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ABSTRACT: Nanostructured hexagonal boron nitride (h-BN)/reduced
graphene oxide (RGO) composite is prepared by insertion of h-BN into the
graphene oxide through hydrothermal reaction. Formation of the super lattice
is confirmed by the existence of two separate UV−visible absorption edges
corresponding to two different band gaps. The composite materials show
enhanced electrical conductivity as compared to the bulk h-BN. A high specific
capacitance of ∼824 F g−1 is achieved at a current density of 4 A g−1 for the
composite in three-electrode electrochemical measurement. The potential
window of the composite electrode lies in the range from −0.1 to 0.5 V in 6 M
aqueous KOH electrolyte. The operating voltage is increased to 1.4 V in
asymmetric supercapacitor (ASC) device where the thermally reduced
graphene oxide is used as the negative electrode and the h-BN/RGO
composite as the positive electrode. The ASC exhibits a specific capacitance of
145.7 F g−1 at a current density of 6 A g−1 and high energy density of 39.6 W h
kg−1 corresponding to a large power density of ∼4200 W kg−1. Therefore, a facile hydrothermal route is demonstrated for the
first time to utilize h-BN-based composite materials as energy storage electrode materials for supercapacitor applications.
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1. INTRODUCTION

Constructive and controlled doping can introduce a revolu-
tionary change on the nano materials’ properties and at the
same time finds application in the fields of photovoltaic and
energy storage devices.1−4 Several types of advanced materials
have been explored to investigate their utility in nanoelectronics
and energy-harvesting devices.5−8 Recently developed graphene
and its related hybrids also have attracted significant research
attention worldwide for various technological and potential
applications.9−13 The hexagonal boron nitride (h-BN) has
similar structure to that of graphene where the B and N atoms
are substituted by C atoms.14 However, in comparison to
graphene, which has a weak van der Waals force in between the
layers, h-BN is connected by strong ionic bonding and has a
wide band gap of ∼4−6 eV.15,16 Pristine h-BN is electrically
insulating and does not find applications in the areas of
nanoelectronics. Controlled doping can reduce the band gap of
h-BN and significantly alter its electrical properties and the
resultant hybrid may be regarded as suitable material for

nanoelectronics/nanophotonic applications.16 The bond length
in B−N is ∼1.7% higher than that in C−C and, thus, a minimal
internal stress is expected upon the interrogation of graphene
into the h-BN. Therefore, graphene and h-BN can be selected
for perfect alloying.17 The small difference in electronegativities
of B and C atoms is also helpful for the formation of polar
covalent bond (BxC) in h-BN/graphene composite as
demonstrated by Gao et al.7 Moreover, the presence of two
different chemical species (B and N) in the sublattices of h-BN
and the existence of inversion symmetry in the graphene
backbone may result in the formation of electrochemically
active h-BN/graphene composite.17 The electrochemical
properties of the h-BN/graphene composite are also dependent
on the morphological features of h-BN.18 In addition, the h-BN
domains of the h-BN/graphene composite consist of a very
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large band gap producing an infinite barrier and the composite
network acts like the graphene nanohole superlattice. As a
result, small band gaps are generated and the quantum
confinement can be noticed at the interface of h-BN and
graphene.19 Ci et al. have shown that the super lattice
formation is also possible with hybridized atomic layers of h-
BN and graphene nanodomains and the composite acts as low
band gap semiconductor.19 Chang et al. have demonstrated that
hybrid h-BN and graphene domains have the small band gap
semiconducting property as well as very high electrical
conductivity compared to pristine h-BN.20

