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Morphology tailoring and improved electrochemical performance
of hexagonal boron nitride (h-BN) for symmetric supercapacitor
applications

Madhav Dobhal?, Aditya Sharma*?, Bhavi Agrawal®, Mayora Varshney®, Hyun-Joon Shin°#, Ranjeet
Kumar Brajpuriya?, and Shalendra Kumar?

Correlations among the crystal structure, electronic structure, morphology, and electrochemical performance
of hexagonal boron nitride (h-BN) are a matter of debate and need systematic investigation of their
implications on the energy storage assets. This work explores the morphology-controlled synthesis of h-BN
nanostructures and their influence on the structural, electronic, and electrochemical properties toward the
development of a symmetric supercapacitor device. h-BN nanostructures were synthesized via a nitridation
process at 900 °C using boric acid with urea, melamine, and a urea—_melamine mixture precursors. Scanning
electron microscopy revealed that urea-derived h-BN exhibits a faceted and porous morphology, whereas the
melamine-derived sample predominantly forms nanorod-like structures. X-ray diffraction (XRD) confirmed
morphology-dependent XRD line shape changes and variations in the lattice parameters. X-ray photoelectron
spectroscopy (XPS) results conveyed o-type sp? hybridization between B and N atoms in all the samples, while
a higher sp?/sp3 ratio in the melamine-derived h-BN indicated reduced oxygen functionalization associated
with the rod-like morphology. Electrochemical measurements, conducted in three electrode configurations
with 1 M KOH electrolyte, confirmed pseudocapacitive behaviour and delivered high specific capacitance of
455.0 F/g, 516.8 F/g, and 493.3 F/g (at a scan rate of 2 mV/s) from the urea, melamine, and mixed-precursor-
derived samples, respectively, highlighting morphology-dependent charge-storage characteristics.
Furthermore, a symmetric supercapacitor assembled using nanorod-based h-BN electrodes in a Swagelok
configuration delivered an energy density of 8.74 Wh/kg and a power density of 4500 W/kg, along with

excellent cycling stability, retaining 77.1% of its initial capacitance after 10,000 charge-discharge cycles.

Introduction

The rapid expansion of the global population and economy has
sharply increased energy demand. Although petroleum, coal, and
natural gas remain the primary conventional energy sources, their
limited availability, rising cost, and the emission of harmful gases
such as CO and CO; have led to severe environmental degradation
and accelerated global warming. To address these challenges,
renewable energy technologies, including wind, solar, and
hydropower, have substantially progressed. However, the
intermittent and unpredictable nature of these sources limits their
reliability, necessitating the development of other efficient and
robust energy-storage technologies 2. To meet modern energy
requirements, lead-acid, nickel-ion, and lithium-ion batteries have
been widely developed and commercialized. Though these batteries
offer high voltage output and superior energy density, they suffer
from drawbacks such as short cycle life, restricted power density,
slow charge-discharge kinetics, and safety concerns 3-6. Likewise,
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fuel-cell technologies provide high energy density, long cycling
stability, low emissions, and flexible fuel options. Nevertheless, their
high installation costs, complications associated with hydrogen
storage, low power densities, and safety-related issues present
substantial obstacles to large-scale practical deployment4-7.

In the context of energy storage, the supercapacitors (SCs) have
emerged as next-generation electrochemical energy storage devices
that earned significant appreciation due to their remarkable
characteristics, such as high specific power (500-10000 W/kg),
exceptional charging/discharging rate, longer durability, and low
maintenance cost. Structurally, they consist of two electrodes
separated by an electrolyte and a separator. Supercapacitors are
widely used in applications that require high power in shorter times,
such as transportation. In recent vyears, they have drawn
considerable interest in electric vehicles due to their fast charging
capability. Furthermore, they also found applications in low-power
devices such as laptops and other portable electronics 18-1°, Based
on the charge storage mechanisms, the SCs are characterized as
electric double-layer capacitors (EDLCs), pseudocapacitors, and
hybrid supercapacitors. The EDLCs are known for their high-power
density, which makes them suitable for applications like power
backup and regenerative braking systems; however, their energy
density is lower (typically < 5 Wh/Kg) compared to batteries 1. In
contrast, pseudocapacitors store energy via a faradaic reversible
redox reaction at/or near the electrode surface. These materials
include metal-oxides (MnO,; RuO; V;0s etc.) and conducting
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polymers (PANI, Ppy), which offer high specific capacity and high
energy density (10 ~ 40 Wh/kg) 1. The hybrid supercapacitors are
capable of providing a balanced approach for high energy and power
density by merging features of the above two supercapacitors 111713,

Although several factors decide the performance of a supercapacitor
device, the selection of electrode materials is one of the crucial
factors. One ideal electrode should possess a high surface area, good
chemical stability, a large number of electrochemically active sites to
facilitate rapid ion transport and efficient charge accumulation 1415,
Porous carbonaceous materials, conducting polymers, and transition
metal oxides (TMOs) are widely reported for developing high-
performance supercapacitors 6. However, the search for new and
efficient materials remains a central focus for enhancing
electrochemical performance and extending the lifespan of
supercapacitors.

Among the several examined materials, two-dimensional (2D)
materials have been identified as high-potential materials for
supercapacitive energy storage. These materials include graphene 16,
reduced graphene oxide 17, MXene 17, graphitic carbon nitride (g-
C3N4) 7> and hexagonal boron nitride (h-BN) 17. Such compounds
exhibit significantly high surface area, excellent thermochemical
stability, and tailorable compositions which support easier charge
transport pathways and increased accessibility of surface/active sites
for improved charge storage performance 16-20,

Across various explored 2D materials, the hexagonal boron nitride (h-
BN) has attracted extensive attention due to its structural
resemblance to graphene and numerous unique features, such as
high  mechanical  strength,  exceptional resistance to
chemical/thermal degradation, which makes it highly suitable for
energy storage applications 112021 Structurally, h-BN consists of an
equal amount of alternating nitrogen and boron atoms, arranged in
a hexagonal honeycomb lattice. Across each plane, atoms are linked
via strong covalent bonds formed through sp? hybridization, while
adjacent planes are held together by weak Van-der-Waals
interaction 2422, The h-BN is often termed as “white graphite” due to
its resemblance in structure to graphene, including interplanar
distances, bond lengths, and honeycomb lattice. In contrast to
graphene, which exhibits purely covalent bonding, h-BN has partial
ionicity due to electronegativity differences between B and N atoms,
which, indeed, support pseudocapacitive behavior. The variations in
oxidation states of boron and nitrogen during electrochemical
reaction enable additional charge storage, while the nitrogen atoms
further contribute by forming redox active sites, which leads to
efficient charge transfer and high specific capacitance 723, Further,
its high chemical stability and corrosion resistance ensure longer
durability 2122, Altogether, the unique structural and electrochemical
properties make h-BN a sustainable and high-performance electrode
material with excellent specific capacitance, cyclic stability, and
durability for next-generation supercapacitors.

