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Abstract

It is challenging to identify alternative uses for hazardous pollutant materials that can benefit
the environment. Non-biodegradable, toxic waste cigarette filters can be used as a good source
of low-cost carbon for electrode materials. A new combination of Ni-embedded boron nitride
(BN) with carbon derived from cigarette filters is reported as an efficient electrode for a flexible
all-solid-state asymmetric supercapacitor. The incorporation of nickel nanoparticles inside BN
nanosheets helps to restrict their layer stacking tendency and induce redox-active centres in 2D
layers which tune their electrochemical properties. The incorporation of a conducting carbon
backbone into the Ni-embedded boron nitride facilitates electron transfer pathways, thereby
enhancing its electrochemical performance. The fabricated all-solid-state asymmetric
supercapacitor exhibited excellent flexibility and durability up to 250 bending cycles. The
device exhibited high specific capacitance, power density, and energy density of 47 F gl
4395.7 W kg'!, and 7.9 Wh kg'!, respectively, with a volumetric energy density of 0.25 mWh
cm> at 2 A g'!. The device exhibited excellent cyclic stability, with 86% specific capacitance
retention after 10,000 charging-discharging cycles. The real-time application of the flexible
device was also tested by glowing up a red LED. The described method will pave the way for
waste management to become a flexible energy storage material. This study reports such a
unique combination of waste cigarette filter-derived carbon-supported Ni-embedded BN for

flexible supercapacitors.

Keywords: Boron nitride, nickel nanoparticles, waste cigarette filter-derived carbon, all-solid-

state flexible asymmetric supercapacitor, waste-to-energy
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1. Introduction

The increasing demand for energy and the urgent need to reduce air pollution caused by
reliability on fossil fuels have prompted increased efforts to capture and store renewable
energy. In place of fossil fuels, renewable energy sources such as solar, wind, and hydroelectric
power provide sustainable, clean, and environmentally friendly alternatives. However, due to
their sporadic nature, efficient energy storage systems are necessary to ensure grid stability and
a consistent supply. Supercapacitors have shown promise as potential solutions to these
problems. Supercapacitors offer unique benefits and can be broadly divided into two types:
electrical double-layer capacitors (EDLCs) and pseudocapacitors. High power density and
cyclic stability are characteristics of EDLCs, which are usually made of carbonaceous
materials'. On the other hand, pseudocapacitors, which comprise reversible redox centres, have
comparatively higher energy densities and high capacitance>. The goal of recent research has
been to merge these two different material types into a single device to maximize their
combined benefits and open the door for broad use in a range of energy storage applications®
10, The energy storage research community actively seeks new materials systems that can
endure extreme conditions, such as high mass loading, high charge-discharge cycling rates and
stability, severe electrolytic environments, and elevated heat conditions. Carbon, two-
dimensional (2D) materials, and their related nanohybrids are widely acknowledged as
supercapacitor electrodes for their unique properties and structural stability, which make them

promising candidates for next-generation energy storage systems!!-7.

One of the 2D materials, hexagonal boron nitride (BN), has a layered sp?-hybridized
structure with considerable structural stability even at high temperatures (having a melting
point of >2900 °C), lightweight nature (with density of ~2.1 g cm), high thermal conductivity
of > 250 W mK-!, and remarkable flexibility (having a Young’s modulus >0.85 TPa and a
fracture strength of >70 GPa)'3. Also, BN exhibited excellent stability under various
electrolytic conditions. Despite these advantageous characteristics, BN is not suitable for use
as an electrode material in its pristine form because of its wide electronic band gap of ~4—6 eV,
and poor electrical conductivity!®. However, doping, functionalization, and interface
engineering can remarkably tune their electronic band gap and increase their conductivity,

widening their potential applications in electrochemical energy storage devices!>-23.

Doping BN with transition metals offers a promising approach to enhance its electrical

conductivity and reduce its band gap, thereby increasing its electrochemical activity. Numerous
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theoretical studies have demonstrated that transition metal doping can successfully modify the
physical, electrical, and magnetic characteristics of BN?4-26, Recently, very few experimental
studies have been reported on transition metal-infused BN. For example, Fe-doped BN was
reported by Joy et al. via a microwave-assisted pathway and this Fe-doped BN modified with
conducting polymer delivered efficient supercapacitor performance with 15.25 Wh kg'! energy
density at 2 A g''%. In another study, Tkram et al. prepared Ni-doped BN via hydrothermal
method by mixing BN with NiCl, and exhibited that doping enhanced its catalytic activity
towards dye degradation?’. However, there are no reports of metal nanoparticle-embedded

boron nitride synthesized via the solid-state method.

The incorporation of conducting fillers also helps to overcome their electrochemical
limitations by forming an intimate and synergistic heterojunction, which facilitates easy
electron transfer, leading to enhanced current response and overall electrochemical efficiency
of BN-based materials. In this context, reduced graphene oxide and carbonaceous materials
have been widely explored as filler materials due to their high electrical conductivity. Saha et
al. introduced reduced graphene oxide within hexagonal-BN to increase its electrical
conductivity, leading to the enhancement in electrochemical performance with high specific
capacitance of 145.7 F g! and large energy density of 39.6 Wh kg'?%. In another study, Li et
al. reported a carbon-modified BN nanosheet (h-BN/C) with enhanced electrical conductivity
and high surface area. The h-BN/C nanocomposite was used as a positive electrode for the
asymmetric supercapacitor, which displayed a wide voltage window of 1.45 V with high energy
density and power density of 17 Wh kg-! and 245 W kg-!, respectively, with high stability up
to 1000 cycles?.

