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Abstract: In this study, zinc chloride (ZnCl2) was used as a precursor chemical to form boron-reinforced zinc oxide 

(ZnO: B) particles. The supercapacitor performance of the reduced graphene oxide/boron reinforced zinc oxide 

(RGO/ZnO: B) composite electrodes produced by hydrothermal methods and the impact of different boron doping ratios 

on the capacitance, were both examined. The characterization of the RGO/ZnO: B composites containing 5%, 10%, 15%, 

and 20% boron by weight was performed using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The 

capacitance measurements of the electrodes produced were conducted in a 6 M KOH aqueous solution with a typical 

three-electrode setup using Iviumstat potentiostat/galvanostatic cyclic voltammetry. The specific capacitance value of the 

20% reinforced RGO/ZnO: B composite electrode was 155.88  F/g, while that of the RGO/ZnO composite electrode was 

36.37 F/g. According to this result, the capacitance increased four-fold with a 20% boron doping concentration. 

Moreover, a longer cycle performance was observed for the RGO/ZnO: B electrodes with higher boron doping 

concentrations. 

Keywords: RGO/ZnO: B, Boron, composite material, Supercapacitor. 

 

1. INTRODUCTION 

In developing countries, rapid population 

increase, and industrialization has accelerated 

energy demand. This increase in energy demand 

worldwide mandates the development of new 

energy resources and more efficient use of the 

storage capacity of the ones already available [1]. 

In recent years, the increasing popularity of 

portable electronic devices, and newly produced 

electric motors and hybrid vehicles has led to an 

increasing interest in environmentally friendly 

high-capacity energy storage systems [2-4]. 

Supercapacitors, which are a type of energy 

storage device, have advantages such as short 

charging times, high power density, long cycle 

life, and low maintenance costs [5–7]. In 

supercapacitors, the charge-storing event takes 

place on electrodes. Therefore, most of the studies 

on supercapacitors have focused on the 

development of electrode materials and a 

corresponding increase in power density [8].  

Mostly porous carbon-based materials like 

graphene are used as electrode materials for 

supercapacitors [9,10]. High-performance nano-

composite structures of graphene and graphene-

based materials are at the forefront of energy 

device applications, both in energy production 

and energy storage [11–19]. Recently, metal oxide 

composites have attracted great attention in 

energy transformation and storage applications 

[20,21]. In supercapacitor applications, graphene 

metal oxide composite materials have been 

created to increase the individual properties of 

graphene and metal oxides [22–26]. Various 

methods can be utilized to produce these 

composite materials. For the synthesis of nano-

sized metal oxide particles, many different 

methods using polar and nonpolar solvent 

systems such as sol-gel [27], hydrolysis of 

inorganic salts [28], ultrasonic techniques [29], 

microemulsions [30], and hydrothermal methods 

[31–33] are available from published literature. 

Among these methods, hydrothermal synthesis is 

the most promising method since it allows finer 

control of the particle size, the crystallinity, and 

the shape of the nano-sized materials. 

Hydrothermal synthesis is among the most 

prevalent methods used to produce nanomaterials 

and they can be produced over a wide temperature 

window ranging from room temperature to very 

high temperatures. Depending on the reaction 

vapor pressure, low-pressure or high-pressure 

conditions can be used to influence the 
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morphology of the materials to be synthesized 

[34]. In this study, RGO/ZnO: B composite 

materials were produced using the hydrothermal 

method. The physical characterizations of the 

fabricated structures were investigated. The effect 

of boron supplementation on structural change 

was investigated. Electrochemical performance 

of Graphite/PTFE/RGO/ZnO:B electrodes were 

investigated by doping different boron ratios (5, 

10, 15, and 20 wt%) to ZnO, and the effect of 

boron on specific capacitance value was 

investigated. There are studies in the literature 

regarding the doping of boron to metal oxide 

materials at low rates. However, there are not 

enough studies on the production of 

supercapacitor electrodes based on high rates of 

boron supplementation to ZnO. The study aims to 

contribute to the literature and to shed light on 

other studies. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

The following raw materials were used for co-

precipitation: 

Zinc chloride (extra pure, Merck), Hexa-

methylenetetramine (for synthesis, Sigma-

Aldrich), Boric acid (for analysis, Merck), 

Graphite powder (<20 μm, synthetic, Sigma 

Aldrich), Sulfuric acid (95-97%, Merck), 

Potassium permanganate (cryst, extra pure, Merck), 

Hydrogen peroxide (30%, Sigma Aldrich), 

Poly(tetrafluoroethylene) (powder >40µm particle 

size). 