In past years, researchers have explored the electrochemical
properties of h-BN in bare and composite forms. Li et al. reported a
specific capacitance of 54.8 F/g at a current density of 0.5 A/g with
2M KOH electrolyte, which improved to 250 F/g when combined with
carbon (h-BN/C) 2. Maity et al showed low specific capacitance ~ 33
F/g at a current density of 1 A/g for pristine h-BN, which could
improve to 387.5 F/g with amalgamation to CNT and PANI (h-
BN/CNT/PANI) 25. Dhamodharan K et al. reported a specific capacity
of 68.3 C/g at 10 mV/s within a potential window of 0- 0.6 Vin3 M
KOH for bulk h-BN, which was further enhanced to 215.8 C/g at the
same scan rate for exfoliated h-BN 26, Prabhakar et al reported a
specific capacitance of 169.3 F/g at 1 A/g in 1 M KOH solution 27, In
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such reports, the h-BN could offer reasonable specifig, capacitange,
but it experiences challenges in its singlephasesfarenation14d

Moreover, morphology tailoring and its implications on the
structural, optical, electronic structure, and electrochemical
properties are less investigated. Recent studies on other

nanomaterials have demonstrated that controlled synthesis and
morphology engineering can remarkably enhance material
properties and performance 2930,

This study explores the morphology tailoring of h-BN by applying
different precursors and incorporating additional synthesis
protocols, compared to the existing literature 313, The source of
boron was kept the same (i.e., boric acid; H3BOs), but the nitrogen-
containing precursors (i.e., urea; (NH;),CO, and melamine; C3HgNg)
were bifurcated in different schemes of synthesis. The synthesized
materials were thoroughly characterized to explore the effect of
precursors on their morphology, crystal structure, optical properties,
electronic structure, and electrochemical traits. Eventually, an
optimized h-BN sample with better electrochemical traits was
selected to prepare a symmetric supercapacitor device (Swagelok
cell) with 1 M KOH electrolyte, which demonstrated a high energy
density of 8.74 Wh/kg and a power density of 4500 W/kg. The device
also offered good cycling stability, retaining 77.1% of its initial
capacitance after 10,000 charge-discharge cycles.

Experimental details

Synthesis of h-BN

All used reagents were of analytical grade without any further
purification. Boric acid (99.5% purity) and urea (99.5% purity)
were purchased from Molychem, India, and the melamine
(99.5% purity) was purchased from Srichem, India. The h-BN
was synthesized via three different routes, adapting the method
from Mirzaee et al 31, with certain modifications. In the first
route, stochiometric proportions of boric acid and urea were
dissolved in deionized water (200 ml) and stirred for 2h using a
magnetic bead to ensure homogeneity. Likewise, in the second
and third syntheses, boric acid and melamine, and boric acid
and a mixture of urea and melamine were weighed in a
stoichiometric proportion and, separately, dissolved in
deionized water (200 ml) with magnetic stirring for 2h. The
resultant solutions were, separately, dried overnight at 80 °C.
The obtained powders were annealed at 900 °C in a tubular
furnace under steady N, flow (0.05 L/min). The first, second,
and third route prepared samples are named as h-BN(BU), h-
BN(BM), and h-BN(BMU), respectively.

The Nitrogen annealed samples were investigated with X-ray
diffraction (XRD) for the phase identification (see electronic
supplementary information (ESI) Fig. S1). Though the h-BN was
observed as the dominating phase, XRD patterns exhibit a peak
(near 15°) related to boron oxide (B;03) phase. This could be
due to the development of residual B,Os; products during the
reaction between the boron precursor and oxygen. This kind of
impurity peak was also observed by Mirzaee et al 31. Therefore,
to eliminate the impurity phase in the as-prepared samples, a
systematic wiping process is employed. The above prepared
samples were separately dispersed in the anhydrous ethanol
(50 ml), sonicated (for 10 min), air dried overnight, and heated
at 80 °C for 5 h. Such dried samples were annealed at 900 °C for

This journal is © The Royal Society of Chemistry 20xx
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4 h, with constant N, flow. An overall yield of ~60% was
achieved after the purification process. The synthesis of h-BN is
presented in Fig. S2 (ESI). From the nature of synthesis and
experimental findings, the plausible chemical reaction of the
formation of h-BN from the constituent compounds can be
written as;

For the urea and boric acid-based system:

2H3BO3+ 3CO(NH;), = B,0s3+ 3H,0 + 3NH3 + 3NHCO

B,Os + 2NH3 - 2BN + 3H,0 (1)
For the melamine and boric acid-based system:

3 H3BO3+ C3HeNg —> 3BN + 3CO; + 3H,0 +3NH3 (2)
For urea, melamine, and boric acid-based systems:
H3BO3+C3HgNg+5CO(NH3),—>BN+2C0O,+4H,0+5NH3+6HCN+2N,;
(3)

Material characterizations

The crystal structure and phase of the samples were examined
using a Bruker D8 Advance EcoPro X-ray diffractometer with Cu
Ko radiation (1.5405 A). The functional groups in samples were
analyzed by Fourier Transform infrared spectroscopy (FTIR)
using a PerkinElmer FTIR spectrometer. Brunauer-Emmett-
Teller (BET) analysis was conducted using an Anton Paar
Autosorb 6100 FKM MP-AG instrument to determine the
specific surface area and porosity. The surface morphology and
elemental composition were analyzed by field emission
scanning electron microscopy (FE-SEM) equipped with energy
dispersive X-ray spectroscopy (EDS) using the JEOL JSM-7900F
model. The chemical bonding was evaluated through lab
source-based X-ray photoelectron spectroscopy (XPS) utilizing a
Kratos Analytical AXIS SUPRA+ machine. UV-visible absorption
spectroscopy measurements were conducted using the RIMS
UV/Vis spectrometer. Transmission electron microscopy (TEM)
measurements were performed using the TALOS F200X
machine.

