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Abstract
In this paper we have reported the synthesis of graphene by a novel and facile thermal exfoliation process of Allium cepa 
(Onion) and was characterized by scanning electron microscopy, atomic force microscopy, X-ray diffraction, Raman spec-
troscopy, and X-ray photoelectron spectroscopy to investigate the morphological and structural properties and chemical 
networks present on it. The AFM and SEM images revealed the formation of thin strip-like layered structure of graphene with 
the thickness of 1.1 nm. The electrochemical properties of graphene were characterized by cyclic voltammeter, impedance 
spectroscopy, Tafel plot, Nyquist plot, Bode plot, and voltage-dependent impedance using 0.5 M  H2SO4 electrolyte as an 
illustrative standard material. The cyclic voltammetric curve of graphene electrodes determined a quasi-reversible electro-
chemical behavior under linear diffusion control square shape at higher process temperature. The ratio of atomic % C-to-O 
varied from 7.57 to 24.04 indicating a decrease in the oxygen content for the graphene processed at higher temperature. The 
areal capacitance and voltage-dependent impedance varied from 8.59 × 10− 5 to 18.8 × 10− 5 F/cm2 and 15.79 to 7.7 Ohm, 
respectively, with the process temperature varying from 600 to 1000 °C. The corrosion potential (Ecorr) and corrosion current 
density (Icorr) values are − 0.12 V and − 9.1A/cm2, respectively, for the graphene processed at 1000 °C.
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Introduction

Supercapacitors are capacitors with high energy densi-
ties, long cycle life, short charging time and high power 
density than conventional capacitors. Recently, carbo-
naceous nanomaterials consisting of activated carbon, 
carbon nanotube and graphene have attracted increasing 
attention for supercapacitors (Hao and Li 2013; Pan et al. 
2010; Q.Ke 2016; EI-Kady et al. 2016; Lin et al. 2017; Pal 
et al. 2018). Among these carbonaceous materials, gra-
phene which is a two-dimensional sheet of  sp2-hybridized 
carbon and has a unique structure and superior properties 

such as high surface area, excellent mechanical strength, 
and low electrical resistivity. Among many methods, the 
synthesis of graphene including the chemical route where 
graphene oxide (GO) can be prepared via chemical process, 
namely via Hummers method and can be reduced to obtain 
reduced graphene oxide (rGO) which is decorated mostly 
with hydroxyl groups on the surface and a small amount 
of carboxyl and carbonyl groups at the sheet edges (Zaaba 
et al. 2017). Moreover, quality graphene is synthesized 
by chemical vapour deposition (CVD) and mechanical 
exfoliation for its application in various fields (Park et al. 
2010; Novoselov et al. 2004). However, the CVD-grown 
and mechanically exfoliated graphene have some limita-
tions in mass production and substrate support requirement. 
Therefore, the biomass synthesis of graphene using natural 
products is an excellent alternative to produce large-scale 
graphene in a simple and cost-effective way (Shams et al. 
2015). Supriya et al. (2016) investigated impedance spec-
troscopy and electrical properties of  CoFe2–rGO nanocom-
posite for its possible application as an anode material. 
Singal et al. (2017) investigated electrochemical impedance 
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analysis of biofunctionalized conducting polymer-modified 
graphene-CNTs nanocomposite for protein detection. Phan 
et al. (2016) investigated the electrochemical activity of 
PANi–TiO2–GO composites synthesized by chemical 
method. Wang et al. (2017) utilized a thin film of gra-
phene on the surface of sodium metal to produce highly 
stable sodium metal anodes for energy storage devices. 
Skryshevsky et al. (2015) investigated impedance spec-
troscopy of single graphene layer for ethanol and acetone 
gas sensor. Yoon et  al. (2017) investigated impedance 
spectroscopy of GO and modeled the equivalent circuit 
of GO solutions. Bonanni et al. (2013) investigated high-
resolution impedance spectroscopy to distinguish between 
oxidized and reduced graphene platforms. Marcelina et al. 
(2017) studied characteristic of rGO as supercapacitors’ 
electrode materials and estimated specific capacitance of 
6.53 mF  g− 1 as measured from 4 mg  ml− 1RGO thin film at 
scan rate of 25 mVs− 1. Portales et al. (2018) investigated 
cyclic voltammetry and impedance spectroscopy analysis 
for graphene-modified solid-state electrode transducers. 
Akgul et al. (2016) characterized graphene oxide produced 
by Hummers method and its supercapacitor applications. 
Balasubramanian et al. (2018) investigated electrochemi-
cal analysis of graphene/Mo9Se11 nanocomposites towards 
energy storage application. Yan et al. (2014) fabricated a 
two-dimensional atomic crystal-layered materials includ-
ing H–BN and graphene as an effective protective layer for 
2D layer−Li−Cu sandwich structure to improve the lithium 
metal anodes. Uri et al. (2014) investigated physicochemi-
cal characteristics of reduced graphene oxide-based Pt-
nanoparticles conducting polymer nanocomposite film for 
immune sensor applications. Li et al. (2016) investigated 
one-step electrosynthesis of graphene oxide-doped poly-
pyrrole nanocomposite as a nanointerface for electrochemi-
cal impedance detection of cell adhesion and proliferation 
using two approaches. Roy et al. (2015) investigated nitro-
gen-doped reduced graphene oxide-based Pt−TiO2 nano-
composites for enhanced  H2 evolution. Jain et al. (2016) 
investigated apolyaniline/graphene oxide nanocomposite 
as a voltammetric sensor for electroanalytical detection of 
clonazepam.