Particularly, the consumption of waste material-derived carbon as an electrode for
energy storage devices has garnered considerable attention due to its multifaceted benefits,
ranging from waste management to combating the energy crisis. Used cigarette filters are
regarded as a serious pollutant, as they are non-biodegradable and toxic to freshwater and soil.
Globally, the annual cigarette consumption statistics are around 5.8 trillion. The conversion of
chemicals present in cigarette filters, including cellulose acetate, paper, rayon, and other
additives, into carbon not only reduces pollution but also produces low-cost electroactive
material for supercapacitors. Wu et al. reported activated carbon derived from waste cigarette
filters as an efficient electrode for flexible capacitive supercapacitor with high specific
capacitance (106.5 F g'') and energy density (5.15 Wh kg!)3!. In another report, Bi et al.

showed cigarette filter-derived porous activated carbon as a sustainable energy source??. The

3
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symmetric supercapacitor assembled using porous activated carbon delivered a large specific
capacitance (52 F g!), energy density (7.2 Wh kg'!), power density (127 W kg!), and excellent
cyclic stability with 97.2% retention up to 5000 cycles. However, used cigarette filter-derived
carbon has not been studied combined with less conducting BN as an electroactive material for

supercapacitor.

Encouraged by the concept of waste-to-energy and the opportunity to convert an
insulator material, BN, into an efficient electroactive composite, a solid-state synthesis method
is proposed for designing Ni-embedded BN, combined with used cigarette filter-derived
carbon, studied as an efficient electrode for a flexible all-solid-state asymmetric supercapacitor.
The incorporation of nickel nanoparticles inside BN nanosheets induces redox-active centres
(Ni*/Ni**) in 2D layers which tune their electrochemical properties. The integration of the
conducting carbon matrix to the Ni-embedded boron nitride facilitates the electron transfer
pathways and restricts the layer stacking of BN layers which reduces the volume expansion
and triggers its electrochemical performance. The heterojunctions generated within Ni, BN
nanosheets, and carbon systems facilitate electron transport between the electrode-electrolyte
interface. This study reports a unique combination of a used cigarette filter-derived carbon-
supported Ni-embedded BN for flexible supercapacitors, paving the way for waste

management as an electroactive material.
2. Experimental Section

2.1. Materials

All the chemicals used in the studies were analytical grade and used without any additional
processing. Used cigarette (Marlboro, USA) filters have been collected. Boric acid (H;BOs3)
was purchased from Merck, USA, urea (CO(NH;),) was acquired from ACROS ORGANICS,
USA, and Nickel (II) chloride hexahydrate (98+%) was obtained from thermo scientific, USA.
Polyvinyl alcohol (PVA, 98-99%, high molecular weight), ethanol (96%, v/v), and potassium
hydroxide (KOH) were obtained from Thermo Fisher Scientific, USA.

2.2. Characterizations

The crystal structure of the prepared samples was analysed via X-ray diffraction (XRD)
analysis on a Rigaku MiniFlex 600 with Cu Ka at a wavelength of 1.5406 A. Morphology and
elemental mapping were investigated using field-emission scanning electron microscopy

(FESEM) and energy-dispersive X-ray spectroscopy (EDS) mapping, respectively, on a JEOL
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JSM-IT800 Schottky instrument. The bulk topography of the sample was studied via high-
resolution transmission electron microscopy (HRTEM) on a JEOL 2100PLUS instrument at
200 kV with an EDS facility. Kratos Axis Supra X-ray photoelectron spectroscopy (XPS) was
used to characterize the elemental composition and bonding state of the sample.
Electrochemical analysis was performed using a BioLogic VSP-50 electrochemical
workstation.

2.3. Synthesis

2.3.1. Synthesis of boron nitride (BN): Boron nitride nanosheets were synthesized via solid-
state in-situ method. Typically, urea and boric acid were taken in 12:1 weight ratio and
dissolved in deionized (DI) water. Then, the solution was kept at 65 °C for recrystallization,
and the resulting solid powder was heated at 1000 °C for 5 h under N, environment at 5 °C
min! heating rate in a tube furnace. After cooling down to room temperature, the product was
washed with water and ethanol by centrifugation to eliminate remaining impurities and dried
in a vacuum oven at 60 °C for 12 h.

2.3.2. Synthesis of Ni-doped boron nitride (Ni-BN): For the synthesis of Ni-BN, a similar
method was followed with the above-mentioned BN synthesis with the addition of NiCl,.6H,O
in 1:10 and 1:5 ratio of Ni and BN with the urea and boric acid mixture. The presence of urea
helps to reduce Ni** to Ni° at high temperatures. The products were named Ni-BN-1:10 and
Ni-BN-1:5, corresponding to the 1:10 and 1:5 ratios of Ni and BN, respectively.