Electrochemical measurements

The electrochemical performance of h-BN(BU), h-BN(BM), and
h-BN(BMU) electrodes was assessed using the Corrtest
CS2350M workstation.  All
measurements were carried out in a standard three-electrode

instrument electrochemical
configuration in which Ag/AgCl served as a reference electrode
(RE), a platinum wire as a counter electrode (CE), and h-BN
electrodes as the working electrodes (WE) in an electrolyte of 1
M KOH aqueous solution. In order to prepare working
electrodes, the nickel foam substrate (1 cm x 1 cm, 1.5 mm
thick) was washed in ethanol, HCL, and DI water for 30 min each
by using an ultrasonicator and dried at 80 °C overnight. After
that, each h-BN samples, namely h-BN(BU), h-BN(BM), and h-
BN(BMU), were individually combined with polyvinylidene
fluoride (PVDF), and carbon Black in an 8:1:1 ratio. The resultant
was subsequently mixed with 3-4 drops of N-methyl-2-
pyrrolidone (NMP) to make a slurry solution. The slurry was
then deposited onto treated nickel foam using the drop cast
method, followed by drying at 80 °C overnight. The dried
electrodes were utilized as a working electrode for
electrochemical analysis. The electrochemical characteristics of
all three prepared h-BN samples were thoroughly investigated
through cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy

This journal is © The Royal Society of Chemistry 20xx
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(EIS) using a standard three-electrode configuratign...The G\Y
measurement was performed in a potent?allrahges8fEY W7
V with varying scan rates between 2 mV/s to 100 mV/s, whereas
the GCD measurements were taken within the potential range
of 0.0 V- 0.5V for different current densities.

The specific capacitance (Csp) from CV was determined by using
_Juav
SPT 2.m.9.av
CV curve, m is the active material’s mass loaded on Ni foam, ¥

is the scan rate, and AV is the applied potential difference. Also,

specific capacitance from the GCD graphs was evaluated using

. 1A . .
the relation; C,, = ﬁ/ The energy density and power density

[\ 3600 xE

were evaluated using the relations33: E = -5 and P=T’

respectively 33. In which / denote applied current, 'At’ discharge
time, 'AV' potential window, and ‘m’ electrode mass. The
energy density and power density are measured in units of
Wh/Kg and W/Kg, respectively. The analysis of solution
resistance (Rs) and charge transfer resistance (Rct) of all three
samples was carried out using EIS in the frequency range of 0.1
Hz to 100 KHz.

A symmetric supercapacitor device was prepared using h-BN
(BM) sample. The electrodes were prepared by blending h-BN
(BM), PVDF, and carbon black in an 8:1:1 ratio. The solvent NMP
was used to make slurry solutions. The slurry was then
deposited onto graphitic paper substrate using the drop cast
method and dried at 80 °C overnight. The electrochemical
measurements of a supercapacitor device fabricated using a
Swagelok cell and the Whatman filter paper as a separator were
carried out in a two-electrode configuration with 1M KOH
electrolyte. The specific capacitance of the symmetric device

was evaluated from CV and GCD of cell 3233 using the relations33,
[ 1.dv 2x Ix At

m.9.AV m.av -’
area under CV curve, m denotes total mass loaded in both

electrodes, ¥ is the scan rate, AV represents the voltage
window, the applied current is denoted by |, and At denotes
discharge time. The energy density and power density of the cell

Equation33 C , Where [/.dV is the area under the

Ceelf = and Cy = respectively, here, [I. dV is the

. . . 1
were estimated using the relations 33 E .= Pl 3.6 C.eyV? and

Peey= i %3600, respectively.

Result and discussion

XRD study

Fig. S3 shows the XRD patterns of h-BN samples and displays
two intense peaks ~ 26.0° and ~ 42.2°, corresponding to (002)
and (100) crystal planes, respectively. Such peaks are fairly
matching with JCPDS card number- 96-591-0080 (space group,
P63/mmc) and also matched well with the previous reports-336,
The Rietveld refinement was carried out, using FullProf
software, to derive the structural parameters of the samples. A
model theoretical hexagonal crystal structure of h-BN, as
provided in the given JCPDS card, was run, and the fitted data
are presented in Fig. 1(a) along with the experimental data,
Bragg positions, and the difference between experimental data
and fitted data. It is noticeable that fitted patterns are matched
well with the experimental data, the Bragg position of (002) and
(100) peaks also matched, and thus confirmed the formation of
h-BN products in all three syntheses. However, the XRD peak
shape of h-BN (BM) sample and fittings are a bit compromised
compared to those of the other two samples. This could be due

J. Name., 2013, 00, 1-3 | 3
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to the structural/morphological differences in this sample. The
interplanar distance, lattice parameters, unit cell volume,
crystallite size, and different r-factors and fitting parameters
(x%, Rp, Rwp, and Rexp) are provided in Table S1. The evaluated

—— Y

—Y

h-BN(BMU)... (a)
% "4‘--‘ = YA,I
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Journal Name
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Figure 1. (a) Rietveld fitted XRD patterns, (b) FTIR spectra, (c) UV-visible absorption spectra, and (d) Tauc plots of h-BN(BU), h-BN(BM), and h-BN(BMU)

samples.

