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Graphite is a critical mineral, and its recovery from blast furnace dust is essential for sustainable resource
utilization. Extracting graphite from industrial waste reduces the dependence on mining natural graphite,
thus minimizing the environmental impact and meeting the rising demand for energy storage and
advanced materials. This study extracts kish graphite (KG) from blast furnace area dust particles (BFADP)
using a simple and cost-effective purification process involving magnetic separation, magnetic stirring,
decantation, and acid leaching, achieving 96% carbon recovery-a significant improvement over
conventional methods. X-ray diffractometer analysis confirmed an interplanar spacing of 0.34 nm at
20 =
electron microscopy (HRTEM), and selected area electron diffraction (SAED) results validated a highly

26.2°, resembling natural graphite, while Raman spectroscopy, high-resolution transmission

ordered hexagonal crystal structure. Furthermore, reduced graphene oxide (rGO) was synthesized from
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purified KG and then chemically activated with KOH at high temperatures to enhance its specific surface
area (SSA). The electrochemical performance of KG-derived graphene was evaluated in electric double-
layer capacitors (EDLCs), demonstrating excellent properties, making it a promising supercapacitor
electrode material. This study highlights the effectiveness of KG purification and its potential in energy
storage, offering a sustainable solution for repurposing industrial byproducts.

DOI: 10.1039/d5ma00399g

rsc.li/materials-advances

1 Introduction

In 2023, the Government of India released a list of 30 critical
minerals for India, including graphite, and in response the
Ministry of Mines has intensified its efforts towards the
exploration of these minerals within the country, leveraging
the Geological Survey of India (GSI) and other relevant agencies
for this purpose. Graphite, a naturally occurring allotropic form
of carbon with a crystalline structure, exhibits a range of
fascinating properties, many of which are remarkable. Notably,
its low specific gravity, softness, inertness, and exceptional heat
resistance make it stand out in the realm of materials science.
These exceptional attributes position it as a highly sought-after
mineral for various industrial applications.”
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Graphite has been widely used in industries such as paints,
lubricants, pencils, electrodes, aerospace applications, carbon
brushes, and foils for years; however, it has recently gained
recognition as a key strategic asset. This change is due to the
growing importance of sectors such as electric vehicle (EV)
manufacturing, where graphite is essential in battery anode
construction, and the extensive exploration of graphene, an
advanced material derived from graphite. In the battery sector
alone, graphite demand is forecasted to double within six
years." This increased demand underscores the apparent risk
to the supply chain given that most of the world’s graphite
comes from a small number of countries.> According to the
World Bank, graphite has the highest demand share (approxi-
mately 53.8%) among the minerals required for battery manu-
facturing. As the demand for graphite surges across various
industries, and natural graphite reserves dwindle, compounded
by the significant time, energy, and expense involved in produ-
cing synthetic graphite, the vulnerability of the supply chain
becomes more evident. Hence, there is an urgent need to
identify widely accessible and cost-effective graphite to replace
natural graphite.’

Steel slag, a by-product of steelmaking, consists of a complex
solution of silicates and oxides that solidifies as it cools. Kish
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graphite (KG), a distinctive material found in steel slag, is a
unique form of highly crystalline graphite closely resembling
natural graphite and has garnered increased research interest
in recent years, particularly due to the supply risks associated
with natural graphite flakes. As outlined in previous work,"
during the steel making process, carbon solubility decreases as
molten iron cools, leading to the precipitation of carbon
exceeding the solubility limit in the form of graphite flakes,
known as KG. It has been observed that different zones of
steelmaking facilities, including desulfurization zones, dust
collection, and waste disposal areas, consist of KG in large
concentrations.” Despite its widespread presence in the iron
and steel industry, the underutilization of KG has resulted in
significant resource loss and environmental degradation. Inci-
dents in Taiwan have highlighted the environmental risks
associated with uncollected KG dispersion from steelmaking
plants.”

Numerous research groups are currently investigating tech-
niques for recovering KG flakes. For example, one study
revealed that mechanochemical ball-milling in the presence
of iodine can effectively purify and functionalize KG. This
process yields iodinated kish graphite (I-Kish-G), which is
characterized by low impurity levels and outstanding electro-
catalytic activity.® In a study conducted by J. C. An et al., KG
flakes were purified and found to exhibit high levels of graphi-
tization. The primary objective of the research was to evaluate
the sorption properties of these recycled flakes for various types
of oil.” Wang et al., recovered KG flakes, which had properties
like those of natural flake graphite and showed potential for
use as a cathode material for batteries.® Laverty et al., demon-
strated that synthetic KG can be utilized in AICl;-graphite
batteries and demonstrated high capacities.® Study by Jeon
et al., highlighted that the carbon content of samples varied
from location to location in a steel-making facility.”

To date, various complex and elaborate physical beneficia-
tion and chemical purification techniques have been used to
extract and refine KG flakes. Some of the processes under
physical beneficiation include air elutriation, magnetic
separation, froth flotation, foam elutriation, and hydraulic
classification.'® Few have reported the use of pneumatic separa-
tion accompanied by the froth flotation technique to remove
impurities associated with KG flakes.” The froth flotation
technique widely used for KG purification has several disad-
vantages. The selectivity of froth flotation is limited, leading to
the recovery of undesired minerals along with the target
minerals, which compromises the purity and quality of the
final product. Froth flotation is a complex process that requires
skilled operators to optimize conditions for effective separa-
tion. In addition, the use of chemical reagents in froth flotation
is expensive and may be harmful to the environment. This
process also consumes a significant amount of energy, parti-
cularly for grinding and agitation, thereby escalating the opera-
tional expenses and environmental impacts.

Further research is needed to refine and reclaim KG flakes
using simple and efficient purification techniques, with the
goal of achieving a high degree of crystallinity. This study
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addresses this gap by focusing on recycling the industrial by-
product KG flakes using a cost-effective method. This study
employs a simple separation process involving magnetic
separation to isolate magnetic impurities, water washing,
decantation for dust removal, and an acid-leaching process to
eliminate metallic impurities. These procedures contributed to
the enrichment and purification of KG flakes. Furthermore, the
impact of the separation and purification conditions on the KG
flakes was explored. Few studies have focused on the recovery
and material application of purified KG flakes as electrode
materials for next-generation high-performance aluminum-ion
batteries.” While some research has investigated the use of
purified KG flakes in batteries, its potential as a precursor for
synthesizing graphene for supercapacitor electrodes remains
largely unexplored. Recently, graphene, with its sp> network of
one-atom thickness, has garnered significant attention as an
electrode material in batteries, supercapacitors and dye sensi-
tized solar cells due to its exceptional electrical, thermal,
optical, and mechanical properties, along with its high surface
area (theoretical value: ~2600 m?> g~*).*"*?

This study introduces a cost-effective approach for purifying
KG flakes from blast furnace dust, yielding a graphite with a
highly crystalline structure comparable to natural graphite.
This approach offers a scalable and eco-friendly solution for
KG recovery, promoting waste management, industrial recy-
cling, and environmental sustainability. The purified KG was
successfully converted into reduced graphene oxide (rGO) using
L-ascorbic acid, and GO was also chemically activated with KOH
at high temperatures to enhance SSA. The feasibility of using KG-
derived graphene was investigated, and the performance of the
supercapacitor fabricated using this is reported in this work.

2 Experimental
2.1 Materials and method

Dust particles, referred to as blast furnace area dust particles
(BFADP), were collected from the blast furnace area of Kudre-
mukh Iron Ore Company Limited (KIOCL, Mangaluru) and
used in this experiment. HCl was purchased from Merck for
the acid washing process. For the synthesis of GO and rGO,
potassium permanganate, sulfuric acid, hydrogen peroxide,
and ascorbic acid (AA) were procured from Merck and Kanton
laboratories and used as is. Deionized (DI) water was used
throughout the experiment. The purified graphite samples
derived from BFADP are designated KG or KG flakes through-
out this paper.

2.1.1 Mineral extraction and purification process. In our
method, a simple purification process was used to recover KG
flakes from BFADP, as shown in Fig. 1.

