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Graphene being an excellent electronic material has poor dielectric property. In addition to unusual 

dielectric response (permittivity increases with frequency) due to trap induced capacitance, here we have 

tuned the trap states to achieve a giant value of permittivity (Ɛ~ 2214) and remarkably high magneto-

dielectric effect (23%) in nickel doped reduced graphene oxide (RGO). The current-voltage 

characteristics in the space charge limited conduction give quantitative information about these traps 10 

states. We estimate an average trap density of 1.92X1022 m-3 at room temperature. We believe that this 

transition metal doped RGO with tunable dielectric has potential applications in electrical storage devices.   

1 Introduction 

Graphene, one-atom-thick two-dimensional layer of sp2-bonded 

carbon, has attracted tremendous research interest in recent years 15 

owing to its remarkably high electrical and thermal 

conductivities, superior mechanical strength and very large 

specific surface area1-5. All these unique and extraordinary 

properties make graphene as a novel material for large variety of 

applications in spintronics6-8, optoelectronics9,10, sensors11,12, 20 

batteries13,14, supercapacitors15-17 and hydrogen storage18. Several 

strategies 8,19-23 have already been developed to enhance the 

magnetic and optical properties however, no effect has yet to be 

explored to tune its dielectric properties in graphene for potential 

application in storage devices. 25 

One of the finest ways to improve the magnetic property in 

graphene is the doping of transition metal (TM) atom24,25. The 

advantage of introduction of this TM atom is to create 

multifunctional property in graphene. This TM atom not only 

enhances the magnetic property but also creates remarkable 30 

dielectric properties26 due to trap induced capacitance which is a 

unique feature in graphene. Theses trap states contribute to 

capacitance only if they are filled and as a result, the dielectric 

response can be tuned by controlling the characteristic feature of 

the traps produced due to the incorporation of TM atoms at the 35 

carbon vacancy. 

 The motivation of the present work is to enhance its dielectric 

response to a giant value (Ɛ~2214) with an additional aspect of 

remarkable magneto-dielectric effect (23% change in magneto-

capacitance) just tuning the trap characteristics by proper choice 40 

of TM atom, for which we have used nickel atom in the present 

study. Analysis of temperature dependent current density (J)- 

voltage (V) study is also presented to elucidate the nature and 

density of trap states giving rise to this type of unusual dielectric 

response in which permittivity increases with frequency. 45 

2 Experimental 

2.1 Synthesis 

In order to synthesize nickel doped reduced graphene oxide (Ni-

RGO), in the first step we prepare graphene oxide from the 

natural graphite by modified hummers’ method27. This freshly 50 

prepared 10ml of GO is dispersed in 100ml of N,N-dimethyl 

formamide (DMF) in an ultrasonic bath for 1h to get a 

homogeneous brown yellow coloured solution. Then 500mg of 

anhydrous nickel chloride dispersed in distilled water is added to 

this brown yellow coloured solution and stirred for 30min 55 

followed by ultrasonic vibration for 1h. In the last step, 15ml of 

hydrazine hydrate is added to the mixture at 600C and sonicate 

for 1h. The mixture is then filtered several times with distilled 

water and alcohol till the ethanol solution becomes colourless to 

get rid of all unwanted reactants. The final product is dried under 60 

vacuum at 1500C for 24h to get the ultimate product named as Ni-

RGO_1h. For the preparation of Ni-RGO_4h and Ni-RGO_6h all 

the procedures discussed above are same expect the last step. In 

the case for Ni-RGO_4h, after adding the hydrazine hydrate the 

mixture is sonicated for 4h and for Ni-RGO_6h the sonication 65 

time is 6h. 

 We further synthesize reduced graphene oxide (RGO_stir) by 

reduction of GO under stirring condition. For the preparation of 

RGO_stir, 10ml of GO is first dispersed in 100ml of DMF and 

stir for 2h to get a homogeneous mixture. 15ml of hydrazine 70 

hydrate is then added to it and stir for 6h at 600C. Finally the 

mixture is then filtered and dried at 1500C to get the final 

product. 

