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Flexible energy storage devices have received great interest due to the increasing demand for wearable and
flexible electronic devices with high-power energy sources. Herein, a novel hybrid flexible hexagonal boron
nitride integrated graphene paper (BN/GrP) is fabricated from 2D hexagonal boron nitride (h-BN)
nanosheets integrated with graphene sheets dispersion via a simple vacuum filtration method. FE-SEM
indicated that layered graphene nanosheets tightly confined with h-BN nanosheets. Further, the Raman
spectroscopy confirmed successful integration of BN with graphene. As-prepared BN/GrP free-standing
flexible conductive paper showed high electrical conductivity of 536 x 10* S m™! with the sheet
resistance of 8.87 Q sq~*. However, after 1000 continuous bending cycles, the BN/GrP sheet resistance
increased just about 8.7% which indicated good flexibility of the paper. Furthermore, as-prepared BN/
GrP showed excellent specific capacitance of 321.95 F g~ at current density of 0.5 A g% In addition, the
power and energy densities were obtained as 3588.3 W kg%, and 44.7 W h kg%, respectively. The
stability of the prepared flexible electrode was tested in galvanostatic charge/discharge cycles, where the
results showed the 96.3% retention even after 6000 cycles. These results exhibited that the proposed
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Introduction

Over the past decade, significant research progress has been
made to prepare flexible supercapacitors (SCs) for smart and
efficient energy-storage devices because of their remarkable
applications in wearable and miniaturized electronic devices.™
So far, majority of the flexible SCs have been fabricated using
two dimensional (2D) layered materials such as graphene,®*
molybdenum disulfide (MoS,),> hexagonal boron nitride (h-
BN),® cobalt selenide (CoSe,),” tin oxide (SnO,)*° and tungsten
disulfide (WS,)."*® These 2D layered materials have offered
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excellent chemical and anisotropic properties due of their
interconnected crystalline arrangements.”** Similarly, tradi-
tional supercapacitors have also been prepared using carbon-
based materials and MoS,."?® Although, significant research
progress has been made with various carbon-based materials,
the emphasis on graphene and h-BN nanosheets based hybrid
material is growing due to their high thermal conductivity,
mechanical strength, optical transparency, flexibility, thermal
stability (up to 1000 °C), chemical tolerance (for protective
coatings) and so on.'"*'5213% Therefore, researchers have been
exploited these materials in various research fields.
2D-nanosheets (examples: graphene and h-BN) could be
used to form various morphologies such as nanotubes and
layer-by-layer structures. In recent times, various strategies have
been reported to prepare nanosheets by adopting either top-
down or bottom-up methods.*"** Epitaxial growth and chem-
ical vapour deposition (CVD) are well known bottom-up tech-
niques,**** which suffers from limited scaling up and expensive
production cost; nevertheless, it offers high-quality defect-free
sheets. Similarly, top-down techniques**® such as mechanical
cleavage, electrochemical and liquid phase exfoliation could be
utilized to prepare the scalable high-quality defect-free sheets at
a much lower cost using bulk h-BN and graphite sheet.
Furthermore, these 2D-nanosheets (graphene, h-BN, MoS, and
WS,) have been combined to prepare flexible paper,*” foam?*
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and film* through several methods such as mechanical pres-
suring of 2D-nanosheets aerogels*®** or hydrogels,*> vacuum
filtration®* and drying on flexible substrates.* As prepared, free-
standing 2D-nanosheets based papers had shown great
mechanical strength, low density and high electrical conduc-
tivity,"»** which can be applied in biosensors, actuators, shape
memory devices and reliable source of energy storage, such as
batteries and supercapacitors (SCs).***> However, there are
some vital challenges in developing flexible SCs. For examples,
(i) requirement of flexible electrode materials with high effi-
ciency, (ii) enhanced interface performance between electro-
lytes and electrodes, and (iii) simple device preparation
process.” So, the development of highly efficient flexible SCs are
required as an alternative energy source at low cost. Recently,
graphene-based hybrid films have received more attention in
developing flexible electrodes. Liu et al.,*® reported rGO film,
which had the capacity of 81.7 F g~ ' at 10 mV s~ '. Freeze-drying
method®” was used to prepare graphene paper as an electrode
material with the capacity of 172 F g~ ' at 1 A g~ '. Sadak et al.,*
have also used the electrochemical deposition method to
prepare GrP/MnO, composite with good super-capacitive
performance.