2.3.3. Synthesis of cigarette filter-derived carbon (C): Cigarette filter-derived carbon was
synthesized following the standard pyrolysis method. Firstly, the paper wrap was removed
from the collected cigarette filters, and they were washed with water and ethanol to remove
dust particles. Then, cleaned, dried, and finely chopped cigarette filters were annealed at 800
°C for 3 h under N, environment at 5 °C min™! heating rate in a tube furnace.

2.3.4. Synthesis of Ni-BN/C binary composite: To synthesize Ni-BN/C binary composite, Ni-
BN-1:10 and washed cigarette filters were dispersed in ethanol and dried to get a homogeneous
mixture of Ni-BN-1:10 and cigarette filter. Then, the mixture was annealed at 800 °C for 3 h
under N, environment at 5 °C min’! heating rate in a tube furnace. The obtained product was
named as Ni-BN/C. For comparison, BN was also mixed with cigarette filter and annealed
following a similar process, and the product was named BN/C. The schematic representation

of the synthesis method of the prepared samples is shown in Fig. 1.
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Fig. 1. Schematic illustration of the synthesis of carbon supported Ni-embedded boron nitride.

3. Results and Discussion

3.1. Structural, Compositional, and Morphological Analysis

The structural identification of the synthesized materials with their phase and purity was
assessed by powder XRD analysis, as shown in Fig. 2(a). Carbon derived from cigarette filter
(C) shows the characteristics of a broad peaks at 20 = 23°, and 42° corresponding to the (002),
and (101) plane of amorphous carbon, respectively33. The crystalline peaks at 26 = 25.3°, and
48° attributed to the quartz particles due to the presence of burned cigarette ash impurities3.
Boron nitride (BN) nanosheets show characteristic amorphous peaks at 26 values of 26.27°,
and 42.9° corresponding to (002), and (100) planes of BN, respectively?!. The peak at 26.27°
represents the graphite-like structure of BN. The characteristic peaks of BN arise in Ni-BN-
1:10 indicating the formation of BN in the presence of nickel. Three extra crystalline peaks at
20 values of 44.58°, 51.88°, and 76.38° arise in Ni-BN-1:10 attributed to (111), (200), and
(222) planes of nickel nanoparticles, respectively due to the fusion of nickel precursor during
the BN synthesis®>. The peak at 26.27° corresponding to (002) plane of BN becomes more
intense as FWHM reduces by 2.5° than that of BN because the incorporation of Ni increases
the crystallinity of BN. The Ni-BN-1:5 sample exhibits a few additional small peaks, in
addition to nickel nanoparticles. The peaks at 20 = 30.86°, and 55.18° attribute to (002), and
(202) planes of Ni,0s, respectively, and the peak at 20 = 49.8° corresponds to (211) plane of
NiO36.37,
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Fig. 2. (a) XRD spectra of C, BN, Ni-BN-1:10, Ni-BN-1:5, BN/C, and Ni-BN/C; FESEM
images of (b, ¢) C, (d, e) BN, (f, g) Ni-BN-1:10, (h) Ni-BN-1:5, (i, j) BN/C, and (k, 1) Ni-BN/C.

Also, the characteristic peak of BN is not visible in Ni-BN-1:5 because the formation
of BN was abruptly interrupted due to the high concentration of nickel, leading to the formation
of boron and nitrogen-doped carbon and nickel nanoparticles along with nickel oxides. Due to
the high crystallinity of nickel nanoparticles and nickel oxides, the amorphous carbon peak is
not evident in XRD. For BN/C sample the (002) plane of C as well as BN is merged and showed
a broad peak at 20 = 25.5,° indicating homogeneous mixing of C and BN during composite
formation. Also, the shoulder peak at 26 = 43.6° associated with (100) plane of BN is also
observed in BN/C. Additionally, the peaks of quartz impurities coming from burned cigarette
ash present in the cigarette filter in BN/C arise at the same 20 values as C. The Ni-BN/C sample
exhibits all the characteristic peaks of C and Ni-BN-1:10, indicating the formation of a binary
composite without altering its crystal structure. The distinctive peak for (002) plane of BN
becomes a little broader and shifted than the BN/C composite which can be attributed to the

presence of Ni particles inside BN sheets, allowing better interaction between BN and C.
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Fig. 3. EDS analysis of (a) Ni-BN-1:10 and (b) Ni-BN/C with percentages of elements present;
(c) FESEM overlay map and (d-g) elemental mapping of B, N, Ni, and O of Ni-BN-1:10,
respectively; (h) FESEM overlay map and (i-m) elemental mapping of B, N, C, Ni, and O of
Ni-BN/C, respectively.