2.2. Preparation of the Graphene Oxide 

Graphene oxide (GO) was produced from natural 

graphite powders using Hummers’ method in 3 

stages at low, medium, and high temperatures 

[35–37]. 

In an ice bath, sulfuric acid (H2SO4) was added to 

2  g of graphite powder, and the solution was 

mixed for 30 minutes with a magnetic stirrer. 

Then 8  g of potassium permanganate (KMnO4) 

was slowly added to the mixture, during which 

the solution was always kept below 10°C by 

stirring for 2 hours in an ice bath. Later, the 

solution was placed in a water bath at a 

temperature of 35°C and mixed for one hour. The 

density of the mixture further increased, and 

100 mL of ultra-pure water was added dropwise. 

After that, the solution was kept in a pre-prepared 

water bath at 98°C degree for 15 minutes and 

diluted with 300  mL of ultra-pure water. Later, 

20  mL of 30% hydrogen peroxide (H2O2) was 

added to the mixture to completely reduce the 

KMnO4. The solution was kept at room 

temperature overnight. To remove the metal ions 

in the precipitate, it was washed with 800 mL of a 

5% hydrochloric acid (HCl) solution. Then, to 

remove any residual acid, the filtered mixture was 

washed one last time with 1 L of ultra-pure water. 

2.3. Synthesis of the RGO/ZnO: B Composites 

Zinc oxide-reinforced boron particles (ZnO: B) 

were synthesized using the hydrothermal method 

with zinc chloride (ZnCl2) as a precursor. 0.1M 

zinc chloride (ZnCl2), 0.1 M boric acid (H3BO3), 

and 0.1M hexamethylene tetramine (C6H12N4) 

were dissolved in 100 mL of pure water. To shrink 

the particle size, ammonia (NH3) was added 

dropwise to make the solution pH equal to 10. The 

solution was put in a Teflon-covered autoclave 

and kept under 200°C for 3 hours. The solution 

was left to cool at room temperature and later 

ZnO: B particles were filtered from it. The ZnO: 

B particles were washed with pure water to 

remove the organic constituents and before the 

characterization, they were annealed at a 

temperature of 450°C for 1 hour.  

There are many studies in the published literature 

on factors such as pH and temperature that affect 

the morphology and size of the ZnO particles 

produced  [38–40]. In this study, boron was used 

to dope ZnO in varying weight ratios (5%, 10%, 

15%, and 20%) to produce ZnO: B particles. All 

experimental conditions were held the same for 

all samples. A tenth of a gram of GO was mixed 

for 1 hour in an ultrasound mixer in a solution of 

20  mL of pure water and 10  mL of ethanol 

(C2H5OH), and then 0.1  g of ZnO: B 

nanoparticles were added to this GO solution and 

it was further mixed by ultrasound for 2 hours. 

The suspension obtained was put in a Teflon-

covered autoclave and kept under 160°C for 3 

hours. Thus, the GO was converted to RGO, and 

ZnO: B particles entering between the RGO 

layers were chemically bonded to each other, and 

consequently the composite material RGO/ZnO: 

B was obtained.  

After this composite was filtered and washed with 

pure water, it was dried at room temperature 

leaving the synthesized RGO/ZnO: B composite 

material (Fig. 1). 
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Fig. 1. The steps used in the synthesis of the RGO/ZnO: B composite material.