In this work, graphene nanosheet dispersion is prepared by
electrochemical exfoliation technique which may depends on
the intercalation of ions/molecules with graphite layers in an
electrolytic cell where graphite sheets are used as electrodes.***
Similarly, the dispersion of h-BN nanosheets is prepared by
a liquid phase exfoliation that yielded a significant amount of h-
BN nanosheets. Finally, using graphene and h-BN nanosheet co-
dispersion, a binary hybrid flexible paper (BN/GrP) is obtained
by vacuum filtration (Scheme S1t). Field emission scanning
electron microscopy (FE-SEM) and Raman spectroscopy results
confirmed that h-BN homogeneously integrated with graphene.
Moreover, the BN/GrP paper electrode exhibited high specific
capacitance of 321.95 F g " at 0.5 A g~ ' current density in 1 M
H,SO, and stable charging/discharging cycle stability up to 6000
cycles.

Experimental
Materials

Graphite sheets are obtained from Graphite Shop, Inc. (USA).
Hexagonal boron nitride (h-BN) was purchased from Sigma-
Aldrich, India. Sodium phosphate dibasic heptahydrate (Na,-
HPO,-7H,0) and sodium dihydrogen phosphate monohydrate
(H,NaPO,-H,0) were purchased from Spectrochem Pvt, Ltd,
India. Potassium chloride (KCl) was purchased from Fisher
Scientific, India. All chemicals were used without further any
purification. Distilled water (18.2 MQ cm at room temperature)
was collected from a Millipore ultrapure water system.

Characterizations

The microstructure and morphological features of the BN/GrP
were characterized by field emission scanning electron micro-
scope (FESEM-EDS) (Quanta 400 FEG, FEI). Raman spectros-
copy was performed at ambient condition using LabRAM HR
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evolution, (Horiba). X-ray diffraction data was acquired (XRD)
(X'Pert Powder XRD system, Malvern Panalytical, United
Kingdom) with Cu-Ka radiation (A = 0.15406 nm) at 45 kV
(tension) and 40 mA (current) with a 0.02° per step scan at 1°
per min speed. Sheet resistance (Rs) was calculated by a two-
point probe station (Keithley 2612B, USA) using the following
equation,?
v

Rs = CfT (1)
where, c¢is the correction factor [1t/In(2)], Vis the potential and I
is the applied current.

An electrochemical workstation CHI-760E (CH Instrument,
USA) was used to perform the electrochemical measurements
with platinum wire and Ag/AgCl (3 M KCl) as counter and
reference electrodes with a three-electrode system. BN/GrP
(freestanding film) was used as a working electrode. The gal-
vanostatic charge/discharge (GCD) and cyclic voltammetry (CV)
measurements were carried out with 1 M H,SO,. The working
BN/GrP electrode is fabricated as reported elsewhere.** Briefly,
peeled BN/graphene paper (BN/GrP) was attached to a poly-
ethylene terephthalate (PET) substrate using double-sided
carbon tape to allow optimal electrical contact using an alli-
gator clip with a copper tape (Fig. S17).

The specific capacitance (Cp, F g~ ') of our proposed flexible
paper was calculated by the following equation, (galvanostatic
charge/discharge curves):**-*

IAt

NG )

where, I is the discharge current (A), m is the mass of the active
material on the electrode (g), AV is the potential window (V) and
At is the discharge time (s).

According to the following equations, energy density (E) and
power density (P) were determined:***-

1

. §Cp(AV)2 X
B 3.6 (3)
P— g X 3600 )

where, C,, is the specific capacitance (F g~ '), AV is the potential
window (V), and ¢ is the discharge time.