2.2 Characterization 

 For dielectric and magneto-dielectric measurements the as-75 

synthesized powdered sample is pressed in the form of a pellet 

with 0.328 cm2 area and 0.062 cm thickness. Using silver paste 
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on both sides of the pellet as electrodes the dielectric and 

magnetodielectric measurements are done by Agilent E4980A 

Precision LCR Meter and an electromagnet with field range up to 

2T. The current-voltage (I-V) characteristics are measured by 

Keithley 2601 I-V source meter. Raman Measurements are 5 

carried out using LabSpec Raman spectroscope (Model 

JYT6400).The sample for Raman measurement is excited at 514 

nm with an Ar-ion laser with a scanning duration of 50s. The X-

ray photoelectron spectroscopy (XPS) measurements are 

performed using OMICRON-0571 system. 10 

 

3 Results and discussion 

Now we discuss the mechanism of formation for Ni-RGO 

sample. Fig. 1a shows the typical atomic configuration of Ni 

doped reduced graphene oxide. 15 

  

 
 

Fig. 1 (a) Typical atomic configuration of nickel atom embedded on the 
carbon vacancy site of graphene. (b) Schematic flow diagram of how trap 20 

is produced in graphene when nickel atom is embedded at the vacancy 

site. 

 

 

During the sonication of GO solution, GO sheets are exfoliated 25 

and due to tremendous local heat which is generated during 

ultrasonic vibration removes some carbon atoms from the 

graphene lattice resulting the formation of some defect states. 

Now while adding nickel chloride into GO solution, some of the 

Ni2+ ions are incorporated at the defect sites of carbon vacancies. 30 

In the final stage after prolonged sonication using hydrazine 

hydrate, GO sheets are reduced with the reconstruction of carbon 

network structure with some vacancies occupied by nickel atoms. 

The electronic configuration of nickel atom is d8s2. When Ni 

atoms are placed in a single vacancy of defective graphene i.e., 35 

M/SV, one electron from s2 configuration is promoted to next p 

level to achieve “spd” hybridization which takes part in the in-

plane bonding with the three neighbouring carbon atoms28.  

This type of hybridization for M/SV leaves 7d electrons (3 paired 

and 1 unpaired). The unpaired electron occupying dz
2 orbital is 40 

unable to take part in d-p mixing with the p z orbital of 

neighbouring carbon atom. This unpaired electron of Ni atom 

together with electron present in the p z orbital of neighbouring 

carbon atom act as trapping sites. Therefore, in case of nickel 

doped graphene, each nickel centre produces two trap states 45 

associated with one unpaired electron in the dz2 orbital of Ni atom 

and one unpaired electron in the p z orbital of one carbon atom as 

shown in Fig. 1b.  

Figs. 2a–2d show the XPS spectra which have been carried out to 

recognize the Ni doped graphene structure. Fig. 2a shows the 50 

peaks corresponding to binding energies (B.E.) at about 285 and 

532eV which are assigned to C1s and O1s orbitals, respectively. 

The peaks in the marked portions in Fig. 2a represent the B.E. of 

Ni2s, 2p and 3p orbitals. Fig. 2b-d show the enlarged views of 

Ni2p, 3p and 2s peaks. The peaks in Fig. 2b at ~ 858.6, 875.9eV 55 

correspond to the B.E. of Ni2p 3/2 and Ni2p1/2. In Fig. 2c, the peak 

~71.5eV is assigned to Ni3p and in Fig 2(d), the peak ~ 1014.2eV 

is attributed to Ni2s. It is seen from the enlarged view of Ni2p, 3p 

and 2s peaks in Figs 2b-2d, all the B.E. peaks are shifted almost 

6eV with respect to Ni. This is in conformation with the 60 

theoretical prediction28 of shifting in B.E. due to doping of Ni 

atom at vacant sites of defective graphene. 