The above research established by different researchers 
using graphene or graphene nanocomposite as an electrode 
is to evaluate the capacitance, corrosion potential, and 
impedance from electrochemical impedance and cycle vol-
tammetry technique. However, our present paper aimed at 
(a) to investigate the capacitive property of graphene using 
cyclic voltammetry, (b) to investigate graphene as corro-
sion-protective materials as a possible application in cor-
rosion resistance coating using Tafel plot, (c) to investigate 
frequency-dependent impedance of graphene electrode 
from Bode and Nyquist plot, and (d) voltage-dependent 

impedance and phase change of graphene produced at dif-
ferent temperature.

Experimental details

The extracted onion peels (scientific name Allium cepa) 
were used as a raw material for the synthesis of graphene. To 
remove the moisture from the collected onion peels, a 110 °C 
temperature was applied for 3 h in an oven. To perform the 
thermal exfoliation process in anaerobic condition, a silicon 
carbide resistance vacuum furnace (made: V.B. Ceramics) 
was used. During the heating process, Ar gas (IOLAR-I grade 
of BOC, India) was purged in the furnace to make an inert 
atmosphere. The successive quality production of graphene 
was achieved at the temperature 600–1000 °C at the ramp 
rate of 5 °C per minute to fix temperature and maintain the 
same for 2 h. The SEM characterization of graphene sample 
was done by JEOL, JSM 5510. The AFM image of graphene 
sample was obtained by Nanoscope III scanning probe micro-
scope. The XPS spectroscopy was done using (VG ESCA-
LABMK II with a Mg(Kα) X-ray (1253.6 eV) source and 
Raman characterization was done with the help of 532 nm 
laser at 1.5 mW power (WitecAlpha300 RS). The I–V charac-
teristics of graphene samples were measured with the help of 
KEYSIGHTB2901A precession source/measure unit. Finally, 
the electrochemical properties of graphene samples were ana-
lyzed with the help of CH Instruments, Inc. (Electrochemical 
AnayzerCHI608E) using Ag/AgCl as the reference electrode, 
Pt wire as the counter electrode and graphene-coated glassy 
carbon electrode as the working electrode. The electrolytic 
solution contained 0.5MH2SO4 solution.

Results and discussion

Figure 1a and b shows the SEM and AFM images of gra-
phene synthesized at the process temperature of 1000 °C. 
The SEM image shows a sheet-like transparent structure of 
graphene while the AFM image revealed the formation of 
thin stripe-like graphene structures. The formation of such 
graphene sheets is due to the breaking of various bonds pre-
sent in the onion cells (cellulose) at higher temperature and 
the molecular rearrangement taking place, with the evolution 
of different organic functional groups and leaving behind a 
thin transparent sheet-like structure of graphene. The thick-
ness of the sample was ~ 1.1 nm as obtained by the height 
profile diagram inset in the AFM image of graphene sample 
synthesized at 1000 °C. Moreover, the following equation 
was used to calculate the number of layers via AFM.

(1)N =

tmeasured − 0.4

0.335
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where N is the number of layers, tmeasured is the measured 
thickness via AFM and 0.4 is the nominal value sub-
tracted to account for increases in measured thickness 
related to substrate–graphene and graphene–tip interac-
tions (Shearer et al. 2016). The above calculation revealed 
that the graphene sample processed at 1000 °C is bilayer 
in nature.