Preparation of h-BN/graphene nanocomposite dispersion

In a typical experiment, the hybrid h-BN/graphene nanosheet
dispersion was prepared according to our previously reported
procedure.” Briefly, 500 mg of h-BN powder was dispersed
through bath-sonication in 0.1 M of phosphate-buffer solution
(PBS) (pH 7), followed by tip sonication for about 2 h. Further,
the above prepared h-BN nanosheets dispersion was centri-
fuged for 40 min at 4000 rpm. Then, top one third portion was
collected and washed with water several times to remove PBS.
Then, fresh distilled water was added into BN nanosheets to re-
disperse it. This step was repeated 3-4 times to remove all
sodium salts and anions from the BN. Finally, h-BN nanosheets

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are re-dispersed in distilled water and the concentration of BN
was maintained as 3 mg mL™".

On the other hand, graphene dispersion was synthesized via
simple electrochemical exfoliation method.>* Initially, the
graphite sheets (40 mm x 8 mm) were employed as both
cathode and anode electrodes which were placed in 10 mL of
0.1 M PBS (pH 7) and an applied voltage of 10 V was supplied for
30 min. The obtained graphene sheets are collected and washed
with water. After that, it was re-dispersed in distilled water using
tip sonication. The graphene dispersion was then centrifuged
for 40 min at 4000 rpm and the resulted graphene suspension
(5 mg mL~") was collected from the top supernatant (~70%)
solution. Furthermore, BN and graphene dispersions were
mixed in the ratio of 1 : 9 and continuously stirred for 2 h using
a magnetic stirrer at RT, followed by tip sonication for 1 h. The
resultant BN/graphene dispersion was utilized for the prepara-
tion of flexible paper.

Preparation of BN/graphene paper (BN/GrP)

As illustrated in Scheme S1,T BN/GrP was prepared by a vacuum
filtration method. Briefly, 3 mL of BN/graphene (4.5 mg mL™ ")
dispersion was mixed with 75 mL of water and then 1 M of
H,SO, was used to change the pH to ~3.5. After that, BN/
graphene dispersion was filtered through cellulose nitrate
membrane filter paper (pore size = 0.45 pm) and naturally dried
for overnight as shown in Fig. 1a. Finally, it was possible to peel
off the BN/GrP from the filter paper (Fig. 1b).

Results and discussion
SEM-EDS analysis

The prepared flexible BN/GrP was mechanically stable and it
can be easily bent or/cut into preferred shape as shown in
Fig. 1a—f. It is also possible to control the thickness of BN/
graphene paper (BN/GrP) by adjusting the concentration and
volume of the dispersion. The cross-sectional view of the BN/
GrP was recorded by FE-SEM, which showed the thickness of
~21 pm (4.5 mg mL ™). As observed, BN/GrP is made of tightly

(a)

e

(d) (e)

S A o

Fig. 1 Visual images of flexible paper of BN/GrP. (a) Room tempera-
ture drying, (b) BN/GrP peeled off after drying from the filter paper, (c)
BN/GrP freestanding paper, and (d—f) flexibility of BN/GrP.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 FE-SEM images of (a) cross sectional views of BN/GrP (inset) at
low and (b) high magnifications.

well stacked and interconnected layered sheets (Fig. 2a and b).
In addition, the energy dispersive X-ray spectroscopy (EDS)
mapping pattern (Fig. S21) supported the elementary compo-
sition of BN/GrP, which clearly showed the uniformity of boron
and nitrogen along with carbon and oxygen presence over the
entire BN/GrP region. EDS has also confirmed that B
(21.73%), N (26.55%), C (40.02%) and O (11.70%) were present
in the respective atomic percentages in the BN/GrP as shown in
Fig. S3.1

Raman, XRD and electrical measurements

The Raman spectrum of BN/GrP and GrP are shown in Fig. 3a,
in which the I,p/I; ratio of GrP and BN/GrP were less than 0.5,
indicated the multilayer structure of the graphene with BN. GrP
typically has two distinctive peaks at 1330 and 1581.2 cm ™!,
respectively, displaying D and G bands.*® Further, BN/GrP
spectrum is exhibited both strong D (~1326.3 em™") and G
(~1576.6 cm™ ') bands which confirmed the presence of gra-
phene. Moreover, strong D band at 1326.3 cm ™', indicated that
E,g vibration mode of BN peak which is overlapped with the D
band of graphene.*”