2.4. Preparation of Working Electrodes 

Working electrodes were prepared from 70:20:10 

weight ratios for the RGO/ZnO: B composite, the 

graphite powder, and polytetrafluoroethylene 

(PTFE), respectively. A small amount of butanol 

was added dropwise to the mixture. Then, the 

slurry obtained was spread on nickel foam with 

dimensions of 1  cm  ×  1  cm and dried at room 

temperature for 24 hours. All experiments were 

conducted using Iviumstat potentiostat/ 

galvanostatic cyclic voltammetry. To measure the 

electrochemical characteristics of the working 

electrodes a typical three-electrode cell was used 

with a working electrode (Graphite / PTFE / RGO 

/ZnO: B composite), counter electrode (platinum 

foil), and reference electrode  (standard calomel 

electrode or SCE). All electrochemical 

measurements took place in 6  M of KOH 

(potassium hydroxide) solution as the electrolyte. 

In the characterization, the XRD pattern was 

constructed using a Philips X’Pert PRO device. 

Raman measurements were conducted using a 

portable Raman spectrometer (BWS465, B&W 

Tek Inc.) with a 3 cm−1 resolution, at a wavelength 

of 785 nm using a 302 mW diode laser, and SEM 

images were obtained using a Zeiss EVO 10LS 

device. The analyses were carried out in the 

laboratory of Kahramanmaras Sütcü Imam 

University ÜSKİM (University-Industry-State 

Cooperation Centre). 

3. RESULTS AND DISCUSSION 

Figs. 2a and 2b present respectively the Raman 

spectrum and SEM image of the graphene oxide 

(GO) produced. The D band at a wavelength of 

1354 cm−1 and the G band at 1602 cm−1 can be 

seen in the Raman spectrum. The presence of the 

D peak in the spectrum indicates that the oxygen-

containing functional groups of GO produced by 

the Hummers’ method caused significant damage 

to the graphite crystal structure, while the G peak 

is related to the double degenerate phonon mode 

in the Brillouin region. This band was formed 

owing to the vibrations of the sp2 carbon atoms in 

plane [41]. The scanning electron microscope 

(SEM) image of GO shows the 2-dimensional GO 

layers with planar folding. This is because of the 

oxygen-containing functional groups formed in 

the process of GO formation and structural 

defects [42]. 

As seen from the SEM images, the morphological 

structures of the RGO/ZnO: B composite 

materials obtained consist of hexagonal plate and 

hexagonal rod mixtures (Figs. 3a-e). The 

distribution of ZnO: B particles between the RGO 

layers is due to the inability of the graphene layer 

to be completely reduced and because of the 

bonding of the remaining oxygen atoms and ZnO: 

B particles between the layers. In previous 

studies, it has been found that boron doping 

reduces the size of ZnO particles [43]. The 

smaller the particle size, the more particles and 

voids per unit area, thus allowing the particles to 

form a larger specific surface area. This is 

important in terms of increasing the capacitance 

values of the supercapacitors obtained. The 

structure of the RGO/ZnO: B composite materials 
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was characterized as a wurtzite ZnO phase (PDF-2, 

reference code: 01-079-2205), a simonkolleite 

(Zn5(OH)8Cl2.H2O) zinc hydroxide phase (PDF-

2: reference code:00-076-0922) and RGO phase 

mixtures from the XRD spectrum (Fig. 3f). As 

seen in the XRD spectrum, besides the peaks 

belonging to the zinc oxide and zinc hydroxide 

phases, the relatively weak (002) plane of RGO at 

2θ = 25.7° can be seen. The reason for the 

formation of a hydroxide structure in the complex 

is the rehydration of the ZnO: B particles and their 

transformation into a simonkolleite structure after 

their placement in the GO solution that was used 

while forming the composite material. No peak of 

boron and boron compounds was observed in the 

XRD spectrum of the obtained RGO/ZnO: B 

particles.  

The reason for this can be explained by replacing 

the boron atoms with Zn atoms and entering the 

ZnO structure. In addition, it was observed that 

the peak intensity of (001) decreased with the 

increase of the boron additive. This indicates a 

decrease in crystal quality. It can be explained as 

the replacement of boron atoms with Zn atoms, 

entering the ZnO structure and decreasing 

depending on the peak density. I group III. 

element boron is doped with ZnO, lower radius 

B3+ atoms replace higher radius Zn2+ atoms and 

act as donors [44].  

