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a b s t r a c t
In this study, the performance of two boron-containing compounds, C14H14BNO2·HCl (BCC1) and 
C38H38B2Cl2N4O4 (BCC2), as electrodes in supercapacitor applications was investigated in the pres-
ence of Na2SO4 and KOH electrolyte solutions. The specific capacitance values of the compounds 
were compared, and the results showed that trivalent boron (BCC1) exhibited higher specific capac-
itance values than tetravalent boron (BCC2) in both electrolyte solutions. In the presence of Na2SO4 
electrolyte solution, the specific capacitance values of the trivalent (BCC1) and tetravalent (BCC2) 
boron compounds at a current density of 0.75 A/g were 135.21 and 94.87 F/g, respectively, while in 
the presence of KOH electrolyte, the specific capacitance values of the trivalent (BCC1) and tetrava-
lent (BCC2) boron compounds at a current density of 0.75 A/g capacitance values were determined 
as 106.62 and 88.25 F/g, respectively. The cycling stability of the electrodes was also studied, and 
it was found that the capacitance of BCC1 electrode increased gradually over the cycles, while the 
capacitance of BCC2 electrode decreased. The study suggests that trivalent boron can be a promis-
ing material for supercapacitor applications. However, further research is required to optimize the 
cycling stability of the electrodes and understand the underlying mechanism.
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1. Introduction

Rising population, industrialization, and widespread 
use of technology have resulted in considerable increases in 
energy consumption in emerging countries. As the world’s 
energy demand grows, new energy resources must be pro-
duced, as well as existing energy resources must be stored 

for more efficient use. It is just as important to be able to 
store developed energy as it is to collect renewable energy 
[1–4]. Mechanical, chemical, and electrical systems are all 
viable options for storing energy [5–9]. Small-scale batteries 
and high-capacity capacitors have recently been the focus 
of the scientific investigation [10]. When compared to con-
ventional capacitors, supercapacitors provide thousands of 
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times more power and energy density, have shorter charging 
times, and have a longer lifespan [11,12]. In supercapac-
itors, the charge is held at the electrodes [13]. The super-
capacitor’s electrode is constructed of the most porous 
carbon-based materials. Supercapacitors made of metal 
oxide and conductive polymer have higher capacitance 
values than carbon-based supercapacitors [14–16].

Researchers have turned their attention to carbon-based 
electrodes due to factors such as the restricted conductiv-
ity of metal oxides, which have high capacitance proper-
ties, and the short cycle life of conductive polymers [17]. 
Carbon-based materials have grown in popularity as elec-
trode materials in electrochemical devices due to their 
chemical durability and environmental responsibility, espe-
cially in acidic and basic environments and throughout a 
broad temperature range [18,19]. One of the major concerns 
with carbon-based materials used for electrodes is that 
the material agglomerates depending on the manufactur-
ing process [20]. Moreover, many carbon-based electrodes 
[21,22] are impossible to make as a single layer, and the 
carbon-based sheets that are created have several chemical 
and topological defects. Using a lighter, more metallic mate-
rial instead of carbon-based capacitors to increase specific 
capacitance beyond those capacitors is a novel approach. 
As a consequence, it is possible to identify boron-containing 
compounds [23].