As shown in step 1, dust particles were collected from the
blast furnace area for purification. Five grams of BFADP was
placed in a large Petri dish. Round magnetic discs were hovered
over to remove metal impurities present in the BFADP sample,
as shown in step 2. Next, to eliminate any remaining fine metal
impurities, the samples were transferred to a beaker containing
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Fig. 1 Scheme for the cleaning process of BFADP.

DI water and magnetically stirred at room temperature using a
magnetic bead. All the remaining fine metal particles in the
sample adhere to the magnetic bead and hence can be sepa-
rated easily, as shown in step 3. The magnetic beads were then
slowly removed, and the remaining particles were dried in an
oven. The dried samples were added to another beaker contain-
ing DI water. This process helps to separate heavier soil and
other impurities from lighter KG flakes. The KG flakes started
floating on the top and were slowly decanted into another
beaker, as shown in step 4. This process was repeated until
all the KG flakes were separated. Once the heavier sand and
other impurities were separated, the KG flakes were thoroughly
washed with water and dried in an oven to remove water. After
undergoing the physical process of mineral (graphite) extrac-
tion, HCI leaching was employed to effectively eliminate iron
oxide, iron, magnesium hydroxide, calcium hydroxide, and
other trace minerals present along with the KG flakes. In this
process, 2 g of KG flake concentrate was combined with 100 mL
of 5% HCI, stirred at 50 °C for 2 h, and then filtered, as
described in step 5. After filtration, the KG flakes were thor-
oughly cleaned with DI water and dried in an oven at 60 °C
overnight. To break down the bulk KG flakes, horn sonication
was employed for 6 h, as shown in step 6, and then the remnant
was filtered and dried overnight in an oven to remove all the
water content, as shown in step 7.

2.1.2 Synthesis of GO. In our current procedure, we synthe-
sized graphite oxide by employing KG flakes obtained by the
purification of BFADP, as explained in the previous section,
using a modified version of Hummers’ method."”® In this
procedure, 2 g of KG flakes obtained from BFADP were added
to 50 mL of sulfuric acid under continuous stirring. Gradually,
6 g of potassium permanganate (KMnO,) was introduced, and
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stirring was continued for 6 h. Then, 90 mL of water was slowly
added to the solution under continuous stirring. Following
this, the temperature was raised to 95 °C, and the solution
was stirred for 30 minutes, resulting in a color change from
dark grey to brown. The solution was cooled to 25 °C and stirred
overnight at 600 rpm. To terminate the reaction and remove
excess KMnQO,, the brown solution was treated with a mixture of
100 mL DI water and 5 mL of 30% H,0,, causing a color change
from brown to greenish-yellow, indicating GO synthesis.'® The
gradual addition of 0.5 mL hydrogen peroxide prompted an
exothermic reaction, leading to the termination of the process
by eliminating excess permanganate ions. Subsequently, 300 mL
of water was added, and the solution was left to settle overnight.
The next day, the supernatant water was decanted, and fresh
water was added, allowing for settling for another day. The yellow
GO suspension was washed once with 200 mL of 5% HCI and
then cleaned using centrifugation multiple times until the pH
reached 6. The remaining residue was rinsed twice with water and
dried at 40 °C for 24 h in an oven.

2.1.3 Synthesis of rGO using the chemical reduction
method. Graphene, particularly in the form of rGO, was
synthesized by GO using AA as a reducing agent, which pro-
vides several advantages due to its eco-friendly, and non-toxic
nature making it a sustainable alternative for graphene oxide
reduction. It also ensures the efficient removal of oxygen-
containing groups. It minimizes the risk of introducing het-
eroatoms into the reaction products since AA consists solely of
carbon, oxygen, and hydrogen atoms. Furthermore, while
maintaining its eco-friendly nature, the reduction process can
be conducted in water, which is the most widely used and
sustainable solvent.™ Initially, a blend consisting of 50 mL of
GO solution (0.1 mg mL™ ") and 0.02 M ascorbic acid (AA),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixed in a 1:1 volume ratio, was prepared. This mixture was
then heated to 70 °C on a heating plate and stirred for 30 min,
resulting in a color change from brownish-yellow to black.
Subsequently, the product was centrifuged for 20 min at
3500 rpm to separate the supernatant, which was subsequently
decanted. The solid residue was subjected to triple washing
with ethanol and water to further eliminate the impurities and
was oven-dried at 120 °C."> The obtained samples were denoted
as C-rGO.

2.1.4 High-temperature chemical activation of GO using
KOH. Although graphene has a high theoretical specific surface
area (SSA), achieving this value is challenging because of its
tendency to restack or agglomerate into layers.'® High SSA and
good electrical conductivity are crucial for enhancing super-
capacitor performance, as capacitance is proportional to the
ion-accessible surface area. Mesopores are more effective than
micropores in electric double-layer capacitors (EDLCs), facil-
itating ion transport, while micropores contribute to charge
storage. Thus, optimal electrode design requires a balance-
pores large enough for electrolyte access but small enough to
retain high SSA."” Graphene, which contains both micro- and
meso-pores, is particularly desirable for the fabrication of high-
performance supercapacitors. Micropores provide a high SSA
for ion adsorption, whereas mesopores facilitate ion transport.
Additionally, graphene’s high electrical conductivity enables
efficient electron collection at the metal electrode surface.'®
Different physical or chemical activations have been used to
build an effective pore network in various carbon materials.
Physical activation comprises carbonization of the precursors
in an inert atmosphere to eliminate non-carbon atoms and
subsequent activation using oxidizing gases-steam, O,, and CO,
which permits the material to develop porosity between 600-
1200 °C. On the other hand, in chemical activation, treatments
involving carbon-based materials impregnated with chemical
agents, such as KOH, H;PO,, and ZnCl,, are mixed and
carbonized between 400 °C and 900 °C. The resulting porous
carbons typically possess a high SSA and large pore volume,
comprising mainly micropores and small mesopores. Com-
pared with physical activation, chemical activation has the
advantages of a low activation temperature, higher yield,
shorter activation time, and higher SSA and mesopore volume.
Among the various chemical reagents, potassium hydroxide
(KOH) has been widely used because of its ability to yield
carbon materials with well-developed micropore size distribu-
tions, high PV, and very high SSA of up to 3000 m* g~ *. KOH
activation proved to be a more effective method for creating
micropores and small mesopores in the carbons. Carbon
activation using KOH is a highly complex process involving
several chemical reactions. The main mechanisms are chemical
etching owing to redox reactions, physical activation owing to
gas formation, and lattice expansion owing to the intercalation
of metallic potassium. After removing metallic potassium and
other potassium compounds through washing, the expanded
carbon lattice structure remained porous. It does not revert to
its original nonporous state, achieving high microporosity,
which is essential for increased SSA. The KOH-to-carbon mass
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ratio typically varies between 2 and 5."° A total of 0.2 g of GO
was soaked in an aqueous KOH solution (0.6 g in 10 mL) at a
1:3 ratio, followed by sonication for 15 minutes to ensure
uniform dispersion as outlined in the literature.?® The mixture
was then dried overnight in a hot air oven at 50 °C. The dried
sample was transferred to a crucible and placed inside a muffle
furnace under a flowing N, atmosphere (50 mL min "), where it
was heated to 550 °C. Once the maximum temperature was
reached, the sample was maintained for 30 min. After heat
treatment, the sample was washed with 1 M HCI and rinsed
with distilled water until the pH reached 6. This procedure was
repeated at different temperatures in the 650-850 °C range. The
products activated by KOH at different temperatures were
named KrGO-550, KrGO-650, KrGO-750, and KrGO-850. Nor-
mally, more KOH quantity generates more pores on GO,
resulting in a bigger mass loss.'®

2.1.5 Mechanism of KOH activation. The activation of
carbon by KOH is widely understood to occur through three
primary mechanisms: (a) the first is chemical activation, where
redox reactions between potassium compounds and carbon (as
shown in reaction (1) lead to the etching of the carbon frame-
work, facilitating the development of a well-defined pore net-
work; (b) physical activation, in which the formation of CO, and
CO promotes additional porosity by gasifying carbon, as shown
in (reactions (2) and (3)); and (c) expansion of carbon lattices
due to the intercalation of metallic potassium (reactions (4) and
(5)) into the carbon matrix during activation, resulting in a
lattice. After removing the metallic potassium and other potas-
sium compounds through washing, the expanded carbon lat-
tice structure remained porous and did not revert to its original
nonporous state, achieving the high microporosity essential for
large SSA and PV/MV. Each of these reactions contributes to the
development of a microporous structure with a high surface
area, which is important for adsorption, energy storage, and
catalysis.

