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Abstract Pliable supercapacitor, yielding specific capacitance (Cs) and energy density as high as

348 F g�1 and 48.3 Wh Kg�1 respectively was fabricated using modified activated carbon elec-

trodes. The nanospheres of activated carbon (AC) were anchored on the nanoplates of boron

nitride (BN) by employing the facile technique of pulsed laser ablation in liquid (PLAL) using

532 nm focused laser beam. Four different variants of electrode materials were synthesized by vary-

ing the weight percentage (1%, 3%, 5% and 10%) of BN in AC in the PLAL precursor solution.

The morphological characteristics, the elemental composition and the structural analysis of the syn-

thesized electrode materials were studied respectively by FESEM, XPS and XRD. The morpholog-

ical studies indicated that the PLAL synthesis of the electrode materials resulted in proper

intercalation of carbon nanospheres into BN nanoplates, which resulted in the observed enhanced

performance of the fabricated supercapacitor. Four supercapacitors in this work were fabricated

using the four variants of synthesized electrode materials in conjunction with gel polymer electrolyte

(GPE). GPE are well known for their non-corrosive nature and best sealing ability to avoid any

leakage that results in increasing the cycle life of the device. The performance of the fabricated
rsity of
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High performance pliable supercapacitor fabricated using activated carbon nanospheres intercalated into boron nitride nanoplates 6697
supercapacitors was evaluated using cyclic voltammetry (CV), galvanostatic charge discharge

(GCD) measurement and electrochemical impedance spectroscopy (EIS). The results indicate that

the supercapacitor fabricated using 3% BN in AC as electrode material manifested the best specific

capacitance and energy density. Also it was found that the supercapacitor maintained 85% of its

initial capacitance even after 5000 charge/discharge cycles.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development in modern electronics including smart, por-
table and wearable electronic devices strongly depends on

the efficiency of the energy storage units. Ultracapacitors (also
known as supercapacitors), are fascinating energy storage
devices with several positive traits including high power den-

sity, better cycling ability, fast charging and safe use (Liu
et al., 2019; Xiao et al., 2020; Y. Zhang et al., 2019b). Super-
capacitors fabricated using porous active carbon and its

derivatives are called electrochemical double layer capacitor
(EDLC), storing charges electrostatically between active mate-
rial and electrolyte interface (Jing et al., 2020b; Wu and Zhu,
2017). Another type of supercapacitor that uses metal oxides

and conducting polymers as active material is called pseudoca-
pacitor where the charges are stored by reversible redox reac-
tion (Choi et al., 2019; Huang et al., 2018; Xing et al., 2018a).

There is another type of supercapacitors called battery super-
capacitor hybrid. They composed of capacitive electrode and
battery type electrode involving Faradaic reaction on one elec-

trode and non-Faradaic reaction on the other electrode (Xing
et al., 2018b). They gain high power density from capacitive
electrode and high energy density from the battery type elec-

trode (Pham et al., 2019; Yu et al., 2020; Zhao et al., 2018).
Carbon based supercapacitors are well-known because of

their high surface area, good conductivity, chemical stability
and low cost (Zhai et al., 2019). The specific capacitance of a

supercapacitor depends mainly on the shape, size and porosity
of the electrode active material. These parameters can be con-
trolled through careful composition of different materials or

by choosing a suitable synthesis technique (W. Li et al.,
2016a; Zheng et al., 2018, 2020). Many composites of carbon
with metal oxides and conductive polymers have been pre-

pared and applied as active material in the fabrication of high
capacitance and high energy density supercapacitors (Abioye
et al., 2017; He et al., 2019; Liu et al., 2020; Wang et al.,

