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A B S T R A C T   

Composite electrode material was formed by mixing reduced graphene oxide (rGO) and zinc oxide (ZnO) 
compound, using the Hummers and green synthesis methods, respectively. Of rGO powder, 10 g was mixed with 
10%, 20% and 30% ZnO, and composite electrodes were obtained by using 10% binder. The energy storage 
performance and structural characteristics of the supercapacitor were evaluated by analyzing the capacitance 
values of the synthesized electrodes. The structural characterization of ZnO/rGO composites was performed 
using X-ray diffraction and field-emission scanning electron microscopy. The electrochemical properties of the 
ZnO/GO electrodes were analyzed by cyclic voltammetry, electrochemical impedance and galvanostatic char
ge–discharge tests. The specific capacitance value of electrodes increased as zinc content increased in the ZnO/ 
rGO composite material used to produce electrodes. The maximum specific capacitance values were measured at 
5 mV/s scanning rate as 194.23 (rGO), 366.81 (10% ZnO), 383.18 (20% ZnO) and 410.48 F/g (30% ZnO). In 
conclusion, the use of composite material formed by the combination of ZnO nanoparticles obtained by green 
synthesis method from orange peel and graphene oxide increased the electrochemical efficiency of the 
supercapacitor.   

1. Introduction 

With the spread and development of technology, the need for energy 
has increased. In order to meet the increasing demand for energy, 
renewable (convertible) energy sources along with new-generation en
ergy storage techniques, are needed [1,2]. The preferred power sources 
in new-generation energy storage systems are dielectric capacitors, 
lithium-ion batteries and supercapacitors. While dielectric capacitors 
are preferred for micro-sized and short-term electronics, lithium-ion 
batteries are preferred for medium-term electricity storage devices, 
with supercapacitors falling between these two electronic technologies. 
Although capacitors and supercapacitors have similar working princi
ples, their energy storage rates differ. While energy is stored in the 
capacitor by the accumulation of electrical charges on the plates used, 
energy storage in supercapacitors occurs through the accumulation of 
charges on the electrode and electrolyte separator [3,4]. 

Supercapacitors are used in power supply and storage, either instead of 
batteries or in combination with batteries, where there is a sudden 
power requirement. There are three basic categories that make frequent 
use of supercapacitors. The first category is transportation vehicles – by 
providing the initial movement in vehicles such as electric bicycles, 
automobiles, trams, buses and trains, supercapacitors extend the life of 
the battery or engine, significantly reducing fuel and maintenance costs 
of the vehicles. The second category is uninterrupted power supplies 
such as UPS – supercapacitors are used in uninterrupted power supplies 
of buildings and industrial plants. In case of any interruption or sudden 
voltage changes in power supplies, supercapacitors protect the system 
by providing backup power to electronic cards. The third category is 
electronic products – supercapacitors are used in flashes, speakers, 
keyboard keys, cameras, various electronic devices, electric motors, 
electroshock devices, image recorders, TV satellite receivers, and radio 
station memory backup elements [4–7]. Electrochemical double-layer 
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capacitors are capacitors that store energy by trapping electrical charge 
in the electrical double-layer, which forms through the accumulation of 
ions on the interface with electrodes of a large porous carbon structure 
[8]. The electrodes are separated from each other by a separator. Each 
electrode–electrolyte interface functions as a separate capacitor [9]. The 
two electrode materials and electrolyte molecules form an “electrical 
double layer” at their interface. This stored energy is very efficient 
compared to other types of capacitors as it charges and discharges 
quickly [10,11]. Especially in recent years, different groups of sub
stances have been added to carbon to improve the electrical capacitance 
of electrochemical double-layer supercapacitors. Vegetable-based fibers 
such as agricultural wastes, fruit seeds, wood or fossil-based additives 
such as coal, lignite and petroleum are preferred [12–14]. In today’s 
world, minimizing damage to the environment in energy production is 
crucial for preventing environmental problems. Nanostructured zinc 
oxide (ZnO) is an n-type semiconductor, which is an environmentally 
friendly metal oxide due to its wide band gap of 3.37 eV, high electro
chemical stability, high exciton binding energy of 60 MeV and non-toxic 
properties. In addition, “green synthesis” (GS) methods are based on 
using environmentally friendly reagents and do not pose any environ
mental risks during synthesis [15–17]. In this study, for the first time, 
ZnO nanoparticles were obtained from orange peel using the GS method, 
considering its environmentally friendliness and simplicity. The reasons 
for preferring orange peel in GS can be summarized as follows: (a) 
Turkey accounts for 4% of world orange production and is seventh in the 
world in production; (b) utilization of orange peel, which is considered 
waste; and (c) presence of phytochemicals, flavonoids, antioxidants, 
vitamins A, B and C, as well as trace amounts of elements Cu, Mg and Ca 
in orange peel. The ZnO/rGO composite electrodes were formed by 
doping reduced graphene oxide (rGO) powder obtained using Hummer’s 
method and ZnO nanoparticles in specific proportions. The structural 
properties of these composite electrodes were characterized, and their 
performance analyzed. 