Reaction 1: this forms potassium carbonate (K,COs)

6KOH + 2C — 2K + 3H, + 2K,CO;

Reaction 2: formation of carbon dioxide (CO,)

K,CO; — K,0 + CO,

Reaction 3: formation of carbon monoxide

CO, + C > 2CO

Reaction 4: formation of metallic potassium

2KOH + C — 2K + H, + CO,

Reaction 5: further reduction
K, 0+ C - 2K+ CO

Moreover, high-temperature annealing in an inert atmosphere
is vital for regulating the pore structure of activated rGO, as it
enables the gradual removal of carbon atoms. At elevated
temperatures, the oxygen-functional groups decompose,

Mater. Adv,, 2025, 6, 5486-5505 | 5489
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releasing CO,/CO gases, which cause the graphene sheets to
expand, resulting in the development of a micropore-rich
hierarchical framework."®

2.1.6 Instrumentation. The structural characteristics and
morphology of the KG flakes before and after purification were
analyzed using X-ray diffraction (XRD) and scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDS) (EVO MA18). Using the XRD results, Bragg’s equation
(eqn (1)), Scherrer’s equation (eqn (2)), structural parameters
such as the interlayer spacing doo,”" the crystallite size (D)** can
be calculated,

A
D0 =3 i o )
0.944
" Pcosl )

where A represents the X-ray wavelength (0.1541 nm), and ff and
0 denote the full width at half maximum (FWHM) and (0 0 2)
peak positions, respectively. Raman spectra were obtained
using a Renishaw Raman microscope equipped with a 532-
nm laser, operating at room temperature with a testing range
from 400 cm ™" to 3500 cm™'. A high-resolution transmission
electron (HRTEM) imaging technique was employed to visua-
lize the crystallographic structure of the sample at the atomic
scale using a JEOL JEM-2100 PLUS. The KG flakes, GO, C-rGO,
and TKrGO samples also underwent XPS analysis to discern the
elemental species, and chemical states present in them.
The analysis was conducted using a Thermo Fisher Scientific
ESCALAB instrument. Fourier transform infrared (FTIR)
spectroscopy was obtained utilizing a PerkinElmer FTIR spec-
trometer to assess the functional groups present in all samples.
Meanwhile, XRD analysis, conducted using a Bruker D2 Phaser,
explored the crystalline phase across the samples from 5° to
80°. Using a Smartsorb-92/93 surface area analyzer, surface
area, pore size, and pore volume measurements were per-
formed on all samples using the Brunauer-Emmett-Teller
(BET) technique.

2.1.7 EDLC fabrication and characterization. The EDLC
devices were fabricated using the C-rGO and TKrGO samples
obtained from KG flakes. Filter paper dipped in a 6 M KOH
electrolyte was used as the separator. Electrochemical analysis
of the device was conducted using a BIO-LOGIC SP-150e system
with a two-electrode setup. Various testing techniques were
employed to assess the performance of the assembled devices,
including galvanostatic charge-discharge (GCD), cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy (EIS).
CV analysis was performed in a potential window of 1.0 V,
utilizing different scan rates ranging from 5 mv s~ to 100 mV
s~ 1. GCD tests were performed with a potential window ranging
from 0V to 1.0 V, at various current densities, including 0.1-0.5
mA g~ ', The EIS analysis covered the frequency range of 0.1 Hz
to 1 MHz. These techniques collectively provide insights into
the electrochemical behavior and performance characteristics
of EDLC. From the CV results, the specific capacitance Cs can
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be calculated using the equation,

[Idvy

Ci=2
; x vmAV

(3)

The capacitance (C) of EDLC can also be obtained from the
GCD curve using,

1At
= 4
AVm (4)
The specific capacitance (Cs) was obtained using,
Cs=4C (5)

Here, m is the active material mass on both electrodes. A factor
of 4 was applied to account for the two capacitors present at
each electrode in an EDLC.>*™>°

Furthermore, the energy and power densities*® were calcu-
lated using, where AV is the effective discharge voltage and At is
discharge time.

_(AV)2C
7200 ©)

3600 x E
P= At @)

3 Results and discussion
3.1 BFADP cleaning process analysis

A simple yet effective cleaning process was employed in this
study, which consisted of magnetic separation, decantation,
and acid leaching. The atomic wt% of most impurities
reduced after the samples underwent these processes as seen
from the XRD and EDS analysis. The initial carbon content in
BFADP before the cleaning process was 61%, signifying its
importance for recycling because of its substantial annual
production. Two types of impurities were found in these
materials: non-metallic and metallic particles. Non-metallic
impurities are composed of silicon and oxides. On the other
hand, metallic particles predominantly comprise alkaline
metals like Na, Al, K, and Fe. Metal particles tend to establish
stronger bonds with KG flakes than nonmetallic particles.
Additionally, most impurities were finer than the KG flakes.
During the separation process, such as decantation, these
impurity particles tended to settle, leading to a notable increase
in the percentage of KG flakes. This suggests that a simple
screening process can effectively eliminate most free impurity
particles. Furthermore, magnetic separation was effective in
removing most of the iron particles attached to the KG flakes.
DI water was used for repeated washing to reduce impurities. In
contrast to earlier studies, our process involves employing
sonication post-magnetic separation to release impurities from
the KG flakes. This step enhances the effectiveness of the
subsequent acid leaching process. Our data demonstrates that
this approach reduces magnetic and non-magnetic impurities,
such as SiO,, while substantially minimizing KG loss. By
discarding most of the iron particles during magnetic benefi-
ciation and horn sonication, the carbon content of KG

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increased to approximately 75%. HCI acid leaching was further
employed to eliminate metallic impurities present in the KG,
such as Al, Fe, Na, Ca, Si, and K. After this process, the carbon
content of purified KG exceeded 95%. The metallic impurities
present along with KG flakes might have dissolved during the
acid leaching process as follows:*'

Fe,0; + 6HCl — 2FeCl; + 3H,0 (8)
Fe;0, + 8HCI — 2FeCl; + FeCl, + 4H,0 9)
Al,0; + 6HCl — 2AICl; + 3H,0 (10)
2NaOH + 2HCl — 2NaCl + 2H,0 (11)
Ca(OH), + 2HCl — CaCl, + 2H,0 (12)
2KOH + 2HC] — 2KCl + 2H,0 (13)

Magnetic stirring dissolves the impurities, allowing the soluble
ions to disperse within the solution, which can be further
removed by filtration. In summary, the substantial increase in
the carbon content of the samples after various purification
stages highlights the efficiency of the process in recovering
high-grade KG flakes from BFADP.

The SEM images of BFADP shown in Fig. 2(a) and (b) reveal a
plate-like structure showing closely packed flake layers with a
morphology similar to that of natural flake graphite, which
confirms that KG can indeed be a good raw material for the
synthesis of graphene. The primary elements in the sample
were determined from EDS analysis of the steel slag, including
C, O, Na, Si, Al, K, Fe, and Ca. The atomic wt% of the elements
present is as shown in Table 1. It can be observed that the
atomic weight of carbon increased with every cleaning step. The
main components of BFADP were identified as iron oxides
along with graphite (carbon) through XRD and EDS analyses.
Notably, the initial carbon content of the BFADP sample was
61%, indicating its importance for recycling. Further atomic
wt% of most impurities reduced after the samples underwent
magnetic separation, the decantation process, and acid leach-
ing processes. After magnetic separation and decantation, the
carbon content of KG increased to ~75%. After acid leaching,
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Table 1 EDS results of the sample at different purification steps

Atomic wt% of elements at different cleansing steps

After magnetic separation  After acid

Elements BFADP (%) and decantation (%) leaching (%)
C 61.85 75.11 96.17
o 29.6 22.72 3.70
Na 0.15 0.28 0.02
Si 4.91 0.88 0.04
Al 0.77 0.11 0.00
K 0.10 0.10 0.01
Ca 0.28 0.09 0.00
Fe 2.34 0.53 0.03

the carbon content of the purified KG exceeded 95%. EDS
analysis indicated that the leached KG concentrates consisted
mainly of elemental carbon with only minor traces of oxygen
detected. Impurity elements, such as calcium (Ca) and alumi-
num (Al), were undetected, and other impurities were present
in small traces.

