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Abstract 

In this research, boron and nitrogen-doped carbon nanotubes (B-N-CNTs) were synthesized at 900°C using the 

FCCVD method. Carbon, nitrogen, and boron as source materials were simultaneously introduced using a batch-

mode droplet reactor and ferrocene as a catalyst. B-N-CNTs were obtained with diameters ranging from 10 - 50 

nm and lengths around 30  – 80 µm. These B-N-CNTs were thoroughly characterized and structurally analyzed. 

Subsequently, tungsten disulfide (WS2) nanosheets on B-N-CNTs were synthesized using the hydrothermal 

method to design a composite material and were investigated as electrodes for supercapacitors. The 

morphological properties of B-N-CNT@WS2 were determined by various analytical techniques such as XRD, 

FESEM, XPS, and EDS. B-N-CNT@WS2 was investigated as an electrode for supercapacitors in two- and 

three-electrode cells. In the three-electrode cell, B-N-CNT@WS2 exhibited a specific capacitance of 320 F g−1 

at a current density of 0.5 A g−1, while the two-electrode cell showed a capacitance of 41 F g−1. The symmetric 

supercapacitor at a current density of 5 A g−1 exhibited excellent structural stability by preserving 90% of its 

specific capacitance after 9000 cycles in the 1 V potential range. 

Keywords:  B-N-CNTs, WS2, composite electrode, supercapacitor 

 

Süperkapasitörlerin Elektrokimyasal Performansının İyileştirilmesi için B-N-Katkılı Karbon 

Nanotüpler üzerine Tungsten Disülfürün Sentezi 

 

Öz 

Bu araştırmada, FCCVD yöntemi kullanılarak 900°C’de bor ve nitrojen katkılı karbon nanotüpler (B-N-CNT) 

sentezlenmiştir. Kaynak malzeme olarak karbon, nitrojen ve bor, katalizör olarak ferrosenin olduğu toplu modlu 

damlacık reaktörü kullanılarak eş zamanlı olarak dahil edilmiştir. Çapları 10 - 50 nm arasında değişen ve 

uzunlukları 30 - 80 µm civarında olan B-N-CNT'ler elde edilmiştir. Bu B-N-CNT'ler kapsamlı bir şekilde 

karakterizasyonu yapılmıştır. Daha sonra, B-N-CNT'ler üzerine tungsten disülfür (WS2) nanotabakaları, 

kompozit bir malzeme tasarlamak için hidrotermal yöntem kullanılarak sentezlenmiş ve süperkapasitörler için 

elektrotlar olarak araştırılmıştır. B-N-CNT@WS2'nin morfolojik özellikleri XRD, FESEM, XPS ve EDS gibi 

çeşitli analitik tekniklerle belirlenmiştir. B-N-CNT@WS2, hem iki hem de üç elektrotlu hücrelerde 

süperkapasitörler için bir elektrot olarak araştırılmıştır. Üç elektrotlu hücrede, B-N-CNT@WS2, 0.5 A g−1 akım 

yoğunluğunda 320 F g−1'lik spesifik bir kapasitans sergilerken, iki elektrotlu hücrede 41 F g−1'lik bir kapasitans 

göstermiştir. Simetrik süperkapasitör ise 5 A g−1 akım yoğunluğunda 1 V potansiyel aralığında 9000 döngüden 

sonra kapasitesinin %90'ini koruyarak mükemmel yapısal kararlılık sergilemiştir. 