2020; Xu et al., 2017). It has been observed that when carbon
is composited with different heteroatoms including boron (Li
et al., 2019), nitrogen (Jin et al., 2015; Y. Wu et al., 2020b), sul-
fur (Wu et al., 2002), nitrogen sulfide (Ma et al., 2014), and

nitrogen phosphide (Nasini et al., 2014), exhibits promising
electrochemical properties. These improvements are attributed
to the presence of additional functional groups that change the

surface properties of the carbon electrodes (Jing et al., 2020a;
Lu et al., 2017). It allows the ions from the electrolyte to utilize
the maximum available surface area with better pore

accessibility.
Recently, boron nitride (BN) has gained a lot of attention

in electrochemical applications because of its graphene-like
structure having atomically smooth surface, chemical and ther-

mal stability and excellent dielectric properties (Xue et al.,
2013). The insulating characteristics of BN make it unfavor-
able for most of the electronic applications, if used alone.
But the careful composition of BN with different conductive

materials significantly changes its electrical properties (Ci
et al., 2010). Li et al (Lu et al., 2017) have reported a Cs value
of 108F g�1 at 0.5 A g�1 of AC based supercapacitor using

KOH as an electrolyte. The Cs value reached to 176F g�1,
when AC is co-doped by BN. A composite between hexagonal
BN and graphene has proven to be suitable for atomically thin
circuitry as explained by Levendorf et al (Levendorf et al.,

2012). Nayak et al (Maity et al., 2019) have recently reported
BN based ternary nanocomposites namely BN/GO/PANI,
BN/rGO/PANI and BN/CNT/PANI for electrochemical

energy storage applications. The highest Cs value of 387.5F
g�1 was achieved for BN/CNT/PANI ternary composite at 1
A g�1. But the use of CNT and PANI may restrict the com-

mercialization of the device because of the high cost and com-
plex synthesis method.

On the other hand, pulsed laser ablation in liquid (PLAL)
has emerged as an effective and versatile technique to synthe-

size nanoparticles of unlimited variety with various composi-
tions (oxides, nitrides, hydroxides, alloys etc.) and
morphologies (nanospheres, nanorods, quantum dots etc.)

(Zeng et al., 2012). PLAL generated nanoparticles are used
in various research fields including catalysis (Blakemore
et al., 2013), photocatalysis (Gondal et al., 2016; Moqbel

et al., 2018a), solar cells (Ilyas et al., 2016), linear and nonlin-
ear optics (Papagiannouli et al., 2015; Zeng et al., 2010),
energy storage (Xie et al., 2016) and biomedical applications

(Baati et al., 2016; Fazio et al., 2016). One of the major advan-
tages of applying PLAL process is that the size and shape of
the particles can be controlled by varying different parameters
such as beam energy, laser intensity, pulse duration and by

introducing external fields (Moqbel et al., 2018b).
In this work, we report the synthesis of BN/AC nanocom-

posite using facile and clean method of pulsed laser ablation in

liquid (PLAL). The supercapacitor device was prepared using
the as-synthesized BN/AC nanodispersion as electrode active
material and poly (2-acrylamido-2-methyl-1-propanesulfonic

acid) or simply PAMPS as gel polymer electrolyte. All the fab-
ricated supercapacitors were characterized electrochemically
through CV, GCD and EIS. The highest Cs value of 348F

g�1 was achieved for BN3 (3% BN in AC) supercapacitor,
at a current density of 0.3 A g�1 using GCD analysis.

2. Experimental

2.1. Chemicals and materials

The materials and reagents used in this experiment were of
analytical grade. They include Boron nitride (BN), Nitric acid

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(HNO3) and sulfuric acid (H2SO4), purchased from Sigma–
Aldrich whereas, Polyvinylidene fluoride (PVDF), N-Methyl-
2-pyrrolidone (NMP), Timical super C65 conductive carbon

(CC) and activated carbon (AC) were purchased from MTI
Corp. Deionized water was used as a solvent for the synthesis
of nanocomposites.

2.2. Synthesis of nanocomposites using PLAL

PLAL method was used to prepare four different composites

of BN with AC in increasing concentration of BN as (1%,
3%, 5% and 10% by weight in AC) and labeled as BN1,
BN3, BN5 and BN10 respectively. First, AC and 10 wt% of

CC were dispersed in NMP solvent through sonication, fol-
lowed by the addition of BN in pre-defined concentrations.
The mixture was sonicated for further 1 h to make homoge-
nous dispersion. The homogenized dispersion was irradiated

by a laser beam of 532 nm wavelength (second harmonic of
Nd-YAG laser -Brilliant B), 350 mJ pulse energy, 5 ns pulse
duration with 10 Hz repetition rate for 30 min as shown by

a schematic diagram in Fig. 1a . During the irradiation pro-
cess, the precursor mixture was vigorously stirred using a mag-
netic stirrer to preserve homogeneity in the ablated sample.