The surface morphology of the synthesized samples was studied via FESEM analysis
at different magnifications. The fibrous morphology of the cigarette filter is observed in Fig.
S1(a). Fig. 2(b, c) shows the layered sheet-like morphology of cigarette filter-derived C. The
delaminated nanosheets of BN are visible from the FESEM image shown in Fig. 2(d, e). The
FESEM image of Ni-BN-1:10 is shown in Fig. 2(f, g). It is observed that the Ni nanoparticles
infused inside the BN nanosheets indicate homogeneous mixing and growth of Ni nanoparticles
inside the BN sheets. The FESEM images of Ni-BN-1:5 shown in Fig. 2(h) and Fig. S1(i)
depict that the sheet-like BN morphology is not present, and comparatively big particles of Ni,
Ni,03, and NiO are embedded into the B, N-doped carbon structure. This result is also validated

and explained by XRD analysis in the above section. Thus, the higher concentration of Ni is
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not favourable for BN formation following the same method. The morphology of binary BN/C
is shown in Fig. 2(i, j) where a porous morphology resulted from the combination of BN
nanosheets and C. Homogeneous mixing of two individual components (BN and C) is assured
by no phase separation of individual components and a different type of morphology results
after a combination of both components at high temperature. The FESEM images of Ni-BN/C
[Fig. 2(k, 1)] show porous morphology containing Ni nanoparticle infused BN and C. A uniform
combination of Ni-BN-1:10 and C established the good interaction between the components as
there is no phase separation of individual components visible.

Further, the EDS analysis [Fig. S1(b)] of cigarette filter reveals the presence of C and
O as the primary component. The EDS analysis of BN shows that the weight% of B and N are
almost similar, and they are the main component of BN [Fig. S1(c)] nanosheets, while a small
amount of C and O is also present in BN as impurities from starting reagents. The elemental
mapping of BN [Fig. S1(d-h)] also depicts that BN nanosheets mainly consist of B and N
elements, confirming their synthesis. The EDS study of Ni-BN-1:10 [Fig. 3(a)] depicts the
presence of Ni in BN and the presence of a small amount of oxygen arises from the starting
material impurities of BN. Fig. 3(b) exhibits the EDS analysis of Ni-BN/C showing the
presence of C in Ni-BN, indicating the composite formation. The elemental mapping [Fig. 3(c-
g)] of Ni-BN-1:10 confirms the infusion of Ni nanoparticles (Ni) in BN nanosheets (B, and N).
Fig. 3(h-m) shows the elemental mapping of Ni-BN/C which exhibits uniform mixing of C
with Ni-BN-1:10 (Ni, B, and N) assuring a homogeneous composite formation.

The bulk topography of Ni-BN/C was studied using transmission electron microscopy
(TEM) analysis as shown in Fig. 4(a, b). It is visible that the Ni particles are embedded inside
the BN and C binary sheet-like structure. Most Ni nanoparticles have diameters ranging from
5to 50 nm. The HRTEM image [Fig. 4(d)] shows the interface between Ni particles and BN/C
nanosheets, which is beneficial for facilitating electron transfer and leading to enhanced
electrochemical efficiency. The HRTEM fringes arise at two different parts of Fig. 4(d) and
are associated with a d-spacing of 0.21 nm [Fig. 4(c)] and 0.34 nm [Fig. 4(e)] attributed to
(111) plane of Ni nanoparticles and (002) plane of BN nanosheets, respectively. Further, the
selected area electron diffraction (SAED) pattern [Fig. 4(f)] depicts multiple bright spots
arranged in ring-like patterns signifying the polycrystalline nature of the sample due to the
presence of multiple components. The two prominent rings obtained in the SAED pattern are
matched with the corresponding XRD planes which include (111), and (002) planes of Ni
nanoparticles. Fig. 4(g-1) exhibits TEM elemental mapping of Ni-BN/C which clearly shows
particle-like Ni particles are embedded in BN/C sheets (B, N, C, and O). Also, the

9
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homogeneous distribution of BN and C decorated with Ni signifies good interaction between

the individual components and the formation of a homogeneous composite.

woes (200) Ni

™ am !
Fig. 4. TEM analysis of Ni-BN/C (a, b) TEM images, (d) HRTEM image, (c) lattice fringes
of Ni, (e) lattice fringes of BN, (f) SAED pattern, (g) TEM overlay map, (h-1) elemental
mapping of C, B, N, O, and Ni, respectively.
XPS analysis was performed to study chemical states, bonding nature, and surface
elemental compositions of Ni-BN/C. A full surface survey scan [Fig. 5 (a)] confirms the

presence of C, B, N, O, and Ni in the sample without other impurities. The atomic percentages

of each element are listed in Fig. 5(a) inset and the low concentration of Ni supports the fact