FTIR study

To understand the functional groups and their different
vibrational behavior associated with h-BN samples, systematic
FTIR analysis is performed. Fig. 1 (b) depicts the FTIR spectra and
consists of several intense bands between 4000 cm-1to 400 cm-
1. A broad absorption band, 3900 cm™ - 3370 cm', can be
assigned to the stretching vibration modes of O-H or N-H groups
36-38 Another strong absorption band is observed at 1300 cm™!
to 1500 cm™?, followed by low intensity absorption bands at 730
cm™ to 1000 cm™. The absorption bands at 740 cm to 1000
cm™ can be assigned to the out-of-plane bending of sp?
hybridized B-N networks (covalently connected B-N with some
disorders). The absorption band, 1300 cm™ to 1500 cm, has
been assigned to the in-plane stretching of the sp2 hybridized B-
N networks 3539, Such vibrational bands have been reported as

4| J. Name., 2012, 00, 1-3

characteristic bands of h-BN and signify the formation of h-BN
in all three samples.

UV-Visible absorption spectroscopy study

The optical properties of synthesized h-BN samples were
analyzed using UV-Vis absorption spectroscopy and presented
in Fig. 1(c). All spectra exhibit strong absorption edges in the
ultraviolet region, which is a characteristic feature of h-BN and
arises from its wide band gap energy. Strong absorption peaks
were observed at 243.8 nm, 247.3 nm, and 243.3 nm for h-
BN(BU), h-BN(BM), and h-BN(BMU), respectively.

The optical band gap (Eg) energy for each sample was calculated
using the Tauc equation 38, (ahu)2=A(hu—Eg), where a is the
absorption coefficient, hv is photon energy, A is a constant, and
Eg is the optical band gap. The band gap values, obtained by
extrapolating the linear regions of the (ahuv)?vs hu plots (Fig.

This journal is © The Royal Society of Chemistry 20xx
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1(d)), were found to be 4.41 eV, 4.25 eV, and 4.40 eV for h-
BN(BU), h-BN(BM), and h-BN(BMU), respectively. Hexagonal
boron nitride (h-BN) is isostructural with highly oriented
pyrolytic graphite; however, unlike graphite, it exhibits a
semiconducting nature with a wide bandgap 38. Pristine h-BN
typically possesses a bandgap of approximately 5.9 eV, which
can be significantly modified by several factors, including the
synthesis route, extrinsic doping, defects, and morphology
changes 4. The theoretical electronic band structure of h-BN
was calculated using density functional theory (DFT) 4. Such
results have demonstrated a direct bandgap located at the K
point of the Brillouin zone and depicted band gap energy of 4.92
eV 40, The DFT calculations conveyed that the lower valence
band (LVB) was predominantly contributed by N-s orbitals, with
minor contributions from B-sp and N-p states. In contrast, the
lower conduction band (LCB) was mainly governed by B-p
orbitals, with comparatively smaller contributions from N-sp
states. It has been reported that a rapid reduction in the
bandgap energy takes place with decreasing the interlayer
distance 40, In the present study, the XRD patterns have shown
that h-BN (BU) and h-BN (BMU) samples have nearly the same
d(ooz) spacing (~3.5 A), but a net decrease of d(ooz) spacing (~3.4
A) is observed for the h-BN (BM) sample. Therefore, it is
anticipated that the smaller d(go2) spacing values are responsible
for the lesser band-gap energy of the h-BN (BM) sample.
Moreover, the smaller d(po2) spacing values are analogous to the
tight stacking of the h-BN networks, which originates from the
higher degree of sp? hybridization (i.e., strong ¢ bonds) in the
sample. Thus, the lesser digo2) spacing (~3.4 A) and narrower
band-gap energy (4.25 eV) suggest a better degree of sp?
hybridization in the h-BN (BM)sample.

FE-SEM and TEM results

This journal is © The Royal Society of Chemistry 20xx

Nanoscale-Advances

To investigate the morphology variations in the, samples.
systematic FE-SEM and TEM measuremEht339Re 0Eén
performed and depicted in Fig. 2. Fig.2 (a-c) shows the FE-SEM
and Fig.2 (d-f) shows TEM images of h-BN(BU), h-BN(BM), and
h-BN(BMU) samples, respectively. It is noticeable that the h-BN
(BU) sample exhibits porous morphology with some
agglomerated sheets or pieces of material. On the other hand,
an elongated morphology of rod-like shape is observed for the
h-BN (BM) sample. However, the h-BN(BMU) sample exhibits
some dense or mended morphology. The EDS spectra (Fig. S4)
of three samples show dominant peaks of N and B along with
the peaks from C and O. The N and B features are due to the h-
BN materials, but the C and O originate from the used carbon
tape and adsorbed oxygen.

In a previous report, the sheet-like morphology has been
reported from the urea-derived h-BN samples under isotropic
growth 31, However, anisotropic growth has been reported for
the melamine-based precursors and resulted in the growth of
nano whiskers, cauliflowers, and nanorods kind of
morphologies 4243, As per the previous reports, the formation
of rod-like or whisker morphology originates from anisotropic
crystal growth driven by differences in the surface free energies
of specific crystallographic planes 4243, This anisotropy is
primarily associated with the (002) family of planes. The surface
energies of the (002) and (004) planes were reported to be
18.32 and 6.55 kJ mol™, respectively 44

Figure 2. FE-SEM images of (a) h-BN(BU), (b) h-BN(BM), and (c) h-
BN(BMU). TEM images of (d) h-BN(BU), (e) h-BN(BM), and (f) h-
BN(BMU).

J. Name., 2013, 00, 1-3 | 5
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The significant difference in surface energies indicates
preferential growth along the [001] direction, which exhibits a
higher growth rate than other crystallographic directions.
Consequently, the anisotropic growth promotes the formation
of h-BN nanorods/nano whiskers oriented along the c-axis
[0001] 4>. Furthermore, planes possessing higher surface
energies tend to grow more rapidly to minimize the total
surface energy of the system. In this context, the (002) plane
exhibits the maximum surface energy (3.186 J m=2) 44,
corroborating that the [0001] direction is the fastest growth
direction. This preferential growth behaviour accounts for the
observed rod-type morphology for the h-BN (BM) sample. Fig. 3
shows the mechanistic schematic of various kinds of
morphology formation under the given synthesis protocols.
First, the used precursors underwent hydrolysis (at 80 °C) and
formed various ions and smaller molecules.

