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Herein, a self-supported carbon network is designed through the
sole pyrolysis of Carica papaya seeds (biomass) without any activation
agent, demonstrating their field emission and supercapacitor applica-
tions. The pyrolysis of seeds in an argon atmosphere leads to the
formation of interconnected, rod-like structures. Furthermore, the
hydrofluoric acid treatment not only removed impurities, but also
resulted in the formation of CaF, nanocrystals with the addition of
F-doping. From the field emission studies, the turn-on field values
defined at an emission current density of ~10 pA cm~2 were found to
be ~2.16 and 1.21 V pm™! for the as-prepared carbon and F-doped
carbon, respectively. Notably, F-doped carbon exhibits a high emission
current density of ~9.49 mA cm 2 and has been drawn at an applied
electric field of ~2.29 V pm™L. Supercapacitor studies were carried
out to demonstrate the multi-functionality of the prepared materials.
The F-doped carbon electrode material exhibits the highest specific
capacitance of 234 F g! at 0.5 A g~*. To demonstrate the actual
supercapacitor application, the HFC//HFC symmetric coin cell super-
capacitor device was assembled. The overall multifunctional applic-
ability of the fabricated hybrid structures provides a futuristic approach
to field emission and energy storage applications.
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Surface modification of a biomass-derived
self-supported carbon nano network as an
emerging platform for advanced field emitter
devices and supercapacitor applicationst

© Sambhaji Warule, (2 *<°
@ Mahendra More (2 *@ and

New concepts

We have developed a single-step method to produce a self-supported carbon
network, which sidesteps the traditional multi-stage process of making porous
carbon materials. By directly pyrolyzing Carica papaya seeds at a lower
temperature within an inert environment, we eliminate the need for
additional activating agents. The obtained product has a high aspect ratio
and hierarchical architecture, making it a perfect candidate for crafting the
field emitters and supercapacitor electrodes. Our research also delves into the
integration of heteroatoms through fluorine-doping and the concurrent
formation of heterostructures like CaF, nanocrystals within the carbon rod
network, achieved by treating them with hydrofluoric acid. This innovative
technique results in semi-ionic carbon-fluorine bonds, ideal fluorine doping
levels, a decreased work function, and expanded interlayer distances, leading
to superior field electron emission characteristics, increased specific capacity,
and better cycling stability when compared to traditional amorphous carbon.
These advanced hybrid structures and strategic doping amplify the multi-
functionality of amorphous carbon, paving the way for the next generation of
field emission based devices and energy storage solutions.

1. Introduction

Carbon-based materials are increasingly capturing the attention of
researchers across diverse fields, thanks to their exceptional versatility
and multifunctional capabilities that surpass those of other materials.
Notable among these materials are carbon nanotubes (CNTs), hollow
carbon spheres, porous carbon, reduced graphene oxide, and gra-
phene. These materials, especially CNTs and graphene, have demon-
strated their effectiveness in a range of applications, including
photovoltaics, vacuum electronics, field electron emission, and energy
storage and conversion technologies.'® Moreover, activated micro-
porous carbon, with its unique structural and electronic properties,
holds the potential to introduce significant advantages when inte-
grated with other materials. Controlled biomass pyrolysis is a pre-
valent synthesis method, chosen for its straightforward approach,
scalability, and cost-effectiveness.> Despite these advantages, the
practical application of the resulting powdery carbon materials
faces significant hurdles, including complex multistage synthesis,
laborious electrode assembly for devices, and maintaining specific
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morphologies for targeted uses. Consequently, there is a strong
interest in creating a streamlined, single-step process that can produce
self-standing carbon structures without the need for a catalyst, which
would be advantageous for a variety of applications.

Field emitter arrays (FEAs) are at the forefront of research due to
their potential to generate high-current density cathodes, which are
crucial for display technologies and medical X-ray imaging.®’
Carbon-based structures, such as 1D carbon nanotube (CNT) arrays
and graphene, are being thoroughly investigated as candidates for
cold cathode field emitters because of their impressive electrical and
mechanical properties.*'® Enhancements in field emission (FE)
characteristics have been attributed to the innovative development
of heterostructures and doping techniques.’>'*> While methods like
arc plasma and post-thermal treatment for creating heteroatom-
doped carbons have garnered significant interest," the production
of self-supported carbon structures through straightforward pyro-
lysis remains underexplored. Such structures offer the advantage of
modulating the work functions through doping or heterostructure
formation. Moreover, the design of self-assembled emitters with
adequate spacing is critical for achieving high current density in
field emitters."* In parallel, carbon-based materials are recognized
for their role in electric double-layer capacitive (EDLC) supercapaci-
tors,">® valued for their extensive surface area, chemical and
structural stability, and longevity. Despite these advantages, porous
carbon materials often exhibit low specific capacitances, which limit
their practical application. The introduction of heteroatoms into the
carbon matrix has proven to be an effective strategy to enhance
electrochemical performance by providing additional electron-
donating or accepting sites, thereby increasing electrical conductiv-
ity, improving material-electrolyte interfacial wettability, introducing
more structural defects and active sites, and facilitating ion species
absorption."”'® The creation of heterostructures through the low-
temperature pyrolysis of biomass, which incorporates heteroatom
doping, is a promising approach for applications requiring high-
current density field emitters and energy storage.