Pristine h-BN has various applications in high-temperature
equipment and as a substrate in nanotechnology.21 However, its
electrically insulating property limits its application as electronic
materials and in electrochemistry. The opening of a band gap
can modify the properties of h-BN suitable for different
electronic applications. The remarkable electrical properties of
graphene make it appropriate to tune the structure of h-BN and
its band gap. Kang et al. have shown that the graphene/boron
nitride nanosheets can be used as good microwave-absorbing
materials.22 Levendorf et al. have demonstrated that the
graphene/h-BN heterostructure is suitable for atomically thin
circuitry.23 The improved electrical conductivity and the
hierarchical arrangement of h-BN/graphene composite suggest
its utility in energy storage applications. The application of
pristine h-BN is restricted within a traditional dielectric
capacitor due to its wide band gap as compared to the
materials used for supercapacitor applications.24 The ongoing
demand of the advanced energy storage system can provide
large energy and power density as well as long cycling life for
the growing market of portable electronic devices which creates
a huge interest in supercapacitor research. It can generate large
power density, but at the same time the low-energy density as
compared to the batteries is still a challenging job. The
combined effect of the electric double-layer capacitor (EDLC)
and pseudocapacitance can increase the specific capacitance as
well as discharging time. However, the low working potential
(≈1 V) aqueous electrolytes limits the high-energy applications
of the supercapacitor.25 The ionic/organic electrolyte can
provide large working potential but the application of ionic/
organic electrolyte is restricted as it is highly expensive and
highly hygroscopic in nature. In this regard, asymmetric
supercapacitor can be the best solution to achieve higher
working potential with aqueous electrolyte. In an asymmetric
supercapacitor, two operating potential windows can be
generated by using two different types of materials for the
two electrodes. The aqueous electrolyte may play the role of
faradic-/nonfaradic-type charge-transfer reaction between the
electrodes, resulting in significant improvement in energy
density.25 Therefore, it is expected that the h-BN/graphene
composite can be regarded as an ideal material for super-
capacitor applications because of the EDLC contribution of
graphene and the inherent pseudocapacitive nature of the
heteroatoms of h-BN.
In this work, we have demonstrated a facile hydrothermal

method to develop h-BN/reduced graphene oxide (RGO)
composite. Boric acid and ammonia were taken as the source of
boron (B) and nitrogen (N). The amount of GO was varied to
prepare the electrically conductive composites with different
composition. The optical and electrical properties were studied
to realize the effect of RGO in the composites. Investigations
show the successful formation of composite and enhanced
electrical conductivity is appropriate for supercapacitor

applications. The electrochemical impedance spectroscopy
(EIS) analysis was performed to ensure the ability of the
composite material for supercapacitor applications. The
electrochemical performances were analyzed by cyclic volta-
metry (CV) and charge−discharge experiments. The super-
capacitor device exhibited high-energy density along with large
specific capacitance corresponding to high current and power
density, suggesting the utility of the hybrid materials for energy
storage applications.

2. EXPERIMENTAL SECTION
2.1. Reagents. Natural graphite flakes were purchased from

Sigma-Aldrich. Hydrochloric acid, sulfuric acid, potassium
permanganate, hydrogen peroxide, boric acid, ammonia
solution, N,N-dimethylformamide (DMF), and potassium
hydroxide were purchased from Merck, Mumbai, India.
Conducting carbon black (EC-600JD, purity: >95%) and
polyvinylidene fluoride (PVDF) were purchased from Akzo
Nobel Amides Co., Ltd. (Kyungpuk, South Korea). Nickel
foam was purchased from Shanghai Winfay New Material Co.,
Ltd. (Shanghai, China).

2.2. Preparation of h-BN/RGO Composites. Graphite
oxide was prepared from natural graphite flakes according to
the modified Hummers method.26 The graphene oxide (GO)
dispersion [0.1 g of GO in 20 mL of deionized (DI) water] was
prepared after 30 min of sonication. Then ∼1.5 g of boric acid
was dissolved in 20 mL of DI water followed by the addition of
20 mL of ammonia solution and sonicated for 10 min. Then the
mixed solution was taken into a Teflon-lined autoclave and kept
at 150 °C for 2 h. The product was collected by vacuum
filtration and dried in a vacuum oven at 50 °C. The sample was
named as BNG1. Another two samples were prepared by
increasing the amount of GO. About 0.15 and 0.2 g of GO was
taken for BNG2 and BNG3, respectively, keeping other
parameters constant. Pure boron nitride (BN0) was also
prepared following the same methods without adding GO.
Hydrothermally reduced GO (HRGO) was prepared under
hydrothermal condition (150 °C for 2 h) for structural
comparison with the composites. Thermally reduced graphene
oxide (TRGO) was prepared through the thermal reduction of
GO (∼100 mg) at 500 °C for ∼15 min (under Ar gas
atmosphere) and the product was collected for use as negative
electrode material in asymmetric supercapacitor device.