H;BO;

Journal Name

Further, with increasing the annealing temperatuge,, thedritial
building blocks of h-BN form for all the apgliéd FEEcuPSHE A’
presented by h-BN nucleation. Depending on the used
precursor, the isotropic and anisotropic growth processes take
place**4546, The cobbled sheet-like morphology is formed in
the urea-based sample, driven by isotropic growth. On the
other hand, a rod-like morphology is obtained in the melamine-
based precursor due to anisotropic growth 4>, The mixture of
precursors (urea and melamine) might have a competitive
isotropic/anisotropic growth leading to denser morphology.

Figure 3. Schematic of the growth of different morphologies of h-BN
using different precursor batches.
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Figure 4. (a) XPS survey spectra. High resolution XPS of (b) Bls and (c) N1s
from h-BN (BU), h-BN (BM), and h-BN (BMU) samples.

XPS results

The chemical bonding (i.e., sp?2 and/or sp3 hybridization with
their quantitative analysis) in the samples was investigated
using XPS. Fig. 4 (a) shows the XPS survey spectra of all three
samples and exhibits B and N-related peaks from the h-BN
compound. The C and O-related peaks are from the residual C
and O in the samples. It is noticeable that the O content is much
higher in the h-BN (BU) sample compared to the melamine-
based samples (see the inset of Fig. 4(a)). HR-XPS spectra are
also collected to estimate the different bonding among the
constituent elements. The deconvoluted Bls and N 1s spectra
are presented in Fig. 4(b) and 4 (c), respectively. The B 1s
spectra exhibit prominent peaks at 190.83 eV (BU), 190.65 eV
(BM), and 190.58 eV (BMU), which can be attributed to B-N
bonding in the h-BN. A slight variation in the peak position has
also been reported in previous reports and assigned to the
different morphologies induced variation in the B-N bonding
(i.e., diverse attachment of B-N atoms in different
morphologies) 3145, Another peak, in the range 192.32- 192.43
eV, is assigned to B-O bonding, which might arise due to
attachment of oxygen moieties as reaction residual oxygen or
atmospheric oxygen 31,45, 46,

This journal is © The Royal Society of Chemistry 20xx
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The N 1s XPS spectra show a strong peak between 398.04 -
398.47 eV corresponding to the N-B bonding. The other peak,
400.02 - 400.30 eV, indicates N-H bonding. The N-H bonds are
expected to form at the edge of the h-BN structure from -OH
moieties or residual ammonia. The observed binding energies
for synthesized h-BN samples were consistent with other
reported XPS results for the same 3647, The main peak in the B
1s XPS (~ 190 eV) and/or main peak in N 1s XPS (~398 eV) are
related to sp? hybridization*® 46, The higher energy peaks in N
1s and/or B 1s XPS spectra are due to defect or oxidation (or N-
H kind of bonding) and represent the sp3 hybridization 314546 |t
is noticeable that h-BN (BM) sample has a higher B-N/B-O bond
ratio (i.e., sp?/sp3 ratio) compared to the other two samples,
which are evaluated by estimating the area under the curve of
XPS spectra and presented in Table S2 and Fig. S5. This suggests
that the melamine precursor helped to prevent oxygen moieties
in the final product and led to the formation of dominating sp?
hybridized B-B and/or N-N tetworks. The higher sp2/sp3 ratio for
the h-BN (BM) sample may led to tight stacking of h-BN groups
and resulted to narrower doo2) spacing (as observed in the XRD
results) and lesser band-gap energy (as observed in the UV-vis
spectroscopy investigations).
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Figure 5. CV characteristics, collected at different scan rates, of (a) h-
BN(BU), (b) h-BN(BM), (c) h-BN(BMU), (d) Comparison at 100 mV/s.

BET surface area results

Fig. S6 (a) shows the nitrogen adsorption-desorption isotherms
of the samples over a range of relative pressure (P/Po=0 to 1).
The sudden rise in adsorption-desorption at higher relative
pressure indicates a type-lll isotherm for all samples 48. This can
be attributed to the low surface energy and weak interactions
between the adsorbate and surface; as a result, the material
facilitates multilayer adsorption instead of a monolayer. Fig. S6
(b) presents the pore size distribution curves calculated using
the BJH method. All samples display a wide range of
mesoporous structures, which can be facilitated with
electrolyte access. The h-BN (BU) showed a specific surface area
(SSA) of 5.45 m2/g with an average pore diameter of 53.9 A. The
h-BN (BMU) sample showed improved SSA of 29.24 m2/g with
an average pore diameter of 62.9 A. In contrast, h-BN (BM)
achieved a significantly higher SSA of 68.39 m2/g with a large
pore diameter of 160 — 400 A.

This increased surface area may arise due to its elongated and
less agglomerated rod-like morphology and evidenced in the FE-
SEM and TEM studies. The porosity observed in the synthesized
h-BN samples may be attributed to gases released during

8| J. Name., 2012, 00, 1-3
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precursor decomposition. Since each precursor decomposes at
different temperatures and releases different amounts of gases,
it results in a different pore structure 3149,
Electrochemical investigations

0.0

The electrochemical measurements of h-BN (BU), h-BN (BM),
and h-BN (BMU) electrodes were performed in a conventional
three-electrode system using 1M KOH electrolyte. The CV
graphs of h-BN-based electrodes are studied in a voltage range
of 0V to +0.7 V with varying scan rates from 2 mV/s to 100 mV/s
and are presented in Fig. 5 (a-d).