In the previous two decades, the vast majority of 
boron-containing compounds have been synthesized and 
identified to have applications in a range of fields, including 
material and life sciences, medicine, energy, catalysis, and 
electronics [24–29]. Under the correct conditions, several 
structurally diverse trivalent and tetravalent boron-contain-
ing compounds may be easily synthesized in the laboratory. 
Because of the importance of boron-containing chemicals 
in a variety of industries, we started a research project to 
create boronate ester derivatives of them. Alkyl or aryl 
boronate ester derivatives as organocatalysts are arguably 
one of the biggest alternatives to their organic and metal 
counterparts in catalytic systems because of their incredible 
potential for cost savings, reductions in chemical waste and 
toxicity concerns, metal contamination, and drastic reac-
tion conditions [30–33]. Boronate esters have grown more 
popular as a solution to the stability and chemoselectivity 
issues of homogeneous and heterogeneous catalysts due 
to their robust Lewis acidic properties, high stability, and 
low toxicity. Given the attractiveness of structurally diverse 
boron-containing compounds, alkyl and aryl boronate ester 
derivatives are bound to find increased utility in catalyst 
chemistry. In our previous studies [34–39], it was observed 
that boron-based electrodes increase the capacitance values 
as a result of experiments on supercapacitor applications of 
different boron-based materials. Parallel to these studies, 
in the presence of different electrolyte solutions (Na2SO4 
and KOH), the trivalent and tetravalent boron-containing 
compounds (C14H14BNO2·HCl (BCC1) and C38H38B2Cl2N4O4 
(BCC2) synthesized in this work were used as electrodes 
in supercapacitor applications. The synthesized electrodes 
were named (BCC1) and (BCC2), respectively, the trivalent 
and tetravalent boron-containing compounds. According to 
all electrochemical investigations, the trivalent boron-con-
taining (BCC1) electrode material is a promising material 

for supercapacitor applications, with 135.21 F/g specific 
capacitance in Na2SO4 electrolyte.

2. Experimental section

2.1. Preparation of (BCC1) and (BCC2) electrodes

The synthesis of the trivalent (BCC1) and tetravalent 
(BCC2) boron compounds was carried out according to our 
previous study with a slight modification [24]. In summary, 
for the synthesis the trivalent (BCC1) compound, a mixture 
of dopamine hydrochloride (1.0 g, 5.28 mmol) and phen-
ylboronic acid (0.64 g, 5.28 mmol) in toluene (30 mL) was 
heated under reflux conditions with a Dean-Stark appa-
ratus for 10 h. The reaction monitoring by TLC technique 
until observing a single well-defined peak. On completion 
of the reaction, the obtained solutions were cooled to room 
temperature, and followed by the excess toluene was evap-
orated. Then, the crude white crystal products were washed 
with n-hexane and purified by crystallization from toluene/
hexane mixture affording pure trivalent (BCC1) compound. 
Followed by, as a result of the reaction of the pure triva-
lent (BCC1) (0.54 g, 1.96 mmol) and 4,4’-bipyridyl (0.15 g, 
0.98 mmol) in CHCl3 at a mole ratio of 2:1 under room con-
ditions for 24 h, crystalline tetravalent (BCC2) compound 
was obtained. The reaction route and structure schematic 
of the target trivalent (BCC1) and tetravalent (BCC2) boron 
compounds is shown in Fig. 1.

2.2. Preparation of electrode material for supercapacitor

0.05 g of trivalent (BCC1) and tetravalent boron (BCC2) 
compounds were added to the solvent polyvinylidene fluo-
ride (PVDF, 0.02 g)+N-methyl-2-pyrrolidone (NMP) (1.0 mL). 
After complete mixing, 0.03 g of carbon nanotube (CNT) was 
added to the mixture. Then, 2.0 mL of NMP was added and 
mixed well. The resulting mixture was subjected to mixing 
in an ultrasonic water bath for 10 min. It was mixed on a 
magnetic stirrer for about 2 h. The resulting mixture is ready 
for spraying on nickel foam. The paper separator, the anode 
and cathode electrodes prepared by cutting in 15 mm cir-
cular diameters, and 6 M KOH as the electrolyte solution 
was placed in a sealed aluminum test apparatus to form the 
two-electrode cell configuration.

3. Results and discussion

The structural characteristics of trivalent (BCC1) and 
tetravalent boron (BCC2) compounds are investigated using 
X-ray diffraction (XRD, Rigaku SmartLab). The XRD dif-
fraction patterns for (BCC1) and (BCC2) boron compounds 
are indicated in Fig. 2. In the region of 2θ = 20°–60°, XRD 
measurements are carried out. Both materials show a wide 
diffraction pattern in the region of 2θ = 20°–30°. Previous 
research has shown that both peaks belong to the (002) plane 
[40]. In XRD measurement, there are two key things to keep 
in mind. First and foremost, due to the wide diffraction peak 
produced for both samples, the full half-maximum width 
(FHMW) value of both samples is low. The low FHMW value 
might be used as a sign of the synthesized material’s quality. 
The (002) plane occurs at various diffraction sites, according 
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to the second observation. The diffraction pattern for triva-
lent (BCC1) boron compound, for example, is 2θ = 25.27°, 
but the identical peak occurs at 2θ = 25.65° for tetravalent 
boron (BCC2) compound. The presence of a two boron (B) 
center in the structure of tetravalent boron (BCC2) compound 
might be the cause of this condition.