Raman spectroscopy has been carried out in our as-synthesized 

sample as it plays an important role in providing the valuable 

information about structural defects of graphitic materials. The D 65 

and G bands for the Ni-RGO sample appear at 1348 and 1604cm-

1 respectively. This D band is defect-induced Raman features and 

is absent in highly crystalline graphite. The integrated intensity 

ratio ID/IG for the D band and G band is widely used for 

characterizing the defect quantity in graphene based material.29 70 

This defect induced character is clearly observed in Fig. 2e. As 

evident from the figure for Ni-RGO_6h sample the ID/IG ratio is 

found to be 1.22 whereas for Ni-RGO_1h the ratio is found to be 

1.06. We also perform the Raman study for the RGO_stir sample 

in which the intensity ratio ID/IG is found to be 0.92 which simply 75 

suggests that RGO_stir sample is much less defective than the Ni-

RGO samples and the reason behind this is that  in synthesizing  

RGO_stir sample no ultrasonic vibration is used. This 

observation clearly indicates that the defects are the manifestation 

of the sonication effect that is used during the synthesis of the 80 

samples and varying the sonication time we can introduce more 

and more defects in the sample. 
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Fig. 2 (a) Full survey of XPS spectra for nickel doped reduced graphene oxide showing the peaks corresponding to binding energies of C1s, O1s, Ni3p, 
Ni2p and Ni2s orbitals (b) high resolution spectra for Ni2p orbitals (c) high resolution spectra for Ni3p and (d) high resolution survey for Ni2s. (e) 

Comparison of Raman spectra for Ni-RGO and RGO_stir samples with different sonication time. It appears that integrated intensity ratio ID/IG for the D 5 

band and G band increases with increase in sonication time. 

 

Fig. 3a gives the temperature dependent current density (J)-

Voltage (V) study for Ni doped reduced graphene oxide sample. 

One of the experimental methods for the detection of the trap 10 

states is the analysis of J-V study using space charge limited 

conduction (SCLC) mechanism. According to SCLC mechanism 

the expression for current density is given by 30 
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Where q the electronic charge, εε0 the dielectric constant, μ the 

free electron mobility, Nv the effective density of states, N t the 

trap density of states and l is an exponent and must be greater 

than 1. 20 

 

Fig. 3 (a) Current density (J) - Voltage (V) characteristics at different temperature for Ni-RGO_6h. (b) J-V curve at positive bias voltage fitted with J∞V
m 

showing ohmic and SCLC region. (c) Plot of logJ vs logV at different temperatures showing expand view of SCLC regime. 
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Fig. 3b shows the plot of J vs V at different temperatures and we 

explain our data using SCLC model to quantify the trap states. 

The solid green and red lines are a fit to J∞Vm. At low bias 

voltage the conduction is ohmic with m=1(green solid line), 5 

whereas at higher bias voltage m deviates from 1 implying space 

charge limited conduction with exponential distribution of traps 

(red solid line). In order to get a rough estimate of trap density we 

have plotted logJ vs logV at higher bias voltage as shown in Fig. 

3c and fitted the curves using equation (1). In this case, the 10 

conduction is mediated via exponentially distributed trap states. 

From this curve the average trap density at room temperature is 

found to be 1.92X1022 m-3. 

Fig. 4a gives the variation of dielectric permittivity as a function 

of frequency for the Ni-RGO samples sonicated at different time 15 

intervals. The interesting feature of this study is the increase in 

permittivity with frequency. At lower frequency region the 

increase is abrupt and continues to increase to high frequency 

region. Another interesting point to note that the dielectric 

function changes significantly with sonication time. For higher 20 

sonication time (higher dopant concentration) permittivity 

continues to increase beyond 2MHz while for lower sonication 

time (lower dopant concentration) it starts to decrease after 

100kHz like other normal dielectrics. 

 25 

 

Fig. 4 (a) Variation of dielectric permittivity as a function of frequency for Ni-RGO samples. (b) Plot of permittivity with frequency for Ni-RGO_6h at 

different temperatures. (c) Variation of dielectric permittivity with frequency for RGO_stir sample at room temperature. (d) Comparision of dielectric 
permittivity with frequency for Ni-RGO_6h sample at different magnetic fields. 