Figure 2a shows the Raman spectra of graphene pro-
cessed at the temperature of 1000 °C. The asymmetric 
peak observed at 1000–2000 cm− 1 corresponds to the 
first-order Raman peak, which arises as a result of the 
first-order phonon scattering in multilayered graphene 
structure. Figure 2b shows the second-order Raman peak 
of graphene samples in the range of 2300–3300 cm− 1 
confirming the formation of multilayered graphene struc-
ture. For the detailed analysis and better understanding, 
the first- and second-order Raman spectra of graphene 
samples were deconvoluted into six Lorentzian peaks 
arising at peak at 1150, 1350, 1583, 2588.3, 2734.1, 
and 2920.2  cm− 1 corresponding to D*, D, G, G*, 2D 
and D + G or D + D’, respectively. Bharathidasan et al. 
observed similar results for the graphene carbonaceous 
composites (Bharathidasan et al. 2016). The D peak arises 
by the LO phonon modes near the K point in the Brillouin 
Zone corresponding to the defect states in graphene layers 
and G peak arises at the Γ point in the Brillouin Zone for 
the in-plane vibration of  sp2-hybridized C atoms of the 
hexagonal C ring within the graphene sheets. Furthermore, 
the D* peak is attributed to LA phonon modes which arise 

due to the highly disordered morphology of  sp3-hybridized 
amorphous carbon structures, originated at the edges and 
holes of the graphene layers at the H-terminating edge of 
C=C chains. The second-order Raman band of graphene 
sample is observed for the symmetry allowed overtone of 
G band, which are useful for detecting the stacking order 
of graphene sheets in different graphene samples. The dou-
ble resonant process of D (LO) phonons gives rise to 2D 
bands, whereas the D and G (LO) phonon resonance gives 
the D + G peak. The G* peak is attributed to the highly 
disordered morphology of  sp3-hybridized amorphous car-
bon structures. Moreover, the broadness and low intensity 
of the second-order Raman signature may be due to the 
presence of defect states or the multilayered structure of 
amorphous graphene sheets. The observation shows some 
similarity with the previously reported work by Johra and 
Gao et al. for the graphene sample (Johra et al. 2014; Gao 
et al. 2013). The major observations obtained from the 
deconvolution are.

1. Raman signature of G* shifts towards the higher fre-
quency region (blue shift) from 1583 to 1584 cm− 1, 
which may be due to the decrease in the number of gra-
phene layers at higher temperature.

2. The 2D band of all graphene samples is not sharp indi-
cating the formation of multilayered graphene structure.

3. The peak intensity as well as the FWHM of D + G band 
is increased with increasing the process temperature 
indicating an increase in the number of disorders within 

Fig. 1  a SEM and b AFM images of graphene samples synthesized at the process temperature of 1000 °C
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the graphene samples. From the as-obtained Raman 
spectra of the graphene samples processed at 600–
1000 °C, the authors attempted to calculate the number 
of layers (n) using the formula.

where �G = G band position in wavenumber, n = number 
of layers. The calculated result showed that the number of 

(2)�
G
= 1581.6 +
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Fig. 2  a Full-scan Raman spectra with the deconvoluted first-order Raman peaks. b The deconvoluted second-order Raman peak of all the gra-
phene samples synthesized by varying the process temperature from 600 to  1000oC
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layers (n) in graphene samples varied from ~ 3 − 2 as the pro-
cess temperature increased from 600 to  1000oC.(Wall 2011).

Figure 2c shows the intensity ratios of ID/IG, I2D/IG, ID/I2D 
and ID/ID+G of Raman parameters of graphene samples with 
the process temperature varying from 600 to 1000 °C. The 
following observations are obtained