2.3. Characterization. X-ray diffraction (XRD) studies of
the composite were carried out at room temperature on a D/
Max 2500 V/PC (Rigaku Corporation, Tokyo, Japan) at a scan
rate of 1° min−1 (Cu Kα radiation, λ = 0.15418 nm). Fourier
transform infrared (FT-IR) spectroscopy was recorded with a
Spectrum 100 FT-IR, PerkinElmer. X-ray photoelectron
spectroscopy (XPS) was carried out by using a Kα X-ray
photoelectron spectrometer, Thermal Scientific TM. Raman
spectra were recorded with Horiba Jobin Yvon (Kyoto, Japan).
Field emission scanning electron microscopy (FE-SEM) images
were recorded with a Sigma HD (Carl Zeiss, Jena, Germany).
Transmission electron microscopy (TEM) images were
recorded using JEOL JEM-2100 FS. For sample preparation,
the composite sample was dispersed in an ethanol−water
mixture (0.1 mg mL−1) by 20 min of ultrasonication followed
by drop casting onto a fresh lacey carbon copper grid. Raman
spectra of the samples were recorded with a Nanofinder 30
(Tokyo Instruments Co., Osaka, Japan) using a laser
wavelength of 514 nm and spot size of 100 mm. The UV−
vis spectroscopy was measured by an Agilent Cary 60
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spectrophotometer. The electrical conductivity was measured
using a four-probe set-up with a KEITHLEY delta system
consisting of an alternating current and direct current source
(model: 6221) and a Nanovoltmeter (model: 2182A). An
atomic force microscopy (AFM) image was taken by NX10
Atomic Force Microscope, Park System. Thermogravimetric
analysis (TGA) was carried out with a Q50 TGA (TA
Instruments, New Castle, DE) in a nitrogen atmosphere with a
heating rate of 5 °C min−1.
2.4. Electrochemical Measurements. Electrochemical

measurements were carried out with a PARSTAT 4000
(Princeton Applied Research, Oak Ridge, TN) in both three-
and two-electrode configurations. The potentiostatic CV,
galvanostatic charge−discharge (CD), and EIS were carried
out in 6 M aqueous KOH electrolyte. The supercapacitor
electrodes were prepared using the composites of ∼80 wt %
active materials, 10 wt % PVDF, and 10 wt % carbon black,
dispersed in 10 mL of DMF. The electrochemical tests of the
individual electrode were carried out in a three-electrode cell,
where platinum wire and Ag/AgCl acted as the counter and
reference electrodes, respectively. A cleaned Ni foam substrate
(5 cm × 0.2 cm) was used as the working electrode and the
above said composite was deposited (∼200 mg) on it (area of 1
cm × 0.2 cm). The working electrode was dried inside a
vacuum oven at 60 °C for ∼24 h. For asymmetric super-
capacitor (ASCs), two pieces of nickel foam (1 cm diameter)
were taken and about 15 drops (equivalent to 160 mg) of the
above-mentioned composite solution were drop-casted onto
the positive electrode. Similarly, the negative electrode material

was prepared by mixing 80 wt % TRGO, 10 wt % PVDF, and
10 wt % carbon black, dispersed in 10 mL of DMF. About 25
drops (equivalent to 340 mg) of this composite were casted on
the negative electrode. The electrodes were dried under
vacuum for 24 h at 60 °C. The two electrodes were placed
inside a split test cell (EQ-STC, MTI Corporation, Richmond,
CA) to design the ASC. The electrodes were separated by
Whatman 42 filter paper impregnated with 6 M aqueous KOH.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Analysis. The XRD
pattern of BN0 (Figure 1a) shows a sharp peak at 26.7° related
to the (002) plane of h-BN.22,27 The broadening of peak can be
observed in the BNG composites. The (002) reflection peak of
graphite is shifted to 12.2° in the GO due to the intercalation of
oxygen functional groups in its interlayer spacings.26 The GO is
reduced during the formation of BNG composite through
hydrothermal reaction and the peak of RGO appears almost at
the same position (around 2θ = 23.5°−26.34°) as that of h-
BN.26,27 Therefore, it is very difficult to identify the peaks due
to the appearance of a broad band in the range of (2θ = 24°−
27°) for the BNG composites. Furthermore, the decrease in
particle size and the formation of nanosized domain in the
presence of RGO sheets are the main reasons for peak
broadening.22 FT-IR spectroscopy of HRGO, BN0, and the
BNG composites are shown in Figure 1b. It shows the
appearance of peaks at 760 and 1380 cm−1 in the BN0 as well
as in the composites. These peaks correspond to the in-plane

Figure 1. (a) XRD patterns of BN0 and BNG composites. (b) FT-IR spectra of HRGO, BN0, and BNG composites. (c) Raman spectra of HRGO,
BN0, and BNG composites.
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and out-of-plane bending vibration of B−N.27,28 The FT-IR
spectra of HRGO show sharp peaks at 1580 and1410 cm−1 for
CC and C−O bonds, respectively.29 Almost all of these
peaks are absent in the BNG composites. On the other hand, a
new peak at 1126 cm−1 appeared in the BNGs due to the
formation of the B−C bond.27 The peak at 1670 cm−1 indicates
the formation of NC bond in the BNG composites.30

