second maximum value at 450 K. The second maxima may 
correspond to the phase transition of insulator type GO sample into 
semiconductor type rGO sample [1,17].The dielectric loss tangent at 
lower frequencies gradually increases with frequency at all tempera-
tures. However, it decreases with frequency, after reaching a maximum 
(peak), due to the reorientation of the polar groups present in the gra-
phene oxide [2]. Fig. 7 (a) exhibits the log of measured ac conductivity 
(logσm(ω)) as a function of 1000/T at five different frequencies (100 Hz, 

Fig. 3. FT-IR spectrum of GO.  

Fig. 4. TEM micrograph of GO.  

Fig. 5. (a) Dielectric constant (ε′) and (b) Dielectric loss (ε′′ac) as a function of temperature at five fixed frequencies.  
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1KHz, 10KHz, 100KHz and 1 MHz) along with dc conductivity. A rise in 
measured ac conductivity has been observed with frequency and tem-
perature which merges into dc conductivity at higher temperature 
(≥250 K) for both the samples. This is a common feature of disordered 
semiconductors or polymeric materials [31–32]. Fig. 7(b) represents the 
variation of measured ac conductivity with frequency in the range of 
100 Hz to 1 MHz. With the increase in temperature, due to the thermal 
reduction of GO samples, the fraction of conducting sp2 graphitic 
domain increases. The reduction leads to the generation of new sp2 

graphitic domains which are now smaller in size but more in number, 
thereby establishing more conductive path ways [18].The conductivity 
increases with temperature due to hopping between these pathways. At 
higher temperatures (>250 K), the fraction of these conducting domains 
may increase to the extent that the number of percolating pathways 
becomes so high that electrical conductivity does not change with fre-
quency and dc electrical conductivity dominates. 

At low temperatures, the GO sample shows linear variation in elec-
trical conductivity with frequency. The slope of the curves decreases 
with increasing temperature. The nature of curves starts changing after 
250 K. The measured ac conductivity at higher temperature is almost 
independent of frequency as dc conductivity predominates in this region 
[10,12,27].The loss peaks are also observed in this region (Fig. 5 (b)). 
Here the measured ac conductivity tends to approach dc conductivity 
especially at higher temperatures. The increase in electrical conductivity 
can be attributed to thermal activation and structural deformation [2]. 
The broad loss peaks suggests the distribution of relaxation times. There 
are several ways of dielectric data representation and we are using 

dielectric modulus for further investigations. This approach is useful in 
the systems where dielectric dispersion is associated with large con-
ductivity [31,32].The electric modulus was introduced by McCrum et al. 
[33] and is defined as the reciprocal complex permittivity. It is widely 
used to reveal the dipolar contributions where dielectric relaxation 
peaks are not sharp. Macedo et al. [34] applied this formalism to ionic 
conductors. One of the primitive works using this approach was reported 
in 1975 in alkali silicate glasses by Macedo and Moynihan et al. [31]. 
This approach is now days used in characterizing MoS2, MIS structures 
and several composite materials [35–37]. The dielectric modulus M*(ω), 
can be represented as 

M*(ω) = M′

(ω) − iM˝(ω) (6) 

In which real and imaginary parts are 

M′

(ω) = ε′

(ω)
[
ε′
(ω)2

+ ε˝(ω)2 ] (7)  

M˝(ω) = ε˝(ω)
[
ε′
(ω)2

+ ε˝(ω)2 ] (8) 

The main advantage of using dielectric modulus approach is to 
deduce whether the dielectric response is independent of the nature of 
electrode and contact, absorbed impurity conduction and space-charge 
injection. These are important factors which should be taken care of 
during dielectric measurements [1,31]. 

The relaxation peak at low temperature is shifted towards high 

Fig. 6. (a) Dielectric constant (ε′) and (b) Dielectric loss (ε′′ac) as a function of frequency.  

Fig. 7. (a) DC and measured ac conductivity as functions of reciprocal of temperature (b) Measured ac conductivity as a function of frequency.  
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frequencies with increase in temperature. The increase in peak fre-
quency is related to the short relaxation time and increase in mobility of 
charge carriers. This type of dielectric response is similar to that of the 
percolated blends consisting of conducting polymer and insulating 
polymer [32]. 

A plot of M"(ω) with frequency will give a peak at the conductivity 
relaxation frequency (f0), which defines the relaxation time: 

τ0= 1
(2πf0)

(9) 

If there is a presence of distribution of conductivity relaxation times, 
then the conductivity relaxation time can be explained on the basis of 
non-exponential decay function [31–32]: 

ϕ(t) = exp( − t/τ0)
β (10) 

β is a relaxation parameter and takes value between 0 < β < 1. The 
relaxation parameter decreases with increase in the width of relaxation 
time distribution. 