Scanning electron microscopy (SEM, Zeiss Evo 55) is a 
method for elucidating the physical morphology of materi-
als’ surfaces. Fig. 3a shows the SEM image of trivalent (BCC1) 
boron compound, while Fig. 3b demonstrates the SEM image 
of tetravalent boron (BCC2) compound. Both images have 
a 30 µm scale and are recorded under 500X magnification. 
The main difference in the SEM images of (BCC1) and (BCC2) 
boron compounds is that trivalent (BCC1) has a more porous 
structure compared to (BCC2). This is seen when Brunauer–
Emmett–Teller (BET, Micromeritics Instrument) surface 
areas of the samples are examined. While the BET surface 
area value for (BCC1) is 117.27 m2/g, this value decreases 

to 52.92 m2/g for (BCC1). It can be concluded that improv-
ing BET surface areas allows such materials to be used in 
electrochemical applications in a promising way.

Energy-dispersive X-ray (EDX, Quanta FEG 250) mea-
surement is performed to elementally examine the triva-
lent (BCC1) and tetravalent boron (BCC2) compounds. The 
recorded EDX spectra for trivalent (BCC1) and tetravalent 
boron (BCC2) compounds are revealed in Fig. 3c and d, 
respectively. The atomic ratios (%) of the elements in the 
spectrum of trivalent (BCC1) boron compound is 0.05 for B 
(K series), 13.81 for C (K series), 48.54 for N (K series), 0.05 
for Cl (K series), and 37.52 for O (K series) while atomic 
ratios (%) of the elements in the spectrum of tetravalent 
boron (BCC2) compound is 0.43 for B (K series), 1.76 for C 
(K series), 64.01 for N (K series), 1.01 for Cl (K series), and 
32.79 for O (K series). It is observed in the EDX spectra the 
presence of chemical elements B, C, N, Cl, and O, suggesting 
clearly the success in the preparation of the trivalent (BCC1) 
and tetravalent boron (BCC2) compounds.

To examine the organic/inorganic components in tri-
valent (BCC1) and tetravalent boron (BCC2) compounds, 
Fourier-transform infrared spectroscopy (FTIR, IR-4000) 
measurements are performed. Fig. 4a and b reveal the FTIR 
spectra of trivalent (BCC1) and tetravalent boron (BCC2) 
compounds. When the FTIR spectra of trivalent (BCC1) 
boron compound are examined, it is thought that the peaks 
observed at 3,086; 2,969–2,870; 1,616; 1,324; 1,115; 1,071; 
814; 689 and 573 cm–1 are associated with Ar-CH, Aliph CH, 
C=C, B–O, C–O, B–C, C–H, C–O, and carbonyl group bonds, 
respectively. Similarly, it is determined that stretching-NH2, 
Ar-CH, Aliph-CH, bending-NH2, C=C, B–O, C–O, B–N, 
C–H, C–O, and carbonyl group bonds bonds for tetravalent 
boron (BCC2) compound correspond to peaks observed at 
3,340; 3,085; 2,981–2,854; 1,625 and 1,605; 1,495–1,451; 1,290; 
1,120; 1,054; 805; 706 and 639 cm–1, respectively.

In order to examine the capacitive behavior of the pre-
pared electrode materials and the effect of the electrolyte 
liquid used on the supercapacitors, four different superca-
pacitor cells with two electrode configurations are estab-
lished. The resistance, capacitance, and stability of the 
prepared supercapacitors are tested using electrochemical 
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Fig. 1. Synthesis mechanism of the trivalent (BCC1) and tetravalent boron (BCC2) compounds.

