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Abstract: In today's technology, carbon-based materials (such as graphene, graphene
oxide, carbon nanotubes, etc.) have become one of the most important research areas
due to a large number of applications. Graphene oxide (GO) is being investigated in
many applications, especially in the energy field. In this study, GO was synthesized by a
modified Hummer’s method. After the synthesis of GO, nickel addition to the structure
was made by the hydrothermal method. The morphological and structural properties of
the synthesized GO were characterized by scanning electron microscope (SEM), X-ray
powder diffraction (XRD) and Brunauer—Emmett-Teller (BET). According to the BET
results, the surface areas of untreated GO and Ni-doped graphene oxide after heat
treatment at 360°C (Ni-doped GO 360) were calculated as 3.22 m? g and 228 m? g2,
respectively. Electrochemical properties of GO and Ni-doped GO 360 were analyzed
using cyclic voltammetry (CV), long term charge/discharge analysis and impedance
spectroscopy. At the end of 1000 cycles, it was determined that the Ni-doped GO 360
electrode retained 76% of its initial capacitance.

Keywords: Electrochemical properties; electrode; graphene oxide; modified Hummers
method

Elektrot Uygulamalari Uzerine Bir Arastirma: Nikel Katkilh Grafen Oksit
Sentezi

Ozet: Giiniimiiz teknolojisinde karbon bazli malzemeler (grafen, grafen oksit, karbon
nanotiipler vb.) ¢ok sayida uygulama nedeniyle en 6nemli aragtirma alanlarindan biri
haline gelmistir. Grafen oksit (GO), 6zellikle enerji olmak iizere bir¢ok alanda arasti-
rilmaktadir. Bu ¢alismada GO, modifiye Hummers yontemi ile sentezlenmistir. GO
sentezinden sonra hidrotermal yontemle yapiya nikel ilavesi yapilmistir. Sentezlenen
GO' nun morfolojik ve yapisal 6zellikleri taramali elektron mikroskobu (SEM), X-151n1
toz kirinimi (XRD) ve Brunauer—Emmett-Teller (BET) ile karakterize edilmistir. BET
sonuglarina gére GO ve Ni katkili 360°C'de 1s1l isleme tabi tutulmus GO’nun (Ni katkili
GO 360) yiizey alanlar sirastyla 3.22 m2 g ve 228 m? g? olarak hesaplanmigtir. GO ve
Ni katkili GO 360'm elektrokimyasal 6zellikleri siklik voltametri (CV), uzun siireli
sarj/desarj analizi ve empedans spektroskopisi kullanilarak analiz edilmistir. 1000
dongiiniin sonunda, Ni katkili GO 360 elektrodunun baslangi¢ kapasitansinin % 76'sini
korudugu belirlenmisgtir.

Anahtar Kelimeler: Electrochemical properties; electrode; graphene oxide; modified
Hummers method
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1. Introduction

Graphite crystal, one of the common allotropes of carbon, exhibits a three-dimensional structure
by connecting strong covalent bonds of carbon atoms decoupled in hexagonal shape and weak Van Der
Walls bonds between the planes. Due to the weak Van Der Walls bonds, the layers can be separated
from each other very quickly. Graphite has attracted much attention recently due to its low cost, easy
availability, easy conversion of graphene oxide (GO) and its derivatives into composite materials and
graphene [1].

GO is a carbon-based material with 2-dimensional, oxygen-containing functional groups, and it
can easily transform into graphite oxide from the oxidation of graphite and then graphene oxide by the
decomposition of numerous layers [2]. GO has a wide range of applications due to the presence of
oxygen-containing functional groups in its structure, the ratio of carbon atoms that hybridize sp? to
carbon atoms that hybridize sp? is controllable, it has adjustable electronic and optical properties, and it
has hydrophilic properties [3, 4].

Graphene can be produced from graphite via chemical [5, 6], chemical vapor deposition (CVD) [7,
8], mechanical [9, 10] or electrochemical [11, 12] methods.

The most important disadvantages of GO production methods are toxic and dangerous chemicals
and the appearance of many toxic gases in the resulting products. In the studies conducted so far, the
Hummers method, which uses a strong oxidizing agent such as KMnQOy instead of the very dangerous
ClO; and sodium nitrate instead of nitric acid, which forms a smoky acid vapor and also shortens the
reaction time, has been the most advantageous [13]. This method introduced graphite into the oxidation
reaction with a mixture of KMnQy4, concentrated H,SO4 and NaNOs. The Mn,O- formed here is a natural
oxidant species and selectively oxidizes unsaturated aliphatic double bonds on aromatic structures [14].
The disadvantage of this method is the formation of toxic gases such as NO, and N.O.. In addition, if the
temperature rises above 95° C, there is a risk of explosion of KMnO, and it is challenging to remove Na*
and NO* ions trapped in the crystal cage from the aqueous solution [15].