In Fig. 3b, XRD pattern (red curve) of h-BN's revealed a sharp
peak at 26.5° due to the (002) plane of h-BN. The weaker peaks
at 26 of 41.5, 54.7 and 75.8° are indexed as (101), (102) and (110)
plane’s correspond to h-BN (JCPDS file 073-2095).°® As expected,
graphene was showed (blue curve) a broad peak around 24.9°.
However, after the intercalation of h-BN with graphene, XRD
pattern of the BN/GrP showed (black curve) a broad peak
around the 26 of 25.7° as h-BN. Due to the overlap of the XRD
peaks of h-BN with graphene, it was hard to distinguish the
peaks. But, the XRD peak at 42.3° indicated the (101) plane of h-
BN present in BN/GrP, which confirmed the formation of hybrid
paper (BN/GrP).

Next, the sheet resistance and electrical conductivity of the
BN/GrP were measured using a two-point probe station (Keith-
ley 2612B, USA) on the flexible hybrid paper in different loca-
tions (each measurement was repeated three times). Fig. 3c
shows the linear current-voltage (I-V) curve of BN/GrP, which
indicated the ohmic behaviour of BN/GrP paper. The conduc-
tivity and sheet resistance were calculated as 5.36 x 10* S m™"
and 8.87 Q sq ', respectively. Furthermore, the mechanical
strength and flexibility of the BN/GrP were tested by measuring

RSC Adv, 2021, 11, 3445-3451 | 3447
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the sheet resistance after bending the paper up to 1000 cycles (at
the bending angle of 60°). The sheet resistance was increased
about 8.7%. It was again demonstrated that as-prepared BN/GrP
had high mechanical stability due to interconnected network of
the film (Fig. 3d).

Electrochemical properties of BN/GrP electrode

The electrochemical properties of BN/GrP are evaluated by
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
electrochemical impedance spectroscopy (EIS) and potential
cycling test using a three-electrode configuration with 1 M
H,SO, as the electrolyte. As shown in Fig. 4a, CV measurements
were carried out using BN/GrP at a scan rate of 100 mV s~ " in the
potential window of 0 to 1.8 V. The rectangular symmetric shape
of the CV curves were maintained; even when the potential
window was increased up to 1.8 V without any oxygen evaluation
peak, which indicated the good capacitive behaviour of BN/GrP.
Fig. 4b depicts CV curves of BN/GrP recorded at different scan
rates (1 to 100 mV s~ ') between 0 and 1 V. Even at a high scan
rate of 100 mV s~ ', the rectangular shape of CV curve retained

3448 | RSC Adv, 2021, N, 3445-345]

without obvious distortion. It might be due to the desirable fast
charging/discharging properties and high capacitive behaviour
of BN/GrP. In order to ascertain the detailed charge storage
behaviour of the BN/GrP, the kinetics process of electrode was
examined by using CV measurements. In general, the relation-
ship between the current (i) and scan rate (v) is given by,’

i=a’ (5)
where, ‘a’ and ‘b’ are constants; 7 is the current (mA) and » is the
scan rate (mV s~ '). The overall current exhibited by the BN/GrP
was contributed from diffusion-controlled charge storage and
the surface-controlled capacitive processes.* In the eqn (5), if
the value of b = 1, implies capacitive-dominant behaviour, while
b = 0.5 reflects an electrochemical mechanism dominated by
a diffusion process. By fitting the curve against log(7) vs. log(v),
the value of ‘b’ can be determined. From the Fig. S4,T 0.64 was
determined as ‘b’ value, which indicated that both capacitive
and diffusion-controlled behaviours were observed with the BN/
GrP.* The GCD curves were strongly symmetrical up to 1.2 V at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CVs of BN/GrP at different potential window in 1 M H»SOy4 (scan rate = 100 mV s™2), (b) CVs of BN/GrP at different scan rates from 1 to
100 mV s~in 1 M H,SO4, (c) GCD curves of BN/GrP with different potential windows at a steady current density of 1 A g% (d) GCD curves of BN/
GrP at different current density with fixed potential window, (e) cycle life of BN/GrP at constant current density of 4 A g~* (inset: 6000 cycles life
of BN/GrP) and (f) Nyquist plot of BN/GrP in 0.1 M KCl containing 5 mM [Fe(CN)6l®~"~ with frequency range from 0.1 Hz to 1000 kHz (inset:
randles equivalent circuit model where, Rs, Re, Cq and Z,, are solution resistance, charge-transfer (or Faraday) resistance, double layer