10
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that Ni is embedded or infused inside the BN layers which is not fully detected by the surface
scan. It is also observed that B and N have the same atomic percentages, indicating the
formation of BN. The presence of oxygen comes from the surface oxygen entities and
functionalities of BN and C. Fig. 5(b) depicts the deconvoluted XPS spectrum of C 1s
consisting of three characteristic peaks at 284.5, 285.8, and 287.4 eV which correspond to C-
C, C-0, and C=0 bonds, respectively®. It signifies that the cigarette filter-derived C contains
some oxygen containing surface functionalities. The high-resolution B 1s XPS spectrum [Fig.
5(c)] shows two characteristic peaks at 190.7 and 192.18 eV which attribute to B-N, and B-O,
respectively?®. The B-N bond is slightly shifted towards higher binding energy compared to the
pure B-N bond, which generally arises at 190 eV due to the presence of less electronegative Ni
compared to B inside BN layers. The B-O bond arises either from starting material (H;BO3)
impurities or surface oxygen groups. The high-resolution N 1s XPS spectrum [Fig. 5(d)] shows
two characteristic peaks at 398.3 and 400 eV which attribute to N-B, and N-H, respectively.
The N-H bond arises due to the edge termination which is reflective of reductive ammonia
atmosphere3®. The high-resolution Ni 2p XPS spectrum [Fig. 5(e)] shows Ni?*, and Ni3" states
are present with a shake-up satellite. The characteristic peaks at 852.8 and 869.87 eV attribute
to Ni?*3, and Ni%*| », respectively, whereas the peaks at 856.17 and 873.8 eV attribute to Ni3*3),
and Ni3*) », respectively. The surface nickel hydroxides are the primary source of the Ni** and
Ni3* species on the produced Ni nanoparticles*’. The high-resolution O 1s XPS spectrum [Fig.
5(f)] shows two characteristic peaks at 532.14 and 533 eV which are attributed to O-B, and O-
C bonds, respectively. Therefore, XPS study confirms the presence of Ni?*, and Ni*" states
infused in BN which is combined with cigarette filter-derived C.

3.2. Supercapacitor application

The electrochemical performance of the synthesized samples for supercapacitor applications
was first optimized via three-electrode analysis in a 1 M KOH electrolyte. The comparison of
CV profiles of all the synthesized materials at 50 mV s™! is shown in Fig. 6(a). The CV profiles
indicate an electric double layer capacitor (EDLC) type charge storage mechanism for C, BN,
BN/C materials due to the absence of any redox peaks. On the other hand, Ni-BN-1:10, Ni-
BN-1:5, and Ni-BN/C exhibit deviations from pure EDLC behavior due to the presence of a
reversible oxidation-reduction peak. Thus, Ni-BN-1:10, Ni-BN-1:5, and Ni-BN/C samples
show both EDLC as well as pseudocapacitance type charge storage mechanisms, where EDLC-
like behavior comes from BN layers or porous BN/C, and Ni nanoparticles contribute to the
pseudocapacitance. The oxidation peaks of Ni-BN-1:10 and Ni-BN-1:5 arise at around 0.38 V
and the reduction peaks arise at around 0.28 V due to the redox couple Ni**/Ni**. In KOH

11
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290 electrolyte, the electrochemical energy storage redox reaction of Ni nanoparticles with surface
291  nickel hydroxides is shown below*’:

292  Ni(OH), + KOH & NiOOH + H,0 + e + K* (1)

Survey c1s (@) Cls
Atomic %
Bls 6.2
Nis 6.0
Cls 797
NiZ2p 0.1
01s 8.1 Q=
Nizp N1s

e v

Intensity (a. u.)
Intensity (a. u.)
Intensity (a. u.)

1200 1u|oo ) BI:ID ) al'm ' 4t'm ) 260 0 2!;2 I 2!;0 ' 258 I 258 I 21'34 ' 2:52 196 154 1;32 1;0 1:;3
Binding energy (eV) Binding energy (eV) Binding energy (eV)

N s N8 (d) Ni2p

Intensity (a. u.)
Intensity (a. u.)
Intensity (a. u.)

404 462 41;0 358 356 394 8}5 8%0 8é5 BéD 8;5 536 51‘34 51‘52 51":0 528
293 Binding energy (eV) Binding energy (eV) Binding energy (eV)

294  Fig. 5. XPS spectra of Ni-BN/C (a) survey scan, deconvoluted spectra of (b) C 1s, (b) B 1s, (c)
295 N s, (d) Ni2p,and O 1s.

296 It 1s interesting to note that the redox peaks of Ni-BN/C composite are slightly shifted
297  towards the right, which can be attributed to the electronic interaction between the components
298  after the incorporation of C within the Ni-BN-1:10. This type of electronic interaction has a
299  significant contribution towards enhancement in electrochemical performance as observed
300 from the CV analysis. Among all the synthesized materials, the highest current response and
301  largest CV area are displayed by Ni-BN/C which can be attributed to the synergistic mixing of
302 C and Ni-BN-1:10, where C provides a conducting backbone to the Ni-embedded BN
303 nanosheets and facilitates the electron transfer between the electrode-electrolyte interface. The
304  comparison of GCD profiles of all the synthesized electrodes at 2.5 A g! is exhibited in Fig.
305  6(b). The Ni-BN/C electrode showed the longest discharge time among all the samples which
306 is well in accordance with their CV profiles. The specific capacitance was evaluated from Eq.
307 S1 and Ni-BN/C have the highest specific capacitance of 127.8 F g! compared to C (2.7 F g’
308 ), BN (4.6 F g'"), Ni-BN-1:5 (9.3 F g!), Ni-BN-1:10 (13 F g'"), and BN/C (19 F g'!). Tt is
309  obvious to note that the maximum specific capacitance of Ni-BN/C is associated with the redox
310  contribution of Ni nanoparticles embedded in delaminated BN nanosheets and the conducting

311 C matrix helps to facilitate the electron transfer.

12
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Fig. 6. (a) CV comparison at 50 mV s, (b) GCD comparison at 2.5 A g!, (c, d) comparison
of Nyquist plot of the synthesized electrodes, inset of (d) depicts fitting circuit.