This process has been effectively applied to Carica papaya seeds,
resulting in self-supported, distinct carbon structures. The pyrolysis
preserves the original form, dimensions, and self-organized patterns
of the biomass. Additionally, treating the pyrolyzed seeds with
hydrofluoric (HF) acid not only catalyzes with an increase of graphitic
carbon but also enables successful fluorine doping. The resulting
carbon structures, due to their graphitic nature and fluorine doping,
offer improved conductivity and reduced screening effects, allowing
for sufficient separation between emitters. This enhances the electric
field, facilitating electron tunnelling at lower voltages and ensuring
stable emission across a broader area. The objective of this research
is to explore the potential of using carbon nano-networks derived
from biomass as a versatile, cost-effective alternative to traditional
cold cathodes and carbon-based electrochemical supercapacitors.

2. Experimental methods
Material synthesis

Chemicals and raw materials. Hydrochloric acid (HCI) and
hydrofluoric acid (HF) of analytical-grade chemicals are used
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without any further treatments. PAPAYA seeds (ESLt Fig. S1)
were collected from ripened Carica papaya. The collected
PAPAYA seeds were thoroughly rinsed with distilled water (DW)
and then sun-dried. Before any treatment, these seeds were dried
overnight at 70 °C to remove the excess water. For the synthesis
of a nano carbon network, a sufficient amount of PAPAYA seeds
was taken in an alumina crucible, and then thermal treatment
was performed with a heating rate of 5 °C min~* until 800 °C
under an argon atmosphere in a tubular furnace. The tempera-
ture was maintained for different durations 1, 2 and 3 h; then,
the system was naturally cooled to room temperature. These
carbon seeds were then rinsed with distilled water and ethanol,
and dried in a vacuum oven at 75 °C for 12 h. The as-synthesized
sample is referred to as prepared carbon seed (PC). The effect of
variations in temperature with duration is also investigated.
Furthermore, PC seeds are soaked in 1 M hydrochloric acid or
hydrofluoric acid for 24 h, followed by thorough washes with
distilled water until the pH is neutral, and dried overnight in a
vacuum oven. The PC seed samples treated with hydrochloric
acid and hydrofluoric acid were stated as HLC and HFC,
respectively. These obtained seeds were ground with a mortar
and pestle to get a fine powder. The seeds and powder were
characterized using several characterization techniques. This
process is easily scalable to large scale for the synthesis of
functional self-supported conducting carbon. Details of charac-
terization techniques used are discussed in the ESL{

Field emission measurements

The field emission (FE) current versus applied voltage (I-V) and
emission current versus time (I-t) characteristics were mea-
sured in a planar ‘diode’ configuration in an all-metal vacuum
chamber evacuated to a base pressure of ~1.0 x 10~® mbar.
In a typical ‘diode’ configuration, a phosphor-coated indium
tin oxide glass plate (circular disc of diameter ~50 mm) acts as
the anode, whereas the as-synthesized seed of PC, HLC and
HFC samples (pasted using ultra-high vacuum compatible
conducting silver paste on a Cu rod of diameter 5 mm) served
as the cathode. A typical photograph of a seed attached a Cu rod
is shown in ESI,f Fig. S1d. At a constant cathode-anode separa-
tion of ~2 mm, FE measurements were carried out. The emis-
sion current was acquired by varying the applied dc voltage
between the cathode and anode with a step of 40 V (0-40 kV,
Spellman, U.S.). Special care was taken to avoid any leakage
current by ensuring proper grounding. The details of vacuum
processing and FE measurements are described elsewhere."

Working electrode preparation for electrochemical studies

The working electrodes of the HLC and HFC samples were
prepared using the Doctor’s blade technique. First, HLC or HFC,
activated carbon and polyvinylidene fluoride (PVDF) powders
were mixed with a mass ratio of 8:1:1 using N-methyl-
pyrrolidone (NMP) as a solvent. After this, the slurry was pasted
on a conducting carbon paper substrate (1 cm x 1 cm area).
Finally, the coated HLC and HFC electrodes were dried in a
microwave oven at 150 °C for 12 h.

This journal is © The Royal Society of Chemistry 2024
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Fabrication of the symmetric supercapacitor device

The HFC coin cell supercapacitor device was fabricated to
demonstrate the practical supercapacitor application of the
HFC sample. First, HFC electrodes were fabricated by the
above-mentioned Doctor blade method on a carbon paper disk
with a 12 mm diameter. The 1 M NaCl/PVA gel served as an
aqueous electrolyte. The gel was prepared by mixing 1g of NaCl
and 1 g of PVA into 10 mL DDW followed by constant stirring
and heating at 80 °C. Finally, the HFC//HFC symmetric coin
cell supercapacitor device was assembled by crimping these
prepared HFC electrodes, a Whatman paper separator, metallic
spacers and springs into CR 2032 coin cell cases. Before
measurements, the fabricated SC devices were aged for 24 h.

Electrochemical studies

All the electrochemical measurements were carried out on the
IVIUM-Vertex single-channel potentiostat (Ivium Technologies
BV, Netherlands). The saturated calomel electrode (SCE) and
platinum wire were used as the reference and counter electro-
des. All the electrochemical measurements were performed
within the potential window of 0 to 0.6 V and with 1 M Na,SO,
aqueous electrolyte solution.