The cyclic voltammograms of h-BN electrodes exhibit significant
oxidation and reduction peaks observed near 0.5 V and 0.24 V,
respectively, demonstrating its pseudocapacitive behavior 30,
Mechanistically, in the absence of an applied potential, K* and
OH~ ions in the KOH electrolyte are randomly distributed. Upon
applying a bias during cyclic voltammetry measurements, OH"~
ions migrate toward the positively polarized h-BN working
electrode. On the other hand, the K* ions move toward the
negatively polarized
interface, leading to the formation of an electric double layer
that governs charge storage. The accessible surface area of h-
rapid
desorption, resulting in a capacitive current response. Charge
neutrality in the system is maintained by the Pt counter
electrode, where hydrogen
(4H,0+4e—>2H,+40H )or oxygen evolution
(40H - 0,+4 € +2 H, O) may occur depending on the applied
polarization. During discharge, the applied potential is reversed,
causing the collapse of the electric double layer at the h-

region of the electrode—electrolyte
BN nanostructures facilitates

ion adsorption and

evolution

This journal is © The Royal Society of Chemistry 20xx
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BN/electrolyte interface. The adsorbed ions desorb back into
the electrolyte, and electrons flow through the external circuit,
releasing the stored energy. Throughout the process, the
Ag/AgCl electrode provides a stable reference potential,
ensuring accurate electrochemical characterization of the h-BN
working electrodes. In the present case, for all samples,
increasing the scan rate enhances the CV loop area and current
density. It is because the current density, or simply current, is
proportional to the scan rates (i = C u; v is the scan rate, Cis
capacitance, and i is current). As the scan rate increases, the
rate of potential change is faster, leading to a proportional
increase in current response, thereby enlarging the CV loop
area. It is noticeable from Fig. 5 that the current density of h-BN
(BM) sample is nearly 1.3 times higher than that of h-BN (BU)
sample. This indicates better charge transport and storage in
the h-BN (BM) samples. Fig. 5 (d) shows the comparison of CV
loops at a fixed scan rate (100 mV/s) and conveys the better CV
loops for the h-BN (BM) sample. The variation of specific
capacitance with scan rate for all samples is listed in table S3. In
CV measurements, two major electrochemical processes take
place at the electrode surface: the capacitive double layer

formation and the diffusion-controlled faradaic reaction 5. To
2.0

ARTICLE

examine the contributions from two distinct charge, storage
processes, the relationship between anodie p&akiéarpént () &na

scan rate (v), based on the power-law equation
(i=av®;log(i) = log(a) + blog(v)), was analyzed by
preparing log i vs log v curves 4852, Here, a and b are arbitrary
constants and quantitatively offer the diffusion and

adsorption/desorption (i.e., surface) controlled capacitive
nature of the samples. The b = 1 indicates that the current
linearly depends on the scan rate, resulting in a surface-
controlled charge storage mechanism. On the other hand, b =
0.5 signifies proportionality of the current to the square root of
the scan rate and diffusion-controlled charge storage
mechanism in the samples 48. The calculated b values for h-
BN(BU), h-BN(BM), and h-BN(BMU) are presented in Fig. 6 (a)
and estimated to 0.59, 0.63, and 0.62, respectively. This reveals
that the charge storage mechanism of all three electrodes is
primarily governed by diffusive-controlled mechanisms with a
smaller contribution from surface-controlled processes. Among
them, the h-BN(BM) electrode shows a slightly higher b-value
(0.63), suggesting relatively enhanced surface activity and
improved ion transport compared to the other two samples.
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Figure 6. (a) Comparison of log(i) vs log(v) plots of h-BN(BU), h-BN(BM), and h-BN(BMU) samples. Capacitive and diffusive contribution plots of, (b) h-BN(BU),

(c) h-BN(BM), (d) h-BN(BMU) samples.

Further, the total current density results from both surface-
controlled (k;.0) and diffusion-controlled ( kz.ul/z) were

'——kl o and

calculated 12

using
i(V)=ky.0+k,.012

slope (k;) and intercept (k,) were obtained by plotting

relations, 24 ky

, respectively*®4°, Based on these relations, the
verses 0125354 Fig. 6 (b-d) presents surface-controlled and
diffusive-controlled current contributions to the total
capacitance of h-BN electrodes. Likewise, for better illustration,
the integrated CV loops (at a scan rate of 100 mV/s) for

This journal is © The Royal Society of Chemistry 20xx

capacitive and diffusive contributions are provided in Fig. S6. At
a scan rate of 2 mV/s, the surface-controlled contributions
(green color in Fig. 6 and Fig. S7) were found to be 6%, 9%, and
6% for h-BN(BU), h-BN(BM), and h-BN(BMU), respectively, with
the remaining portion (94%, 91%, and 94%) corresponding to
diffusion-controlled (blue color in Fig. 6 and Fig. S6) processes.
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It is anticipated that K* ions may undergo
adsorption/desorption from the electrolyte (KOH) onto the
surface of h-BN nanostructures; (h-BN)surface + K* € > (h-BN)- -
K*. This kind of adsorption/desorption kinetics helped in
acquiring significant charge storage in h-BN samples. However,

Journal Name

development of nitrogen-based oxides (at the defective. rings
with non-bonding N atoms) through a reBetidR1PEBNNROIP143
h-BN(O)x + xe” + xH,0. On the other hand, reduction reaction
may involve the electron acceptance which causes formation of
nitrogen species with a lower oxidation state; h-BN(O)x + xe"

the redox features in the CV curves conveyed +xH,O - h-BN + xOH-. In case of urea-based h-BN samples,
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oxidation/reduction-based capacitive behavior in the h-BN
samples. Typically, h-BN exhibits minimal to no intrinsic
oxidation or reduction reactions (redox peaks) within a typical
electrochemical window 4°. However, the native defects and
oxygen-containing functional groups (as evidenced in the XPS
results), which admit of interlocking hexagonal defective rings
of h-BN, may offer oxidation/reduction reactions. The plausible
oxidation reaction of h-BN, in alkaline media, can involve the

typical agglomerated sheets or faceted morphologies have
been observed, which may not have distinct surface/edges for
adsorption/desorption kinetics, leading to lower surface-
controlled contributions to the capacitance (Fig. 6 (b-d) and
Fig.57).

Figure 7. GCD results collected at different current densities, of (a) h-BN(BU), (b) h-BN(BM), (c) h-BN(BMU). (d) Comparison of GCD at 1 A/g. The inset image is showing discharge

time comparison at 2 A/g.

The h-BN(BM) sample has distinct rod-like morphology, higher
sp?/sp3 ratios, and a larger surface area. Thus, it exhibits better
surface-related specific capacitance. On the other hand, the
better diffusion of ions is expected in the typical
agglomerated/porous sheets or faceted morphologies.
Therefore, diffusion-based capacitance contribution is higher in
the h-BN (BU) and h-BN(BMU) samples.