Table 2 lists the purification steps, carbon recovery rates,
and applications of the recovered graphite, as reported in the
literature for comparison. The purification steps employed in
our method successfully achieved high carbon recovery. This
study introduces a cost-effective and straightforward approach
to recycling industrial by-product KG flakes, addressing the
limitations of traditional methods, such as froth flotation, air
elutriation, foam elutriation, and pneumatic separation, which
are costly, energy-intensive, and environmentally hazardous.
These techniques rely on complex setups, skilled operators, and
hazardous reagents such as surfactants and frothing agents,
resulting in chemical waste and ecological risks, while offering
low selectivity and compromised product purity. Our approach
uses a simplified process involving magnetic separation to
remove magnetic impurities, water washing and decantation
to remove dust, and acid leaching to eliminate metallic con-
taminants. This method achieves a carbon recovery rate of
96.17%, comparable to established techniques, while reducing
energy consumption, avoiding complex setups, and minimizing
reliance on harmful reagents. These results demonstrate an

Date :23 Feb 2024
Time :9:43:40

Signal A= SE1

10pm EHT = 10.00kV
f Mag= 200KX

WD = 85mm

ZEINS

Fig. 2 Scanning electron microscope images (a) and (b) of BFADP before purification.
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Table 2 Comparison of carbon recovery by different purification steps
# Purification steps % recovery Applications Ref.
1 Air elutriation-magnetic separation-froth flota- 95.00 — 10
tion-foam elutriation-hydraulic classification
2 Sieving-flotation-crushing-magnetic separation— 97.00 Graphene was synthesized using microwave 35
HCI acid etching irradiation
3 Pneumatic separation-flotation-sonication-mag- 99.00 KG-based expanded graphite was prepared, and it 7
netic separation-acid leaching exhibited superior oil absorption properties
4 Water washing-magnetic separation-acid leaching 99.38 Cathode material for aluminum ion battery 3
5 Floating-acid leaching 95.50 Anode materials for lithium-ion batteries 21
6 Magnetic separation-decantation-acid leaching 96.17 rGO synthesis for supercapacitor applications This work

efficient, sustainable, and practical alternative to conventional
purification methods.

3.2 Analysis of products following cleaning and reduction
processes

The surface area, phase composition, carbon structure, surface
morphology, and elemental distribution of the products (KG
flakes, C-rGO, and TKrGO) were analyzed at various stages
including cleaning, oxidation vie Hummers’ method, and
reduction using ascorbic acid (AA). These findings are dis-
cussed in detail below.

3.2.1 BET analysis. The Brunauer-Emmett-Teller (BET)
method was used to investigate the SSA and characterize the
porosity of the KG flakes. The surface area was investigated by
nitrogen gas adsorption. The surface-area-to-volume ratio of
the nanomaterials plays an important part in determining their
properties. As the particle size reduces, the ratio of surface area
to volume increases, providing a greater exposed surface for
interactions.?” The SSA of graphite from various sources, listed
in Table 3, shows that the SSA of KG flakes obtained in this
study is comparable to previously reported values.

Furthermore, BET analysis was also performed on GO,
C-rGO and TKrGO samples to determine SSA, pore volume,
and pore diameter and the summarized results are presented in
Table 4. The SSA and pore volume significantly influence the
electrochemical behaviours of these materials. Chemical acti-
vation, physical activation, template approach, and self-
assembly of graphene nanosheets are a few techniques used
to develop carbon materials with high SSA.*° The SSA of GO was
initially 3.8 m* g~ *. The SSA of C-rGO, produced by reducing
GO with ascorbic acid, was measured at 102.6 m* g .

Table 3 SSA of graphite materials obtained from different sources

Specific surface

Graphite source area (m* g™ ) Ref.
Natural flake graphite 2.34 3
Petroleum coke-derived graphite 1.50 28
Bamboo-derived graphite 2.50 28
Pitch-based graphite 3.00 28
Birch-derived graphite 3.20 28
Oak-derived graphite 3.30 28
Anthracite-based graphite 3.36 29

KG flakes recovered from BFADP 4.00 This work

5492 | Mater. Adv., 2025, 6, 5486-5505

Table 4 SSA and pore volume of KG, GO, C-rGO and TKrGO samples

Total Micro
pore pore Mesopore  Avg. pore
SSA Sgpr volume volume volume diameter
Sample (m?g™") (em’g™") (em’g’) (em’g’) (nm)
KG 4.0 0.023 0.001 0.022 11.50
GO 3.8 0.038 0.005 0.033 17.70
C-rGO 102.6 0.189 0.009 0.180 3.51
TKrGO-550 154.3 0.131 0.004 0.126 1.69
TKrGO-650 235.9 0.204 0.028 0.176 1.72
TKrGO-750 148.7 0.148 0.009 0.139 1.99
TKrGO-850 63.3 0.155 0.003 0.151 4.90

Further in this study, GO was chemically activated using
KOH at different temperatures to improve SSA. At 550 °C, it
increased significantly to 154.3 m” g !, about a 40-fold
improvement over GO. The highest SSA, 235.9 m”> g™, was
achieved at 650 °C, showing a nearly 60 times increase over GO
owing to maximum exfoliation at this temperature; however, it
remained significantly below the theoretical maximum of
2630 m” g~ ", This limitation arises from restacking the material
during synthesis, which effectively reduces the available surface
area. This is also evident from the N, adsorption isotherms
shown in Fig. 3. Beyond 650 °C, a decline in SSA was observed,
attributed to the release of CO, and CO from the carbon lattice
and partial combustion of the carbon skeleton, further decreas-
ing surface area.’"

The pore diameters are categorized by the International
Union of Pure and Applied Chemistry (IUPAC) based on their
sizes: micropores with diameters smaller than 2 nm, meso-
pores ranging from 2 to 50 nm, and macropores larger than
50 nm. Macropores support the penetration and wetting of
electrolyte ions. On the other hand, mesopores offer a sub-
stantial accessible surface area for ion movement and charge
storage, and micropores contribute by increasing the SSA of the
material.*?

Porous structures are typically characterized by the physical
adsorption of inert gases such as nitrogen or argon at low
pressures. The shapes of the resulting adsorption-desorption
isotherms reveal information about the pore sizes, which are
categorized into micropores, mesopores, and macropores.
Fig. 3 presents the N, adsorption-desorption isotherms of the
C-rGO and TKrGO samples, which correspond to Type IV
isotherms with an H,-type hysteresis loop. Type IV isotherms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are characteristic of mesoporous materials, featuring a hyster-
esis loop and saturation plateau at relative pressures (p/p,)
between 0.6 and 0.95. The hysteresis loop arose from capillary
condensation within the mesopores as the relative pressure
increased. At lower pressures, the isotherm resembles that of
macroporous materials, in which the surface is initially covered
by a monolayer. As the pressure increases to intermediate
levels, multilayer adsorption occurs, and beyond a certain
threshold, capillary condensation leads to a rapid increase in
the adsorbed volume. Once the mesopores are filled, additional
adsorption occurs on the limited external surface area. The H4
hysteresis at higher relative pressures (P/P,) is attributed to the
capillary condensation filling the mesopores and is typically
associated with narrow, slit-like pores.*® The hysteresis loops
present in the desorption isotherms confirm the presence of
slit-like micropores and mesopores within the sample struc-
ture, indicating a well-defined porous framework.**

The investigation revealed that carbonization temperature
plays a crucial role. Among the thermally activated samples, the
highest micropore and mesopore volumes were achieved with
TKrGO-650. This sample exhibited the highest BET surface area

(@)
*
26.3° ¥- Graphite
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= @ - Quartz (Si0,)
&
£
72}
=
s
=
[} A e
Al @ ® @
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20 (degrees)
Fig. 4 XRD patterns of (a) BFADP and (b) KG flakes after purification.
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(Sger) of 235.9 m*> g~', making it the optimal candidate for
further detailed characterization. Typically, an increase in SSA
is closely associated with the development of micropores, as
materials with high SSA often feature substantial micropore
volumes. Conversely, samples with reduced micropore
volumes, such as TKrGO-750 and TKrGO-850, demonstrated
lower SSA, as shown in Table 4. The micropore size distribution
plot is shown in Fig. S1 (ESIt).