3. Results and discussion

Fig. 1 depicts the XRD patterns of nano carbon samples of PC,
HLC and HFC, synthesized at 800 °C for 1h. Two broad peaks
around 22.27° and 42.12° represent the amorphous carbon formed
predominantly present in all three samples, corresponding to the
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Fig. 1 XRD patterns of PC, HLC and HFC samples.
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(002) and (101) planes, respectively. These diffraction peaks arise
from the random orientation and stacking of aromatic sheets
present. In the case of the PC powder sample, some additional
sharp peaks are observed owing to impurities of the mineral
compounds, namely MgO, Ca(CO);, CaO, SiO,, etc. After being
treated with HCL and HF, all present impurities were removed.
Interestingly, relatively sharp peaks are observed in the HFC
sample, along with the amorphous carbon nature. These peaks
are indexed to (111), (220) and (311) planes, corresponding to the
crystalline CaF, present in the sample (JCPDS card no. 87-0971).
The broadening indicates the formation of CaF, nanosized crystals
of size ~10 nm, which is calculated from the Debye-Scherrer
equation. No other impurity peaks are present in the case of HLC
and HFC. Furthermore, the effect of variation in heat treatment
temperature (800 °C and 900 °C) with different durations (1, 2 and
3 h) on the XRD patterns was also studied and presented in the
ESI,T Fig. 52-54.

In support of XRD, Raman analysis will give an idea about
the crystal structure and defects in the carbonaceous materials.
Fig. 2 depicts the Raman spectra of HLC and HFC nano carbon
samples. The carbonaceous material has two major Raman-
active modes of vibration: a high-frequency E,; mode around
~1580 cm™ ' (G band), representing the bond-stretching of sp”
pairs in both rings and chains and a low-frequency A;; mode
around ~1339 cm ' (D band) representing the breathing
modes of atoms in rings and activated by the presence of some
defects in the structure of the carbon materials. The Ip,/I; ratio
gives an insight into the level of defects or disorder in the
system, allowing us to understand the various factors contri-
buting to the defects, like heterogeneous doping.*® The inten-
sity of the D peak of the HFC sample is higher than that of the
HLC sample. The HFC sample shows a larger Ip/Is (1:1) ratio
value compared to the HLC sample (0.91), indicating the
F-doping and CaF, presence. A second-order peak called the
2D peak, at around ~ 2700 cm ™, arises due to the presence of
zone boundary phonons, which is a sensitive peak that broad-
ens or even vanishes with various conditions. The HFC sample
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Fig. 2 Raman spectra of (a) HLC and (b) HFC samples.
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reveals a fairly resolved 2D peak proportional to the HLC
sample, indicating the existence of 2D carbon sheets.

The surface morphology of the pyrolyzed seeds was examined
using SEM. The pyrolysis of the seeds at 800 °C for 1 h in the Ar
atmosphere results in the straightforward formation of geo-
metrically defined and interconnected assembled rod-like struc-
tures (ESLT Fig. S5), which indicates the shape preservation of
biomass. Due to pyrolysis, some impurities were observed over
the surface of the rods (ESL{ Fig. S5b-d), which are correlative
and confirmed through the XRD pattern (Fig. 1) as well as EDS
spectra (ESLt Fig. S6) of the same sample. Furthermore, acid
treatment is employed to remove such impurities. The HCI-
treated (HLC) and HF-treated (HFC) samples demonstrated
similar morphology having an interconnected rod as a carbon
network, as shown in Fig. 3. The average diameter of the rods is
observed to be ~ 2 um. In the case of the HFC sample, there is
the presence of CaF, nanoparticles (Fig. 3c), on the surface of
carbon rods in comparison to the HLC sample.

Furthermore, structural and morphological studies of HLC
and HFC samples are performed using s transmission electron
microscope (TEM). The TEM images of the HLC sample (Fig. 4)
display an amorphous nature. Besides, these carbon regions
[Fig. 4(a—c)] are attached to thin sheet carbon, which is amor-
phous in nature (the inset of Fig. 4c shows the conforming
SAED pattern). The high-resolution TEM image (Fig. 4d) displays
onion-like layers of fringes, which are commonly observed in
amorphous carbon.

Fascinatingly, hydrofluoric acid-treated carbon illustrated
CaF, phase formation in the XRD pattern, which is further
confirmed through TEM. The TEM images (Fig. 5a and c) depict
CaF, nanoparticles (~10 nm) attached to nanorods (size

View Article Online
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Fig. 4 (a) and (c) TEM and (b) and (d) HRTEM images of the HLC samples.

~150 nm). The high-resolution TEM images (Fig. 5b and d)
revealed the formation of the crystalline graphitic region. The
interplanar spacing of ~0.215 nm, corresponding to the (111)
plane of CaF,, is observed. Additionally, the selected area electron
diffraction (SAED) pattern (inset of Fig. 5b) indicated the crystal-
line nature. Moreover, from (Fig. 5d) in situ, growth of a crystalline
CaF, layer over an amorphous carbon (a-C) region is observed,
which indicates surface modification. Fig. 5e depicts the partial

Fig. 3 SEM images of (a) and (b) HLC and (c) and (d) HFC samples.
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0.215 nmn

Fig. 5 (a), (c) and (e) TEM and (b), (d) and (f) HRTEM images of the HFC sample with an inset displaying the corresponding SAED pattern.