The electrochemical properties of the 

Graphite/PTFE/RGO/ZnO: B electrodes were 

examined using capacitance, impedance, and 

charging/discharging curves. The capacitance 

values of the electrodes were calculated with the 

C = Iort/v × m equation using the voltammogram 

curve. 

The cyclic voltammogram results of the 

Graphite/PTFE/RGO/ZnO: B electrodes under a 

5 mV/s scanning rate in a 6M KOH solution are 

shown in Fig. 4a. While the CV curves obtained 

had a rectangular-like structure, those that 

produced RGO/ZnO: B electrodes did not have 

redox peaks, but low-intensity redox peaks were 

still observed in the 10%, 15% and 20% boron 

reinforced Graphite / PTFE / RGO / ZnO:B 

electrodes. As seen from the CV curves, the area 

under the CV curve for all electrodes increased 

with the addition of boron. In other words, the 

capacitive performance of RGO/ZnO: B 

composite electrodes, obtained as a result of 

doping ZnO with boron, increased. Moreover, the 

increase in the capacitive performance was 

directly dependent on the amount of boron. The 

addition of boron to the crystal structure increases 

the electrical conductivity, thus enabling a more 

effective transfer of electrons and charged ions. 

Due to the extremely small capacitance value of 

Ni foam, which is used as a substrate in electrode 

construction, CV measurements of Ni foam are 

not shown in the graphs. The specific capacitance 

values of the Graphite / PTFE / RGO / ZnO:B 

composite material produced from calculated 

from the CV curves shown in Fig. 4a. are shown 

in Table 1. As can be seen from this table, the 

increase in boron doping increased capacitance 

values.  

Nyquist graphs showing the electrochemical 

impedance values of the electrodes produced 

from the Graphite/PTFE/RGO/ZnO: B composite 

material are shown in Fig. 4b. The impedance 

measurements were conducted over a range from 

0.01 Hz to 100 KHz. 

 

 
Fig. 2.  a) The Raman spectrum and b) SEM image of the graphene oxide (GO).  
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Fig. 3. SEM images of RGO/ZnO:B composites with different boron concentrations: a) 0 wt.% b) 5 wt.% 

c) 10 wt.% d) 15 wt.% e) 20 wt.% and f) XRD pattern of RGO/ZnO:B composites 

with different boron concentrations. 

  

Fig. 4. (a)The cyclic voltammogram graphic and (b) Nyquist impedance spectrum of the 

Graphite/PTFE/RGO/ZnO:B electrodes under a 5 mV/s scanning rate 
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Table 1. The capacitance values of Graphite/PTFE/RGO/ZnO:B electrodes calculated under a 5 mV/s scanning rate. 

ZnCl2 
Mean current 

(mA) 

Scanning rate 

(mV/s) 

Capacitance 

(F/g) 

The capacitance decay 

rate (%) after 100 cycles 

RGO/ZnO 2.8 5 36.37 59 

RGO/ZnO:B (5% B) 4.9 5 67.12 38 

RGO/ZnO:B (10% B) 5.8 5 74.39 46 

RGO/ZnO:B (15% B) 7.1 5 79.78 39 

RGO/ZnO:B (20% B) 10.6 5 155.88 21 

At high frequencies, the intersection point with 

the real axis (x-axis) in the Nyquist graphic gives 

the equivalent series resistance (ESR) of the 

electrode 43,44. The equivalent series resistance 

includes the resistances of the electrolyte liquid 

(KOH), the electrode resistance (Graphite / PTFE 

/ RGO / ZnO:B), and the contact resistance of the 

electrode and current-carrying wires. 

The ESR values for the 0%, 5%, 10%, 15%, and 

20% boron-reinforced RGO/ZnO electrodes, 

which are shown in the Nyquist graphics in this 

figure, were 11.3, 12.2, 15.3, 20.5 and 17.2  Ω, 

respectively. No significant change was observed 

in the ESR values of Graphite/PTFE/RGO/ZnO: 

B electrodes under boron doping, but there were 

slight increases. In general, it can be said that the 

boron additive, albeit small, provides better ionic 

conductivity. No semi-circular curve was 

encountered in the low-frequency region of the 

impedance measurements that would have 

indicated resistance to the charge transfer on the 

electrode interface. This state indicates the rapid 

charge transfer at the electrode–electrolyte interface.  