However, there are no peaks related to NC and B−C in the
BN0. All these observations suggest the formation of hybrid
structure for BNG1, BNG2, and BNG3. Figure 1d shows the
Raman spectra of HRGO, BN0, and BNG composites. BN0
shows highly intense D band at 1369 cm−1 in comparison to
the HRGO.19 The D band appears at 1348 cm−1 in the HRGO
and composites. The G band indicates the graphite-like
structure is not present in the BN0. In contrast, it is present
in the HRGO and BNG composites at 1560 and 1578 cm−1,
respectively.19,22 The broadening of the G band indicates lattice
distortion and formation of defects in the crystalline structure
of the BNG composites.22 The ID/IG ratio obtained from
Raman spectra is an indication of degree of disorder and the
existence of oxygen-containing functional groups. This ID/IG
ratio decreases with increasing GO content, indicating
improved crystalline nature of the composites.19 The ID/IG
ratios are 0.426, 1.06, 0.92, and 0.78 for HRGO, BNG1, BNG2,
and BNG3, respectively. In addition, HRGO shows intense 2D
band at ∼2700 cm−1 and the peak shifts to 2716 cm−1 in the
composites.
The C 1s spectrum of GO is presented in Figure S1 of the

Supporting Information. Three different kinds of oxygen
functional groups and the main peak of C 1s (CC of

aromatic rings) can be noticed. The peaks at 285.9, 286.5, and
288.1 eV are assigned to the C−O (epoxy and alkoxy), CO,
and COOH functional groups, respectively.26 Figure 2a shows
the XPS survey of BN0 and BNG composites. The survey
spectrum indicates the presence of B, C, N, and O elements in
BNG composites while BN0 has only B and N elements. The
atomic percentages of O, B, N, and C are determined from the
XPS elemental analysis and are summarized in Table 1. It

shows that the carbon content in the BNG composites
increases gradually with GO content. Deconvoluted B 1s
peak of BNG2 (Figure 2b) shows the presence of three
separate peaks at 189.4, 190.6, and 191.3 eV, respectively. The
main peak at 190.6 eV is corresponding to h-BN nanosheet
(B−N bonding).19,22,31 The less intense peak at lower binding
energy (189.4 eV) represents the partial formation of B−C
bonding in the composite.19,22,31 The N 1s peak of BNG2 can
also be deconvoluted in three separate peaks (Figure 2c). The
peaks at 398.2 and 399 eV are due to the presence of h-BN
nanosheet (B−N bonding) as well as the presence of B−N−C
bonding.22 Both B 1s and N 1s spectra strongly suggest the
formation of separate h-BN domain along with the partial B−C

Figure 2. (a) Survey analysis of BN0 and BNG composites. (b) B 1s, (c) N 1s, and (d) C 1s XPS of BNG2.

Table 1. Atomic % of O, C, B, and N of BN0 and BNG
Composites Determined from the XPS Elemental Analysis

sample atomic % of O atomic % of C atomic % of B atomic % of N

BN0 37.22 62.78
BNG1 14.24 35.76 22.36 27.64
BNG2 18.51 43.54 17.49 20.46
BNG3 21.39 47.49 12.78 18.34
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and B−N−C bonding in the composite.19,22 The peak at 400.7
eV in the N 1s spectra may be due to the presence of graphitic
N.22 The C 1s spectrum of BNG2 can be deconvoluted into
four separate peaks as shown in Figure 2d. The most intense
peak at 284.3 eV ensures the presence of graphitic domains in
the composites (C−C bonding).19,22,31 Relatively small
shoulders of B−C (283.9 eV) and C−N (286.2) can also be
noticed.22 Thermal stability of BN0 and BNG composites were
studied by TGA and the results are shown in Figure S2 of the
Supporting Information. It is seen that the thermal stability of
BN0 is very high and the char residue content is ∼98.2% at 700
°C. However, the BNG composites show fast weight loss with
increasing temperature. Maximum weight loss can be observed
at ∼200 °C for the BNG composites and the char residue
contents are 71.0%, 59.9%, and 36.2% for BNG1, BNG2, and
BNG3, respectively, at 700 °C. The high weight loss of the
composites is attributed to the increased content of GO in the
composites.
The FE-SEM image analysis was carried out for the detailed