The variation of M ′ (ω)and M"(ω) as a function of frequency at 
different fixed temperatures is plotted in Fig. 8 (a), (b), (c) and (d), 
respectively. Fig. 8 (d) represents the well-defined peaks of M"(ω) at 
particular temperature with characteristic relaxation frequency. It is 
found that with increase in temperature, the peaks shifted towards 
higher frequencies. This indicates the thermally activated behaviour of 
the system [31,32]. From the plot of M˝/M˝

max vs f/f0(Fig. 9 (a) & (b)), 
the value of relaxation parameter is calculated. It is observed that the 
experimental points are in good agreement with the theoretical curve 
and β is almost temperature independent. The various parameters have 
been calculated from these modulus plots [31].The experimentally 
calculated conductivity relaxation time,〈τ〉cal can be estimated by [31] 

〈τ〉cal = τ0ᴦ(1/β)
/

β (11)  

where τ0and β are conductivity relaxation time and parameter fitted 
from Fig. 9 (a) & (b). In the present case, β~0.30 and we have used this 
value for the evaluation of various parameters. The values of various 
parameters are shown in Table 1. 

The value of 〈τ〉cal can be compared with the experimental value by 
the following expression 

〈τ〉exp = e0ε∞σdc (12) 

Where e0 represents the permittivity of the free space,ε∞ and σdcare 
calculated from the ac and dc measurements, respectively. It is observed 
from Table 1 that there is a good agreement with modulus approach. 
Further, the low frequency limiting dielectric constant ,ε0 is given by 
equation [31] 

ε0 = ε∞
〈
τ2〉/〈τ〉2 (13)  

ε0 = ε∞ᴦ(2/β)β
/
(ᴦ(1/β) )2 (14) 

It shows that the ε0is also independent of temperature which is not 
the case in our samples. It rules out the probability that the frequency 
dependent of ε ′ (ω) is due to the electrode effect The dielectric constant 
and loss in such type of system is given [38]: 

ε′(ω)= ε∞ +(ε0 − ε∞)
[
1+(f/f0)

1− msin(mπ/2)
]/[

1+2(f/f0)
1− msin(mπ/2)

+(f/f0)
2(1− m)

]

(15)  

ε˝(ω) =
(ε0 − ε∞)

[
(f/f0)

1− mcos(mπ/2)
]

[
1 + 2(f/f0)

1− msin(mπ/2) + (f/f0)
2(1− m)

]+σdc

/

ωe0 (16) 

It is also observed that in such system, the dielectric constant and loss 
are due to the charge carriers trapped at impurity defects and hopping 
conduction which give rise to dielectric relaxation [39]. At a particular 
temperature, for a given frequency at which ε′(ω) becomes equals to (ε0 
− ε∞)/2 + ε∞ is termed as the relaxation frequencies. 

Thus, the temperature dependence of relaxation frequency is given 
by the Arrhenius law, 

f0 = fmaxe− ED/KBT (17) 

Fig. 8. Variation of (a) &(b) M ′ (ω)and (c) & (d) M"(ω)as a function of frequency at different fixed temperatures.  

R. Kumar and A. Kaur                                                                                                                                                                                                                        



Diamond & Related Materials 120 (2021) 108633

6

Where, fmax and ED are constant, having dimension of frequency and 
dipolar activation energy [39]. The parameter m can take value be-
tween0 to 1. In the Fig. 10 (a), (b) & (c), the ε′(ω) vs frequency curve is 
fitted at 200 K, 225 K and 250 K for various values of m such as 0.1, 0.2, 
0.3, 0.4 and 0.45. The best fitted curve is observed for m = 0.40, which 
further confirms the existence of distribution of relaxation times. 

Although due to high dielectric loss, the material may not be promising 
for high dielectric constant applications when used independently, but 
can be a promising candidate where it can be filled in the two dimen-
sional materials with low dielectric loss such as metal oxide sheets like 
titanium dioxide. Collectively, the polar behaviour of titanium dioxide 
and defects as well as oxygen vacancies on the surface of GO can 
contribute to increase in the net dipole moment suitable for capacitors. 

4. Conclusion 

The Raman spectroscopy study shows the presence of conducting sp2 

graphitic domain in the insulating sp3 matrix. The FT-IRinvestigation 
also confirms the presence of C–H and C––C bonds of sp3 and sp2 hy-
bridization, respectively. The presence of conducting sp2 domain in 
insulating sp3 matrix provides conductive pathways and can be 

Fig. 9. Plots of M˝/M˝
max against f/f0 at (a) different fixed temperature and (b) 225 K.  

Table 1 
Various parameters evaluated from dielectric modulus plot.  

Temp. (K) f0(Hz) τ0(s) 〈τ〉cal (s) 〈τ〉exp(s) 

210 10,000 1.59 × 10− 5 1.42 × 10− 4 2.09 × 10− 4 

220 30,000 5.30 × 10− 6 4.73 × 10− 5 4.96 × 10− 5 

230 100,000 1.59 × 10− 6 1.42 × 10− 5 2.13 × 10− 5 

240 300,000 5.30 × 10− 7 4.74 × 10− 6 5.15 × 10− 6  

Fig. 10. The variation of ε′(ω) measured as a function of frequency at (a) 200 K, (b) 225 K and (c) 250 K, respectively.  
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visualized as a parallel resistor capacitor model. The dielectric constant 
increases with temperature due to highly conductive nature of GO. The 
dielectric permittivity decreases with frequency due to orientation of 
charges and rotation of dipoles. Above 300 K, the dielectric constant 
decreases due to decrease in capacitive contribution. The presence of 
broad loss peaks suggests the distribution of relaxation times. The loss 
peaks are observed in the region when ac conductivity approaches dc 
conductivity. The ac conductivity of the sample can be considered due to 
the interfacial polarization effect which has been investigated with the 
help of dielectric modulus approach. 
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