Fig. 5a illustrates the electrical charge–discharge 

curves of the electrodes produced from 

RGO/ZnO:B composite materials. The 

measurements were done under a constant 1.2 mA 

current and between 0 and 0.65 volts. As can be 

seen from the charge–discharge curves, boron 

doping increases the charge–discharge duration. 

The charge–discharge curves of the 

Graphite/PTFE/RGO/ZnO:B electrodes form a 

rectangular structure. The nonlinear shapes of the 

charge-discharge curves confirm the pseudo-

capacitance behavior of metal oxides at the 

electrode/electrolyte interface due to 

electrochemical adsorption-desorption or redox 

reaction. The linear portions of the discharge 

curves show the double-layer capacitance 

behavior of the electrodes due to charge 

separation between the electrode/electrolyte 

interfaces. From the charge-discharge curves of 

the electrodes, it was observed that boron additive 

accelerated the filling time and slowed the 

discharge time. The change in the specific 

capacitance values of the 

Graphite/PTFE/RGO/ZnO:B electrodes depend 

on the changes in scanning rate as shown in Fig. 

5b. For all electrodes, the scanning rates were 

selected to be 5, 10, 50, and 100 mV/s, and in all 

of them the capacitance values declined with 

increasing scanning rates. The stability tests of 

Graphite/PTFE/RGO/ZnO:B electrodes under a 

5 mV/s scanning rate are shown in Fig. 5c. The 

capacitance values of the produced electrodes 

were computed after running 100 cycles, and at 

the end of these cycles the decreases in the 

capacitance value as a percentage are given in 

Table 1. As can be seen in the values listed in 

Table 1, the changes in the capacitance values of 

the boron-reinforced electrodes after 100 cycles 

are quite low compared to the ones without boron 

doping. These results indicated that boron-

reinforced Graphite/PTFE/RGO/ZnO electrodes 

have extended durability.  

The systematic increase in the capacitance values 

of the RGO/ZnO: B electrodes as a result of boron 

doping can be seen in Fig. 6. 

4. CONCLUSIONS 

In this study, the RGO-embedded, boron-

reinforced, composite ZnO materials were 

successfully synthesized via the hydrothermal 

method. The supercapacitor electrodes were 

crafted from the resulting materials and these 

electrodes were examined to see how their 

capacitance values changed according to their 

boron doping concentration. 

The structural and morphological 

characterization of the RGO/ZnO:B composites 

illustrated that the ZnO:B particles were dispersed 

in between the RGO sheets as hexagonal rods 

(Figs. 3a-e). 
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Fig. 5.  a) The charge/discharge curves of Graphite/PTFE/ RGO/ZnO:B electrodes b) The changes in capacitance 

value under different scanning rates, and c) The changes in capacitance values according to the number of 

cycles. 

 
Fig. 6. The changes in the capacitance values of the Graphite/PTFE/RGO/ZnO:B electrodes under a 5  mV/s 

scanning rate according to the amount of boron. 

Supercapacitor electrodes were obtained by 

spreading the paste – composed of RGO/ZnO: B 

+ graphite + polytetrafluoroethylene (PTFE) and 

butanol – on Ni foam with dimensions of 

1  cm × 1  cm. At the end of the electrochemical 

analyses, it was observed that increasing boron 

concentration also increased the capacitance 

values. The specific capacitance value of the 20% 

reinforced Graphite / PTFE / RGO / ZnO:B 

composite electrode was 155.88 F/g, while that of 

the Graphite / PTFE / RGO / ZnO composite 

electrode was 36.37 F/g. According to this result, 

the performance of the capacitance increased 

four-fold with a 20% boron concentration. 

Moreover, longer cycle performance of the 

Graphite / PTFE / RGO / ZnO:B electrodes with 

higher boron concentration was observed. The 

capacitance decay (capacitance reduction) of 

Graphite / PTFE / RGO / ZnO:B electrodes after 

100 cycles were lower in electrodes with higher 

boron concentration. In other words, electrodes 

with a high boron concentration display a longer 

duration cycle performance.  
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