Therefore, in subsequent studies, the Hummers method has been modified and ways to reduce
these disadvantages have been investigated [16]. In these studies, changes have been made, such as
changing the reaction conditions, using KoFeO, instead of KMnQs, increasing the amount of concen-
trated acid instead of NaNO3, or using H3PO, in combination with H,SO4 [17].

In this study, Ni was doped to the GO structure produced using the modified Hummers method.
By applying heat treatment to the obtained structure, it was studied how its electrochemical properties
changed. Hence, this study aims to provide a solution to the current energy challenges in today's world.

2. Material and Method

GO production from graphite particles was done by the Modified Hummers method. After dis-
solving 0.1 M NiCl; in 80 mlt 0.1 g graphene oxide solution which obtained by modified Hummers
method and adding it to the teflon-lined reactor, the hydrothermal reaction was carried out in a vacuum
oven at 150 °C for 2 hours. After 2 hours, the oven was turned off and allowed to cool to room tem-
perature. The sample taken from the hydrothermal reactor was washed several times with pure water and
ethanol and then dried at 70 °C for 24 hours. To the DTA/TGA analysis (Figure 1) of the Ni-doped
sample, heat treatment was carried out at 360 °C to obtain the NiO phase. Heat-treated Ni-doped and
undoped samples were turned into electrodes to examine their capacitive properties. Nickel Doped and
undoped GO structure was used as the active material. It was ground until a homogeneous mixture of
active material (90%) and PVDF (10%) was obtained. A certain amount of 1-Methyl-2-pyrrolidone
(NMP) was added to this mixture and mixed until a slurry structure was formed. This mixture was
dropped onto porous Ni with a total mass of 5 mg and dried in a vacuum oven at 90 °C and 20 mbar
pressure for 24 hours.

The structure obtained after these operations used as a supercapacitor electrode and placed in a
three-electrode cell where electrochemical measurements (cyclic voltammogram (CV), galvanostatic
charge-discharge measurements (GCD), specific capacitance (Csp) measurements, etc.) performed.

37



International Journal of Pure and Applied Sciences 10(1);37-46 (2024)

3. Results and Discussion
DTA/TGA curves of GO and Ni-doped GO are shown in Figure 1. In Figure 1, weight losses are
observed in two regions between 26-280°C and 280-530°C in the GO structure. A 13% mass loss in the
first region depends on removing adsorbed water in the structure, and a 45% mass loss in the second
region depends on removing unstable and stable functional oxygen groups in the environment [18, 19].
The DTA curves shown by the dashed line also confirm this situation.
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Figure 1. DTA/TGA curves of GO and Ni-doped GO.

The TGA curve shown in red indicates the Ni-doped GO. Mass loss is observed in four different
regions. The mass loss occurring in 30-140°C, the first region, is due to the removal of moisture and
ethanol in the environment. The second region, between 140-280°C, is caused by the thermal oxidative
decaying of Ni(OH). is considered. The third and fourth mass losses, located between 280-530°C, were
caused by the environment's decaying of functional oxygen groups.

Figure 2 shows the curves of N, adsorption-desorption and change of pore width with pore di-
gestion of the samples. All three examples show type 1V isotherm according to the IUPAC classifica-
tion. Micro and meso pores are located together in the structure.
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Figure 2. BET isotherm of GO, Ni-doped GO and Ni-doped GO 360.
(The graph on the inside shows the pore size distribution.)
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Micro and meso pores are located together in the structure. Initially, the pores varying from 2-10
nm had a density, while the pore volume increased due to Ni addition to the structure, and 360°C heat
treatment was observed. The surface areas determined according to BET measurements are 3 m? g, 150
m? g and 228 m? g for GO, Ni-doped GO and Ni-doped GO 360, respectively.