Ca Ka (d)

Fig. 6 (a) TEM micrograph of the HFC sample and corresponding EDX
elemental mappings images of (b) C Ka, (c) Ca Ko, and (d) F Ko

formation of a graphitic sheet-like structure in the HFC sample,
further confirmed through the HRTEM image (Fig. 5f) covering
a d-spacing of ~0.34 nm, corresponding to graphitic carbon.
These results suggest that the HF treatment is essential for the
formation of highly crystalline CaF, nature inside the carbon
structure.

Fig. 6 depicts a low-magnified TEM micrograph and corres-
ponding energy dispersive X-ray spectroscopy (EDX) elemental
mapping images of the HFC sample. The elemental maps of C,

This journal is © The Royal Society of Chemistry 2024

Ca, and F exhibit a similar pattern to the TEM image. The TEM
and EDX results are in good agreement with the XRD and XPS
results. The distributed Ca and F evidently validate the for-
mation of CaF, nanoparticles with C on the composite sample.
The combined mapping image of all elements and EDS spectra
of the same sample with an inset show the elemental analysis
(ESL,T Fig. S8).

The elemental composition and chemical bonding state of
the elements on the carbon surfaces were determined using XPS
measurements. The XPS survey spectrum of the HFC sample is
displayed in Fig. 7a, where C 1s, O 1s, Ca 2p and F 1s are present.
The C 1s peak was found at ~ 284.5 eV, the O 1s peak at ~
532.5 eV, the Ca 2p peak at 348.7 eV and the F 1s peak at ~ 687 eV.
The XPS survey spectrum of the PC and HLC samples is shown in
the ESL{ Fig. S9. Fig. 7b presents the high-resolution XPS C 1s
spectra with peak deconvolution of the HFC sample. The high-
resolution XPS C 1s spectra of all three samples (ESLT Fig. S9)
display the most pronounced peak centered at 284.5 £ 0.1 eV,
corresponding to the sp® carbon bonding configuration. A long tail
at higher binding energies is composed of several peaks assigned
to sp’ carbon (285.4 & 0.2 eV), C-O (286.4+ 0.2 eV), C-F (288.24
0.1 eV), and O-C-O (e.g., carbonyl and carboxylic: 289.7 + 0.2 eV)."?
Importantly, an additional weak intensity peak at 291.4 + 0.2 eV
appears for HFC, which authorizes the presence of the semi-ionic
Cype-F bonds.*" It is also worth noting that the sp” peak intensity is
slightly suppressed as fluorine doping occurs in the HFC sample.
These results suggest that the incorporation of fluorine atoms
causes structural deformation or lowers the degree of sp” bonding
of the carbon structure, which is consistent with the result from
the Raman spectroscopy measurement and high-resolution TEM
analysis.

In the Ca 2p core level binding energy spectrum, two
prominent peaks at 349.2 and 352.6 eV are observed, which

Nanoscale Horiz., 2024, 9, 2259-2272 | 2263
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Fig. 7 XPS analysis: (a) survey spectra, and (b) core level XPS spectra of C 1s, (c) Ca 2p and (d) F 1s of the HFC sample.

can be assigned as Ca 2p;,, and Ca 2p4/, peaks from the major
CaF, phase, respectively (Fig. 7c). Careful observation of the Ca
2p1/» peak shows a slightly broadened peak with an FWHM of
2.37 eV, which indicates that the calcium is not present as a
calcite or calcium carbonate phase but as calcium fluoride.>?
A considerable shift towards higher binding energy is observed
compared to the Ca 2p peaks of the original CaF, phase, which
can be attributed to the intimate chemical interaction with
carbon structures.”® O 1s peaks in all samples are most likely
the result of surface oxidation caused by air exposure of the
samples. The detailed high-resolution XPS spectra of O1s for all
three samples are shown in the ESI,f Fig. S10. Furthermore, the
high-resolution deconvoluted XPS spectrum of F 1s for the HFC
sample is given in Fig. 7d. The XPS F 1s of the HFC sample has
a peak centred at 687.3 £+ 0.2 eV, which can be assigned to a
semi-ionic C-F bond. With fluorine doping, the n electrons
contribute to the C-F bond and become more localized, result-
ing in C-F bond length and subsequently cherishing the semi-
ionic characteristics. Fluorine atoms bonded to carbon atoms
in semi-ionic type act as an electron acceptor, which subse-
quently facilitates charge transfer between fluorine and carbon,
leading to higher conductivity as well as alteration of the
electronic properties of the as-prepared carbon by boosting
the graphitization.

2264 | Nanoscale Horiz., 2024, 9, 2259-2272

The work function (WF) of the synthesized samples was
measured using UV photoelectron spectroscopy (UPS), as
shown in Fig. 8. The WF can be obtained by subtracting the
UPS spectrum width from the UV radiation energy (21.2 eV).
The magnified UPS spectra around the secondary electron
cutoff (Fig. 8d) indicate that the secondary electron cutoff
shifted gradually to higher energy. This means that the WF of
PC to HFC reduced gradually. Compared to PC (4.75 €V)
and HLC (4.52 eV), the ¢ value of HFC decreases considerably
(4.26 eV). This reduction in work function can evidence the
formation of carbon—-fluorine bonds.