3.2.2 X-ray diffraction analysis. XRD analysis was used to
determine the phase composition of the BFADP samples before
and after purification. It also helps ascertain the interlayer
spacing (d-spacing) and crystallite size of the samples. The
XRD patterns of the BFADP and KG flakes after purification are
shown in Fig. 4(a) and (b). Primary phases of crystalline
graphite, hematite (Fe,O;), calcium hydroxide (Ca(OH),), and
quartz (SiO,) were identified in the BFADP sample. The XRD
image of BFADP (before purification), shown in Fig. 4(a),
indicates that the carbon content is notably high, with a sharp
XRD peak observed at 20 = 26.3° corresponding to the (002) of
graphite with a d-spacing value of 0.349 nm and it exhibited a
well-ordered crystalline structure and graphitization.

After undergoing the series of purification processes
described in the Experimental section, several peaks related
to impurities were eliminated, as shown in Fig. 4(b), suggesting
the successful removal of impurities and effectiveness of the
purification process employed in our work. In BFADP, the
primary phase components were iron oxide, quartz, and gra-
phite. Following the purification process, graphite emerged as
the dominant phase, suggesting that the magnetic separation,
decantation, and HCI acid leaching employed in our work
effectively eliminated the impurities. Additionally, both before
and after purification, the XRD data exhibited similarity, with
the (002) diffraction peak near 26.3° displaying a sharp peak,
indicative of the high crystallinity of KG. After purification, a
slight shift in the (002) diffraction peak position to 26.2° was
observed, as shown in Fig. 4(b). The d-spacing (dqo,) values
before and after purification were calculated using eqn (1) and
were found to be 0.349 and 0.340 nm, respectively. Although

(b)
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=
S
£
w
=
S
£
(004)
54.5°
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the acid-leaching treatment caused a slight expansion in the
layer spacing, it remained near the interlayer spacing of gra-
phite (0.335 nm). The crystallite sizes of the KG flakes before
and after purification were calculated using eqn (2) and were
found to be 51.72 nm and 47.35 nm, respectively.

The identification of the lattice planes was performed using
JCPDS file no. 65-1528 and 75-1621.>° Upon oxidizing KG flakes,
XRD analysis revealed a sharp diffraction peak corresponding
to GO at approximately 20 = 9.72° with an interlayer spacing of
0.886 nm, indicating the complete oxidation of the KG flake
precursor, as shown in Fig. 5. This increased interlayer spacing
in GO compared to KG is ascribed to the inclusion of functional
groups such as hydroxyl, epoxy, and carboxyl groups related to
oxygen between the layers. Furthermore, the XRD pattern of GO
(Fig. 5(b)) showed a weak diffraction peak at around 20 = 42.3°,
suggesting the presence of a turbostratic band of disordered
carbon materials.””***®* The XRD analysis also validated the
reduction of GO. As shown in Fig. 5(b), the diffraction peak of
GO (26 = 9.72°) shifted to 20 = 26.65°, and the intensity
decreased after reduction to C-rGO with the aid of a reduction
agent. This shift was correlated with a reduced layer-to-layer
distance of 0.334 nm. The reduction process involved the
removal of functional groups related to oxygen, as evidenced
by the decrease in the interlayer distance from 0.886 nm to
0.334 nm. Similar results are observed for the GO samples that
were thermally reduced at 650 °C seen in Fig. 5(c). The data
obtained from the XRD analysis of the KG, GO, C-rGO, and
TKrGO-650 are shown in Table 5.

3.2.3 FTIR analysis. Fig. 6(a) displays the FTIR spectra of
KG, GO, and C-rGO, and the characteristic absorption bands
are summarized in Table 6. The lack of significant peaks in the
FTIR spectrum of KG indicates its chemical inertness.>® Multi-
ple functional groups are evident in the FTIR spectra of
the GO and C-rGO samples. Notably, the FTIR spectrum of
GO displays a distinct broad peak in the high-frequency range
from 3000 cm ™' to 3800 cm ™, related to the stretching and
bending vibrations of OH groups, indicative of water molecules
adhered to GO. Consequently, this suggests pronounced
hydrophilicity,*® a characteristic trait of GO. Furthermore, the

26.21°

M (c) TKrGO-650

26.65°
P |

9.72°

(b) C-rGO

Intensity (a.u)

N (a) GO

10 20 30 40 50 60 70 80
20 (degrees)
Fig. 5 XRD of (a) GO, (b) C-rGO and (c) TKrGO-650.
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Table 5 List of parameters derived from the XRD data

Sample 20 peak (°) d-Spacing (nm) Crystallite size (nm)
KG 26.20 0.340 47.350

GO 9.72 0.886 9.54

C-rGO 26.65 0.334 7.23

TKrGO-650 26.21 0.339 1.24

presence of a peak at 1583 cm ™, corresponding to the aromatic

C—C group, was observed in the GO samples. In GO, a strong
peak was detected at approximately 1717 cm™ ", corresponding
to the stretching vibration of carboxyl groups (-COOH). The
presence of these oxygen-containing groups indicated the oxi-
dation of graphite.*® GO is characterized by the presence of
oxygen functional groups in its basal plane. These groups,
which include epoxide, hydroxyl, carbonyl, and carboxyl moi-
eties, contribute to high oxygenation levels.*' The characteristic
peaks of GO either vanished or exhibited significantly lower
intensities after reduction. These findings strongly indicated a
substantial reduction in GO.

The FTIR spectrum of GO exhibited several distinct peaks: a
faint band at 2812 cm™ " corresponding to symmetric C-H bond
vibrations, a carbonyl C=0 stretching vibration at 1717 cm ™, a
C—C stretching vibration of unoxidized graphitic domains at
1583 cm ™', O-H bending at 1394 cm ™", C-O stretching of epoxy
groups at 1165 cm™ ', and C-O stretching vibration of alkoxy
groups at 1046 cm ™. These results validated the presence of
various oxygen-containing functional groups, including epoxy,
hydroxyl, carbonyl, and carboxyl groups, within the GO struc-
ture. Furthermore, the FTIR analysis corroborated the findings
of prior research.’>**>** The detection of oxygen-containing
functional groups, notably C—=0 and C-O, in the FTIR spectra
of GO provided additional evidence supporting the transforma-
tion of graphite into GO through oxidation.** FTIR spectro-
scopy also helps analyze the reduction process of GO. The
graph demonstrates a significant reduction in the intensities
of the peaks associated with oxygen-containing functionalities
in C-rGO compared to those in GO, indicating the successful
reduction of GO by ascorbic acid.**

The IR spectrum of TKrGO did not contain any absorption
bands corresponding to oxygen functional groups, indicating
complete reduction, as shown in Fig. 6(b).