2.3. Supercapacitor electrode fabrication

BN/AC nanodispersion obtained from PLAL process was fur-
ther mixed with PVDF binder followed by stirring for 1 h

using magnetic stirrer. This step is important to prepare a thick
Fig. 1 (a) Schematic of the nano synthesis using PLAL setup, High-

pure AC nanospheres, (d) BN3 demonstrating intercalated structure b
texture that could be coated on a metallic electrode. Finally,
the as-prepared paste was coated onto an aluminum current
collector using an automatic coater (MRX Shenzhen) and left

to dry for several hours in a vacuum oven at 80 �C. The final
mass loading of the active material coated on the substrate was
measured to be 0.57 mg/cm2.

2.4. Nano material characterization

The structural and crystallographic properties of the prepared

composites were examined by X-ray diffraction technique
(XRD) using Bruker advance-D8 diffractometer with Cu Ka

rays with wavelength (k = 0.15416 nm). The morphology of

the samples including shape and size of the nanoparticles were
investigated using high-resolution scanning electron micro-
scope (FE-SEM) and FEI-Morgani-268 transmission electron
microscope (TEM). X-ray photoelectron spectroscopy (XPS)

was used to study the elemental composition and chemical
environments of the laser irradiated samples using
ESCALAB-250Xi machine with Al Ka radiation. The alu-

minum sheets coated with as-synthesized nanocomposites were
used in XPS analysis.

2.5. Fabrication and electrochemical measurements of
supercapacitors

The supercapacitor device was assembled in Al/AC-BN/ GPE /
AC-BN/Al configuration, where PAMPS was used as a gel

polymer electrolyte (GPE). BN/AC electrodes were cut into
resolution SEM images of (b) pure hexagonal BN nanoplates, (c)

etween AC and BN.
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circular disks using Hi-throughput pneumatic disk cutter
(MSK-180SC) and placed in Swagelok cell kit to perform elec-
trochemical characterization. CV and EIS analysis for the fab-

ricated supercapacitors were performed using potentiostat
(PGSTAT302N, Metrohm Autolab). The CV of the superca-
pacitor cells was performed at various scan rates ranging from

10 mV s�1 to 200 mV s�1. On the other hand, GCD analysis
was performed by charging and discharging the device in the
range of 0 V to 1 V using Battery analyzer (MTI corp.) at dif-

ferent values of discharging current. The specific capacitances
(Cs) of the fabricated supercapacitors were calculated by deter-
mining the discharging time (Dt) for the supercapacitor to go
through the voltage decline of (DV), at a particular discharg-

ing current (I) according to Eq. (1) (Cevik et al., 2019; Peng
et al., 2019);

Cs ¼ 2� I� Dt
m� DV

ð1Þ

As we are measuring the specific capacitance of the elec-
trode, m represents the mass of the active material coated on
either of the electrode. Equation (2) and (3) are used to calcu-

late the energy density (Ed) and power density (Pd) of the fab-
ricated supercapacitors respectively (Peng et al., 2019; X.
Zhang et al., 2019a).

Ed ¼ 1=2�Cs�DV2

3:6
ð2Þ

Pd ¼ E� 3600

Dt
ð3Þ
3. Results and discussion

3.1. Material characterizations

The morphological characterization of the laser ablated sam-
ples was performed using FESEM at different magnifications
and corresponding high-resolution images are presented in