Furthermore, the charge transfer mechanism and double-layer capacitance (Cdl) of the
synthesized electrodes were investigated using electrochemical impedance spectroscopy (EIS)
analysis. Fig. 6(c, d) depicts the unfitted and fitted Nyquist plots which present the imaginary
impedance ( — Z") versus the real impedance (Z') alongside the corresponding equivalent
circuit model [inset of Fig. 6(d)]. In the Nyquist plot, the high-frequency region features a
semicircle, representing the charge transfer resistance (R), which indicates the efficiency of
electron transfer at the electrode—electrolyte interface. The initial segment of the semicircle
corresponds to the electrochemical circuit resistance (R.). In the low-frequency region, the
nearly vertical line reflects the capacitive behaviour of the material. The fitted data,
summarized in Table 1, reveal that the Ni-BN/C composite exhibits the lowest R, and low R
values, confirming its low internal resistance compared to other synthesized electroactive
materials. As carbonaceous materials contribute to double-layer capacitance, incorporation of
C increases the Cgy; values of the carbon-based composites. The Ni-BN/C electrode shows the

highest Cq; value which showed improved capacitive behavior. These results indicate that Ni-
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BN/C is associated with the lowest interfacial resistance and most facile charge transfer,
designating it as the optimum electrode.

Table 1. Fitted data of Nyquist impedance plot for three-electrode analysis.

Electrodes R.(Q) R, (Q) Ca (F)
C 1.046 1.669 0.421¢3

BN 1.432 1.045 0.18¢3
Ni-BN-1:5 1.339 1.138 0.095¢73
Ni-BN-1:10 1.039 1.513 0.33¢3
BN/C 1.158 3.298 5.39¢3
Ni-BN/C 0.976 0.014 6.717¢3

The CV profiles of Ni-BN/C at different scan rates are shown in Fig. 7(a) which follow
the general trend of supercapacitor electrodes where current response increases with increasing
scan rates. Fig. 7(b) shows the corresponding GCD profiles of Ni-BN/C at different current
densities which are well in accordance with their CV profiles. The Trasatti method analysis, as
shown in Fig. S2, was used to study the capacitive contribution of the synthesized electrodes
in terms of EDLC (surface-controlled) and pseudocapacitance (diffusion-controlled). At higher
scan rates, the capacitance is primarily dependent on the electrolyte's interaction with the
electrode's outer surface, as the electrolyte ions are only accessible to the surface of the
electrode material. On the other hand, at slower scan rates, the electrolyte ions can interact
unrestrictedly with both the surface and the bulk of the electrode material, making a diffusion-
controlled mechanism a predominant one. Following this phenomenon, the EDLC and
pseudocapacitance contributions of the synthesized electrodes have been calculated using
Trasatti's calculations. It is observed [Fig. S3] that optimum electrode Ni-BN/C is associated
with the innovative combination of EDLC (51.2 %) and pseudocapacitance (48.8 %) compared
to the other synthesized samples which supports its optimum behaviour. Additionally, Fig. 7(d)
shows the almost equal EDLC and pseudocapacitance contribution in terms of the CV area of
Ni-BN/C. The EDLC behaviour comes from 2D BN nanosheets and C while pseudocapacitive

property arises due to the nickel.
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Fig. 7. (a) CV, and (b) GCD profiles of Ni-BN/C, (¢) CV scan of Ni-BN/C and C used as
positive and negative electrode, respectively in three-electrode setup, and (d) contribution of

EDLC and pseudocapacitance (PS) towards the total capacitance of Ni-BN/C.

To further examine the practical applicability of the optimum electrode Ni-BN/C, a
two-electrode electrochemical analysis was performed by fabricating an all-solid-state
asymmetric supercapacitor (ASSASC) device, with Ni-BN/C serving as the positive electrode
and C as the negative electrode. For validation, the electrochemical performances of Ni-BN/C
in the positive potential window (-0.2 to 0.5 V) and C in the negative potential window (0 to -
0.5 V) are compared in Fig. 7(c) at 50 mV s in 1 M KOH in three-electrode analysis. A higher
CV area is obtained for C in the negative potential window compared to the positive one,
indicating a potential negative electrode. The fabrication of ASSASC device is explained in
supporting information S1 and was tested within the voltage range of 0.0 to 1.1 V using
PVA/KOH gel polymer (preparation process included in supporting information S1) as
separator as well as electrolyte. The PVA-KOH gel was applied over both active materials
coated electrodes and dried after sticking together to fabricate the ASSASC device. Fig. S4(a,
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c) depict the digital photographs of carbon cloths (2 cm % 2 cm) used as current collector and

assembled ASSASC device, respectively. The different parts of the assembled ASSASC device

are depicted in Fig. 8(a).
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Fig. 8. (a) Schematic representation of the assembled ASSASC device, (b) photographs of the
ASSASC device at different bending angles, (¢c) CV, (d) GCD, and (¢) EIS analysis of ASSASC
device at different bending angles, and (f) Ragone plot comparing the device performance with
previous literatures.