3.2.4 RAMAN analysis. Raman spectroscopy is useful in
detailed examination of the structure of carbonaceous
materials.*® Fig. 7(a) shows the Raman spectra of the KG flakes
obtained after the purification of BFADP. The crystalline perfec-
tion of graphite materials is characterized by reduced defects.
Experimental confirmation of this high level of crystalline
perfection is established by the nearly ideal interplanar
d-spacing of 0.3354 nm obtained from XRD data and the low
intensity of the D-band observed in the Raman spectra.*®

The minimal intensity of the D-band at 1360 cm ™' in the
Raman spectra of the KG flakes shown in Fig. 7(a) indicates the
highest level of structural perfection. The G peak was observed
at 1581 cm™ ', indicating the in-plane vibrational mode of
graphitic carbon. The ratio of the intensity of the D peak to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Functional groups of FTIR analysis
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Fig. 7 Raman spectra of (a) KG, GO, and C-rGO, and (b) TKrGO samples.

that of the G peak (Ip/Ig) is a widely employed measure for
evaluating the prevalence of graphite structures within the
carbon matrix. A lower I/Ig value indicates a greater abun-
dance of ordered graphite structures within the carbon matrix
and a higher perfection of the sp> hybridized structure. For KG,
the Ip/Ig ratio was 0.04. Another characteristic feature observed
in the Raman spectra of KG flakes after purification is the 2D
peak around 2700 cm ', which indicates a highly ordered
graphite lattice and the existence of a graphene-like morphol-
ogy within the carbon matrix.>" After oxidation, a distinct
D band emerged at 1353 cm™ ' for GO, while the G band

broadened and shifted to a higher wavenumber at 1587 cm ™,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Raman shift (cm™)

as illustrated in Fig. 7(a). The increased intensity of the D band
indicates the formation of defect-like domains in the graphene
structure due to the presence of oxidative functional groups,
leading to a significant rise in the I/ ratio to 0.94. Further-
more, after reduction with ascorbic acid, the Raman spectrum
of C-rGO revealed an even higher defect density, with the Ip/Ig
ratio increasing to 1.19, as detailed in Table 7.

Additionally, a significant feature of graphite in the Raman
spectrum appears around 2700 cm ', which is used to assess
the structural properties related to c-axis orientation. This band
is highly sensitive to the number of layers (fewer than five
monolayers) and the stacking order of graphite along the c-axis.
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Table 7 Raman data of KG, GO and C-rGO

Sample Dband (em™') Gband (em™') Ip/lc 2D band (cm™?)
KG 1363 1581 0.04 2717

GO 1353 1587 0.94 2677.5, 2931.0
C-rGO 1353 1596 1.19 2688.6, 2949.8

For KG, a distinct 2D peak at 2717 cm ™" confirms the presence
of stacked graphitic multilayers. However, after undergoing
chemical oxidation, GO exhibits a weak 2D band, attributed
to significant structural modifications in the graphite lattice.
The incorporation of oxygen-containing functional groups
between the graphitic layers at both the basal plane and edges
disrupts the stacking order, resulting in a more disordered
structure.****

The Raman spectra shown in Fig. 7(b) of the TKrGO samples
revealed two primary characteristic bands between 1300 cm ™"
and 1600 cm ™. The G band is indicative of sp>-bonded carbon
atoms in the structure, and the D band signifies disorder in the
form of defects or amorphous carbon species. The intensity
ratio of the D and G bands (Ip/Ig) provides valuable information
about graphitization quality. According to the Raman spectra,
this ratio increased slightly with higher annealing tempera-
tures, from 0.97 in TKrGO-550 to 1.47 in TKrGO-850, alongside
a significant increase in the D band, as shown in Table 8. This

Table 8 Raman spectra of TKrGO samples at various temperatures
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trend suggests enhanced graphitization accompanied by an
increase in structural defects. While some sp” domains were
partially restored, oxygen reduction introduced additional
defects, resulting in smaller and more dispersed sp> domains.
Higher degrees of thermal shock promote more effective
reduction, yet functional groups such as carbonyl and epoxy
are removed as CO, and CO, leading to defect formation within
the lattice structure.*"

3.2.5 FESEM analysis. The surface morphologies of KG,
GO, and C-rGO were observed using FESEM. Fig. 8(a) shows
that the surface of KG has a large layered flaky morphology with
a stacked structure, and each layer is closely connected owing
to strong interlayer van der Waals interactions.

Unlike KG, graphite oxide depicted in Fig. 8(b) exhibits a
surface with irregular wrinkles, which might result from the
numerous functional groups introduced by the oxidation pro-
cess. The image reveals a curtain-like porous three-dimensional
overlapped structure, which is formed by the exfoliation and
restacking of GO. Moreover, the distance between the two layers
became larger than that of KG, which supports the XRD
results.”” These results confirm the successful oxidation con-
version of KG to GO. Fig. §(c) illustrates the highly wrinkled
structure of C-rGO compared with that of GO. These wrinkles
are attributable to distortions in the honeycomb lattice, which
contribute to the topographical features of the material.*®* Upon
the reduction of GO to C-rGO, the abundant functional groups
present were removed, consequently reducing their stability
and resulting in a wrinkled structure.*’

3.2.6 X-ray photoelectron spectroscopy (XPS). XPS analysis
is performed to evaluate surface compositions and carbon
hybridization states of the samples®> and was performed on
KG, GO, and C-rGO samples. XPS results of KG flakes revealed a
predominant peak corresponding to C 1s, alongside minor

Sample D band (cm ™) G band (cm ™) Ip/lg
TKrGO-550 1350 1600 0.97
TKrGO-650 1346 1590 0.99
TKrGO-750 1346 1594 1.34
TKrGO-850 1350 1590 1.47
Fig. 8 FESEM images of (a) KG, (b) GO, and (c) C-rGO.
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peaks indicating the presence of Fe 2p, Si 2p, O 1s, and S 2p, as
shown in Fig. 9(a). Notably, XPS did not detect other metallic
impurities because its sensitivity was limited to elements
located at the surface (<10 nm depth) of the materials. The
analysis indicated the presence of oxygen, which may have
originated from metal/non-metallic oxides and was consider-
ably higher than that of Fe, Si, and S. The XPS spectra of GO in
Fig. 9(a) show carbon and oxygen atomic percentages of 74.6%
and 24.3%, respectively, as shown in Table 9. After reduction of
GO using AA, the oxygen content decreased while the carbon
content increased for the C-rGO sample, raising the C/O ratio
from 3.1 in GO to 6.5.

Detailed information about the functional groups obtained
from the deconvoluted high-resolution C 1s XPS spectra for KG,
GO and C-rGO is shown in Fig. 9(b). The C 1s peak of KG was
deconvoluted into four distinctive peaks: C-H/C-C (284.5 eV),
C-0 (285.0 €V), C—0 (284.1 €V), and -COOH (285.82 eV), with
respective contents of 60%, 26%, 19%, and 14.00%. Similar
findings have been previously reported in the literature.® The C
1s spectrum of GO (Fig. 9(b)) shows a saddle-like shape,
indicating a high level of oxidation. It is also an indication
that GO consists of atomically thin carbon sheets with sp* and
sp® hybridized carbon atoms, bonded to functional groups.®
The deconvoluted XPS spectra of the GO and C-rGO spectrum

Table 9 Elemental surface analysis (atomic wt%) and carbon to oxygen
atomic ratio of graphene oxide (GO) and C-rGO

Sample C o C/O
GO 74.6 24.3 3.1
C-1GO 81.7 12.5 6.5

© 2025 The Author(s). Published by the Royal Society of Chemistry

Binding energy (eV)

Binding energy (eV)

(a) XPS spectrum of KG, GO and C-rGO (top row), and (b) deconvoluted XPS spectra of C 1s for KG, GO and C-rGO (bottom row).

have five distinct peaks at binding energies of 283.6, 284.2,
284.8, 286.1, and 286.5 eV, corresponding to C—C, C-C, C-O
(hydroxyl and epoxy), C—=O0 (carbonyl), and O-C=0 (carboxyl)
functional groups, respectively.*

Initially, during the reduction process, we observed that the
carbonyl groups were first converted into C-O bonds. This
transformation is evident when comparing the C-rGO sample
with the GO sample; there is a rapid decrease in the peak
around 284.8 eV. In contrast, the O-C—O0 peak was absent after
reduction in the C-rGO sample, as shown in Fig. 9(b). It can also
be seen that the hydroxyl and epoxy peaks are very weak in C-
rGO compared to GO. It can be interpreted that these func-
tional groups were reduced. This change generally indicates the
transformation of GO to C-rGO, resulting in enhanced electrical
conductivity and improved material properties.>® It is also
observed that for the C-rGO sample, the high-resolution C 1s
spectra revealed a shift from the double peak observed in
pristine GO to a single sharp peak, signaling the restoration
of sp®> bonding in the graphene structure. Additionally, the
peaks associated with the oxygen functional groups diminished
in intensity in the deconvoluted C 1s spectra for C-rGO.