Fig. 1(b, c, d). Fig. 1b shows the laser ablated sample of pure
BN with structure similar to nanoplates whereas, Fig. 1c shows
the nanoshperes of pure AC obtained after 30 min of continu-

ous laser ablation. The large concentration of BN shows a lar-
ger amount of these nanoplates that form a stacked structure
with no spaces among them. A similar phenomena (i.e. stack-
ing) is often observed in the synthesis of graphene sheets that

lead to decrease its effective surface area. There are a few
reports about preventing such aggregation by anchoring differ-
ent nano particles between the sheets (Z. Wu et al., 2010b; Yan

et al., 2010).
Similarly, a unique intercalated structure is obtained by dis-

persing BN and AC in NMP solvent and ablating the sample

for 30 min using laser pulses as presented in Fig. 1d. PLAL
method is capable of producing nanostructures in unique con-
figuration with remarkable properties as reported by many

researchers for different applications (Barcikowski and
Compagnini, 2013; Shih et al., 2017; Walter et al., 2010).
The main reason for such versatility in nanomaterial synthesis
using PLAL configuration, is the formation of liquid confined

plasma with high atomic densities. Such plasma, generated
under high temperature and high pressure conditions, gives
rise to the formation of new material phases with distinct
properties.

Fig. 2 shows TEM images of AC and BN/AC intercalated

structure formed after laser ablation process. AC nanospheres
of various sizes ranging from 10 nm to 80 nm are shown in
Fig. 2a. Fig. 2 (b, c) demonstrates the TEM images at different

magnifications for BN/AC nanocomposite formed after laser
ablation process. The composited structure is in good agree-
ment with the proposed intercalated structure between BN

and AC. The nanospheres of AC are well dispersed among
the layers of BN nanoplates preventing them from stacking.
The difference in the color of nanospheres is attributed to
the different height levels because of the presence of BN layers.

Crystallographic study for pure BN, Pure AC, BN5 and
BN10 samples was performed using powder XRD technique
with 2-theta angle ranging from 100 to 800 and presented in

Fig. 3a. The major peaks obtained in case of BN at an angle
of 2h = 26.7, 41.6, 55.0 and 76.1�were indexed as (002),
(100), (004) and (110) planes respectively, representing

hexagonal structure of the BN corresponding to (Card No:
45–0893) (Saha et al., 2015). XRD pattern for AC shows a
broad peak in the range of 230 to 260 that is minimized by

the high intensity aluminum (Al) peaks. Al peaks were detected
with high counts because of the porous structure of AC coated
on it. XRD pattern for BN5 and BN10 samples present the
major peak of AC along with a distinct (002) peak of BN.

A noticeable shift in (002) peak of BN has been observed in
BN5 and BN10 sample that is presented in Fig. 3b in a narrow
range of 2-theta angle. This shift in BN peak in BN/AC com-

posite samples is attributed to the change in the lattice param-
eters of the BN crystal. The d-spacing was calculated to be
0.333 nm for (002) peak of pure BN crystal using Bragg’s for-

mula, that is in good agreement with the card data and pub-
lished work (Kang et al., 2013). The corresponding lattice
parameter ‘‘c” was calculated to be 0.667 nm for hexagonal

BN crystal. The new values of d-spacing and lattice parameter
were estimated to be 0.329 nm and 0.658 nm respectively for
BN/AC composite structure corresponding to same (002)
peak of hexagonal BN. The change in the lattice parameter

‘‘c” and d-spacing is attributed to the distortion in the lattice
structure caused by the foreign elemental invasion (C.-C. Wu
et al., 2010a; Yang et al., 2016). This indicates the development

of new hierarchical intercalated structure of AC nanospheres
with BN nanoplates.

XPS analysis of the laser ablated sample (BN/AC

nanocomposite) was performed to study the chemical compo-
sition and presented in Fig. 4. Fig. 4a shows a wide survey scan
for the sample BN3 with peaks labeled by the corresponding
elemental symbols. The deconvoluted elemental peaks for each

element in the nano dispersion including boron (B), nitrogen
(N), carbon (C), oxygen (O) and fluorine (F) have been shown
separately in Fig. 4b, c, d, e and f. Prior to elemental analysis, a

small area from the sample surface was etched for 30 s in order
to remove any contaminations participating from the air mole-
cules. It is observed that pure boron elemental 1 s peak

(188 eV) has been shifted towards higher binding energy along
with splitting into two sub-peaks with binding energy 189.9 eV
and 190.9 eV corresponding to B-C and B-N respectively as

shown in Fig. 4b (Lu et al., 2017). The presence of major peak
at 190.9 eV suggests that B and N are bonded mainly as B-N



Fig. 2 TEM images of (a) AC nanospheres, (b, c) intercalated structure between BN nanoplates and AC nanospheres at different

magnifications.