1. The intensity ratio of ID/IG increases from 1.47 to 2.0 
with the simultaneous decrease in I2D/IG from 0.21 to 
0.17 for the process temperature increasing from 600 to 
1000 °C. The increase in the ID/IG ratio and decrease in 
I2D/IG is due to the breaking of different bonds within 
the graphene layers indicating the loss of three dimen-
sional ordering of C atoms which further leads to an 
increase in the number of defect states present in the 
graphene sheets (Andrea 2007). According to Tuinstra 
and Koenig ID/IG = C(λ)/La, where the coefficient C 
(514 nm) ~ 4.4 nm (λ ≡ 2πc/ωL is the excitation wave-
length) and La is the crystal size (Tuinstra and Koenig 
1970). Therefore, the greater the value of  ID/IG ratio, 
smaller is the size of graphene cluster and hence more 
the number of disorders present in the graphene sheets. 
The ratio I2D/IG for high-quality (defect free) single-layer 
graphene is equal to 2. But in our case a slight decrease 
of I2D/IG ratio 0.21–0.17 with the increase in the process 
temperature is may be due to a decrease in the number of 
stacking order in multilayer graphene samples at higher 
process temperature.

2. The intensity ratio of ID/I2D decreases from 9.38 to 9 
with the increasing process temperature. The ID/I2D ratio 
well explains the decrease in the edge disorders present 
in the graphene samples as well as the increased number 
of layers of graphene.

3. The intensity ratios of ID/ID+G increase from 9.6 to 
14.7, with increasing the process temperature from 600 
to 1000 °C. The ID/ID+G give an idea about the total 
number of C atoms with  sp2 out-phase disorder present 
within the graphene samples. The increase of ID/ID+G 
ratio indicates the increasing number of structural 
defects in graphene layers during the evolution of vari-
ous volatile functional groups of the graphene layers at 
higher temperature.

Figure 3 Shows the XRD patterns of graphene samples 
synthesized by varying the process temperature from 600 to 
1000 °C. The XRD diffraction patterns obtained at ~ 24.6° 
and ~ 44.7° with the corresponding planes of (002) and (100) 
indicated the formation of graphene sheets as reported earlier 
by Latif et al. for reduced graphene oxide (Latif and Merza 
2016).Moreover, the broadness of the peak at ~ 24.6o confirms 
the formation of amorphous graphene. The full width at half 
maxima (FWHM) of XRD peaks varied from 6.5 to 8.4°, due 
to the variation in the ring structure ordering of graphene and 

increasing defect states with the temperature change. The cal-
culated values of d spacing in graphene layers was observed to 
vary from 3.61 to 3.73 Ao with the process temperature vary-
ing from 600 to  1000oCas a result of the decrease in number 
of graphene layers at higher temperature. The number of layers 
present in graphene samples was further calculated using the 
formula.

where n = number of graphene layers, D = crystallite size and 
d = lattice spacing between the graphene layers. The esti-
mated number of layers in graphene varied from 3.6 to 2.7 
with the process temperature varying from 600 to 1000 °C 
as calculated using Eq. 3. This result shows similarity with 
the Raman results obtained using Eq. (2).

Figure 4a shows the XPS scan of graphene samples syn-
thesized by varying the process temperature from 600 to 
1000 °C. The core orbital binding energies for C(1 s) and 
O(1 s) are observed at 285.1 and 534.7eV, respectively, as 
earlier reported by Vijapur et al. (2017). The atomic per-
centage of C-to-O in the graphene sheets was calculated by 
applying the formula.

(3)n =
D

d
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Fig. 3  XRD patterns of graphene samples by varying the process 
temperature from 600 to 1000 °C
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where Ai is the area under the XPS curve and Si is the rela-
tive sensitivity factor, which is 0.23 and 0.66 for C and O, 
respectively. The calculated values of atomic percentage for 
C and O are 96% and 4%, respectively, for the graphene 
sample synthesized at the process temperature of 1000 °C. 
The C/O ratio of all the samples are inserted in Table 2. No 
impurity atoms other than oxygen are present in the gra-
phene sheets as obtained by the above XPS analysis. Fig-
ure 4b shows the deconvolution of C core orbital spectra of 
graphene with different process temperatures. For the proper 
analysis and better understanding, the C (1 s) core orbital is 
deconvoluted into four Lorentzian peaks. The binding ener-
gies at 284.35, 285.54, 286.24, 286.95 eV are assigned to the 

C=C(sp2), C–C  (sp3), C–O and C=O, respectively (Vijapur 
et al. 2017). The XPS result is in accordance with the Raman 
results, indicating the presence of  sp3- and  sp2-hybridized 
C atoms in the graphene films. The major observations of 
deconvoluted C(1 s) core orbital are as follows:

1. The relative intensity of C=C  (sp2) and C–C  (sp3) shows 
an inverse relationship with each other. The intensity 
of C=C  (sp2) bond increased with the simultaneous 
decrease in the intensity of C–C  (sp3) bonds to increase 
in the process temperature. This indicates that the frac-
tion of graphene increased with the reduction of three 
dimensional C structures for higher temperature pro-

Fig. 4  a Full-scan XPS spectra 
of graphene samples b deconvo-
lution of C(1 s) core orbital and 
c deconvolution of O(1 s) core 
orbital with varying the process 
temperature from 600 to  1000oC
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cessed graphene samples. The increase in  sp2 bonds 
with the simultaneous decrease of  sp3 bonds indicates 
the purity of graphene at higher process temperature.

