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Abstract

Graphene flakes were made from electrochemical exfoliation. To study graphene planes, different volumes of graphene
solutions (1, 2, 4, and 7 ml) were sprayed on glass lamellae to get different graphene planes. I-V curve of all samples shows
ohmic behavior with resistance in the order of k€2 which increases the slope of the I-V curve with increasing graphene planes
(spray volume). The effect of temperature on all samples shows a clear jump in /-T curves. It is found that up to 150 °C cur-
rent is almost constant, but after that current increases highly in the range of 1.8—10 times and resistance reduces sharply.
Also, samples with lower graphene planes affected highly with temperature effect.

Keywords Graphene - I-V curve - Jump - I-T curve - Resistance

Introduction

In recent years, many materials and structures were used for
the fabrication of electronic devices; one of them is graphene
which was discovered by Geim and Novoselov [1]. Graphene
is one of the carbon allotropes with two-dimensional struc-
ture. Carbon atoms have a hexagonal structure in a plane
[2]. Each carbon atom has four bonds that three of them
are ¢ bonds in the plane and one of them is # bond which
is out of the plane. The length of & bonds is about 1.42 A
[2]. Graphene due to its particular properties, such as elec-
trical, mechanical, optical, a unique energy band structure,
and high electron mobility, is a suitable candidate for next
electronic device generation like micro-supercapacitors,
transistors, graphene-based sensors, biosensors, etc. [1-4].
One of the great problems for researchers is the fabrication
of graphene with high quality. Since graphene exploration,
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many methods were presented for the fabrication of gra-
phene [5]. Graphene was first produced by sticky tape and
then by chemical vapor deposition [6, 7] that in this method
graphene was produced by using high-temperature furnace.
Hummer’s method is a common method for the produc-
tion of graphene [8, 9]. Recently, electrochemical exfolia-
tion of graphite has attracted attention because of its easy,
fast, and environmentally friendly nature to fabricate high-
quality graphene [10, 11]. Several important applications
of graphene have been investigated so far such as superca-
pacitors [12, 13], field-effect transistors [11], thermal sen-
sors [14], optical detectors [15], solar cells [16—18], and
micro- or nanoscale photoelectric devices that were made by
graphene-based hybrid nanomaterials [19]. Also in another
research, the porous graphene was used to generate the gas
sensor [20]. One of the best applications of graphene is in
the electromagnetic field. In this field, the researchers try
to design the microstructure of polymer nanocomposites to
improve the electromagnetic interference shielding perfor-
mances [21-24].

In this research, graphene was produced by electro-
chemical exfoliation because the graphene produced by
this method has high quality. Then samples were sprayed
on the substrate to study its electrical and structural prop-
erties. I-V curves of all samples show ohmic behavior, and
also the slope of the -V curve increases with increasing
graphene planes. Then, the effect of temperature on all
samples was investigated. We have seen a sharp increase
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at the I-T curve for all samples at a special temperature
(150 °C). In this result, the sharp increase that has been
observed for graphene in /-T curve is reported to the first
time and it was not reported in any research yet. Also, we
have seen the slope increase of I-V curves and more cur-
rent passes through for all samples and conductivity of
graphene samples increases after temperature effect.

Experimental details

Electrochemical exfoliation of graphite was performed
in a two-electrode system using platinum as the counter
electrode and a graphite flake as the working electrode.
The distance between electrodes that were kept constant
throughout the process was 1.5 cm. Different types of
aqueous inorganic salt electrolyte solutions were examined
and among them (NH,)SO, exhibited the best exfoliation
efficiency. Electrolyte solutions were prepared by (NH,)
SO, in water (concentration of 0.1 M and pH 7). When
a direct current (DC) voltage of + 10 V was applied to
a graphite electrode, the graphite flake began to dissoci-
ate and disperse into the electrolyte solution. Afterword,
the exfoliated product was collected by filtration. The
collected powder was then dispersed in dimethylforma-
mide (DMF) by sonication for 10 min. Each time 250 mg
of powder was dispersed in 20 ml of DMF with different
sonication powers which are presented in Table 1. Sam-
ples A and B were dispersed at 20 W and 30 W, respec-
tively. Sample C was dispersed at 20 W and centrifuged
simultaneously.

To deposit the material, a spray pyrolysis system was
used. To spray the sample, the air pump was used with
the external pressure of 20 psi and a spray velocity of
0.01 ml/s. The diameter of nuzzling was 3 mm, and the
distance between nuzzling and substrate was 11.5 cm.
The substrate was glass lamellae and was placed on the
heater with 100 °C during spraying. The morphology and
structure of the samples were investigated by XRD (X-ray
diffraction), SEM, TEM, RAMAN, and FTIR. The sheet
resistance of samples was measured with a four-point
probe system using a Keithley 2700 multimeter (probe
spacing: 0.6 mm).