Fig. 3 (a) XRD analysis for AC, BN, BN5 and BN10 samples, (b) Magnified image to show the peak shift of BN/AC samples.
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and less intense peak at 189.9 eV corresponds to the partial
formation of B-C with sp2 hybridization in the synthesized
sample of BN3 (Panchakarla et al., 2007). Fig. 4c shows the

elemental spectrum for N 1 s that is deconvoluted into three
peaks corresponding to 397.4 eV, 398.1 eV and 400.1 eV
respectively for BN, CN and NH (Liu et al., 2016). The minor
peak of N-H bonding suggests the presence of small amount of
PVDF in the mixture that is participating in making bonds
with nitrogen and carbon. Fig. 4d represents C 1 s spectrum

that is deconvoluted into three major peaks and two minor
peaks at binding energy of 284.1 eV, 284.4 eV, 285.2 eV,
287.0 and 290.3 eV respectively. The intense peaks at



Fig. 4 XPS spectra analysis of BN3 electrode with (a) wide scan, (b) B element, (c) N element, (d) C element, (e) F element and (f) O

element.
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284.1 eV, 284.4 eV and 285.2 eV are attributed to C-B, C-C
and O= C-NH bonds respectively (Yang et al., 2015). The less
intense peak at 287.0 eV could be attributed to C-OH bonds

and 290.3 eV peak to the formation of C-F bond contributing
from PVDF binder. Elemental analysis for F 1 s is shown in
Fig. 4e, where F peak is deconvoluted into two sub peaks at
686.9 eV and 687.8 eV corresponding to C-O-F and C-F bonds

respectively (Yun et al., 2007). The O 1 s elemental spectrum is
fitted with three peaks at binding energies of 532.1 eV,
533.4 eV and 535.0 eV corresponding to C = O, C-OH and

C-OF respectively (Bartnik et al., 2012) as shown in Fig. 4f.
Most of the O peaks are originated because of the presence
of O in the solvent NMP (C5H9NO) used. A minor contribu-

tion from the atmospheric oxygen is also detected that may
be deposited on the sample surface as moisture.

3.2. Electrochemical characterizations

Electrochemical performance of all the fabricated supercapac-
itor devices was studied through CV, GCD and EIS using
PAMPS electrolyte. PAMPS is a polymeric electrolyte that

makes gel like texture through cross linkage, when dissolved
in water. Although it is poorly soluble in most of the organic
solvents including dichloromethane and acetonitrile, but the

presence of sulfonic acid group makes it soluble in water to
exhibit gel structure (Sonmez et al., 2005). It shows good sta-
bility in aqueous medium with superior proton conductivity

(Cevik et al., 2019). Fig. 5 shows the CV of the BN/AC super-
capacitors at 40 mV s�1 scan rate in a potential range of 1 V.
The CV curves for low concentration of BN in AC electrode

indicate a rectangular pattern that corresponds to the ideal
supercapacitive behavior as shown in Fig. 5a. BN3 superca-
pacitor exhibits the highest specific current of 0.9 A g�1 as
compare to other supercapacitors at 40 mV s�1 scan rate.

The adsorption and desorption of ions on the surface of the
electrodes for BN3 supercapacitor obtained through CV anal-
ysis at increasing scan rates are presented in Fig. 5b. The CV
scans showed an ideal capacitive behavior with excellent cyclic

reversibility at all the scan rates. The maximum specific current
drawn through the supercapacitor reached 1.8 A g�1 at
200 mV s�1 scan rate in 1 V potential window.

EIS was performed to study the frequency response of
the fabricated supercapacitor by drawing Nquist plot, as
shown in Fig. 5c, 5d. The high frequency region of the plot

shows a semi-circle whose x-intercept gives equivalent series
resistance (ESR), which corresponds to the interface resis-
tance between the electrode active material and the current

collector (X. Wu et al., 2020a). The ESR value is measured
to be 3.4, 2.7, 2.8 and 3.3 Ohm for BN1, BN3, BN5 and
BN10 supercapacitors respectively as shown in Fig. 5d.
The radius of the semi-circle approximates the charge trans-

fer resistance (Rct) of the device (Jing et al., 2020c). These
values were measured to be 1.3, 0.6, 0.7 and 2.7 Ohm for
BN1, BN3, BN5 and BN10 supercapacitors respectively.