The BET surface area and the porosity of the prepared HLC
and HFC were investigated. Fig. S11 and S12 (ESIt) show the
nitrogen adsorption-desorption isotherm curves of the HLC
and HFC samples. The BET surface area of the HLC and HFC
samples is observed as 159.41 and 39.48 m> g™, respectively.
Both samples have hierarchical self-assembled micro-sized rod-
like structures; however, the rational design and construction
of amorphous carbon with CaF, and graphite nanocrystals,
might play a crucial role here. Such design of heterostructures
with amorphous/crystalline heterointerfaces is a straight-
forward and efficient method. The larger surface area is in
general perceived to provide more active sites for reactions, and
it was found in this work that crystallinity, which governs the

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nh00314d

Published on 05 September 2024. Downloaded on 2/16/2026 11:48:34 AM.

Nanoscale Horizons

View Article Online

Communication

(a) PC (b) HLC
—_—
| |
=
| |
(1]
~ -41—
: 20 18 16 14 12 10 8 6 4 2 0 -2 20 18 16 14 12 10 8 6 4 2 0 -2
(7))
- (c) HFC (d)
Q
e
| —
|

®=475eV
®=452eV
D =4.26eV

20 18 16 14 12 10 8 6 4 2 0

-2 19 1'8 17 16 15 14 13 12

Binding energy(eV)

Fig. 8 UPS spectra of (a) PC, (b) HLC and (c) HFC samples and (d) enlarged UPS spectra around the secondary cutoff energy.

charge transportation, has a more profound impact on influen-
cing the supercapacitor application.

Field emission investigations

In the present study, the emission current density is defined as
J =1I/A (uA cm™?), where I is the emission current, and A is the
area of the emitter. The applied electric field, also termed as an
average electric field, is defined as, E = V/d, where V is the
applied voltage, and d is the separation between the anode and
cathode (1 mm). The values of turn-on and threshold fields are
defined at emission current densities of 10 and 100 pA cm ™2
respectively. From Fig. 9, the value of the turn-on field is observed
to be 2.20, 2.12 and 1.22 V um™* for PC, HLC and HFC emitters,
respectively. Whereas the value of the threshold field is observed to
be 2.52, 2.32 and 1.41 V pm™* for PC, HLC and HFC emitters,
respectively. The turn-on and threshold field are found to be
reproducible. With an increase in the applied field, the emission
current density of all samples initially exhibits a gradual increase,
and after the turn-on field, it increases exponentially, following the
Fowler-Nordheim equation.>*** The modified form of the Fowler-
Nordheim equation is given as,

—_bp3?
J:),Maq)’lEzﬁzexp( [2/}3 SF) 1)

where J is the emission current density, E is the applied average
electric field, and a and b are constants, typically =~ 1.541434 AeVV >

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Field emission current density—applied electric field (J-E) plots of
PC, HLC and HFC field electron emitters.

and = 6.830890 eV *> V um 2, respectively. /1y is the macro-
scopic pre-exponential correction factor, 9y is the value of the
principal Schottky-Nordheim barrier function (a correction
factor), @ is the work function of the emitter material and f
is the field enhancement factor.

As the applied electric field was increased further, the maximum
emission current density of ~6755, 8275 and 9477 pA cm > could
be drawn from the PC, HLC and HFC emitters at an applied field of

Nanoscale Horiz., 2024, 9, 2259-2272 | 2265
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Table 1 FE behaviour of various carbon nanostructure field electron emitters

Sr. no Field emitters Turn on field (V pm™") Threshold field (V um ™) Ref.

1. Q-Carbon 2.4 (1 pA cm™?) 2.65 (30 pA cm™?) 26

2. SWCNT 2.05V um ' (10 pA cm ?) 2.5V um " (100 pA cm?) 27

3. GO NCO 2.9V pum* 28

4. Plasma treated GO 2.5V um~" (10 pA em™?) 2.78 V um ™" (100 pA cm™?) 29

5. FRGO 0.8 Vum ' (10 pA cm ™ ?) — 30

6. PC 2.20 (10 pA cm™?) 2.52 (100 pA cm™?) Present study
7. HLC 2.12 (10 pA cm ™ ?) 2.32 (100 pA cm?)

8. HFC 1.22 (10 pA cm™?) 1.41 (100 pA cm™?)

3.92, 3.88 and 2.29 V um™ ", respectively. The emission current
density drawn from the HFC emitter is approximately 1.40 and
1.14 times that of the PC and HLC emitter. The observed values of
the turn-on field and threshold field of the HFC field emitter are
much lower than those of the PC, HLC field electron emitters and
earlier reported values for various carbon-based material emitters
(Table 1).