 
Fig. 2. X-ray diffraction patterns recorded for trivalent (BCC1) 
and tetravalent boron (BCC2) compounds.
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characterization techniques. Fig. 5 presents the characteris-
tic curves of the capacitor at different scanning speeds (in 
the range of –0.8–0.0 V) using the cyclic voltammetry (CV) 
technique for all materials. Although all materials’ CV curves 
are similar to the ideal supercapacitor curves, redox fluctu-
ations are observed in the CV curves of tetravalent boron 
(BCC2) material, which are not very obvious. Since the access 
of ions into the pores of the active material is reduced at 

high scanning speed, CV curves diverge from ideal curves at 
high scanning rates.

Charge-discharge curves of the supercapacitor are 
obtained using the galvanostatic charge discharge (GCD) 
technique and are given in Fig. 6. At high current densities, 
the charge-discharge curves overly resemble the isosceles 
triangle structure, which is the ideal supercapacitor curve. 
The perfection of the curves shows that the ion exchange 

 
Fig. 3. Recorded scanning electron microscopy image for (a) (BCC1), (b) (BCC2) boron compounds and the energy-dispersive X-ray 
spectrum of (c) trivalent (BCC1), (d) tetravalent (BCC2) boron compounds.
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between the electrode surfaces and the electrolyte liquid 
occurs rapidly and reversibly. At low current densities, the 
curves diverge from ideal curves. The reason for the diver-
gence of the curves during discharge is thought to be the 
epoxy conduction effect of boron and this shows the capac-
itive behavior of the supercapacitor device [41]. The spe-
cific capacitance of the electrodes was calculated by Eq. (1) 
using charge-discharge curves:

C
I t

m V
�

� � �� �
� �� �

2

where m(g) given in the equation is the amount of active 
material on an electrode; ∆t(s) is the discharge time; I(A), cur-
rent; ∆V(V) denotes the applied voltage range. The capaci-
tance values of the electrodes at different current densities 
and the FTIR drops on the electrodes are given in Table 1. 
While the trivalent (BCC1) boron material exhibited better 
capacitance values at low current densities, the supercapac-
itor cell formed with the Na2SO4 electrolytes and tetravalent 
(BCC2) boron material exhibited better capacitance values 
at current densities above 1 A/g. At high current densities, 
the materials showed much higher capacitance values in the 
Na2SO4 electrolyte than in KOH. This shows that the mate-
rials have better electron exchange with the Na2SO4 electro-
lyte due to their geometric structure. The voltage drops on 
the electrodes prepared using trivalent (BCC1) boron mate-
rial are much higher than tetravalent (BCC2) boron material. 
The voltage drops in supercapacitor cells prepared using 
Na2SO4 electrolyte are lower than that of KOH. As a mat-
ter of fact, the Nyquist curves given in Fig. 6a also support 
these results. At the 0.75 A/g current density, 4.22 Wh/cm2 
energy density at 303.66 Wk/cm2 power density, 3.92 Wh/cm2 
energy density at 307.52 Wk/cm2 power density, 6.01 Wh/
cm2 energy density at 308.90 Wk/cm2 power density and 
4.74 Wh/cm2 energy density at 312.98 Wk/cm2 power density 
is obtained for (BCC2)-Na2SO4, (BCC2)-KOH, (BCC1)-Na2SO4, 
(BCC1)-KOH supercapacitors, respectively. The highest 
energy density was obtained for (BCC1)-Na2SO4 mate-
rial and it is more suitable for applications requiring high 
energy density compared to other materials.