The low frequency region of the Nquist plot (Fig. 5c) shows
a linear trend with slop close to 45� demonstrating ideal
capacitive behavior arising from the electric double layer

effect because of higher concentration of AC. The small
deviation from the ideal capacitive behavior at low fre-
quency is attributed to the presence of BN functional group
in the AC skeleton. Moreover, the curve at low frequency

indicates the Warburg resistance (W), which is the measure



Fig. 5 (a) Cyclic voltammetry comparison between different wt% of BN in AC, (b) CV of BN3 at different scan rates, (c) Nquist plot,

(d) Nquist plot in high frequency range.

Fig. 6 GCD analysis for (a) 1%BN, (b) 3%BN, (c) 5%BN and (d) 10%BN in AC electrode supercapacitors. (e) A comparison between

all fabricated supercapacitors at a constant current density of 0.3 A g�1.

6702 M. Hassan et al.
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of ion diffusion ability into the pores of the electrode sur-
face (Cheng et al., 2020). The inset of Fig. 5c shows the
equivalent circuit model of BN3 supercapacitor obtained
Table 1 A comparison between all the fabricated supercapacitor el

Fabricated supercapacitor

electrodes

Areal capacitance

(mF cm�2)

Spec

(F g�

BN1 103.7 183.6

BN3 196.6 348.0

BN5 106.7 189.0

BN10 95.9 169.8

Fig. 7 (a) Cs as a function of discharging current density, (b) Ra

retention at 0.3 mA for 5000 cycles (d) Charging and discharging cu

powered by a single BN3 supercapacitor in bending state with an inse
by fitting the EIS Nquist plot. It is clear from the Nyquist
plot that BN3 electrode demonstrates the lowest ESR and
lowest Rct values comparing to other samples of BN in AC.
ectrodes at 0.3 A g�1 (or 0.3 mA) of constant current density.

ific capacitance
1)

Energy density

(Wh Kg�1)

Power density

(W Kg�1)

25.6 292

48.3 298

26.1 301

23.6 265

gone plot for all the fabricated supercapacitors, (c) Capacitance

rves after 100th and 5000th cycles, and (e) Photograph of LED

t photograph showing flexibility.



Table 2 Specific capacitance, energy density and power density of the reported supercapacitors using activated carbon and its

nanocomposites.

S.N Electrode materials Electrolyte Specific capacitance

(F g�1)

Energy density

(Wh Kg�1)

Power density

(W Kg�1)

Ref.

1 BN KCl 33.8 _ _ (Maity et al., 2019)

2 AC PVA/PVP/H2SO4 218 4.9 _ (Yadav et al., 2020)

3 BN doped AC KOH 176 9.7 2000 (Lu et al., 2017)

4 BN/RGO KOH 140 _ _ (Gao et al., 2015)

5 h-BN/C KOH 250 17 245 (Li et al., 2019)

6 BN/G (1:2) KOH 134 2.1 1998.5 (Zheng et al., 2019)

7 Porous Carbon/ N & S KOH 298 21 180 (Y. Li et al., 2016b)

8 Carbon hollow spheres/ N & P KOH 232 7.84 600.5 (Lv et al., 2018)

9 3%BN/AC PAMPS 348 43.9 1075 Present work
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GCD analysis was performed for the fabricated superca-

pacitors at various current densities of 0.3, 0.5 and 1 A g�1

as presented in Fig. 6a–d. The supercapacitor was charged
from 0 V to 1 V and then allowed to discharge to 0 V at a con-

stant current density. The Cs values for the fabricated superca-
pacitors were calculated from the discharging time,
discharging current and the potential window using eq. (2).