The observed J-E characteristic is further analyzed by plot-
ting a graph of In(J/E®) versus (1/E), known as an F-N plot. The
F-N plot (Fig. 10) exhibits deviation from linear nature with a
tendency towards saturation in the high field region. The
deviation from linearity is attributed to the semiconducting
nature of the emitter. Furthermore, for a planar emitter
(composed of nanostructures deposited in thin film form on
a suitable substrate), various factors, including variation in the
aspect ratio of the nanostructures, field penetration and screen-
ing effect, band bending, etc. are responsible for the non-linear
nature of the F-N plot.*" The relationship between the field
enhancement factor (f) and the slope of the F-N plot (m) is
expressed by the following equation,

_ —6.83x 10° x 92
N m

B )

The value of work function (¢) calculated from UPS
measurement is found to be ~4.75, 4.52, and 4.26 eV for PC,
HLC and HFC samples, respectively. Furthermore, the f values
were estimated using the slopes (m) of ‘linearly fitting’ the F-N

8- —=—PC
4 —A—HLC
6 —o—HFC

24

44

02 03 04 05 06 07 08 09 1.0
1/E
Fig. 10 F-N plots of PC, HLC and HFC field electron emitters.
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plot over the entire range of applied field, and using its slope,
the value of f§ is estimated as 2281, 2344, and 3716 for PC,
HLC and HFC, respectively. Such a large /5 value is representa-
tive of the high ‘aspect ratio’ of self-supported carbon-based
materials.

Herein, the HFC sample has demonstrated remarkable
effectiveness due to three main reasons: a semi-ionic C-F bond,
desirable F doping degree, comparatively low work function,
and enlarged interlayer distance yielded superior field electron
emission properties. Such composites will be a benefit for
enhancement in the field emission properties and the possible
explanation is discussed below.

(i) Compared with HLC, HFC samples have a higher and
broader asymmetric D band profile, resulting from a highly
disordered amorphous carbon structure and hybridization
structural change of C. Amorphous carbon with the presence
of low graphitic order appears with increased I, in the HFC in
comparison with the HLC sample. The Ip/I; ratio reflects the
degree of disorder in the HFC sample owing to the presence of
C-F bonds. Recently, Jae Won Youn and co-workers have
reported that the F-doped carbon layer is an effective surface
modification method to enhance the intrinsic conductivity of
active materials.*> This means that F doping leads to the
lowering of the surface barrier, which in turn is expected to
increase the carrier mobility and conductivity. It may also aid in
the improvement of the mechanical properties of conductive
composites. The pictorial form of amorphous carbon to F-doped
graphitic carbon is shown in Scheme 1.

(ii) In the present HFC sample, in comparison with the HLC
sample, instant formation of CaF, nanocrystallites and graphi-
tic content within the carbon matrix is observed. Due to the
layered structure of graphite, its layers are possibly expanded
and exfoliated with treatment to form high aspect ratio graphite
with thickness in the nanoscale. The higher the aspect ratio of
graphite, the easier it is to form a continuous network, even at a
lower amount. The enhancement of interfacial interactions
between graphite and the crystalline nature of CaF, with carbon
has been successfully done through the functionalization of
carbon.

(iii) The field enhancement factor is related to the emitter
geometry, crystal structure and spatial distribution of the
emitting centers. Self-assembled morphology with sufficient
spacing between each emitter plays a crucial role in the field
enhancement. Also, these high-density protrusions (nanoscale)
localize and enhance the electric field, thereby allowing electrons

This journal is © The Royal Society of Chemistry 2024
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(b) semi-ionic C-F bond || covalent C-F bond |

sp*-hybridized C || sp2-hybridized C

1L

Scheme 1 Pictorial representation of (a) amorphous carbon and (b) F-doped graphitic carbon. TEM images of (c) and (d) formation of CaF, crystallites

over amorphous carbon, and (e) the graphitic region.

to tunnel through the tips at very low electric fields and produce

stable emission in a large area.

(iv) At present, the surface states play an important role in
influencing the carrier concentration, carrier mobility, conduc-
tance and barrier height, thereby governing its electron field
emission properties. The nanometric protrusion features of gra-
phite sheet and F-doping may increase the density of electronic

states at the Fermi-level. This may lead to lowering the surface
barrier, which in turn is expected to increase carrier mobility and
conductivity. Also, the work function of the HFC (4.26 V) sample,
being smaller than that of the HLC (4.52 eV) sample, enables the
transfer of electrons from rods to nanoparticles, giving rise to a
higher carrier concentration.®® The energy band diagram of PC,
HLC and HFC field emitters is shown in Scheme 2.

A 2 =) Eyac
-e4/2x
=4.26eV
4.75eV
452¢eV
JEe vy ¥ Npe
EF v T e -eEx
e 0 AN 7 P
PC HLC HFC Planar
geometry
-e2/2x -eEx
~
Oriented, conducting, exfoliated,
doped and protrusion geometry of
carbon material

Scheme 2 The energy band diagram of PC, HLC and HFC field electron emitters.
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This is envisaged as potential emission sites coupled with
a self-supported conductive substrate, facilitating excellent
emission superior to the other nanostructure emitters.