Nyquist curves of supercapacitor cells obtained as a result 
of electrochemical impedance spectroscopy (EIS) technique 
are given in Fig. 7a. Measurements are taken between 1.0 
and 100 kHz with an amplitude of 10 mV. Equivalent series 
resistances (RS) of supercapacitor cells in the high frequency 
region of Nyquist curves are obtained as 1.75, 1.00, 2.87 and 
1.13 Ω for (BCC2)-Na2SO4, (BCC2)-KOH, (BCC1)-Na2SO4, and 
(BCC1)-KOH, respectively. The RS resistances of the cells 
established with KOH electrolyte are lower. The low resis-
tance value supports the low voltage drops caused by the 
electrodes and therefore the power transfers can be made at 
high levels [42,43]. The diameter of the semicircle express-
ing the interfacial charge transfer resistance (Rct) at medium 
frequencies is obtained as 4.27, 8.48, 8.98, and 12.54 Ω for 
(BCC2)-Na2SO4, (BCC2)-KOH, (BCC1)-Na2SO4, and (BCC1)-
KOH, respectively. The Rct resistance of the (BCC1) superca-
pacitors is higher than the resistance of the (BCC2) superca-
pacitors, and the Rct resistance of the materials in the KOH 
solution is higher. This shows that oxidation reactions take 
place in the KOH electrolyte liquid. At low frequencies, 
the slope of the Nyquist curves obtained close to the ideal 
supercapacitor slope (90°) and these values are approxi-
mately 79.82°, 82.39°, 76.08° and 82.55° for (BCC2)-Na2SO4, 
(BCC2)-KOH, (BCC1)-Na2SO4, and (BCC1)-KOH, respectively. 
These results show that there is a perfect interaction between 
the electrode main materials and the electrolyte, the diffu-
sion path of the ions in the electrolyte is short and the dif-
fusion resistance is very low [44–46]. Especially, the ionic 
conductivity and the small ion radius of KOH ensured easy 
access of KOH ions to the pores of the electrode material [47].

In order to test the stability of the four different super-
capacitors, the cells are subjected to long charge-discharge 
cycles and the results are given in Fig. 7b. For the (BCC2)-
Na2SO4 cell, the capacitance value of the electrodes increases 
considerably and starts to decrease again after 95 cycles. 
After 100 cycles, there is still an increase of 182.37% com-
pared to the initial capacitance value. Similarly, in the 
(BCC2)-Na2SO4 cell, the capacitance value of the electrodes 
increases until the first 60 cycles, then starts to decrease, and 
after 100 cycles, there is still a 41.31% increase in capacitance 
compared to the first value. This increase may be due to the 

 
Fig. 4. Fourier-transform infrared spectra recorded for (a) trivalent (BCC1) and (b) tetravalent boron (BCC2) compounds.
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gradual activation of the surface and thus the better access 
of electrolyte ions to the pores of the (BCC2) electrode mate-
rial with progressive cycles [48]. Contrary to these electrodes, 
the capacitance values of (BCC2)-KOH, and (BCC1)-KOH 
electrodes decrease by 64.54% and 28.41%, respectively.

Active materials used in electrode preparation are the 
most basic components that determine the capacitance values 

and energy densities of the supercapacitors to be used in the 
application. The type of electrode used, preparation method 
and doped chemical compounds are important factors affect-
ing the electrochemical properties of the supercapacitor [49]. 
In the literature, in the studies of boron supercapacitors, 
supercapacitors have been produced by doping boron to 
the activated carbons. In the study of boron doped graphene 

 
Fig. 5. Cyclic voltammetry curves of (BCC2)-Na2SO4, (BCC2)-KOH, (BCC1)-Na2SO4, and (BCC1)-KOH supercapacitor cells at different 
scanning rates.
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nanosheets prepared through hydrothermal using boric acid 
for electrode application, the electrode exhibited a maximum 
specific capacitance of 113 F/g at 1 A/g. The supercapacitor 
could deliver energy density in the range of 5.96–4.64 Wh/kg 
and power density in the range of 0.16–0.97 kW/kg [50]. In 
another study, boron and nitrogen co-doped porous carbons 
were prepared for supercapacitor electrodes and samples 
showed the specific capacitance up to 268 and 173 F/g, with 
the current of 0.1 A/g. At the current density of 1 A/g, the 
energy densities were 3.8 and 3.0 Wh/g and the power den-
sities were 165 and 201 Wk/g [51]. When nitrogen and boron 
co-doped densified laser-induced graphene was used for 
supercapacitor electrode, the specific areal capacitance was 