The Cs values for BN1, BN3, BN5 and BN10 are calculated
to be 184, 348, 189 and 170F g�1 respectively. It is noticeable
that the highest value of Cs is achieved for BN3 supercapacitor
that is in good agreement with the cyclic voltammogram,

where BN3 supercapacitor shows the highest current density
in the potential window of 1 V. The BN1 supercapacitor elec-
trode took sufficiently long time to charge itself to 1 V but the

discharging time was quite short. Similarly when the concen-
tration of BN was increased to 3%, the supercapacitor took
short charging time and long discharging time as compare to

BN1 supercapacitor shown in Fig. 6b. As we further increase
the concentration of BN, the charging time of the supercapac-
itor is decreased rapidly while giving rise to an IR drop in the

device as given in Fig. 6c and 6d. IR drop is an important fac-
tor controlling the overall efficiency of a supercapacitor. It
introduces an asymmetric behavior in charging and discharg-
ing profile that leads to energy dissipation during cycling

(Pell and Conway, 2001). The presence of an IR drop at a
higher concentration of BN is attributed to the stacked struc-
ture with low surface area and insulating nature of BN specie.

The fact is evident from a recent reported where the Cs value of
a pure BN supercapacitor was measured to be 33.75F g�1 that
is much lower than its other composite parts (Maity et al.,

2019). For further comparison, the calculated values of Cs,
Ed and Pd at 0.3 A g�1 are given in table 1.

The specific capacitance (Cs), energy density (Ed) and power
density (Pd) values of the fabricated supercapacitors were cal-

culated using eq. (1), (2) and (3) respectively. The Cs value of
BN1, BN3, BN5 and BN10 supercapacitors were calculated at
different current densities including 0.3, 0.5 and 1 A g�1 and

plotted as a function of current density as shown in Fig. 7a.
It was observed that BN3 supercapacitor shows the highest
Cs value at 0.3 A g�1 that decreases slightly with an increase

in the current density and obtains stability at higher current
densities. BN1 and BN5 supercapacitors show a stable behav-
ior at all current densities with negligible change in the Cs val-

ues. However, BN10 exhibits a gradual decrease in the Cs

values with an increase in current density that is attributed
to the higher concentration of insulating BN. Fig. 7b shows
Ragone plot of the fabricated supercapacitors at different cur-
rent densities. The highest Ed value of 48.3 Wh kg�1 was exhib-

ited by BN3 supercapacitor at a Pd value of 298 W kg�1.
Whereas, the maximum Pd value of 1075 W kg�1 was achieved
for the same supercapacitor at 1 A g�1. The important param-

eters of some of the reported carbon/hetro-atomic supercapac-
itors are summarized in table 2.

The stability of the fabricated supercapacitors was studied

for 5000 cycles of charging and discharging at 3 mA current.
The specific capacitances of the supercapacitors were calcu-
lated at various cycles then converted to percentage retention
and plotted as a function of cycle number as shown in

Fig. 7c. BN3 supercapacitor has demonstrated excellent stabil-
ity by retaining more than 80% of its initial capacitance value
after 5000 cycles. This result is in good agreement with the CV

and EIS analysis already explained in this work. Moreover, the
GCD curve of BN3 supercapacitor for the initial 100th cycle
and the final 5000th cycle is shown in Fig. 7d. These two curves

show a very small difference of capacitance between them even
after 5000 uninterrupted cycles of charging and discharging.
From these results, it can be concluded that BN3 supercapac-

itor exhibits excellent stability as compare to its other compos-
ite partners. Hence 3% concentration of BN in AC can be
regarded as an optimized concentration for symmetric super-
capacitor configuration. Furthermore, a successful attempt

has been made to light a red LED using a single BN3 superca-
pacitor under bending conditions as shown in Fig. 7e. The
LED remained lighted for several seconds.
4. Conclusion

A rapid, single step and environmental friendly method of

pulsed laser ablation in liquid was employed to obtain a
unique intercalation between nanospheres of AC and nano-
plates of BN. A substantial enhancement in the specific capac-

itance of the fabricated supercapacitor was observed, in case of
BN3 (3% of BN in AC) supercapacitor that is attributed to the
formation of intercalated structure between AC and BN

nanocomposite. The fabricated flexible supercapacitor yields
Cs value as high as 348F g�1 and capable of retaining 85%
of the initial capacitance even after 5000 charge discharge
cycles. A low power red LED was also lighted using a single

BN3 supercapacitor.
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