Anahtar Kelimeler: B-N-CNTs, WS2, kompozit elektrot, süperkapasitör 
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1. Introduction 

Due to the increasing demand for efficient and sustainable energy storage technology, driven 

by the escalating consumption of fossil fuels and their depletion, there is a growing search for 

alternative solutions and the development of new and environmentally energy sources (Wang 

et al., 2015; Tu et al., 2016). Alternative electrical energy emerges as the most popular option 

to address this issue as it is generated from clean and renewable sources such as wind and solar 

(Dai et al., 2016). Extensive efforts are being made to store electrical energy safely and 

environmentally, with batteries and supercapacitors being one solution (Choudhary et al., 

2016).  Supercapacitors, also known as double-layer capacitors, consist of opposing electrodes 

separated by an insulator (Tomko et al., 2011; Wu et al., 2012). Energy is stored in 

supercapacitors in the form of electric charges on the surface of the electrodes, allowing for 

rapid discharge when needed (Yesilbag et al., 2022). Supercapacitors are characterized by fast 

charge and discharge rates, long-term cycle life, and the ability to withstand many charge-

discharge cycles compared to conventional batteries. However, they still suffer from lower 

energy storage capacity compared to batteries. Thus, efforts are focused on improving their 

performance for applications requiring large amounts of energy. Supercapacitors excel in their 

ability to store and release energy quickly and efficiently, making them ideal for various 

applications in renewable energy and energy storage systems (Tuzluca Yesilbag & Huseyin, 

2024).  

In recent years, researchers have focused on using nanomaterials as electrodes for 

supercapacitors (Kinoshita et al., 2019; Béguin et al., 2014). Nanomaterials emerge as an 

excellent option for manufacturing supercapacitor electrodes due to their excellent conductivity 

and large surface area (Li et al., 2018).  Recently, hybrid nanomaterials with one-dimensional, 

two-dimensional, and three-dimensional structures have been synthesized to enhance the 

electrochemical performance of supercapacitors. Among the one-dimensional materials, carbon 

nanotubes (CNTs) and boron and nitrogen-doped carbon nanotubes (BCN) have shown promise 

as electrode materials for supercapacitors and batteries (Yesilbag et al., 2021). Also, WS2 

nanosheets were synthesized on reduced graphene oxide (RGO) using a molten salt process, 

exhibiting a high specific capacitance of 2508.07 F g−1 at a scan rate of 1 mV s−1 due to the 

synergistic effect of WS2 and RGO (Kim et al., 2011; Zhang et al., 2014; Chen et al., 2011). 

CNTs were introduced to improve the conductivity of WS2. WS2@CNT exhibited good specific 

capacitance of up to 752.53 mF cm-2 at a scan rate of 20 mV s-1 (Yang et al., 2020). 

In this study, boron- and nitrogen-doped carbon nanotubes were synthesized using the Floating 

Catalyst Chemical Vapor Deposition (FCCVD) system. The doping process enhances the 

nanotube electron and ion transport during charge and discharge, increasing mechanical 

flexibility and contributing to pseudocapacitance. Transition metal dichalcogenide (WS2) was 

synthesized on B-N-CNT without additional treatment. B-N-CNT@WS2 was examined as 

electrode materials for supercapacitors and exhibited good capacitive properties. 
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2. Materials and Methods 

2.1. Synthesis of B-N Doping CNTs by Chemical Vapor Deposition: 

B-N-CNTs were synthesized using the FCCVD method, which is a modified version of the 

chemical vapor deposition method. In batch-mode droplet reactor, methanol, boric acid, and 

acetonitrile were used as sources for B, N, and C, respectively. Ferrocene (C10H10Fe) was used 

as a catalyst. Initially, methanol (CH₃OH) and boric acid (H3BO3) were mixed in a weight ratio 

of 1%, and then acetonitrile (C₂H₃N) was added. 0.15 g of ferrocene powder was placed in a 

quartz tube at the front of the furnace.  The mixed carrier gas (H2=30 sccm, Ar=60 sccm) was 

initially sent upon reaching the desired temperature of 900°C. Then, the gas flow rate was 

changed to Ar=500 sccm and H2=300 sccm, and ferrocene was vaporized to initiate the growth 

process of B-N-CNTs. The solution injection rate was 10 ml/hour. The growth process 

continued for half an hour, and then the process was stopped while the flow of gases continued 

Ar=60 sccm and H2=30 sccm until it reached room temperature. B-N-CNTs were collected 

from the walls of the quartz tube. 