10 | J. Name., 2012, 00, 1-3
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Along with cyclic voltammograms, the electrochemical
performance of the electrode materials was investigated using
GCD and presented in Fig.7, measured at current densities
ranging from 1 A/g to 10 A/g within a voltage range of 0 V to
+0.5 V. The asymmetric type charging/discharging
characteristics of the GCD data also confirm the
pseudocapacitive behavior of h-BN samples 4235, It is noticeable
that at lower current density (1 A/g) all the samples exhibit
nearly the same discharging characteristics (up to ~500 s).
Distinct differences are seen when the current densities were
elevated (2 A/g higher). A comparison of
charging/discharging times, at 2 A/g, is presented in the inset of
Fig. 7 (d). The h-BN (BM) sample exhibits a superior discharge
time than the other two samples. In all samples, the charge—
discharge times decreased with increasing current density due
to rapid ion transport and limited access to active sites. The
discharge profiles exhibited an initial internal resistance drop,
followed by a linear region characteristic of electric double-
layer capacitance, and a subsequent sloped region indicating
pseudocapacitive behaviour >1. It is also noticeable that the
potential window of all h-BN samples is the same, but h-BN
(BM) sample exhibits a longer discharge time than the other two
samples, which is an exciting characteristic for its practical
applications. The variation in the specific capacitance values at
different current densities is listed in Table S4.

To further understand the electrochemical behavior of
electrodes, the EIS measurements were performed within the
frequency range of 0.1 Hz to 100 kHz. The Nyquist plots of h-
BN(BU), h-BN(BM), and h-BN(BMU) electrodes, along with their
equivalent circuit/curve fitting, are shown in Fig. 8. The EIS data
from individual samples are provided in Fig. S8. The overall
impedance behaviour of the electrode can be understood using
three key parameters. The first one is the series resistance (Rs),
which represents the combined resistance arising from the
electrode material, the electrolyte, and the contact interface
between the active material and the current collector. In the
Nyquist plot, Rs is determined from the first intercept of the
semicircle with the real (x) axis. The second parameter, charge

and

transfer resistance (Rct), reflects the resistance encountered
during charge transfer at the electrode-electrolyte interface. In
the impedance spectrum, Rct is represented by the diameter of
the semicircle. A smaller diameter indicates a lower Rct value
consequently, The
deviation from an ideal vertical line in the low-frequency region
of the EIS curve is associated with the Warburg impedance
element, described by W = A/(jw)Y2, where A denotes the
Warburg coefficient and ® is the angular frequency. This
component occurs due to ion diffusion in the electrolyte, which
becomes frequency dependent at lower frequencies (» < 0.1
Hz). All three plots exhibit a negligible semicircular arc in the
high frequency region, followed by a slanted line in the low
frequency region. The high frequency region of the Nyquist plot
represents the  solution resistance (Rs) at the
electrode/electrolyte interface, while the low frequency region
corresponds to the charge transfer resistance (Rct), which is
developed at the electrode surface. The negligible semicircular
arc in the high frequency region indicates excellent electrical

and, more efficient charge transfer.

This journal is © The Royal Society of Chemistry 20xx
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conductivity and minimal internal and surface registance 33
The equivalent circuit (inset, Fig. 8), c&MprisesP/BFNREOREE
double-layer capacitance (C), and Warburg impedance (Ws)
parameters, was used to fit the experimental data. The
obtained Rs values for h-BN(BU), h-BN(BM), and h-BN(BMU)
were 2.838 Q, 2.409 Q, and 2.505 Q, respectively. Lower Rs and
Rct values indicate good conductivity and better charge

transportin h-BN samples.

Figure 8. Nyquist plots, with fitting and equivalent circuit diagram, of h-
BN(BU), h-BN(BM), and h-BN(BMU). The series resistance (Rs), and charge
transfer resistance (Rct) values are provided for each sample.

Specific capacitance values were evaluated from the CV and
GCD data and are presented in Fig. 9 (a-b). Fig. 9(a) displays the
results of specific capacity vs scan rate. The calculated specific
capacitance, at a scan rate of 2 mV/s, is 455.0 F/g, 516 F/g, and
493.3 F/g for h-BN(BU), h-BN(BM), and h-BN(BMU) samples,

100

Nyquist plot of h-BN(BU)
== Fitting
80 A Nyquist plot of h-BN(BM)
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respectively. Likewise, Fig. 9 (b) shows the current density vs
specific capacitance graph and exhibits values of 429.5 F/g,
479.2 F/g, and 431.3 F/g, at a current density of 1 A/g, for h-
BN(BU), h-BN(BM), and h-BN(BMU) samples, respectively. It
shows that the h-BN (BM) sample exhibits superior specific
capacitance over the other two samples. Moreover, it is
noticeable that specific capacitance decreases with increasing
scan rates or current density. Typically, at lower scan rates or
low current density, electrolyte ions get enough time to
penetrate the interior of the electrode material, enabling
enhanced ion-electrode and higher
capacitance. In contrast, at higher scan rates or higher current
density, limited ion diffusion into the bulk of the material
restricts charge storage. Thus, the reduced rate of ion
penetration leads to lower specific capacitance at higher
current density. The energy density and power density of h-BN
electrodes are also evaluated from GCD data of the samples.
The Ragone plot (Energy density vs Power density) is shown in
Fig. 9 (c). The obtained maximum energy and power densities
of h-BN (BU) electrode are 14.91 Wh/kg and 2500 W/kg. In the
case of h-BN (BMU), the maximum energy and power densities
were 14.98 Wh/kg and 2500 W/Kg, respectively. The highest
energy density of 16.64 Wh/kg and a power density of 2500
W/Kg has been achieved for h-BN (BM) samples. In the present
study, even at maximum scan rate (100 mV/s) or maximum

interaction specific
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current density (10 A/g), the observed specific capacitance is (a) —m—n-BN BYR Article Online
~ ~ L . h;

150 F/g or ~200 F/g, which is far better than many of the oxides O R EADENA00014B
(e.g., Sn0O,, Zn0O, CeO,, etc.) or 2D (e.g., g-CsN4) materials 7.
Likewise, the energy density and power density are superior to
many of the previously reported 1D/2D materials 4558,
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Figure 9. (a) Specific capacitance vs scan rate (b) Specific capacitance vs
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h-BN (BM) based symmetric supercapacitor device testing