The flexibility of the fabricated device was tested under different bending angles such
as 0°, 60°, 90°, 120°, and 180° [Fig. 8(b)] by performing CV at 100 mV s'!, GCD at4 A g’!,
and EIS analysis as exhibited in Fig. 8(c-e), respectively. No obvious change is observed in
terms of the CV area or current response for CV analysis, and charging-discharging times for
GCD profiles under various bending conditions. Also, the impedance plots are overlapped for
different bending states due to having the same interfacial resistance and capacitive behaviour.
Thus, a stable electrochemical performance under different bending states indicates a good
flexibility of the assembled ASSASC device. The long-term mechanical stability and durability
of the flexible device were further tested by performing CV at 100 mV s°!, and EIS analysis
under repeated bending cycles. Fig. 9(a) shows the capacitance values obtained from each CV
profile after a specific number of bending cycles. After 250 bending cycles, there is no sharp
change in capacitance, and the slight deviation after multiple bending tests may arise due to
environmental influences. Further, Fig. 9(b) shows the equivalent series resistance (ESR)

values obtained from each EIS analysis after specific number of bending cycles. After 250
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bending cycles, the increment in resistance is 0.5 % which is almost insignificant. These
outcomes attest a good flexibility of the ASSASC device.

The CV curves of the assembled device at different scan rates are shown in Fig. 9(c).
The CV curves indicate EDLC as well as pseudocapacitance type charge storage profiles. A
redox pair within 0.4 V to 0.7 V arises due to the pseudocapacitive contribution of nickel
nanoparticles as explained in the three-electrode study. The GCD profiles at different current
densities are shown in Fig. 9(d) which follows a similar trend to the CV profiles. The specific
capacitance, energy density, and power density of the ASSASC device were calculated
following Eq. S2, S3, and S4, respectively. The device delivered specific capacitance, power
density, and energy density of 47 F g1, 4395.7 W kg'!, and 7.9 Wh kg-!, respectively, at 2 A g
I. Additionally, the device exhibited volumetric energy density of 0.25 mWh c¢cm= which is
suitable for real-time use. Further, the Ragone plot shown in Fig. 8(f) displays that the energy
density and power density of this fabricated device are much higher than the previously
reported supercapacitor devices (+//—). For example, MXene/carbon nanotube//MXene (7.34
Wh kg! and 50 W kg )", MXene/metal porphyrin frameworks//MXene/metal porphyrin
frameworks (2.04 Wh kg and 601.5 W kg 1), Ti;C,T,//Ti3C,Tx (4.7 Wh kg ! and 242 W kg~
43 paper wasp hive derived activated carbon//paper wasp hive derived activated carbon (2.57
Wh kg ! and 125 W kg ")*, porous carbon//porous carbon (0.31 Wh kg! and 60 W kg 1)+,
tobacco-derived activated carbon//tobacco-derived activated carbon (2.66 Wh kg! and 51 W
kg 1)*, Ti3C,T,//activated carbon (5.5 Wh kg! and 500 W kg 1)*’, porous TizC,T,/carbon
nanotube//porous Ti;C,T,/carbon nanotube (CNT) (9.2 Wh kg ! and 96.1 W kg 1)*, and metal
organic framework (MOF)/CNT-derived porous carbon//MOF/CNT-derived porous carbon
(9.1 Wh kg! and 3500 W kg 1)#* devices delivered comparable performance to our fabricated

device.
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Fig. 9. After long-term bending cycles (a) capacitance corresponding to each CV profile after
specific number of bending cycles, and (b) equivalent series resistance (ESR) corresponding to
each EIS analysis after specific number of bending cycles; (c) CV profiles of ASSASC device
at different scan rates, (d) GCD profiles of the device at different current densities, (€) cyclic
stability performance of the device, inset showing the CV profiles before and after cycling test,

and (f) digital photograph of lighting up a red led using the assembled ASSASC devices.

A schematic representation of the probable electron transfer pathway within the fabricated
device during charging is represented in Fig. 10. The real-time application of a supercapacitor
device is also associated with its cyclic life, and the assembled ASSASC device exhibited
excellent cyclic stability [Fig. 9(e)] with 86 % specific capacitance retention after 10000
charge-discharge cycles. The electrochemical performance of the device before and after
cycling life test is analysed by comparing CV profiles at 200 mV s-! before and after the cyclic
stability study shown in the inset of Fig. 9(e). The reduction in CV area is in accordance with
the specific capacitance retention after the stability study which can be attributed to the pore
saturation after continuous charging-discharging. Also, the stable structural morphology
visible in the FESEM image [Fig. S4(b)] of Ni-BN/C after cycling test indicates a stable
electrochemical performance of the device. Further, XRD and XPS analysis [Fig. S5] were
carried out after a cyclic stability study of Ni-BN/C to confirm the structural integrity and the
absence of Ni leaching. The XRD analysis [Fig. S5(a)] confirms that there is no change in the
crystal structure of the sample after cycling for 10,000 cycles, as all the characteristic peaks of

C, BN, and Ni nanoparticles have been retained. Also, XPS survey scan [Fig. S5(b)] indicates
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that the atomic percentages of different elements are almost similar to the initial composition.
The deconvoluted spectra of C 1s, B 1s, N 1s, O 1s, and Ni 2p [Fig. S5(c-g)] also shows the
presence of similar bonding patterns to those of the initial composite. The slight changes in the
peak areas indicate degradation of the sample, which is consistent with the capacitance

retention of the sample.