2. The relative intensity of the C–O bond decreases while 
that of the C=O bond increases with the increase in pro-
cess temperature from 600 to 100 °C, indicating the for-
mation of good-quality multilayer graphene sheets. The 
C–O bonds are expected to be the connector between 
two graphene layers, whereas the C=O are termed as 
the terminator in the grouping network. Therefore, the 
decrease in the C–O content indicates that by increas-
ing the process temperature the O content is reduced in 
between two graphene layers.

3. A singlet peak is obtained for C(1 s) core orbital at 
600 °C; however, the double-let peaks are observed in 
the process temperature above 800 °C. This is probably 
due to the increasing number of disorders during the 
restructurization of C structures of onion cells during 
the thermal exfoliation process taking place at higher 
temperatures.

Figure 4c shows the denconvolution of O peak in XPS 
spectra of graphene with the process temperature varying 

from 600 to 1000 °C to study the O environment in gra-
phene layers. The O(1 s) core orbital is denconvoluted into 
four Lorentzian curves. The binding energies at 530.82, 
531.59, 532.47, and 533.40 eV are assigned to O–C=C, 
O–C–C, O–O–C or O–O–H, and O–O bonds, respectively. 
The major observations obtained by the O(1 s) core orbital 
are (a) the width of O(1 s) core orbital decreased as the pro-
cess temperature increased from 600 to 1000 °C, indicating 
the decrease in O content in the graphene layers. (b) The 
content of O–C–C ( i.e., O attached with  sp3-hybridized C) 
and O–C=C (i.e., O attached with  sp2-hybridized C) bond 
decreased with the increase in process temperature from 
600 to 1000 °C. (c) The relative intensity of O–O–H bond 
increased with the decrease in O–O bond intensity, with the 
process temperature increasing from 600 to 1000 °C. The 
observation mentioned above explains that the O content 
within the graphene layer decreased as the process tempera-
ture was raised from 600 to 1000 °C.

Figure 5a shows the cyclic voltammetric (CV) curve 
of graphene samples with different scan rates of 0.1 to 
0.5V/s to analyze the electrochemical properties of gra-
phene electrodes. The observed result showed that the CV 
curve of 600, 700, and 800 and 900 °C processed samples 
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have quite distorted rectangular shape due to the oxidation 
reduction reaction taking place on the surface of graphene 
electrode as because of the presence of various oxygen-
containing functional groups like carboxyl and hydroxyl 
organic groups within the graphene sheets. However, 
the CV loop processed of 1000 °C sample has a quasi-
rectangular shape indicating quick charging–discharging 
responses to the applied voltage and formation of elec-
trochemical double-layer capacitance (EDLC) due to the 
quality improvement of graphene sheets by the removal 
of oxygen-containing functional groups. The number of 
layers and its thickness have a great impact on the oxida-
tion and reduction behavior of graphene, greater thickness 
of the samples leads to an increase in the oxidation and 
reduction currents. Moreover, the distorted hysteresis loop 
indicates the presence of pseudo capacitance whereas the 
quasi-rectangular shape indicates the double-layer capaci-
tive behavior as reported earlier by Xu et al. (2011). As 
shown in Fig. 5a the two pairs of redox peaks of graphene 
samples having process temperature of 600, 800, and 
900 °C arise at (± 0.32 V), which is due to the transition 
between quinone or hydroquinone groups of carbon mate-
rials. Similar results were also obtained by Wan et al. and 
Hayes et al. for the graphene oxide materials (Wang et al. 
2009; Hayes et al. 2015). The width of the hysteresis loop 
increased with increasing of process temperature from 
600 to 1000 °C, indicating an increase in the porosity of 
the graphene samples. Figure 5b shows the area under the 
CV curve versus scan rate plot for the graphene samples 
processed at the temperature from 600 to 1000 °C. The 
integrated area of the CV curve increases with increasing 
the scan rate from 0.1 to 0.5V/s for all the graphene sug-
gesting a good capacitive behavior due to the rapid charge 
propagation capability of double-layer capacitance for the 
graphene synthesized at 1000 °C. However, the pseudo-
capacitive behavior is observed for the graphene samples 
prepared at 600, 700, 800, and 900 °C, indicating the sta-
bility of capacitance of the graphene electrodes (Purkait 
et al. 2018; Krishnamoorthy and Kim 2015). The areal 
capacitance of the as-prepared electrode was calculated 
from the C–V curves using the following equation:

where Ca is the areal capacitance (F), I is the integrated 
area of the CV curve, dv/dt is the scan rate, S is the surface 
area of the electro active material. At the scan rate of 0.1V/s 
all the samples obtained a better capacitance value, which 
varies from 8.59 × 10− 5F/cm2 to 18.8 × 10− 5 F/cm2with 
the process temperature varying from 600 to 1000 °C. By 
varying the scan rate from 0.1 V/s to 0.5V/s the capaci-
tance decreased for graphene sample due to a decrease in 
the charge transfer rate through the electrochemical double 

(5)C
a=

I

S×

[

dv

dt

]

layer formed at the interface between the electrode and the 
electrolyte. The capacitance of all the graphene samples 
with varying the scan rate from 0.1V/s to 0.5V/s is listed 
in Table 1.

Figure 5c shows the anodic and cathodic peak current ver-
sus the scan rate for the graphene electrodes with varying the 
process temperature from 600 to 1000 °C. For the 1000 °C 
processed graphene sample the middle portion of the CV 
curve was considered for obtaining the maximum and mini-
mum current. Both of the anodic and cathodic peak current 
generated at (± 0.32V) is linearly proportional to the scan 
rate ranging in between 0.1 and 0.5 V/s. The obtained plot 
reveals that the graphene samples show a good linear regres-
sion equation with correlation coefficients of R2 = 0.998 and 
0.993 for the anodic and cathodic peak, respectively. Hence, 
the overall electrochemical properties of graphene electrodes 
with  H2SO4 are controlled by the surface-confined electrode 
process. Moreover, the peak-to-peak separation in the CV 
curve increases at higher sweep rates, suggesting a difficult 
charge transfer process at higher sweep rates (Devadas et al. 
2012). The capacitance calculated from the CV curve is 
areal capacitance, which is not frequency dependent. As the 
carbon-to-oxygen ratio varies from 7.57 to 24.04 at % with 
an increasing process temperature of graphene, indicated 
the change of functional group with increase of process tem-
perature. Therefore, the oxygen functional groups e.g., C–O 
and C=O/C–O–O– leading to reduction of conductivity of 
the graphene surface. This phenomenon has greater impact 
on the increasing of capacitance in graphene with increas-
ing process temperature (He et al. 2018; Chen et al. 2017; 
Oh et al. 2014).

Figure 6 shows polarization curves of graphene samples 
through the Tafel plot by graphene-coated glassy carbon 
electrode. The polarization curves give information about 
the corrosion potential (Ecorr) and corrosion current den-
sity (Icorr) of various electrodes. The values for Ecorr and 
Icorr of graphene electrodes vary from − 0.23 V to − 0.12 V 
and − 9.3 A/cm2 to − 9.1 A/cm2, respectively, with the pro-
cess temperature varying from 600 to 1000 °C. The shift-
ing of corrosion potential values towards the more negative 
side with an increase in the corrosion current indicates an 

Table 1  Areal capacitance of graphene samples in µF/cm2 as 
obtained by the area of the CV curve

Process tem-
perature °C

0.1 V/s 0.2 V/s 0.3 V/s 0.4 V/s 0.5 V/s

600 85.9 68.5 61.29 54.33 52.4
700 108.15 87.46 77.80 72.38 68.12
800 88.8 75.8 71.56 67.74 63.87
900 91.75 75.5 65.47 60.16 54.9
1000 188.6 144.0 120.2 105.65 95.7



1327Applied Nanoscience (2019) 9:1319–1331 

1 3

increase in corrosion rate of the samples. This indicated that 
the graphene sample processed at 1000 °C is more corro-
sion-resistant as compared to the samples processed at lower 
temperatures at 600 °C.