capacitance and Warburg impedance, respectively).

various potential windows from 0.8 to 1.4 at 1 Ag~ " as shown in
Fig. 4c, which suggested that BN/GrP (flexible paper) had high
electrochemical reversibility. Meanwhile, the GCD curves of BN/
GrP in the potential window of 0 to 1 V at varying current
densities are recorded as shown in Fig. 4d. As can be seen, the
charge/discharge curves exhibited an equilateral-triangular
shapes which pointed out to a high reversibility without IR
drop.

Next, the specific capacitance of the BN/GrP was calculated
using GCD curves as 321.95 F g~ at a current density of
0.5 A g~ ' (Fig. 4d). As noted, the specific capacitance value was
decreased with an increasing current density. The energy
density (E) and power density (P) of the BN/GrP were calculated
and summarized using GCD curves. As prepared BN/GrP
exhibited the excellent power density of 44.7 W h kg ' at
0.5 A g~ " and high energy density of 249.99 W kg~ . In order to
examine the electrochemical properties of the as-synthesized
GrP and BN/GrP electrodes, the GCD curves were recorded in
1 M H,SO, in the potential range of 0.0 to 1.0 V at a current
density of 1 A g~* (Fig. S51). Compared with GrP, the BN/GrP
electrode was demonstrated longer charging/discharging time
as well as high specific capacitance. It may be due to the charge
storage capacity of BN/GrP as a function of the free w electrons
and the respective changes in the oxidation state of B and N
atoms.®® Furthermore, the cycle life of BN/GrP was tested by
repeating the GCD curves between 0 and 1 V at a current density
of 4 A g~' up to 6000 cycles (Fig. 4e inset). After 6000 cycles,

© 2021 The Author(s). Published by the Royal Society of Chemistry

93.6% of capacitance was retained as shown in Fig. 4e. Elec-
trochemical impedance spectroscopy (EIS) spectrum of BN/GrP
was recorded in 0.1 M KCI electrolyte containing Fe(CN)g* /3",
The diameter of the semicircle is directly proportional to the
charge transfer resistance (R.).** In Fig. 4f, the diameter of
semicircle was indicated the high R (72.1 Q) with low equiva-
lent series resistance (R; ~ 34.75) of BN/GrP. The electro-
chemical properties of previously reported materials®**¢*6>
were also compared with our proposed BN/GrP in Table. S1.§ It
was found that BN/GrP had showed higher specific capacitance
and good cycling stability compared to some of the reported
electrodes.

Conclusions

In summary, the hexagonal boron nitride (h-BN) nanosheets
were integrated with graphene to prepare a flexible free-
standing paper which showed high electrical conductivity of
5.36 x 10" S m ™" and sheet resistance of 8.87 Q sq . Further-
more, Raman spectroscopy and FE-SEM results had confirmed
the successful integration of BN within graphene paper. This
flexible paper electrode exhibited high specific capacitance of
321.95Fg 'at 0.5 Ag . It also showed excellent energy density
of 44.7 W h kg™ " and power density of 3588.3 W kg " in a three-
electrode system. Moreover, the prepared flexible paper showed
reasonable stability even after 6000 charging/discharging
cycles. From the above results, we believe that our proposed

RSC Adv, 2021, 11, 3445-3451 | 3449
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flexible BN/GrP has high potential to be used as wearable/
flexible power sources for the next generation flexible
electronics.
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