By considering the elevated specific capacitance and energy
density values from the h-BN(BM) sample, a symmetric
supercapacitor device was fabricated in a two-electrode
Swagelok cell configuration. The device performance was
evaluated through CV, GCD, EIS, cyclic stability, and practical LED
demonstration. Fig.10 (a) displays the CV responses of the
device, measured at different scan rates ranging from 2 mV/s to
100 mV/s within a potential window of 0 - 1.8 V. The CV curves
exhibit a quasi-rectangular shape with redox peaks indicating
combined capacitive and pseudocapacitive behavior 35, The
specific capacitance values are 73.10 F/g, 54.19 F/g, 42.70 F/g,
30.55 F/g, 23.63 F/g, 20.56 F/g and 18.90 F/g at 2 mV/s, 5 mV/s,
10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s and 100 mV/s,
respectively. Likewise, GCD data are collected in the same
potential range of 0 - 1.8 V at various current densities ranging
from 0.5 A/g to 5 A/g and presented in Fig. 10 (b). The specific
capacitance values obtained from GCD are 38.83 F/g, 26.67 F/g,
16.44 F/g, 12.00 F/g, 9.16 F/g and 7.11 F/g at 0.5 A/g, 1 A/g, 2
A/g, 3 Alg, 4 A/g and 5 A/g respectively. These results
demonstrate that the device maintains appreciable capacitance
even at higher current density, such as 5 A/g. The fabricated
device was subjected to 10,000 continuous charge-discharge
cycles at a current density of 4 A/g, and the results are
presented in Fig.10 (c), which also includes the schematic
illustration of Swagelok cell construction (inset image). After
10,000 cycles, the device retains 77.1% of its initial capacitance,
reflecting excellent durability and structural stability under
continuous charge-discharge operation. The EIS was employed
to evaluate the ion transport behavior of the h-BN-based
symmetric supercapacitor, and the data is presented in Fig.10
(d), where the Nyquist plots before and after cycling are fitted
using an equivalent circuit model (inset image). The fitted
parameters reveal series resistance (Resr) increased slightly
from 1.004 Q2 (before cycles) to 1.113 Q (after cycles), while the
charge transfer resistance (Rct) decreased slightly from 2.778 Q
to 2.581Q0. It displays a negligible change in impedance
characteristics of the device after 10,000 cycles, suggesting that
the electrode electrolyte interface remains stable with a
minimal degradation. The Ragone plot for the Swagelok cell
device is presented in Fig.10 (e). The energy density (Ecen) and
power density (Pcai) were estimated and found to be 8.74
Wh/kg and 4500 W/kg, respectively. To evaluate the practical

performance of the fabricated device, the symmetric
supercapacitor was applied to power a red LED, which
illuminated successfully, as shown in Fig.10 (f). Overall

symmetric supercapacitor device showed notable specific
capacitance, energy, and power densities along with cyclic
stability and reliable practical performance.
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Post-Cycle testing of electrodes for structural and morphology
analysis

To further examine the structural stability and surface integrity
of the h-BN electrode, after prolonged electrochemical cycling,
the XRD and SEM investigations were performed on h-BN (BM)
device’s electrode. Fig. S9 shows the XRD pattern of the post-
cycled h-BN electrode. The characteristic diffraction peak near
26 = 26° corresponds to the (002) plane of h-BN, which overlaps
with the dominant XRD peak of graphitic paper. The other XRD
peak, near 42°, is from the (100) plane of h-BN. The peak around
55° mainly comes from the graphitic substrate. Fig. S10 shows
post-cycle SEM images of the h-BN (BM) electrode. This
indicates that the morphology of h-BN (BM) sample-based
electrode remains stable and exhibits significant attachment
between the h-BN (BM) rods and the graphitic substrate. This
suggests good mechanical stability even after prolonged
electrochemical operation. Although some small cracks and
voids can be seen on the surface, these are likely formed due to
continuous ion insertion and extraction of ions during the
cycling process. However, there is no evidence of major
morphological damage. Further, the EDS results show clear
peaks of boron and nitrogen, confirming the presence of h-BN.
Carbon is detected from the graphitic substrate, while a small
oxygen signal may be due to surface oxidation. Potassium peaks
in EDS spectrum are likely arise from electrolyte residue.

Conclusions

In conclusion, this study demonstrates a morphology-controlled
strategy for tailoring the structural, electronic, and electrochemical
properties of hexagonal boron nitride (h-BN) nanostructures for
high-performance  supercapacitor applications. h-BN  was
successfully synthesized via a high-temperature nitridation route
using different (Urea, melamine, and their combination) nitrogen-
rich precursors, leading to distinct nanostructured morphologies.
Structural characterization confirmed the formation of crystalline h-
BN, with morphology-dependent variations in diffraction line shapes
and lattice parameters, underscoring the influence of precursor
chemistry on crystal growth. XPS analysis revealed dominant o-type
sp? hybridization between boron and nitrogen atoms, while the
higher B—-N/B—0 bond ratio (or sp?/sp3 ratio) observed in melamine-
derived h-BN indicates reduced oxygen functionalization associated
with the nanorod-like morphology. The strong o type sp? dominating
hybridization between B and N atoms leads to a narrower interplanar
spacing of (002) plane and contributes to band-gap energy reduction.
Electrochemical investigations in a three-electrode configuration
using 1 M KOH electrolyte established clear morphology-dependent
pseudocapacitive behaviour. Among the synthesized samples,
nanorod-based  h-BN  exhibited superior  charge-storage
performance, delivering a high specific capacitance of 516.8 F/g at a
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scan rate of 2 mV/s. The enhanced electrochemical response is
attributed to improved electronic structure, reduced oxygen-related
defects, and favourable ion-accessible pathways arising from the
nanorod architecture. Furthermore, a symmetric supercapacitor
device fabricated using the optimized h-BN electrode delivered an
energy density of 8.74 Wh/kg and a power density of 4500 W/kg,
along with excellent cycling durability, retaining 77.1% of its initial
capacitance after 10,000 charge—discharge cycles. The successful
demonstration of LED illumination further validates the practical
viability of the device.
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