morphological study. Figure 3a shows the formation of large-
sized hexagonal rodlike structure of h-BN. The distribution of
h-BN particles on the RGO sheets can be seen in the BNG1
(Figure 3b). The sheets become more visible with increasing
the amount of GO. The compact stacking of the individual
layers of h-BN and RGO is clearly visible in the BNG3 (Figure
3d). TEM image analysis provides a clear view of the hybrid
structure. Figure 4a,b represents the TEM and selected area
electron diffraction (SAED) pattern images of BNG2. The
presence of alternating h-BN and RGO layers is confirmed
from the TEM image. The SAED pattern image shows a well-
crystalline arrangement of the BNG2. The AFM image of
BNG2 is shown in Figure 3c. The lateral size and average

thickness were recorded as 39.0 and 3.2 nm, respectively,
confirming the formation of a few layers of RGO in the
composites. The average thickness is larger than that of the
individual layer of graphene sheets which can be ascribed to the
alternate stacking of h-BN and RGO sheets in the composites.

3.2. Optical and Electrical Properties. UV−visible
absorption spectroscopy was carried out to visualize the
electronic property of BN0 and BNG composites as shown
in Figure 5a. Band gap was calculated according to the Tauc
relationship: αhν = B(hν − Eg)

n, where α is the absorption
coefficient, hν is the energy of the photon, B is a proportionality
constant, Eg represents the optical band gap, and n is the
parameter of specific electronic transition within the band due
to the light absorption (here, n = 1/2).

14,17,22 The extrapolation
of the straight portion of the plot of (αhν)2 vs hν to α = 0
determines the band gap (Figure 5b).19,22,27 GO shows two
absorption peaks at 232.6 and 302.3 nm due to π → π* and n
→ π* transitions, respectively (Figure S3 of the Supporting
Information).26 However, the appearance of a single peak at
284.4 nm in HRGO is related to the resonant excitonic effects
of electron−hole interactions in the π → π* transition (Figure
S3 of the Supporting Information). BN0 shows an absorption
peak at 220 nm corresponding to the band gap of 5.08 eV.22,27

However, the composites (BNG1, BNG2, and BNG3) show
two separate peaks corresponding to different band gaps as
shown in Figure 4a. The change in band gap of h-BN in the
composites is due to the different fabrication methods and
presence of hexagonal defects. The absorption edge related to
the shorter band gap is due to the intermediate structure
formed during RGO and h-BN stacking.19,22,27 The band gaps
were calculated as 2.65, 2.55, and 2.42 eV for BNG1, BNG2,
and BNG3, respectively (Figure 5b). Interestingly, another

Figure 3. FE-SEM images of (a) BN0, (b) BNG1, (c) BNG2, and (d) BNG3.
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absorption peak appeared in the composite at lower wavelength
region than that of the RGO but higher with respect to pure h-
BN. It may be attributed to the effect of C doping in the h-BN
domain of the composites and related to the band gap of the
pure h-BN.19,22,27 The decrease in band gap corresponding to
the RGO-doped h-BN domains can be noticed with increasing
GO content, suggesting the formation of homogeneous
crystalline composite. The measured band gaps are 4.28, 3.99,
and 3.96 eV for BNG1, BNG2, and BNG3, respectively (Figure
5b). The formation of the superlattice can also be explained by
the appearance of two separate absorbance peaks in the
composites as shown in Figure 5a.19 Furthermore, the
formation of hybridized RGO and h-BN atomic layers rather
than the substitutionally boron- and nitrogen-doped carbon or
alloyed phase can be confirmed by the existence of two separate
band gaps.19 However, it is very difficult to correlate the overall
effect of RGO to the BNG composite as the UV−vis absorption
is related to the two different domains of the hybrid structure
rather than single absorbance peak of graphene edge.19 The
band gap of the hybrid composite can be measured from the
linear Arrhenius plot. The electrical conductivity of the powder
samples were measured by four-probe technique. The resistivity
(ρ) and the electrical conductivity (σ) were measured
according to the following relation: ρ = πRd/(ln 2) and σ =
1/ρ, where R is the resistance calculated by four-probe method
and d is the thickness of the sample under observation.31,32