To investigate the interfacial properties of graphene elec-
trodes electrochemical impendence spectroscopy (EIS) has 
been performed for all graphene samples in the frequency 
range of 1–105Hz. Figure 7a shows the Nyquist plot of all 
the graphene samples with varying process temperature from 
600 to 1000 °C, by taking X-axis as the real impedance Z′, and 
Y-axis as the negative imaginary impedance Z″. The inserted 
schematic equivalent circuit diagram inside the Fig. 7a repre-
sents, Re as the resistance offered by the electrolytic solution, 
RCT as the electron-transfer resistance of electrode and Cdl 
corresponding to the double-layer capacitance. The imped-
ance diagrams obtained from the graphene samples show a 
semicircle, which corresponds to the electron-transfer resist-
ance and the double-layer capacity (Cdl) of the film (Casero 
et al. 2012). As the process temperature increases from 600 
to 1000 °C, the value of RCT increases from 34.9 to 131.2 
Ohm, indicating an increase in the electron transfer resistance 
(Su et al. 2018), which further reduces the electron-transfer 
process, hence the graphene sample processed at 600 °C is 
more suitable for the electro-catalytic activities. At very low 
frequency, the plot shows linear behavior due to the controlled 
diffusion process. From the Nyquist plot the capacitance of 
the interfacial reaction can be determined using the formula.

where

where τ is the time constant and ωmax = frequency where the 
imaginary impedance is maximum. The time constant for the 

(6)Cdl =
�

R2

(7)� =
1

�max
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diffusion process varies from 6.9 × 10− 2 to 1.6 × 10− 2 s and 
hence the value of specific capacitance of interfacial reaction 
varies from 19 × 10− 4 to 1.2 × 10− 4 F/cm2 with increasing 
process temperature from 600 to 1000 °C.

Figure 7b shows the frequency responses of impedances 
of the graphene samples synthesized by varying the process 
temperature from 600 to 1000 °C. The result showed that 
the impedance increased from 35.31 to 116.30 Ohms as the 
process temperature increased from 600 to 1000 °C, respec-
tively. The increase in impedance is due to the increase in 
the overall resistance (Re + RCT) offered by the graphene 
electrodes as the process temperature is increased from 600 
to 1000 °C as listed in Table 2. The impedance at lower 
frequency region, i.e., below  103 Hz with the corresponding 
phase angle of ~ φ = 0° gives the value of total resistance 
offered by the electrode and electrolyte Re + RCT. In the 
frequency range of  103 to 2 × 104 Hz with the corresponding 
maximum-phase angle, the value of impedance in this region 
is attributed to a capacitor in parallel with a resistance due 
to the charge transfer process (RCT) for a reversible reaction 
as reported earlier by Casero et al. (2012). The estimated 

values of Re and  RCT for all graphene samples at higher fre-
quency region, i.e., >105 Hz are listed in Table 2. From the 
Bode plot as well minimum impedance was reflected by the 
600 °C processed graphene sample with the Re, RCT, and 
φmax values of 5.5 Ohm, 28.9 Ohm and − 61.2°, respectively. 
As in Nyquist plot the frequency varied from 1 to  105 Hz, 
therefore, too much functional group hinders the transport of 
ions into the graphene surface. The strongly polarized oxy-
gen functional groups also enhanced the hydrophilicity of 
the surface of the graphene surface, which is very beneficial 
for the rapid accumulation of ions on the electrode surface, 
but also reduces the mass transfer resistance (He et al. 2018; 
Chen et al. 2017; Oh et al. 2014). This is the main reason 
to reduce capacitance of bilayer in the graphene samples in 
the electrolytes.

Figure 8a shows the voltage-dependent impedance of gra-
phene with different process temperature varying from 600 
to 1000 °C. The impedance Z remains constant at positive 
voltages from 0 to 1 V; however, impedance increases with 
increasing negative voltage and maximum impedance was 
observed at − 0.65 V. The impedance at − 0.65 V decreased 

Table 2  Different parameters obtained from Bode, Nyquist, Tafel, impedance-voltage plot and XPS analysis

Bode plot Nyquist plot Tafel plot Voltage 
dependent

C/O at. % 
(ratio)

Re (Ω) RCT (Ω) φmax in (°) Re (Ω) RCT (Ω) ωmax (Hz) Csp (F/
cm2 × 10− 4)