2.2. Synthesis of Tungsten Disulfide (WS2): 

Tungsten disulfide nanosheets were synthesized using the hydrothermal method. In this 

method, 1 g of oxalic acid (C2H2O4), 0.3 g of sodium tungstate dihydrate, and 0.4 g of 

thioacetamide were taken in 50 ml of deionized water and mixed for an hour at room 

temperature. Then, the solution was transferred to a Teflon-lined autoclave with a capacity of 

100 ml and heated to 200 °C for 12 h. After the process, the powder was washed with water 

several times and dried in an oven at 60 °C for 24 h. 

2.3. Electrochemical Measurements: 

The electrode was coated on carbon cloth consisting of active material, carbon black, and binder 

(PDVF) with a weight ratio of 8:1:1. Sample areas of 1 × 1 cm2 were immersed in the electrolyte 

and tested as working electrodes.  Electrochemical measurements of cyclic voltammetry (CV) 

and galvanostatic charge-discharge (GCD) were performed using a three-electrode system with 

a platinum (Pt) counter electrode and Ag/AgCl reference electrode. A 6 M KOH solution was 

used as the electrolyte. Electrochemical impedance spectroscopy (EIS) was performed over a 

frequency range from 10 kHz to 10 mHz. The specific capacitance (Cs) was calculated from 

GCD curves using the following equations: 

𝐶=𝐼×𝑡/𝑚×𝑉 

where I is the constant discharge current, t is the discharge time, V is the potential window, and  

m is the mass of the active material.  Additionally, measurements were carried out in a 

symmetrically design two-electrode cell in a 6 M KOH electrolyte using B-N-CNT@WS2 

electrodes. 
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3. Results and Discussion 

Figure 1 depicts the synthesis steps for the B-N-CNT@WS2 electrode. Briefly, B-N-CNTs were 

synthesized via the FCCVD process, followed by powder collection, HCl washing, and 

sonication. After then, B-N-CNTs and WS2 precursor materials was put into the autoclave for 

a hydrothermal growth.   

 
Figure 1. Schematic diagram of B-N-CNT@WS2 synthesis. 

In our previous study, B-N-CNTs were grown at 900°C and appeared as intertwined threads 

adhering to each other; hence, ultrasonic treatment was employed to separate them (Yesilbag 

et al., 2022). This process facilitates electron transfer on the one hand and provides a high 

surface area on the other hand. The FESEM images demonstrate the successful synthesis of B-

N-CNT@WS2, as shown in Figure 2 (a-c). The full area EDS analysis of B-N-CNT@WS2 

shown in Figure 3 showed that the atomic concentrations of W, S, B, C, N, and O were observed 

without any impurities.  

 

Figure 2. FESEM images for B-N-CNT@WS2. 
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Figure 3. Full area EDS analysis for B-N-CNT@WS2. 

XRD analysis was conducted to analyze further and confirm B-N doping into the CNTs. Figure 

4 shows an XRD pattern attributed to JCPDS card no: 41-1487 of graphitic structure B-N-doped 

carbon and JCPDS Card No: 84-1398 of WS2, confirming the successful synthesis of B-N-

CNT@WS2.  

  

Figure 4. XRD analysis for B-N-CNT@WS2 composite electrode material. 

Through XPS analysis of B-N-CNT@WS2, all elements B, C, N, W, S, and O appeared in the 

full spectrum, indicating the presence of peaks corresponding to B 1s, C 1s, N 1s, W 4f, S 2p, 

and O 1s (Figure 5 (a)). In the high-resolution XPS spectrum, the binding energies of C 1s, B 

1s, and N 1s found at 285 eV, 185.5 eV, and 402 eV was shown in Figure 5 (b), (c), and (d), 

respectively. This indicates that boron and nitrogen bond to carbon. Additionally, peaks for W 

appeared at 36.4 eV and 34.5 eV, corresponding to W 4f7/2 W 4f5/2, respectively (Figure 5 (e)). 