Figure 3 shows the XRD spectra of the samples. The obtained spectrum for GO agrees with the
literature [20-22]. As a result of the addition of Ni to the structure, peaks belonging to different nickel
compounds have been observed. It has been determined that the NiO structure is formed due to applying
heat treatment (calcinated) at 360°C.
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Figure 3. XRD spectra of GO, Ni-doped GO and Ni-doped GO 360.
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Figure 4. SEM images of a-c) GO d-f) Ni-doped GO g-i) Ni-doped GO 360.
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GO structures obtained by the modified Hummers method are seen in Figure 4 a-c. The foliar and
layered form of GO is visible. In Figure 4 d-f, the Ni-doped GO structure is present. Ni doping has
occurred in GO in certain areas and widely. Figure 4 g-1 shows the Ni-doped GO structure with heat
treatment at 360°C. As a result of heat treatment, it has been observed that the Ni contained in the
structure changes its form, and exhibits a leafy and spherical shape. This change in structure confirms
the increase in surface area.

GO produced by the modified Hummers method (75%), Carbon Black (15%) and PVDF (10%)
were thoroughly ground by mixing in a zirconium mortar for a certain period. Then, it was pressed after
adding a certain amount to the Ni foam. The CV curves of the electrode prepared in this way at different
scanning speeds in a 6 M KOH solution are given in Figure 5.
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Figure 5. CV curves of the GO electrode at different scanning rates.
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Figure 6. The first ten charge-discharge curves of the GO electrode.
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Reduction and oxidation peaks around -0.6 and -0.2 are formed as a result of redox reactions
between the electrode and the solution. These redox reactions indicate that the resulting electrode has
pseudocapacitive behavior [23-25].

Figure 6 is the first ten charge-discharge curves taken in a three-electrode cell within 6 M KOH of
the GO electrode. The fact that the curves obtained are in the shape of a sawtooth indicates that this
electrode's capacitive behavior is good [26-29].
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Figure 7. Electrochemical impedance spectroscopy curves at the open circuit potential of the GO
electrode.
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Figure 8. CV curves of the Ni-doped GO electrode at different scanning speeds.

41



International Journal of Pure and Applied Sciences 10(1);37-46 (2024)

Figure 7 shows the impedance spectra of the same electrode after the first and 1000 cycle
charge-discharge process. The fact that the slopes of the curves obtained as a result of electrochemical
impedance spectroscopy are more than 45° is associated with the suitable capacitive property of the
electrode [30-32]. The slope of the electrochemical impedance curves of the GO electrode used in the
study was initially around 70°. This value decreased to around 47° at the end of 1000 cycles. As a result,
it was determined that the GO electrode showed capacitive behavior.

The CV curves of the electrode Ni-doped GO at different scanning speeds in a 6 M KOH solution
are given in Figure 8.

The reduction and oxidation peaks observed around -0.6 and -0.2 with the addition of Ni to the
structure are not observed. The shape of the curves is quite similar to the rectangular shape observed in
ideal capacitors [33-35].

Figure 9 is the first ten charge-discharge curves taken in a three-electrode cell within 6 M KOH of
the Ni-doped GO electrode. While the addition of Ni to the structure does not create a difference in the
potential value of charge-discharge, it has caused an increase in charge-discharge time.

The electrochemical impedance spectroscopy results are given in Figure 10. The slope of the curve
is around 63°. As a result, adding Ni to the structure has improved the capacitive properties of GO
electrodes by producing the modified Hummers method.

In Fig 11, the change of the specific capacitance of the GO and Ni-doped GO 360 electrodes with
a charge-discharge cycle is given. The charge-discharge tests were performed at 1 Ag™ for both elec-
trodes. The specific capacitance of the GO electrode, which was 181 Fg-1 at the beginning, decreased to
166 Fg! after 1000 cycles of charge-discharge. The initial capacitance of the Ni-doped GO 360 elec-
trode decreased from 246 Fg™ to 187 Fg* after 1000 cycles. The addition of Ni to the structure and the
application of heat treatment increased the surface area, as well as increased the specific capacitance
accurately.
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Figure 9. The first ten charge-discharge curves of the Ni-doped GO electrode.
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Figure 10. Electrochemical impedance spectroscopy curves at the open circuit potential of the
Ni-doped GO 360 electrode.

4. Conclusion

In this study, nickel was added to the graphene oxide structure obtained by the modified Hummers
method and heat treatment was applied at 360°C. It has been determined from XRD that the nickel
contained in the structure is transformed into a NiO structure as a result of heat treatment. In addition,
the surface area of the structure obtained by nickel doping and heat treatment has increased from
3m?2gtto 228 m? gt. While the specific capacitance of GO produced by Hummer was 166 F/g, it
increased to 187 F/g as a result of the addition of Nickel to the structure. However, an increase in spe-
cific capacitance has also been observed as a result of nickel doping and heat treatment. After long-term
charge-discharge tests, it was found that the Ni-doped GO 360 electrode retained 76% of its initial
capacitance.
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