Remarkably, compared to previously documented waste-derived carbon or 2D
material-based supercapacitor devices, the specific capacitance and energy density of this
fabricated device are significantly higher (Table 2). Furthermore, the ASSASC device
exhibited the highest power density among all the mentioned devices, indicating its superiority

for real-time applications.

Fig. 10. Schematic of the probable electron transfer mechanism within the fabricated device

during charging.

The practical application of the fabricated device was further tested by lighting up the
LED. The charging setup of four ASSASC devices connected in series is shown in Fig. S4(d).
Fig. 9(f) shows that the assembled devices can glow up a red LED (3 V). This real-time
application indicates their efficiency towards future wearable and portable electronic devices.
Comprehensively, the excellent electrochemical efficiency of Ni-BN/C as a flexible
supercapacitor with high specific capacitance, energy density, and power density can be
attributed to the following factors:
(1) The presence of a conducting, porous C matrix facilitates electron transfer.

(i1) Ni nanoparticles incorporate pseudocapacitance to the system by acting as redox active

centers (NiZ*/Ni**).
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(ii1) The ordered porous structure of conducting C and 2D layers of BN provides a matrix for
the Ni particles, which facilitates electrode-electrolyte interaction.

(iv) The synergistic effect of individual components and the presence of different interfaces
enhances electrochemical performance by providing facile electron transfer pathways.

Table 2. Comparison of the two-electrode performance of the ASSASC device with previously

reported supercapacitor devices.

Supercapacitor devices (+/-) Electrolyte Voltage Current | C (F | E P (W | % of C | No.of | Ref.
window | density g-1) (Wh | kg-1) retention | cycles
V) ke-
D]

PWAC//PWAC ILGPE 1.0 ImAcm | 88 2.57 | 125 72 10000 | 4

2
Porous carbon//porous carbon PVA/H;PO, 0.8 ImAcm | 34 0.31 60 88 4000 4

2
TAC//TAC 6 M KOH 0.8 05Ag! | 120 2,66 | 51 100 9000 46
Ti;C,Ty//AC PVA/Li,SO, | 1.0 25mVs! | 46 5.5 500 98 3000 4
CAC//ICAC KOH 1.4 05Ag! | 1065 | 5.15 | 325 73 11000 | 3!
Used cigarette filters-derived | 6 M KOH 025A g | 52 7.2 127 97.2 5000 32
porous  AC//used  cigarette !
filters-derived porous AC
MXene/CNT//MXene PVA/H,SO4 0.8 0.1Ag! | 53 7.34 | 50 99 5000 4
rGO//MXene IM H,SO, 1.1 2mVs! | 48 8 50 76 1000 0
MZXene/rGO//MXene/rGO PVA/H,SO4 0.65 05Ag! | 65 3.81 163 94.5 10000 | 3!
Ti;C,T//Ti;Cy Ty PVA/H,SO4 1.0 05Ag! | 151 4.7 242 85 4000 3
Ti;C,Ty-Ar//Ti;C, Tx-Ar KOH 30 | 0.7 10mVs'! | 77.5 543 | 700 94.8 10000 | *2

wt%)

f-MXene//f-MXene 3M H,SO, 0.7 1Ag! 83 6.1 175 89.3 10000 | 3
MXene/MPFs//MXene/MPFs PVA/H,SO4 0.6 0.01 A g | 40.7 | 2.04 | 601.5 95.9 7000 2

1
Ni-BN/C//C PVA/KOH 1.1 2A¢g! 47 7.9 4395.7 | 86 10000 | This

work

*C-specific capacitance, E-energy density; P-power density;, PWAC-paper wasp hive derived
activated carbon, ILGPE-ionic liquid incorporated gel polymer electrolyte; TAC-tobacco-
derived activated carbon; AC- activated carbon; CAC-cigarette filter-derived carbon; CNT-
carbon nanotube; rGO-reduced graphene oxide; f-MXene-freeze dried MXene;, MPFs-metal

porphyrin frameworks.

4. Conclusion

In summary, nickel was successfully incorporated into BN nanosheets via a facile solid-state
method and combined with carbon derived from used cigarette filters for testing its efficiency
in a flexible ASSASC device. All the synthesized samples were characterized using various

morphological techniques, including FESEM, TEM, EDS, and elemental mapping, as well as
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473  different structural techniques, such as XRD and XPS analysis. Among all the synthesized
474  samples, Ni-BN/C delivered superior electrochemical efficiency as a positive electrode for
475  flexible supercapacitors. The fabricated ASSASC device (Ni-BN/C//C) delivered a high
476  specific capacitance of 47 F g'! with the power density and energy densities of 4395.7 W kg-!,
477 and 7.9 Wh kg'!, respectively, at 2 A g-'. The device also exhibited excellent cyclic stability,
478  with 86% specific capacitance retention after 10,000 charging-discharging cycles. This flexible
479  device also demonstrated superb mechanical stability and durability, withstanding up to 250
480 bending cycles. These noteworthy results indicate a future direction towards waste to energy
481  and the Ni-BN/C electrode can be used as a potential material for future flexible and wearable
482  energy devices.
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