 30 

In order to explain this unusual dielectric response in our system, 

we have invoked the concept of trap centre at the dopant site as 

mentioned earlier. During the motion from one electrode to the 

other under bias voltage the electrons are trapped in the trap 

states and contribute to capacitance. 35 

It is seen that each trap level represents a RC circuit with a 

characteristic trap frequency 31 

1

*
t

trap trapR C
  …………………………..…………... (2) 

where Rtrap represents the trap resistance and C trap is the trap 

capacitance. This trap induced capacitance is very much different 40 
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from ordinary dielectric capacitance where capacitance value 

decreases with frequency. In this case, the trap capacitance arises 

only when it is filled otherwise the empty traps do not contribute 

any capacitance. As is evident from literature that this 

characteristic trap frequency ωt increases exponentially with trap 5 

energy (Et) given by31 

0 exp c t
t

E E

kT
 

 
  

 
 with IEtI>IEcI ……………. (3) 

We have explained this unusual dielectric response considering 

the exponential distribution of traps as reported in the literature,32 

0

( ) expt t c
t

N E E
n E

kT kT

 
  

 
with IEtI > IEcI…………. (4) 10 

where Nt is the total volume density of traps, Ec is the conduction 

band edge and T0 is a parameter that gives the depth of the 

distribution and k is the Boltzmann constant. From this equation 

it is seen that the density of shallow traps is the maximum and it 

decrease exponentially with trap energy. 15 

For any fixed temperature, the mobility  of conduction electrons 

remains constant and when dc bias is applied very few electrons 

are trapped only in the deep trap levels and contribute to small 

capacitance. However, under application of ac field the 

probability of electrons being trapped in the comparatively less 20 

deeper traps is increased due to “to and fro” motion of the 

electrons. With increase in frequency more and more electrons 

are trapped in the shallow trap levels and capacitance increases 

with frequency as shown in Fig. 4a. When all the traps are filled 

by the electrons the capacitance become saturated and finally 25 

starts to decrease with frequency as in ordinary dielectric. Fig. 4b 

shows the temperature dependent permittivity -frequency study 

for the Ni-RGO_6h sample. It is evident from the figure that the 

permittivity value decreases with decrease in temperature. This is 

because of two reasons. Firstly, at low temperature most of the 30 

traps are filled and highly localized. Secondly, mobility of 

conduction electrons is relatively high. As a result, at relatively 

low temperature, the probability of conduction electrons getting 

trapped decreases and as a consequence capacitance value 

decreases with decrease in temperature. 35 

 In order to check this unusual behaviour as a result of trap states 

that produced due to defect states created in graphene, we also 

study the permittivity value with frequency for RGO_stir sample 

at room temperature. As evident from Raman study that the major 

difference of RGO_stir sample from other samples mentioned 40 

earlier is the presence of defect states. Less defect means less 

amount of trap states. It means that the contribution of trap states 

towards capacitance is negligible in case of RGO_stir samp le. As 

the permittivity value starts to decrease from a very low 

frequency and continues to decrease upto highest frequency as 45 

shown in Fig. 4c and giving a very low value of dielectric 

permittivity (Ɛ ~149) at 2MHz.  

 Another important issue in the present Ni-RGO sample is the 

appearance of very large magneto-dielectric effect (23%) as 

shown in Fig. 4d. The origin of this large decrease in dielectric 50 

permittivity under the application of magnetic field lies with the 

fact that in Ni-RGO sample each Ni centre produces two trap 

states which contain two unpaired electrons carrying each a spin 

½ moment. Under the application of magnetic field both the spins 

are aligned in the direction of magnetic field and the probability 55 

of conduction electrons which are also partially polarized in the 

same direction being trapped in the trap centres decreases 

significantly with magnetic field. Therefore, the present study 

indicates that by proper choice of transition metal atom the trap 

states in reduced graphene oxide can be tuned to create giant 60 

dielectric permittivity and magneto-dielectric effects which have 

potential applications in graphene based storage devices. 

  

Conclusions 

 In conclusion, transition metal doped reduced graphene oxide 65 

emerges as a new class of materials which show giant 

permittivity as well as fairly large magneto-dielectric effect. The 

high value of dielectric permittivity and remarkable magneto-

dielectric effect are explained on the basis of trap states that are 

created due to doping of Ni atoms in the graphene. The major 70 

finding of this material is the tuning of dielectric responses with 

trap states that are created during sonication time. We strongly 

believe that these materials with tunable dielectric property will 

have enormous applications in graphene based storage devices. 
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