3.2.7 High resolution transmission electron microscopy
(HRTEM) analysis. The morphological and microstructural
characteristics of KG, GO, C-rGO, and TKrGO-650 were exam-
ined using HRTEM. Crystalline lattice patterns were also exam-
ined using this analysis. The TEM images of KG, GO, C-rGO,
and TKrGO-650 at lower magnification are shown in Fig. 10 (top
row). The HRTEM image of KG revealed a layered structure,
which is one of the defining features of graphitic materials. The
HRTEM image of GO reveals several layers of microstructures
characterized by abundant wrinkles and a fluffy morphology
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TKrGO650

Fig. 10 TEM image (top), HRTEM images depicting the fringe pattern (middle), and SAED pattern (bottom) of KG, GO, C-rGO, and TKrGO-650.

reminiscent of a delicate curtain.”® C-rGO and TKrGO-650
exhibited a wrinkled, paper-like morphology with sheet-like
structures. The transparency of these layers confirmed success-
ful exfoliation, indicating that each layer consisted of only a few
graphene sheets. A large, single, transparent sheet with low
contrast was observed at higher magnification and was folded
at the edges. Overall, the TEM images showed thin, transparent
nanosheets with flat graphene films characterized by wrinkled
and scrolled structures. The C-rGO and TKrGO-650 nanosheets
are irregular and frequently folded.>® HRTEM micrographs
depicting the fringe patterns of KG, GO, C-tGO, and TKrGO-
650 are shown in Fig. 10 (middle row). The TEM micrographs of
the KG flakes revealed distinct parallel fringes, sharing the
same characteristic features as those observed in natural or
synthetic graphite.>® This also provides additional information
about the inter-planar distance dy, for the KG material, which
is measured to be 0.34 nm, which is the same as determined
from the XRD data. The fringe patterns of GO indicate
increased defects and disorder owing to loosening of the
interlayer spacing.

Selected-area electron diffraction (SAED) patterns of KG, GO,
C-rGO and TKrGO-650 are shown in Fig. 10 (bottom row). The
SAED pattern of KG demonstrates an ideal hexagonal-phase
crystal structure, indicating a highly crystalline structure, which
is consistent with the results obtained from XRD and Raman
spectroscopy.” The SAED pattern of GO shows the polycrystal-
line nature of the sample, attributed to the presence of sp’
carbon atoms formed during the oxidation process.’® The
diffused, continuous, and thick circular rings observed in the

5498 | Mater. Adv., 2025, 6, 5486-5505

SAED pattern confirm the disordered structure of C-rGO and
TKrGO-650.°"°% The distinction between crystalline KG, and
amorphous TKrGO-650 is evident from the SAED patterns.

3.3 Electrochemical characterization

The C-rGO and TKrGO samples were used to fabricate the
electrodes of EDLCs. They were then characterized by CV, EIS,
and GCD tests to assess the relationship between their struc-
tural characteristics and EDLC performance. These tests pre-
sent a valuable method for assessing capacitive behavior,
electrochemical stability, and specific capacitance of a device.
Cyclic voltammetry (CV) is a widely used technique for evaluat-
ing capacitive behavior and differentiating between non-
faradaic and faradaic reactions. Initially, CV measurements
for C-tGO were performed at a scan rate of 5 mV s~ ' across
multiple voltage windows, as illustrated in Fig. S2 (ESIf). The
cell demonstrated stable performance up to 1 V, beyond which
distortions were observed, leading to the selection of 0-1 V as
the optimal voltage window.

Fig. 11(a) shows the CV profiles of all EDLCs in the potential
window of 0 V to 1 V at 5 mV s~ scan rate. The CV curve of the
EDLC incorporating the C-rGO sample exhibited a larger
enclosed area, indicating an enhanced charge storage capabil-
ity. Using eqn (3), the specific capacitance from CV analysis at
5mV s " was calculated for the C-rGO and TKrGO samples, and
the data are presented in Table 10. The data highlights a
significant improvement in the specific capacitance of the
EDLC fabricated with C-rGO compared with that of the TKrGO
samples. Remarkably, the C-rGO sample produced through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) CV, (b) EIS and (c) GCD graphs of C-rGO and TKrGO samples.

Table 10 Specific capacitance results from CV analysis at 5 mV st

Device Specific capacitance (F g~ *)
C-rGO 112
TKrGO550 36
TKrGO-650 46
TKrGO-750 12
TKrGO-850 10

ascorbic acid reduction exhibited a two-fold increase in specific
capacitance. This improvement is likely due to better ion
adsorption behavior, which is influenced by its optimal pore
size (between 2 and 5 nm). When an electric field is applied,
oppositely charged external ions are electrostatically adsorbed
onto the pore surfaces, forming an electric double layer (EDL).
When the pore size is comparable to the thickness of the EDL,
the layers begin to overlap.® If the micropores are smaller than
2 nm, this overlapping effect disrupts the EDLC behavior,
leading to a loss of capacitance. Furthermore, previous research
has shown that the presence of mesopores, particularly those in
the 2-5 nm range, significantly enhances capacitance by facil-
itating better ion diffusion and charge storage.®®®' Further-
more, the low defect ratio of C-rGO, as confirmed by Raman
analysis, played a crucial role in preserving its structural
integrity and enhancing the performance of the EDLC. In
contrast, while TKrGO samples achieve a higher SSA, they
compromise the critical functional surface properties and pore

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accessibility, which are essential for efficient EDLC applica-
tions. This underscores the importance of structural and func-
tional optimization in achieving outstanding electrochemical
performance.®

Fig. 11(b) shows the Nyquist plots produced using the C-rGO
and TKrGO samples paired with the KOH electrolyte. These
spectra indicate that the cells do not exhibit the characteristic
behavior of ideal capacitors (i.e., a vertical response at low
frequencies). However, the response of the EDLC with the C-
rGO sample approached ideal behavior, which can be attribu-
ted to its pore size being within the optimal range of 2-5 nm. In
contrast, the other samples with pore sizes smaller than 2 nm
deviated further from the ideal capacitive behavior. It is evident
that the increased pore width of the C-rGO sample affects the
diameter of the semicircle observed in the high-frequency
region of the Nyquist plot, which is known as the charge-
transfer resistance. This semicircle arises from the interfacial
impedance between the electrode and electrolyte. The dia-
meter, which is influenced by ionic mobility, serves as a
measure of ionic resistance. As the pore size increased, both
the ionic resistance and equivalent series resistance (ESR)
decreased. This reduction signifies enhanced ion transport
between the electrode and electrolyte, as well as a lower overall
resistance for the EDLC utilizing the C-rGO sample. In contrast,
for the TKrGO samples, the resistance to ion movement was
significantly higher because of the restricted pore sizes, which
were smaller than 2 nm. These smaller pores hinder efficient
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Table 11 Results from GCD analysis at 0.1 mA gt

Device Cs(Fg™) E (Whkg ") P (Wkg )
CrGO 85.3 7.7 97
TKrGO-550 37.1 4.4 186
TKrGO-650 61.9 6.5 176
TKrGO-750 8.8 1.1 184
TKrGO-850 2.8 0.3 180

ion transport, increasing ionic resistance and giving less favor-
able electrochemical performance.®®

The charge-discharge process of the EDLC in this study was
evaluated using the GCD technique. Fig. 11(c) presents the
charge-discharge profiles of the EDLC with C-rGO and TKRGO-
650 electrodes. The linearity of the discharge slope confirms
the characteristic capacitive behavior of the EDLCs. The spe-
cific capacitance (Cs), energy, and power density of the EDLC
were determined from the charge-discharge curves using
eqn (5)-(7), and are tabulated in Table 11.