obtained 40.4 mF/cm2 at 0.05 mA/cm2 and capacitor showed 
areal energy density of 5.61 µ/Wh·cm2 at a power density 
of 0.025 mW·cm2 [52]. Boron carbon nitride electrodes fab-
ricated via laser patterning technique, device showed spe-
cific capacitance 17 mF·cm2 at current density of 1 mA·cm2 
[53]. Boron-doped diamond electrode possesses 15.7 Ω·cm2 
RS value, a maximum specific capacitance of 6.44 mF·cm2 
at a current density of 0.10 mA·cm2 in another study [54]. 
The capacities, energy and power densities of four different 
supercapacitors prepared in this study, which is carried out 
considering the base material used, the doped chemical com-
pounds, the preparation method and the type of electrode 
used, are very close to the results given in the literature. 

 
Fig. 6. Charge-discharge curves of (BCC2)-Na2SO4, (BCC2)-KOH, (BCC1)-Na2SO4, and (BCC1)-KOH supercapacitor cells at different 
current densities.

Table 1
Capacitance values of electrodes at different current densities and voltage drops on the electrodes

Current 
density

(BCC2)-Na2SO4 (BCC2)-KOH (BCC1)-Na2SO4 (BCC1)-KOH

Capacitance 
(F/g)

Infrared 
drop (mV)

Capacitance 
(F/g)

Infrared 
drop (mV)

Capacitance 
(F/g)

Infrared 
drop (mV)

Capacitance 
(F/g)

Infrared 
drop (mV)

0.75 A/g 94.87 9 88.25 20 135.21 23 106.62 33
1.0 A/g 86.19 12 51.75 27 86.70 30 46.93 46
1.5 A/g 76.05 17 37.00 42 58.02 44 33.48 67
2.0 A/g 72.28 23 33.04 53 57.14 57 28.44 87



147M. Akdemir et al. / Desalination and Water Treatment 304 (2023) 140–149

Therefore, considering the electrochemical results of the 
electrodes, it is thought that the produced supercapacitors 
will occupy an important place in the field of energy storage.

4. Conclusion

In the present study, the synthesized C14H14BNO2·HCl 
(BCC1) and C38H38B2Cl2N4O4 (BCC2) were used as electrodes 
in supercapacitor applications in the presence of different 
electrolyte solutions (Na2SO4 and KOH). In the presence 
of Na2SO4 electrolyte solution, the specific capacitance val-
ues of the trivalent (BCC1) and tetravalent (BCC2) boron 
compounds at a current density of 0.75 A/g were 135.21 
and 94.87 F/g, respectively, while in the presence of KOH 
electrolyte, the specific capacitance values of the trivalent 
(BCC1) and tetravalent (BCC2) boron compounds at a cur-
rent density of 0.75 A/g capacitance values were determined 
as 106.62 and 88.25 F/g, respectively. It was clearly shown 
experimentally that trivalent boron (BCC1) compound was 
more active than tetravalent boron (BCC2) compound in the 
presence of both different electrolyte solutions. Moreover, 
for the (BCC2)-Na2SO4 cell, the capacitance value of the elec-
trodes increased considerably and started to decrease again 
after 95 cycles. After 100 cycles, there was still an increase of 
182.37% compared to the initial capacitance value. Similarly, 

in the (BCC1)-Na2SO4 cell, the capacitance value of the elec-
trodes increased until the first 60 cycles, then started to 
decrease, and after 100 cycles, there was still a 41.31% increase 
in capacitance compared to the first value. This increase 
might be due to the gradual activation of the surface and 
thus the better access of electrolyte ions to the pores of the 
(BCC1) electrode material with progressive cycle. Contrary 
to these electrodes, the capacitance values of (BCC2)-KOH, 
and (BCC1)-KOH electrodes decreased by 64.54% and 
28.41%, respectively. As a result, trivalent boron (BCC1) 
compound, one of the boron-containing compounds, can be 
used as a promising material in super capacitor applications.
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