2. Experimental procedure 

2.1. Production of graphene oxide using Hummer’s technique 

Graphene oxide (GO) was synthesized using Hummer’s method. 
Graphite powder (10 g of different purity), 250 g of sulfuric acid and 
phosphoric acid (in a 9:1 vol ratio) were slowly added to a 1000-ml 
beaker and stirred gently until thoroughly combined [18]. Potassium 
permanganate (8 g) was gradually added with continuous stirring for 1 
h. The temperature was raised to 60 ◦C and kept under agitation for 12 h. 
To prevent the reaction, 700 ml of ice-cold water and 1 ml of 30% H2O2 
were slowly added to dilute the substance. A color change from brown to 
yellow was observed. The resulting product was washed with a 10% HCl 
solution and deionized water until pH neutralization. Then, the obtained 
product was washed with ethanol and dried at 60 ◦C in a hot-air oven for 
12 h. Dark brown GO powder was obtained. Of this powder, 10 g was 
stirred with 100 ml of pure water for 30 min and annealed at 950 ◦C for 
12 h. The resulting suspension solution changed from dark brown to 
dark black. 

2.2. Synthesis of rGO 

For the reduction process, 600 ml of deionized water was added to 2 
g of powdered GO, mixed for 8 h at 35 ◦C and processed in an ultrasonic 
bath for 2 h. Of hydrazine hydrate (H6N2O), 60 ml was added to the 
mixture and stirred at 95 ◦C for 8 h with a magnetic stirrer. The mixture 
was left to cool at room temperature and first washed with acetone and 
then with non-ionized water and filtered on a filter [19]. The obtained 
material was dried at room temperature and powdered rGO was 
obtained. 

2.3. Green synthesis ZnO nanoparticle production using orange peel 

Fresh orange peel (10 g) was used for plant extracts. The shells were 
washed with distilled water and boiled in 100 ml of distilled water at 
100 ◦C for 60 min and allowed to cool. The plant extract was collected by 
filtration on filter paper. Of the extract, 50 ml was mixed with 5 g of Zn 
(NO3)2 and heat treated at 100 ◦C until it gelled [20]. The gel mixture 
was annealed at 400 ◦C for 120 min and the material was ground in an 
agate mortar to obtain ZnO nanoparticles. The production step of ZnO 
nanoparticles from orange peel is shown in Fig. 1. 

2.4. Production of ZnO/rGO nanocomposite electrodes 

Electrodes were synthesized by hydrothermal method by incorpo
rating ZnO and rGO materials at specified rates. The ZnO/rGO com
posite electrode materials were created as follows. To obtain a 
homogeneous suspension, 10 g of rGO was mixed in 10 ml of ethanol 
under ultrasonication for 3 h at 25 C. Of zinc nitrate hexahydrate [Zn 
(NO3)2⋅6H2O, ZnO source], 1 g and hexamethylenetetramine (C6H12N4) 
were dissolved in 1 ml of ethanol. Subsequently, this solution was added 
to the previous solution. Then, a N-methyl pyrrolidone binder was added 
to the mixture. A hydrothermal process was carried out at 95 ◦C for 4 h 
to produce a ZnO/rGO composite electrode material. This was then 
dried at room temperature. The doped zinc ratios varied (20 wt % and 
30 wt % ZnO) and were added into the GO powder using the same ap
plications, and new composite electrodes were formed. Table 1 contains 
the names and abbreviations of the synthesized samples. 