BN0 is electrically insulating with electrical conductivity of 2.7

× 10−5 S m−1. The electrical conductivity of GO is also poor
due to the presence of oxygen functional groups (52 S m−1).
The conductivity increases significantly in RGO (1204 S m−1)
due to the restoration of π-electronic conjugated network
structure during reduction. Furthermore, the BNG composites
show improved electrical conductivity as compared to the BN0
due to the insertion of conducting RGO. The electrical
conductivity is recorded as 96, 441, and 545 S m−1 for BNG1,
BNG2, and BNG3, respectively. Figure 5c shows the variation
of electrical conductivity with increasing temperature. The
increasing electrical conductivity supports the semiconducting
nature of the composites. Furthermore, band gap energy (ΔEg)
can be calculated from the slope of the log ρ vs 103/T plot and
the carrier confinement can be observed within the “graphene
paths” embedded in the h-BN domains.14 Figure 5d shows that
the linear fitted data are well-described by ρ(T) ∝ exp(ΔEg/
κBT), where κB is the Boltzmann constant. The band gaps of
BNG1, BNG2, and BNG3 are found to be 61, 14, and 10 meV,
respectively.

3.3. Electrochemical Property. Structural and morpho-
logical studies confirm the formation of BNG composites.
Optical and electrical property analyses ensure the formation of
h-BN/RGO hybridized atomic layers which are conducting.
However, a material should have low solution resistance with a
particular electrolyte for supercapacitor application. EIS
measurement in the frequency range of 1−10 kHz with
potential amplitude of 10 mV was employed to screen the

Figure 4. (a) TEM, (b) SAED pattern, and (c) AFM images of BNG2.
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utility of the composites as electrode (three-electrode cell)
materials for supercapacitor applications. Figure 6 represents

the Nyquist plot of pure h-BN and composites. The
intersection of the real axis in high-frequency region represents
the solution resistance and is related to the charge transfer
between the electrode materials and electrolyte.31,33 It is seen
that the BN0 has a high solution resistance of 6.5 Ω, suggesting
poor electrochemical performance. The solution resistance
decreases to 4.01 Ω in the BNG1 and further decreases in the
BNG2 (0.6 Ω) and BNG3 (0.46 Ω), indicating good
electrochemical performances. The charge-transfer resistance
can be measured from the diameter of the semicircle region
corresponding to the real axis and interprets directly to the

pseudocapacitive reaction of the electrodes.31,33 The influence
of graphene can be clearly seen as the faradic resistance also
decreased from 7.15 to 2.3 Ω for BNG1 as compared to BN0.
The charge-transfer resistances are 1.08 and 1.51 Ω for BNG2
and BNG3, respectively. This increase in faradic resistance may
be due to the stacking of the RGO sheets and boron layers at
high content of GO. The stacking of RGO sheets may prevent
the diffusion of ions in solution and affects the charge-transfer
resistance.
CV was employed to study the electrochemical behavior of

BN0, BNG1, BNG2, and BNG3 in 6 M aqueous KOH
electrolyte. The potential window for the electrochemical
performance study was selected in the range of −0.1 to 0.4 V
(vs AgCl/Ag). Figure 7a represents the comparative study of
the CV nature of BN0 and the composites. The prominent
oxidation−reduction peaks can be noticed in the BN0. It may
be attributed to the fact that the boron and nitrogen atoms are
connected by the ionic bond and nitrogen has a different
oxidation state. The oxidation state can be altered due to the
intercalation with the electrolyte during the redox reaction. It is
seen that the width of the CV curve increases with the insertion
of GO, maintaining the pseudo nature for all the BNG
composites. Deformation in the CV curves can also be observed
for BN0 just after increasing the scan rates; however, the
composites remain stable even at higher scan rate (Figure S4 of
the Supporting Information). Specific capacitance can be
calculated from the CV curves using the equation: CCV = (∫ I
dV)/mV, where CCV is the specific capacitance (F g−1), I is the
response current density (A g−2), V is the potential window, v is
the scan rate (mV s−1), and m is the deposited mass on the
electrode.10,34−36 Figure S5a,b of the Supporting Information
shows the CV plots and the specific capacitance of GO, HRGO,

Figure 5. (a) UV−visible absorption spectra, (b) (αhν)2 vs hν plot, and (c) temperature vs conductivity plot of BN0 and BNG composites. (d)
Linear fitted log ρ vs 103/T plot of BNG composites.