Table 1 Different sonication powers and spray volumes

Sample Sonication power (W) Spray volume (ml)
A 20 1,2,4,7

B W 30 1,2,4

C 20 and centrifugal 1,2,4
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Results and discussion
Morphology and structure

Sample A with 7 ml volume was used for X-ray diffraction
which has a high thickness or high graphene planes. Our
result showed a preferred peak at 26.5° with d-spacing of
3.3 A (Fig. 1). Our result is in consistency with Ref. [8] with
26.5° and Ref. [10] with 26.3°.

SEM images of our samples show thin graphene flakes.
Figure 2 shows a typical SEM image with the largest flakes
of about 9 pm. Our images are agreed with Ref. [10] that
their largest flakes were obtained 18 pm. Also, TEM images
of our samples show thin graphene flakes in dimensions
200 nm (Fig. 3).

RAMAN result of our samples is presented in Fig. 4.
Device using LabRAM HR800 with a wavelength of
632.8 nm is shown in Fig. 4. The peaks are marked for gra-
phene and the glass. Figure 4 shows differently between
varied spray volumes. When we increase the volume of the
spray, the peak of samples’ Raman increases and becomes
sharper.

I-V curve

To investigate electrical properties of samples, two probe
method is applied. I-V curves of samples showed ohmic
(linear) behavior as seen in Fig. 5 for B samples (1 ml,
2 ml, and 4 ml); the result is in agreement with Ref. [25].
The figure shows that current and voltage are in the order
of pm and mV, respectively. The slope of the curve is
inverse of resistance and shows resistance in the order of
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Fig.1 XRD of sample A with 7 ml volume
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Fig.3 A TEM image of graphene flakes

kQ. Our results are in agreement with Refs. [10, 11]. Also,
our experiments show with the increasing volume of the
solution, transient current increases. When we increase
the volume of solution, the more flakes locate close to
each other and the more contact between flakes took place.
Therefore, the transient current becomes higher and resist-
ance becomes lower.

Table 2 presents the inverse of the /-V curve slope which
is resistance for all samples. With the increasing curve slope,
the resistance of samples reduces. The sample 1 ml (C) due
to centrifuge becomes dilute, so there is no connection
between planes and no pass current. However, in Table 2, an
increasing procedure is seen for resistance value. For similar
spray volumes, resistance increases in samples B, A, and C,

-100

V (mvV)

Fig.5 I-V curves for B samples (1 ml, 2 ml, and 4 ml)

Table 2 The resistance of samples before the temperature effect

Sample Spray volume (ml) R=AV/AI (kQ)

A 1,2,4,7 60.24,3.77,2.34,2.76
B 1,2,4 21.5,3.16,0.72

C 1,2,4 o0, 1000, 5.95

respectively. These results show the last stage of fabrication
effects on the electrical properties of graphene samples.

I-V curve of samples after temperature effect
After the temperature effect on samples, again their /-V

were measured by two probs. Again all curves were obtained
ohmic behavior. The order of current, voltage and resistance
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was pA, mV, and kQ, respectively. By comparing /-V curves
of all samples before and after temperature effect, it is seen
that the slope of curves increases, i.e., transient current
increases. In Table 3, the resistance of all samples is pre-
sented and can be observed that the resistance of all samples
reduces. These results are in agreement with Refs. [6, 7],
i.e., effect of temperature on graphene reduces its resistance.
However, the resistance reduction is different for various
samples. For example, the resistance reduction for the sam-
ple with the lower layer is much more than the others. With
the comparison of obtained values for resistance at Tables 2
and 3, the reduction rate can be calculated. The reduction
rate is varied from 1.7 to 70 times that for sample C with
4 ml the highest resistance reduction is seen.

Temperature effect on samples

In this section, the temperature effect on graphene samples
was studied by the /-T curve. For this purpose, a constant
voltage of 10.5 mV was applied on samples and current vari-
ations versus temperature effects were recorded. According
to Fig. 7, samples show a clear jump at 150 °C and tran-
sient current increases highly. I-T curves for all samples
showed an obvious jump at 150 °C, and current increases
strongly. We proposed two reasons for this jump. One of
the reasons is the evaporation of remained DMF solution

Table 3 The resistance of samples after the temperature effect

Sample Spray volume (ml) R=AV/AI (kQ)
A 1,2,4,7 3.01, 1.67, 0.62, 0.95
B 1,2,4 1.82,0.95, 0.43
C 1,2,4 00, 14.3,1.53
12
O-H
1
g -
[2)
- 08
e c-0
£ 06
£
b
@ 0.4
=
0.2
0
9S00 1100 1300 1500 1700
Wavenumber (cm-1)
Before-(b)