The emission current stability is one of the important FE
characteristics from an application point of view. In the present
study, the emission current stability was studied at pre-set
current value ~10 pA over more than 3 h duration. A plot of
the emission current (I) as a function of time () is depicted as
the emission current stability behaviour of the HLC and HFC
emitter (Fig. 11). It is observed that the emission current
initially shows some excursions followed by stabilization at
the pre-set values. Furthermore, the field emission current
stability (I-t) plot of (a) HLC and (b) HFC emitters recorded
at the base pressure of 1 x 10~ ® mbar at pre-set current value
~5 pA is shown in the ESI,{ Fig. S13. The observations of
excursions in emission current can be attributed to the ‘extinction’
and ‘regeneration’ of the emission sites. In addition, ‘spike’-like
fluctuations are superimposed on the base current. Such fluc-
tuations are attributed to various atomic scale processes such
as adsorption, desorption, and/or migration of residual gaseous
species on the emitter surface. Overall, the self-supported C
emitter exhibits good emission current stability. A typical FE
image recorded at the onset of emission current stability is
depicted in the inset of Fig. 11. The image shows several bright
lobes, which correspond to emission from the most protruding
edges of the carbon material.

50
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o
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Fig. 11 /-t Plot of (a) HLC and (b) HFC field electron emitters recorded at
pre-set value ~10 pA of emission current with the FE image shown in
the inset.
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Electrochemical evaluation of HLC and HFC electrodes

To evaluate the electrochemical behaviour of the HLC and
HFC samples, various electrochemical characterizations were
performed within a voltage range of 0-0.6 V in 1 M Na,SO,
electrolyte in a three-electrode system with SCE and platinum
as a reference and counter electrode, respectively. Fig. 12a and
b show CV curves for the HLC and HFC electrodes carried out at
different scan rates ranging from 10-100 mV s~ . Both electro-
des demonstrate nearly rectangular CV curves at a higher scan
rate, indicating an electric double-layer capacitance behaviour
of both electrode samples. However, the CV curve of the HFC
electrode possesses more area under the curve than the HLC
electrode, resulting in a higher charge storage capability of the
HFC electrode.

The specific capacitance (Csp,) of the HLC and HFC electro-
des from the CV measurements in a three-electrode system can
be calculated from eqn (3)

_ Jidy
= AV ©)

where [idv gives the current for the charging and discharging
process, m is the mass of the active material (g), v is the
potential scan rate (mV s ~') and AV is the potential window
used during CV measurement (V). The HFC sample exhibits the
highest specific capacitance value of 181 F g '. The graph of the
calculated specific capacitance for different scan rates is
plotted in Fig. 12c. This enhanced electrochemical behaviour
may be due to the higher electric conductivity, high porosity
and higher electro-active surface area of the HFC sample
than the HLC sample. These obtained results align with the
physicochemical and field emission characterization results.
Additionally, GCD measurements were performed at current
densities ranging from 0.5 to 32 A g ' to investigate the
charging-discharging characteristics of the HLC and HFC
electrodes. Fig. 12d and e show the GCD curves of the HLC
and HFC electrodes. The triangular GCD curves in both plots
indicate the good capacitive behaviour of the HLC and HFC
electrodes. The specific capacitance of the HLC and HFC
electrodes was also determined from the GCD measurements
from eqn (4)

where I is the applied constant current (A), ¢ is the discharging
time (s), m is the mass of the active materials (g) and V is the
potential window (V) used during GCD measurements. From
eqn (4), the specific capacitance values from the GCD plot were
calculated and plotted in Fig. 12f. The highest specific capaci-
tance obtained was 130 and 234 F g~ ' for the HLC and HFC
electrodes, respectively. Moreover, EIS measurements were also
carried out for the HLC and HFC electrodes at an open circuit
potential of 5 mV and in the frequency range from 100 kHz to
10 mHz. Fig. 12g shows the Nyquist plots of the HLC and HFC
electrodes. This graph indicates that the equivalent series
resistance (R;) values for the HLC and HFC electrodes are
4.54 and 3.38 Q, respectively. Generally, the equivalent series

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 CV curves of (a) HLC and (b) HFC electrodes, (c) plot of specific capacitance vs. scan rate, GCD curves for (d) HLC and (e) HFC electrodes, (f) plot
of specific capacitance vs. current density and (g) Nyquist plot for the HLC and HFC electrodes.

resistance values are the addition of internal resistance of
active material, ionic resistance of the electrolyte and contact
resistance at the interface of the active electrode material and
current collector.>* Here, both electrodes possess low R, values,
indicating that both electrodes have excellent electrochemical
conductivity. Moreover, both electrodes exhibit significantly
smaller charge transfer resistance (R.), which is a characteristic
behaviour for EDLC-type materials.*® This smaller R, value
mainly arises due to the lesser redox reactions happening over the
surface of the electrode materials. Meanwhile, the almost vertical
Warburg line at the low-frequency region of the HFC electrode
confirms the fast Na' ion interaction and higher conductivity,
resulting in improved redox kinetics compared to that of the HLC
electrode. Overall, the electrochemical characterization results
suggest that the F-treated carbon materials could have the ability
to become an excellent candidate as an electrochemical super-
capacitor electrode material. Also, the high electrochemical con-
ductivity and specific capacitance for both materials are due to
pre-acid treatment to activate these carbon-based materials.

This journal is © The Royal Society of Chemistry 2024

Electrochemical evaluation of the HFC//HFC coin cell
supercapacitor device

The electrochemical measurements of HLC and HFC samples
in a three electrode system implies that the HFC electrode
possesses superior electrochemical properties than the HLC
electrode. Therefore, to demonstrate the practical applications
of the HFC sample, an HFC//HFC symmetric coin cell super-
capacitor device was fabricated. To study the supercapaci-
tor device characteristics of the HLC sample, we additionally
fabricated an HLC//HLC symmetric supercapacitor coin cell
device and their results are mentioned in ESI,} Fig. S14.