2.5. Characterization analysis techniques 

The energy storage performance and characterization of the struc
tural properties of a supercapacitor with varying capacitance values of 
the synthesized electrodes were analyzed. Structural characterization of 
ZnO/rGO composites was performed using X-ray diffraction (XRD), 
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and field 
scanning electron microscopy (FE-SEM). The electrochemical properties 
of the produced ZnO/rGO electrodes were analyzed by cyclic voltam
metry (CV), electrochemical impedance and galvanostatic char
ge–discharge (GCD) tests. The crystallographic structures of the 
fabricated materials were characterized using XRD (Rikagu XRD) 
equipped with a Cu-Kα radiation emitter. A Raman spectrophotometer 
(WITec alpha 300 M + micro-Raman system, Germany) equipped with a 
532-nm laser source was used to acquire the materials’ Raman spectra. 
The microstructure of the samples was observed with a FE-SEM (Zeiss 
Gemini 600). The electrochemical performance of the prepared ZnO- 
doped electrodes was evaluated in a three-electrode configuration 
using CV, GCD and electrochemical impedance spectroscopy in 1 M KOH 
aqueous electrolyte. For comparison, the CV of rGO and ZnO/rGO 
electrodes with a thickness of 800 nm was measured at the same scan
ning rate. 

3. Results and discussion 

3.1. FE-SEM analysis 

The FE-SEM analysis results are crucial in determining morpholog
ical characteristics of materials. In our study, the surface structures of 
rGO and ZnO/rGO composite (ZnGO, 2ZnGO and 3ZnGO) electrodes 
were compared. Each electrode was analyzed using FE-SEM images at 
20,000 × magnification. Images of the rGO electrode are given in Fig. 2a 
and of ZnGO, 2ZnGO and 3ZnGO electrodes in Fig. 2b–d, respectively. 
The rGO surface shows distributed homogeneous nanoparticles and 
irregular particles of different sizes (Fig. 2a). 

With the addition of ZnO to rGO for ZnGO, nanorod structures are 
shown in the structure by FE-SEM (Fig. 2b). The FE-SEM image for 
2ZnGO shows ZnO attached to the surface of the rGO material, the ZnO 
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layer is visible as a white-colored layer and ZnO nanorods are evident 
(Fig. 2c). The FE-SEM for 3ZnGO shows ZnO nanorods attached to the 
surface and partially white ZnO structures (Fig. 2d). 

The cross-sectional structures of ZnGO, 2ZnGO, and 3ZnGO elec
trodes are shown in Fig. 3. The FE-SEM images show that ZnO nano
particles form complexes with GO particles. Close examination of the 
structure shows ZnO nanorods. Furthermore, density of ZnO nanorods 
increases with increased amount of ZnO. 

Fig. 1. Schematic description of ZnO nanoparticle synthesis from orange peel [21].  

Table 1 
Sample names and abbreviations.  

Sample name Sample abbreviation 

Reduced graphene oxide rGO 
Reduced graphene oxide with 10 wt %ZnO doped ZnGO 
Reduced graphene oxide with 20 wt %ZnO doped 2ZnGO 
Reduced graphene oxide with 30 wt %ZnO doped 3ZnGO  

Fig. 2. FE-SEM images of ZnO/rGO: (a) rGO, (b) ZnGO (c) 2ZnGO and (d) 3ZnGO.  
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3.2. XRD, Raman and XPS analysis 

In XRD analysis, crystal structures were analyzed in the range of 
10–90◦. The XRD peaks of the synthesized electrodes are shown in Fig. 4. 
Fig. 4a shows the XRD result for rGO. The diffraction peak of RGO is at 
26◦, which corresponds to the diffraction peak of the (002) plane 
diffraction of graphite carbon. The peaks of both ZnO and rGO are 
shown in Fig. 4b–d. The 2θ diffraction angles of the wurtzite structure of 
ZnO (JCPDS 396–1451) are located at 32.81◦, 33.48◦, 36.41◦, 46.57◦, 
55.43◦, 61.88◦, 65.46◦, 67.55◦, 74.47◦, 76,92◦ and 80.26◦, corre
sponding to the (100), (002), (101), (102), (110), (103), (200), (112), 
(004), (202), and (104) planes. Similar peaks have been detected in 
other studies [22–24]. The XRD peaks around 26◦ and 44◦ correspond to 
the (002) and (100) planes of rGO, while all other peaks correspond to 
the ZnO wurtzite structure (Fig. 4b–d). The coexistence of peaks 
belonging to ZnO and rGO reveals that ZnO nanoparticles are doped into 

rGO. 
Raman spectroscopy is a unique method used to determine the mo

lecular properties and bonding states of nanostructured carbon-based 
materials [25,26]. Fig. 5 shows the Raman spectroscopy of rGO and 
ZnO/rGO nanoparticles. Characteristic D and G bands for rGO, ZnGO 
and 3ZnGO samples are shown at 1356 and 1586 cm− 1, respectively. 
The D and G bands provide information about the molecular structural 
properties of a graphene sample. The D band indicates dislocations and 
structural defects in graphene, while the G band reflects the sp2 sym
metry of the C–C bond. The G band is highly sensitive to stress, doping 
and interactions, and shifts very slightly with introduction of ZnO into 
the structure [27]. This suggests a possible interaction between GO and 
ZnO. 