Figure 6. Nyquist plots of BN0 and BNG composites.
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and TRGO at different scan rates. The specific capacitances of
GO, HRGO, TRGO, BN0, BNG1, BNG2, and BNG3 are 25,
209, 541, 203, 797, 1098, and 994 F g−1 at a scan rate of 10 mV
s−1, respectively. Figure 7b represents the variation of specific
capacitance of all the samples with increasing scan rates.
Stacking of the layers and increase in the faradic resistance may
be the reason for the lower specific capacitance of BNG3 as
compared to that of BNG2. It has been found that the RGO
contributed to the specific capacitance through 0 as well as
pseudocapacitance due to the presence of the remaining oxygen
functional groups. However, the capacitive nature of RGO is
deteriorated due to the stacking of GO sheets during reduction.
Pure boron nitride has similar structure to that of the graphite
with conjugated double bonds and free π electrons (Figure S6
of the Supporting Information). The insertion of h-BN in the
interlayer spaces of RGO acts as spacer molecules and prevents
the restacking of GO sheets. Furthermore, the free π electron
and the change in the oxidation state of B and N atoms
contribute to the additional charge storage capacity of the
BNG2 composites. The oxidation state of boron and nitrogen is
altered during charging and discharging. The charge storage
mechanism in the BNG composites arises from the synergistic
effect of RGO and boron nitride. The increase in GO content
in the BNG3 causes restacking of RGO sheets and prevents the

diffusion of ions in solution affecting the charge-transfer
resistance.
Galvanostatic charge−discharge (CD) curves show the

appearance of sharp and large IR drop for all the samples
(Figure 8a). CD was measured at different current densities
starting from 4 to 10 A g−1. The specific capacitance can be
calculated in terms of the discharge time according to the
equation: CCD = IΔt/mV, where CD is the specific capacitance
(F g−1), I is the discharging current (A g−2), V is the potential
window (V), and m is the deposited mass on the
electrode.29,33,34,37 The presence of RGO increases the
discharging time effectively. The charging and discharging
profiles of all the samples with different current densities are
presented in Figure S7 of Supporting Information. Figure 8b
represents the variation of specific capacitance for all the
samples with increasing current density. Pure BN0 exhibits the
specific capacitance of 182.8 F g−1 at a current density of 4 A
g−1. In contrast, the specific capacitances measured at the same
current density are 384, 824, and 720 F g−1 for BNG1, BNG2,
and BNG3, respectively. At very high current density of 10 A
g−1, the retention of specific capacitance for BNG1, BNG2, and
BNG3 are 72%, 81%, and 83%, respectively, while the retention
is only 62% for BN0. The Coulombic efficiency is quite low
(below 75%) when the CD is measured from −0.1 to 0.4 V. To
improve the Coulombic efficiency, the CD is further examined

Figure 7. (a) CV plots of BN0 and BNG composites at 10 mV scan rate. (b) Variation of specific capacitance with scan rates for BN0 and BNG
composites.

Figure 8. (a) CDs of BN0 and BNG composites at 4 A g−1 current densities. (b) Variation of specific capacitance of BN0 and BNG composites at
different current densities.
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up to 0.35 V. The calculated specific capacitance are 220.4,
409.8, 897.7, and 773.3 F g−1 for BN0, BNG1, BNG2, and
BNG3, respectively, and the Coulombic efficiency is more than
90% (Figure S8 of the Supporting Information). Furthermore,
the BNG composites show large IR drop with the loss of
specific capacitance. To investigate the effective specific
capacitance CTotal is calculated according to the relation CTotal

= IΔTTotal/mVTotal, where TTotal and VTotal are the discharging
time and potential window measure after the IR drop (0.23 V).
The value of the CTotal of BN0 and BNG composite with
different current density is submitted in the Table S1 of the
Supporting Information.
3.4. Electrochemical Characterization of Asymmetric

Supercapacitor. The composite materials show high specific
capacitance but suffer from the low potential window and large
IR drop. CV curves obtained from the three-electrode
measurement show that the materials can be used as the
positive electrode. Asymmetric supercapacitor can be made
with another material that can act as the negative electrode.
TRGO has the potential range of 0 to −1 V and exhibits good
EDLC character (Figure 9a). Both the positive and negative
electrode materials were deposited on the nickel foam. For the
asymmetric configuration, the mass balance was done according
to the following relation: (m+/m−) = (C− × ΔE−/C+ × ΔE+),
where m+ and m− are the mass of the positive and negative
electrodes, C+ and ΔE+ are the specific capacitance and

potential window (calculated from the three-electrode measure-
ment) for positive electrode, and C− and ΔE− are the specific
capacitance and potential window of the negative electrode
measured at the same scan rate.10,23,38,39 The mass ratio for
BNG2 and TRGO was optimized as mBNG2/mRGO = 0.68 in the
ASC cell.
The ASC shows a large potential window of 1.4 V (Figure