between graphene flakes. As already mentioned, graphene
is a two-dimensional plane with a honeycomb structure that
each carbon atom has three strong covalent ¢ bonds with
nearest-neighbor carbon atoms and a weak van der Waals
7 bond at the perpendicular direction which is ready to be
bonded with other atoms. When graphene planes and DMF
occur close to each other, the carbon = bond occurs with
DMF (C;H,NO) at a perpendicular plane. By applying
temperature, DMF evaporates between graphene planes,
so planes condense and contact between planes gets more.
Thus, transient current increases. The vapor temperature
of DMF is about 154 °C, and our clear jumps are seen at
150 °C as well. To prove this hypothesis, we measured FTIR
of our samples. Figure 6 shows the typical FTIR measure-
ment of our samples before and after the temperature effect.
As seen before the heating, there are seven carbon bonds in
our samples: C-O stretch bond at 1060 cm™!, C=0 stretch
bond at 1710 cm™", C—C stretch bond at 1180 cm™!, C=C
stretch bond at 1620 cm™!, C—N stretch bond at 1250 cm™!,
C-OH stretch bond at 1380 cm™' and O—H stretch bond at
1151 em™!, which is in agreement with Refs. [9, 26-30],
and after the heating, there are three carbon bonds in our
samples. C=0 stretch bond at 1710 cm™!, C—C stretch bond
at 1180 cm™! and C=C stretch bond at 1620 cm™". Then the
heating breaks the van der Waals bonds and causes to vapor
DMF. So the FTIR results confirm the hypothesis above.
The other reason for this jump is a percolation phe-
nomenon. The percolation phenomenon is a mathemati-
cal concept. In physics, percolation is dealing with fluid
motion from porous materials [31]. Also, the percolation
threshold is a mathematical concept; below the percolation
threshold, there is not any connection between consist-
ent components. The percolation threshold is the time of
components connection and exists above the percolation
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Fig.6 FTIR result of the samples before and after temperature effect (the heating)
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Table 4 Jump values and samples resistance at I-T curve

Sample Spray volume (ml) Resistance in jump (point 1) (kQ) Resistance in 250 °C (point ~ Jump rate (I, —1,)/I;
2) (kQ)
A 1,2,4,7 30.28, 3.53, 2.14, 2.64 3.01,1.21,0.7,0.83 6.6,2.5,2.2,2.1
B 1,2,4 11.36, 2.88, 0.68 1.63, 0.98, 0.37 4.5,1.6,0.9
C 2,4 118.88,5.4 14.86, 1.64 7.5,2.3
> Table 5 Sheet resistance before and after the temperature effect
Sample R, before (kQ/sq) R, after (kQ/sq)
13 U A:2ml, 4ml 0.97.1.9 0.36,0.39
li B:2ml, 4 ml 2.1,0.51 0.65, 0.32
1 C:4ml 0.48 0.12
12

0 SO 100 150 200 250 300
T(C)

Fig.7 I-T curve for sample B

threshold connection. In the case of graphene planes also
can be explained by the percolation threshold phenom-
enon. According to the percolation threshold, graphene
planes are dispersed close to each other, with temperature
effect and reaching to 150 °C, graphene planes locate at
connection threshold, and with increasing temperature,
the connection between planes get to be more. In the I-T
curve, when a current jump occurs, it is meant that the per-
colation threshold takes place. This phenomenon causes
change in the current mechanism, and transient current
increases. Current jump increases with decreasing thick-
ness of samples. Samples with the lower thickness could
be similar to graphene, increasing temperature causes gra-
phene planes to become close to each other, more current
passes through, and this increase occurs gradually.

To study the electrical aspect of the jump phenomenon,
Table 4 presents jump value, resistance in the jump thresh-
old (Fig. 7-arrow 1), and at 250 °C temperature (Fig. 7-
arrow 2). According to Table 4, the resistance of samples
at the jump threshold (1) is higher than at 250 °C tem-
perature (2). This issue shows clearly that the effect of
temperature on graphene causes a reduction in resistance.
Obtained values for jump rate (Table 4) for samples with
lower volume are higher and indicate that the sample with
lower thickness highly affected by temperature and highest
value for jump rate belongs to sample C with 2 ml volume.

Sheet resistance of samples
before and after temperature effect

To study temperature effect on samples, the sheet resist-
ance of samples was measured with the four-probe system.
Distance between probes was 0.6 mm, and current from
two external probes and voltage from two internal probes
were measured. The data are presented in Table 5. Our
results showed that sheet resistance reduces after tempera-
ture effect which is agreed with Refs. [6, 7].

Conclusions

In this research, fabrication of graphene by electrochemi-
cal exfoliation is used. Then, we have used spray pyrolysis
for deposition graphene on the substrate. Structural char-
acterizations of samples, such as fabrication of graphene
planes, carbon existence, and carbon bonds, are confirmed
by XRD, SEM, TEM, RAMAN, and FTIR. All samples
showed similar electrical properties. I-V curve of samples
indicates ohmic (linear) behavior, and resistance is obtained
in the order of kQ. With the increasing number of graphene
layers, the slope of the sample curve increases, which means
that resistance decreases. Temperature effect showed a slope
of I-V increases which means that resistance decreases. I-T
curve shows there is a clear jump in current at 150 °C, and
we proposed two reasons for this jump.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
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