Further detailed electrochemical analysis was performed on
the C-rGO sample, which exhibited the highest specific capaci-
tance. The analysis included CV, GCD, EIS, and cycling stability
tests. Fig. 12(a) shows the CV pattern of the fabricated EDLC
with C-rGO electrodes. The investigations were conducted
under ambient conditions at different 5, 10, 20, 50, and
100 mV s~ '. The CV curves show a typical quasi-rectangular
shape, which is characteristic of EDLC devices with good

View Article Online
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symmetry, even at higher scan rates. The specific capacitance
of the devices was calculated at various scan rates and is
tabulated in Table 12. Since the electrolyte ions have ample
time to penetrate the active sites on the electrode surface at low
scan rates, the specific capacitance is high. Conversely, at
higher scan rates, the limited migration of electrolyte ions
hampers diffusion activity, rendering many active surfaces of
the electrode inaccessible for charge storage, which leads to a
lower specific capacitance. The highest specific capacitance
calculated for the device was 112 F g~ " at 5 mV s "

Fig. 12(b) shows the GCD curves at different current densi-
ties. This test was performed in the potential range of 0-1 V.
This observation revealed an almost linear discharge slope,
indicating capacitive behavior at the electrode surfaces.®* The
specific capacitance was determined by analyzing the slope of
the discharge curve. GCD curves provide the necessary data for
calculating the specific capacitance, energy density, and power
density values. These calculations are performed using eqn (5)-
(7), and the results are shown in Table 13.

The internal resistance of the SC device was assessed by EIS
analysis and Nyquist plots. Fig. 12(c) shows the Nyquist plot,
where the starting point represents the bulk electrolyte resis-
tance, denoted as R, whereas the semicircle observed at high
frequencies corresponds to the charge-transfer resistance,
denoted as Rcr. At low frequencies, the steep slope indicates
significant charge accumulation at the electrode/electrolyte
interface caused by the presence of free ions, indicating EDLC
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Fig. 12 Electrochemical characterization of the EDLC device with the C-rGO electrodes: (a) cyclic voltammogram, (b) GCD and (c) EIS plots.
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Table 12 Specific capacitances result from CV analysis for EDLC with
C-rGO electrodes

Scan rate (mV s~ ) Specific capacitance (F g~ 7)

5 112
10 76
20 53
50 30
100 18

Table 13 Specific capacitance (C), energy (E), and power (P) densitie
values calculated from GCD data

Current density (mA g™ ") Cs(Fg') EMWhkg) PWkg"
0.1 85.3 7.7 97
0.2 73.2 6.5 112
0.3 64.8 5.8 128
0.4 59.1 4.9 140
0.5 49.7 4.6 164

formation and capacitive behavior of the SC. The equivalent
circuit of the impedance spectra (shown in the inset of
Fig. 12(c)) comprises an ohmic serial resistance R, in series
with a parallel combination of charge transfer resistance (Rcr)
and a constant phase element (CPE,;) followed by another
constant phase element (CPE,) in series. The R; is determined
from the intersection of the Nyquist plot with the real axis at the
highest frequency, representing the internal resistance of the system,
including contributions from the electrolyte, connecting wires, and
their junctions. The Rcr which arises at the electrode/electrolyte
interface, is inferred from the diameter of the depressed semicircle
observed on the real axis of the Nyquist plot. According to this
model, the SC device displayed the lowest internal resistance of
0.56 Q and a notably small semicircle, with an R¢r value of 18.53 Q,
which is potentially attributed to enhanced electrode-electrolyte
contact, as depicted in Fig. 12(c).

The stability of the electrode material is a critical factor in
assessing the performance of an energy storage device (ESD).
Fig. 13(a) shows the cycling stability of the assembled EDLC
over 1000 cycles at a current density of 0.2 mA g~ '. Because
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charge storage in this EDLC occurs through a physical process
involving the reversible adsorption and desorption of ions at
the electrode/electrolyte interface, it does not undergo chemical
charge transfer reactions or phase changes during charge-
discharge cycles. Consequently, the capacitance remained
highly stable over extended cycling, with minimal degradation.

Another essential parameter for evaluating the cycling sta-
bility of an EDLC is the coulombic efficiency (1), which is
calculated using the formula: y :tt—dx 100, where tq and ¢,

C

represent the discharge and charge times, respectively. The
coulombic efficiency of the EDLC over 1000 cycles, as illustrated
in Fig. 13(a), remained consistent, indicating stable perfor-
mance during extended cycling. A higher coulombic efficiency
typically indicates strong electrode—-electrolyte interactions and
minimal energy loss, demonstrating the electrochemical relia-
bility and durability of the device.

Ragone plots, shown in Fig. 13(b), were utilized to illustrate
the relationship between energy density and power density of
the EDLC device. These plots provide valuable insights into the
trade-off between the amount of energy stored and the rate at
which it can be delivered, helping evaluate the efficiency of the
device in real-world applications. The energy density and power
density of an EDLC are determined using eqn (6) and (7), which
quantify the storage and delivery capabilities of the system,
enabling direct comparison of the performance of the EDLC
with other energy storage technologies, such as batteries and
conventional capacitors. The EDLC demonstrated a maximum
energy density of 7.7 Wh kg ' and a power density of 97 W
kg~ '. These energy density values are comparable to those of
commercially available EDLCs, which typically range from 5 to
8 Wh kg '.°° These values indicate the device’s capability to
store and deliver energy efficiently, making it suitable for high-
power applications.

3.4 Effect of specific surface area and porosity of C-rGO and
TKrGO samples on EDLC capacitance

The correlation between the specific capacitance and BET
results reveals that samples with smaller pore diameters,
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Fig. 13 Plots of (a) efficiency and specific capacitance, (b) energy and power density values of EDLC with two electrodes containing 1 mg cm? of CrGO

at a current density of 0.2 mA gt for 1000 cycles.
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particularly micropores less than 2 nm, exhibit reduced specific
capacitance due to limited ion accessibility. For example,
although TKrGO-650 has the highest Sggr owing to its larger
micropore volume, its specific capacitance remains low
because of the predominance of smaller pores ~1.72 nm
(<2 nm), which restricts ion transport. Additionally, the results
indicate that pores within the 2-5 nm range are optimal for
enhancing the capacitance, as seen in the C-rGO sample, which
has a pore diameter of 3.51 nm. This finding is consistent with
those of previous studies.’*®® Despite its low SSA, C-TGO
exhibited a higher capacitance than TKrGO-650. To investigate
this, the pore size distributions of all the samples obtained from
the BET analysis were analyzed (see Table 4). The results indicated
that all samples with a lower specific capacitance had a pore size
of <2 nm. Micropores (<2 nm) in carbon materials hinder
charge transfer and reduce conductivity, while also lowering
electrode density. When an electric field is applied, oppositely
charged external ions are electrostatically adsorbed onto the pore
surfaces, forming an electric double layer (EDL). When the pore
size approaches the electric double-layer (EDL) thickness, over-
lapping occurs. In micropores smaller than 2 nm, this overlap
disrupts the EDLC mechanism, leading to reduced capacitance.>
Although a higher surface area can improve capacitance in
EDLCs, excessive microporosity limits conductivity and overall
performance. Compared to the other samples, the C-rGO sample
showed more pores that developed around 4 nm.®” These findings
underscore the importance of balanced pore size distribution and
optimal pore diameters for achieving superior performance in
EDLCs, a conclusion supported by several prior studies.”*®

4 Conclusion

The study demonstrated a simple, cost-effective, and scalable
approach to retrieving KG flakes from blast furnace dust using
magnetic separation, decantation, and acid leaching, yielding
highly crystalline flakes comparable to natural graphite.

e Repurposing KG flakes provides a sustainable alternative
to natural graphite, advancing waste utilization and minimiz-
ing ecological impacts.

e KG-derived graphene oxide was successfully synthesized
and reduced to C-rGO using an eco-friendly ascorbic acid
method. KOH activation of this sample at 650 °C (TKrGO-650)
further enhanced its porosity and specific surface area.

e C-rGO exhibited the highest specific capacitance (112 F
g~ 1), while TKrGO-650, despite higher pore volume and specific
surface area, showed lower capacitance (46 F g~ ') due to
excessive microporosity (<2 nm) limiting ion accessibility.

e This study emphasizes the critical role of optimizing pore
size distribution in electrode materials for improving electro-
chemical performance in supercapacitor applications.
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