Ecorr (V) ICorr (A/cm2) Z (Ω) φ

600 °C 5.5 28.9 − 61.2 5.1 34.9 − 14.5 19 − 0.23 − 9.3 15.79 − 60.4 7.57
700 °C 5.6 34.8 − 47.62 5.2 35.3 − 17.3 16 − 0.22 − 8.7 10.9 − 32.8 9.21
800 °C 8.3 53 − 61.8 8.3 54.4 − 21.86 8.4 − 0.21 − 9.0 7.15 − 9.11 14.2
900 °C 7.6 87.1 − 51.86 7.3 86.3 − 40.83 2.8 − 0.20 − 8.45 7.4 − 28.8 18.0
1000 °C 6.03 133.1 − 38.6 5.7 131.2 − 63.32 1.2 − 0.12 − 9.1 7.7 − 35.8 24.04
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from 15.79 to 7.7 Ohm with the process temperature increas-
ing from 600 °C to 1000 °C. This indicates with the reverse 
voltage the diffusive charge accumulated at the interface of 
the electrode, hence, the relative capacitance and resistance 
increases with increase of voltage. The value of impedance 
increases from − 1 V and reaches a maximum of 15.79 Ohm 
at − 0.65 V indicating a decrease in the capacitive behav-
ior, while at the negative side the value of impedance 
slowly decreases and becomes constant at 0 V indicating 
an increase in the capacitive behavior of graphene samples 
in this region.

Figure 8b shows the phase versus voltage plot of graphene 
electrodes within the voltage range of − 1 to 1V. The phase 
remained unchanged at 0–1 V whereas the phase changes at 
the negative potential between 0 and − 1 V. The maximum 
phase change is observed at − 0.65 V, which varies from 
− 60.4 to − 9.11° for the graphene samples with the process 
temperature changing from 600 to 1000 °C.

Figure 9 shows the log (I) versus log (V) characteristic curve 
of all the graphene samples with varying the process tempera-
ture from 600 to  1000oC. The ideality factor (n) value as evalu-
ated from the log (I) versus log (V) curve decreases from 1.714 
to 1.115 with increasing the process temperature from 600 to 
1000 °C. The current (I) versus voltage (V) curves obtained 
for all graphene samples, follow the power law behavior where 
I ∞ V. Similar studies were also done by Bhattacharya et al. for 
the graphene/MoO32D electrodes (Bhattacharya et al. 2015). 
The graphene samples synthesized at higher temperature 

approaches Ohmic behavior where n = 1.115, while the value 
of n increases and reaches up to n = 1.714 for 600 °C processed 
graphene sample. The increase of this ideality factor value 
is explained by the space-charge limited conduction (SCLC) 
mechanism. The low-temperature processed graphene sam-
ples contain more number of oxygen-containing functional 
groups attached to it, which further helps in trapping of dif-
ferent charges on its surface due to the presence of various 
dangling bonds. Therefore, the Ohmic behavior is observed 
for the low-temperature processed graphene samples.

Conclusion

Biomass synthesis of graphene was successfully done by the 
thermal exfoliation process of onion peels with varying the 
process temperature from 600 to 1000 °C. A transparent sheet-
like structure is obtained for the graphene sample processed 
at 1000 °C with the layer thickness of 1.1 nm confirming the 
formation of bilayer graphene structure. An increase in the 
C/O atomic % ratio is observed from 7.57 to 24.04 for the 
graphene samples with the process temperature varying from 
600 to 1000 °C indicating a decrease in the oxygen content 
for the graphene sample processed at higher temperature. The 
areal capacitance varied from 8.59 × 10− 5 to 18.8 × 10− 5 F/
cm2 for the scan rate of 0.1V/s with the process temperature 
varying from 600 to 1000 °C, showing maximum capacitance 
for the 1000 °C processed graphene samples. But a minimum 
corrosion rate was observed for the graphene sample processed 
at 1000 °C and having the Ecorr and Icorrvalues of − 0.12 V 
and − 9.1 A/cm2, respectively, therefore high-temperature 
processed graphene is a better corrosion-resistant material 
than the low-temperature processed ones. The AC imped-
ance spectroscopy showed maximum impedance offered by 
the1000 °C processed graphene sample at the initial voltage 
of − 0.1 V. Moreover the log I versus log V curve showed that 
conduction in graphene is mainly favored by the SCLC con-
duction mechanism due to the presence of oxygen-containing 
functional groups.
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