The surface composition and chemical properties of materials can be 
examined using XPS analysis. This analysis method interacts with the 
electrons on the material surface using X-rays and measures their kinetic 

Fig. 3. The structure of (a) ZnGO, (b) 2ZnGO and (c) 3ZnGO electrode capacitors.  

Fig. 4. XRD analysis of GO and ZnO/rGO: (a) rGO, (b) ZnGO (c) 2ZnGO and (d) 3ZnGO.  
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energies. This provides information about the surface composition and 
chemical bonds of materials. It is particularly preferred for determining 
the chemical structure on the surface of organic and inorganic com
pounds. The XPS analysis was performed to analyze the surface 
composition and chemical properties of rGO, ZnGO, 2ZnGO and 3ZnGO 
composite electrodes (Fig. 6). 

Fig. 6a shows only two peaks in the scanning spectra of rGO, 

corresponding to the C (1s) and O (1s) orbitals with binding energies of 
285.2 and 531.4 eV, respectively. New peaks are evident for the ZnGO, 
2ZnGO and 3ZnGO electrodes (Fig. 6b–d, respectively). These peaks 
belong to Zn (3 d), Zn (3p), and Zn (3s) with binding energies of 8.20, 
90.42 and 135.44 eV, respectively [28]. The C1s spectra of rGO and 
3ZnGO are shown in Fig. 7a and b, and the 2p spectrum of 3ZnGO in 
Fig. 7c. The C1s has three bond peaks: C–C (283.5 eV), C–O (285.8 eV) 
and C––O (288.8 eV) (Fig. 7a) [29]. Additionally, in the C (1s) spectrum 
of the 3ZnGO composite, there is a distinctive peak at 280.4 eV (Fig. 7b), 
corresponding to the Zn–C bond [30]. Peaks at 282.7 and 285.6 eV are 
identified as C–C bonds [30,31]. Furthermore, a peak at 287.9 eV may 
be attributed to the C–O–Zn bond, formed between the O–H group on 
rGO and Zn–O – a relationship also supported by FTIR analysis [30,32]. 
The measured energy difference between the Zn 2p3/2 (2021.8 eV) and 
Zn 2p1/2 (1043.92 eV) orbitals is 22.8 eV (Fig. 7c), indicating that the Zn 
atom is in the form of Zn2+ ions [33]. 

3.3. Electrochemical analysis 

The changes in capacitance values of rGO, ZnO, 2ZnGO and 3ZnGO 
composite electrodes at scanning speeds of 5, 10, 20, 50 and 70 mV/s are 
given in Fig. 8. The specific capacitance and charge storage values of 
composite electrodes made of rGO, ZnGO, 2ZnGO and 3ZnGO, measured 
at the lowest scanning rate (5 mV/s), have values of 194.23, 366.81, 
383.18 and 410.48 F/g, respectively. The results show the highest 
capacitance value for the 3ZnGO composite electrode (i.e. 30% ZnO 
addition). The capacitance of the 3ZnGO electrode is higher than the 
ZnGO and 2ZnGO electrodes produced with 20% and 10% ZnO mate
rials, respectively. The increased ratio of ZnO nanoparticles in the 

Fig. 5. Raman spectra of GO and ZnO/rGO composites.  

Fig. 6. XPS spectra of ZnO/rGO: (a) rGO, (b) ZnGO (c) 2ZnGO and (d) 3ZnGO.  
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mixture facilitates the retention of electrons in the oxygen groups in 
graphene and increases specific capacitance value [34]. 