Moreover, in Figure 5 (f), the peaks for S appeared at 168.1 eV and 161.9 eV, corresponding to 

S 2p3/2 and S 2p1/2, respectively, confirming the successful synthesis of WS2. 
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Figure 5. (a) XPS full spectrum of B-N-CNT@WS2, the high-resolution spectrum of peaks (b) 

B 1s, (c) C 1s, (d) N 1s, (e) W 4f, and (f) S 2p. 

Electrochemical measurements for the B-N-CNT@WS2 electrode were conducted in a 6 M 

KOH electrolyte in a three-electrode system. In Figure 6 (a), the CV curves show broad shapes 

within the voltage range of -1.1 V to -0.2 V, indicating a mixture of EDLC and surface Faradaic 

processes occurring on the electrode surface. Small peaks are observed at -0.8 V and -0.5 V, 

corresponding to the surface oxidation and reduction processes of WS2. Various scan rates 5-

100 mV s-1 were applied, showing minimal changes in shapes, indicating capacitive properties 

and excellent performance.  In Figure 6 (b), charge/discharge curves exhibit nearly symmetric 

triangular shapes, confirming the good capacitive behavior of the B-N-CNT@WS2 electrode.  
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Figure 6 (c) illustrates the specific capacitance values at 0.5, 1, 2, 5, and 10 A g-1 current 

densities 320, 286, 210, 195, and 186 F g-1 respectively. Electrochemical behavior is further 

confirmed by EIS measurement shown in Figure 6 (d).  The B-N-CNT@WS2 electrode displays 

a parallel curve to the y-axis in the low-frequency range, indicating good capacitive behavior. 

 

Figure 6. (a) CV curves at scan rates of 5-100 mVs-1, (b) GCD curve at current densities of 0.5-

10 A g-1, (c) specific capacitance values, (e) Nyquist curves for EIS measurement (inset is 

enlarged high-frequency region). 

A symmetrical supercapacitor (SSC) B-N-CNT@WS2//B-N-CNT@WS2 was assembled in 

two-electrode cell. CV and GCD measurements of the SSC were conducted within the voltage 

range 0-1 V, as shown in Figure 7 (a) and (b). The CV curves appeared rectangular, and the CV 

area increased with the scan rate, indicating capacitive behavior and reversibility. Figure 7 (c) 

shows the specific capacitance values of the SSC at current densities 0.5, 1, 2, and 5 A g-1 to be 

41, 25, 20, and 18.4 F g-1, respectively. Moreover, to evaluate the cycling stability of the SSC, 

a test was conducted at a current density of 5 A g-1, demonstrating a high stability of 90% after 

9000 cycles, as shown in Figure 7 (d). In the EIS spectrum in Figure 7 (e), the intersection of 

the semicircle with the x-axis is ESR, and its value is 0.46 ohms, while the diameter of the 

semicircle is Rct, and its value is 0.51 ohms. 
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Figure 7. (a) CV curves at scan rates 5-100 mV s-1 for the SSC, (b) GCD curves at different 

current densities in the 0-1 V potential range, (c) specific capacitance values, (d) Nyquist plot, 

(e) Long-term cycling stability at 5 A g-1 current density.  

4. Conclusion 

In conclusion, the B-N-CNT@WS2 electrode was synthesized in two stages. Initially, B-N-

CNT was synthesized at a temperature of 900°C using the FCCVD method, followed by the 

WS2 synthesis on the B-N-CNT surface via hydrothermal treatment. The B-N-CNT@WS2 

electrode was studied through structural and morphological analyses using characterization 

techniques such as XRD, FESEM, and XPS.  WS2 nanosheets were grown homogeneously on 
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BCN nanotubes, creating a synergistic effect. The B-N-CNT@WS2 composite electrode shows 

a higher specific capacitance of 320 F g-1 at a current density of 0.5 A g-1.  Moreover, the SSC 

demonstrated the specific capacitance 41 F g-1 at a current density of 0.5 A g-1, with a 

capacitance retention rate of 90% after 9000 cycles. 
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