Fig. 13 shows the electrochemical measurements of the fabri-
cated HFC//HFC symmetric coin cell supercapacitor. Fig. 13a
depicts the CV curves of the HFC//HFC supercapacitor for various
scan rates in the potential range of 0-1.5 V. Here, the CV curves of
the HFC//HFC supercapacitor device exhibit a rectangular shape
for low scan rates and quasi-rectangular shape (observed in an
electrode system) without any redox peak, indicating a typical
double layer nature with a reversible non-faradaic process.
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Fig. 13

Along with this, the wide operating potential window, a large area
under the curve and the absence of a sharp increase or decrease in
the current due to the water-splitting reaction imply the ideal
supercapacitor behaviour of the fabricated device. By using eqn (3),
the capacitance values from CV curves were calculated. The HFC//
HFC supercapacitor device achieves the highest specific capaci-
tance of 255.5 F g~ " at a scan rate of 10 mV s~ .

Fig. 13b shows the GCD curves for the HFC//HFC supercapa-
citor device for various current densities ranging from 1 to
16 A g *. All the GCD curves show symmetric triangular char-
ging-discharging curves, which is the characteristic behaviour of
the ideal supercapacitor device. In all the GCD curves, a very small
ohmic drop was present, which may arise due to the small
resistance owing to fast charge transfer and diffusion of electrolyte
ions. Using eqn (4), the capacitance values were calculated. The
HFC//HFC supercapacitor device demonstrates the highest specific
capacitance of 93 F g~ ' at a current density of 1 A g~'. With
increasing current density, a gradual decrease in the specific
capacitance was observed. This excellent value indicates that the
HFC//HFC supercapacitor device has superior capacitive behavior
and rate capability. By using these calculated specific capacitance
values from GCD curves, the energy (E) and power density (P)
values were calculated using the following equations.

CypAV?
T 2x36 (5)
E
P=—
YE 3600 (6)

where Cq, is the specific capacitance (F g~ '), AV is the operating
voltage window and At is the discharging time (s) of the ASC
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Number of cycles

(a) CV, (b) GCD, (c) Ragone plot, (d) Nyquist plot and (e) cycling stability of the HFC//HFC coin cell supercapacitor device.

device. Fig. 13c displays the Ragone plot, illustrating the energy
and power density values of the HFC//HFC supercapacitor device.
The HFC//HFC supercapacitor device exhibits the maximum spe-
cific energy of 29 W h kg™ " at a specific power of 781 W kg™ and
retains 2.6 W h kg™' at 12500 W kg~'. EIS measurements
(Fig. 13d) were carried out on the fabricated HFC//HFC super-
capacitor device within the frequency range of 100 kHz to 10 mHz.
The fabricated device shows a very low R, value and small semi-
circle corresponding to their low internal resistance and surface
faradaic characteristics.’® A straight line slope in the lower fre-
quency region corresponds to Warburg resistance demonstrating
the capacitive nature of the HFC//HFC symmetric supercapacitor
device. Moreover, the durability and life cycle performances of the
HFC//HFC supercapacitor device were investigated using cycling
stability measurements performed at a current density of 5 A g~ *.
Fig. 13e shows that the fabricated supercapacitor device exhibits
~95.6% of its initial specific capacitance after 2000 GCD cycles,
revealing the long cycle life of the fabricated supercapacitor device.

It is notable that, by comparing the performance of the
HFC//HFC supercapacitor device with the HLC//HLC super-
capacitor device (ESLt Fig. S14), it is clear that the HFC//HFC
supercapacitor device displays superior electrochemical perfor-
mance than the HLC//HLC supercapacitor device in terms of
specific capacitance, energy and power densities and cycling
stability.

4. Conclusions

A carbon network that is self-supported has been developed by
the exclusive pyrolysis of PAPAYA seeds at 800 °C, eliminating

This journal is © The Royal Society of Chemistry 2024
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the need for any activating substances. Our approach aims to
improve the graphitization of carbon materials while also
incorporating fluorine doping, which was achieved through
hydrofluoric acid treatment. Remarkably, these composite
structures show superior field emission characteristics when
benchmarked against the initial preparations and other carbon
derivatives. The electrochemical efficacy of these carbon elec-
trode materials has been effectively validated within a tri-
electrode configuration. Notably, the F-treated carbon electrode
material exhibits 234 F g~' of specific capacitance value at
0.5 A g~ of current density. To demonstrate the actual super-
capacitor application, the HFC//HFC symmetric coin cell super-
capacitor device was assembled. This device can provide a wide
working potential of 1.5 V with the highest energy density of
29 W h kg™ " and a power density of 12500 W kg™ *. The superior
performance of the field emission and supercapacitors can be
attributed to the unique self-assembled rod-like structures.
These structures are strategically spaced to prevent the screening
effect. Additionally, the incorporation of heteroatoms, the crystal-
line form of graphite, and a reduced work function collectively
enhance electrical conductivity, contributing to the impressive
results observed.
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