9b). Figure 10a shows the CV plot of ASC at various scanning
rates and Figure 10b represents the CD plot at different current
densities. The peak current increases progressively with
increasing scan rate of CV and the curves are almost symmetric
even at the higher scan rate with good current response. The IR
drop is minimized as compared to the three-electrode results
and exhibit full contribution of the specific capacitance in the
studied range.
The specific capacitance is found to be 145.7 F g−1 at a

current density of 6 A g−1 and about 66% of retention in
specific capacitance is recorded even at a very high current
density of 15 A g−1 (Figure 11a). The CTotal and the
corresponding energy and power density of the ASC at
different current densities are given in Table S2 of the
Supporting Information. Figure 11b shows the retention of
specific capacitance charged at 1.4 V as a function of cycle
number. The increase in specific capacitance after 600 cycles
may be due to the surface wetting during extended cycling.
Further increase in the available active sites during the initial

Figure 9. (a) Comparative CV curves of TRGO and BNG2 performed at three-electrode cell. (b) CV of optimized BNG2/TRGO ASC.

Figure 10. (a) CVs of ASC at different scan rates and (b) CDs of ASC at different current densities.
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cycling process may enhance the supercapacitor performances.
The ASC displays an excellent long cycle life of only 89%
retention even after 4000 cycles. Figure 11c represents the
comparative CD plot (at a current density 15 A g−1) of ASC
after 100 and 3800 cycles, respectively. The undistorted nature
of the CD after 3800 cycles ensured the stability of the ASC.
The energy density (ED) and power density (PD) of the ASC
can be calculated according to the following relations: ED =
CV2/2 and PD = ED/ΔT, where C is the specific capacitance
calculated from the CD, V is the potential window, and the ΔT
is the discharging time calculated from the CD.39−41 A high-
energy density of 39.6 W h kg−1 was achieved at a power
density of 4200 W kg−1 (Figure 11d). Figure 12 represents the
Nyquist plot of the ASC cell. The measured solution and
faradaic resistances are 1.2 and 1.7 Ω, respectively. The low
solution resistance suggests that the ASC cell can be assembled
in series for high voltage application with minimum loss of
energy. Table S3 of the Supporting Information shows the
promising properties of ASC as compared to those of the
recently reported graphene-based electrode materials. The
comparison of the capacitive performance of the BNG
composites and the ASC with other B- and N-based materials
are shown in Table S4 of the Supporting Information. It is seen
that the capacitive performances of the boron nitride-based
composites are superior as compared to those of similar types
of materials. Even at a very high power density of 10 500 W h
kg−1, the current density still remains at 26.15 W kg−1, which is

encouraging for the implementation of BNG-based materials in
supercapacitor devices.

4. CONCLUSIONS
A facile and single-step hydrothermal method was described to
prepare a h-BN/RGO hybrid nanostructure. The band gap of
the insulator h-BN was successfully reduced by increasing the
amount of GO content in the composite. The hybridized
atomic layer of RGO and h-BN exhibited two separate UV
absorption peaks, signifying the existence of two different
domains in the composites. The presence of RGO increased

Figure 11. (a) Variation of specific capacitance of ASC with current densities, (b) cycling performance of ASC at a current density of 15 A g−1, (c)
CD curves of ASC at a current density of 15 A g−1 after different extended periods of cycling, and (d) Ragone plot of ASC.

Figure 12. Nyquist plot of ASC.
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the electrical conductivity of h-BN and provided good ion
exchange with the electrolyte by decreasing the solution
resistance as well as the charge-transfer resistance. The super
lattice microstructure exhibited a prominent pseudo nature
incorporated with EDLC. The precise amount of RGO content
in the h-BN provided high specific capacitance of ∼824 F g−1. A
large potential window was also achieved by constructing ASC
with BNG2 as the positive electrode and TRGO as the negative
electrode. The specific capacitance of the ASC cell was 145.7 F
g−1 at a current density of 6 A g−1 and the almost zero IR drop
suggests that the selected potential window is perfect for the
electrode materials. The maximum energy density of 39.6 W h
kg−1 was achieved corresponding to the power density of 4200
W kg−1 and the Ragone plot ensured the utility of ASC even at
very high power density of 10 500 W kg−1. The cell maintains
invariant electrochemical performance at a high current density
of 15 A g−1. The ASC showed long life stability and undistorted
nature of CD even after 4000 cycles. These intriguing
performances of ASC suggest the utility of boron nitride-
based composite for energy storage applications.
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