The use of CV helps understanding of the thermodynamic and kinetic 
properties of a chemical reaction and also to determine the reaction 
mechanism. Fig. 9a–d shows the CV measurements of rGO and com
posite ZnO/GO electrodes at scan rates of 5, 10, 20, 50 and 70 mV/s in 
the fixed potential range of − 0.5 to +0.5 V. Peak current densities in
crease as the scan rate increases. The current–potential curve of 3ZnGO 
electrodes has the highest cyclic volume of current and potential, which 
supports better performance of the 3ZnGO composite electrode with a 
30% increase in specific capacitance. 

The specific capacitance values of the electrodes are measured in 

electrochemical CV analyses using 1000 cycles. The percentage decrease 
in specific capacitance values after 1000 cycles is similar for all elec
trodes (Fig. 10). The electrode 3ZnGO synthesized shows less decrease in 
specific capacitance percentage compared to other composites (ZnGO 
and 2ZnGO) after 1000 cycles, indicating a longer lifespan of the 3ZnGO 
electrode than other composite electrodes. The Nyquist curves showing 
the electrochemical impedance values of rGO, ZnO, 2ZnGO and 3ZnGO 
samples are shown in Table 2 and Fig. 11. The Nyquist curve shows the 
frequency response of an electronic circuit and is used to examine the 
dynamic behavior of the circuit and also provide information about the 
circuit’s mutual interactions. Nyquist curves are used to evaluate fea
tures such as power loss and power efficiency of the circuit. The inter
section of the Nyquist curve with the x (real) axis gives the electron’s 
intrinsic resistance (ESR). The equivalent series resistance, also known 
as intrinsic resistance, includes the resistance of the electrolyte solution 
used and the resistance of the electrode and current-carrying elements 
[35]. The measured ESR values of rGO, ZnO, 2ZnGO and 3ZnGO are 
approximately 10.5, 8.7, 6.9 and 4.3 Ω, respectively. The 3ZnGO 
capacitor exhibits a smaller internal resistance compared to the other 
capacitors (Table 2). This small ESR value is ascribed to the enhanced 
accessibility of electrolyte ions to the surface of graphene sheets and 
ZnO crystals facilitated by the ZnO/graphene hybrid [36]. 

Fig. 12 shows the charge–discharge curves for rGO, ZnGO, 2ZnGO 
and 3ZnGO electrodes. During charge–discharge, Zn+ ions from the 
electrolyte contribute to the charge storage of ZnGO, 2ZnGO and 3ZnGO 
composite electrodes. The GCD curves of rGO and composite ZnGO, 
2ZnGO and 3ZnGO electrodes synthesized by adding different percent
ages of ZnO are measured in the range of 0–0.8 V at current densities of 
0.1, 0.3 and 0.5 A/g. The charge–discharge times decrease as current 
density increases, and total charge–discharge times increase with 
increased ZnO percentage [37]. 

Fig. 7. XPS spectra of 3ZnGO composite: (a) rGO C1s, (b) 3ZnGO C1s, (c) 3ZnGO 2p.  

Fig. 8. Specific capacitance of ZnO/rGO composites at various scanning rates.  
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4. Conclusions 

In this study, Zn/rGO composite electrodes were formed by incor
porating different percentages of ZnO nanoparticles produced via the GS 
method into the rGO material. The FE-SEM surface images showed that 
ZnO nanoparticles were included in the nanorod-shaped composite. 
Electrochemical analysis of ZnO/rGO composite electrodes showed that 
the 3ZnGO electrode had the highest specific capacitance value (410.48 
F/g) at the lowest scan rate (5 mV/s). The capacitance property of the 

Fig. 9. Charge–discharge curves of ZnO/rGO composites with different current densities.  

Fig. 10. Specific capacitance depending on the number of cycles of ZnO/ 
rGO composites. 

Table 2 
Measured ESR values of electrodes.  

Samples ESR (Ω) 

rGO 10.5 
ZnGO 8.7 
2ZnGO 6.9 
3ZnGO 4.3  

Fig. 11. Nyquist curves of rGO and ZnO/rGO composite electrodes.  
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3ZnGO electrode produced with a ZnO ratio of 30% was higher than for 
the ZnGO and 2ZnGO electrodes produced with 10% and 20% ZnO 
materials, respectively. The increased ratio of ZnO nanoparticles in the 
mixture facilitated the retention of electrons in the oxygen groups of 
graphene. At the end of 1000 cycles of the electrodes, the reduction rates 
in specific capacitance were very close to each other as percentages and 
the rate of change was low. Additionally, the GCD test showed that 
charge–discharge times of the electrodes varied proportionally with the 
zinc percentage. 
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