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ABSTRACT A UV, visible and NIR range irradiation responsive magnetite/graphite nanoplatelets composite
was successfully synthesised via a single-step facile in-situ electrochemical exfoliation method using
natural vein graphite. The spectral analysis revealed that as-synthesised photocatalyst could rapidly degrade
the organic dyes with 96.1, 78.0 and 82.6 % efficiency in 120 minutes under respective UV, Visible,
and NIR ranges of the electromagnetic spectrum. The formation of the magnetite-graphite nanoplatelet
(GNP) nanocomposite was verified with X-ray diffraction (XRD), Fourier transform infrared absorption
spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) anal-
ysis. The scaffold of highly electrically conductive GNP helps magnetite nanoparticles for the efficient
distribution of photoinduced electrons generated by the photocatalytic activity to participate in the pho-
todegradation of organic dyes, through rapid superoxide radical formation. The current work presents a
hypothesized mechanism for the photocatalyst composite synthesis, while a thorough discussion was made
on the improvements in photocatalytic degradation kinetics under multiple irradiation conditions through
the synergy of the magnetite and GNP. High efficiency, low-cost facile synthesis, easy up scalability, and the
easy removal of the catalyst as needed via an external magnetic field can be identified as major benefits of
as-synthesised green catalyst, which can be readily used in dye pollutant removal and wastewater treatment
applications.

INDEX TERMS Magnetite graphite nanoplatelets, electrochemical synthesis, photocatalysis, dye pollutants,
wastewater treatment.

I. INTRODUCTION optics, electrochemical, etc. [1]. The application of semi-
Semiconductor metal oxide nanoparticles have been used in conductor metal oxide nanoparticles as a photocatalyst is
many applications in solar energy harvesting, electronics, one of the significant areas in solar energy harvesting. It is
capable of modifying the photoreaction while absorbing

The associate editor coordinating the review of this manuscript and light from the surrounding. However, there are common
approving it for publication was Santosh Kumar . drawbacks when semiconductor metal oxide nanoparticles

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
68912 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023


https://orcid.org/0000-0003-1300-7802
https://orcid.org/0000-0001-7217-1915
https://orcid.org/0000-0001-9313-6481
https://orcid.org/0000-0001-7183-406X
https://orcid.org/0000-0001-8644-7396
https://orcid.org/0000-0003-0942-681X
https://orcid.org/0000-0003-2327-1623
https://orcid.org/0000-0003-4149-0096

S. A. L. Sameera et al.: Enhanced Wide Spectrum Photocatalytic Activity

IEEE Access

act as photocatalysts, such as low conductivity and high
recombination of photogenerated electrons, which reduces
the catalytic efficiency [2], [3]. Graphene related materials
are widely used to overcome the problems in semicon-
ductor metal oxide nanoparticles as the superior electrical
conductivity in graphene is beneficial to have an enhanced
the electron-accepting and transporting properties of the
composite. Therefore, when semiconductor metal oxide
nanoparticles are hybridised with graphene into nanocom-
posites, it increases the removal of photogenerated electrons
from the semiconductor surfaces via the w—m electron inter-
actions while reducing the electron recombination processes
in the semiconductor materials [4]. In addition, aggregation
due to the Van der Waals interaction between the graphene
layers can also be prevented with the composite formation
of graphene and metal oxide nanoparticles as the metal oxide
nanoparticles occupy the space in between the layers, increas-
ing the composite materials’ surface area. As a result, the
photocatalytic effect of the graphene-based semiconductor
metal oxide nanocomposites has been improved [4].

Furthermore, iron oxide (IO) is one of the widely used
visible light active photocatalysts in solar energy harvest-
ing applications [5], [6]. Fe304 and maghemite(y-Fe;O3)
are magnetic materials because of their ferromagnetic prop-
erties [7]. Fe304 contains oxide forms of both Fe?t and
Fe3t ions (FeO.Fe;03) and can be both an n-type and
p-type semiconductor with a 2.5 eV band gap [8]. Because
of the fast electron sharing of both iron species, the elec-
trical resistivity of FezO4 is lower than other iron oxides;
therefore, it is considered a half-metal [8]. Also, the Fenton
reaction and Haber—Weiss reaction cycles are more prominent
in Fe3Oy. therefore, hydroxyl radical generation is faster
in Fe3O4-based photocatalysts than in other IO nanoparti-
cles [9], [10]. Therefore, photocatalytic effect of the iron
oxide nanoparticles has successfully been used to degrade
organic contaminants in wastewater [11].

Graphene and its derivatives are widely used support-
ing materials to enhance the magnetic IO nanoparticles’
adsorption capacity and photocatalytic activity. For instance,
as graphene oxide (GO) and reduced graphene oxide (rGO)
are graphene derivatives used to prepare I0/GO and 10/rGO
nanocomposites, respective. adsorption capacities of organic
and inorganic water pollutants of both IO/GO and 10/rGO
nanocomposites were reported to be higher than that of the
10 nanoparticles [12], [13]. Among other IO nanoparticles,
Fe304 has the fastest photocatalytic activity and, Fe3O4 has
widely been combined with graphene and its derivatives to
synthesise nanocomposites for practical applications. Even
though Fe3O4 NPs/ GO composite can significantly increase
the photocatalytic activity [14], [15], the activity will not
sustain as the GO flakes in the nanocomposite are subject to
further oxidisation due to the degradation of GO under the
Photo-Fenton reaction [16]. To overcome this GO decompo-
sition in Fe304/GO nanocomposite, rGO has been employed
instead of GO as a less oxidative graphene derivative which
helps to delocalise excited electrons through the conductive
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graphene layer since rGO is a conductive material. Therefore,
electron delocalisation decreases with the oxidation level of
the graphene. This can be easily understood by analysing
the variation of magnetisation of the Fe3O4 nanoparticles.
Magnetization is significantly reduced with the conductivity
of the graphene derivatives in the nanocomposite because it
allows delocalisation of the 3d electron via charge transfer
from iron to graphene [17]. For instance, literature mentioned
that the magnetic dispersibility of Fe304 with rGO is higher
than disperse of Fe304 with GO [18].

As discussed above, many efforts have already been
attempted to develop a synthetic route for the fabrication
of rGO/ Fe304 instead of GO/Fe3O4 to acquire superior
photocatalytic activity and excessive fabrication yield. Some
of the examined routes are the hydrothermal /solvothermal
method, deposition via electrochemical and electrophoresis
processes, chemical electrolysis deposition, and deposition
via physical contact and mixing [4], [19], [20]. Each syn-
thesis method has its own advantages and limitations [4],
[19], [20]. However, limited studies have been carried
out for the photocatalytic nanocomposites of Fe3;O4 and
graphene/ graphite nanoplatelets electrochemically exfo-
liated or physically exfoliated. One-step electrochemical
exfoliation employed in this work has the novelty of func-
tionalizing graphite nanoplatelets (GNP) from natural vein
graphite and simultaneously combining them with Fe3O4
nanoparticles to produce magnetically active GNP (MGNP)
nanocomposite using hazardous-free chemicals, whereas
most of the previous studies required two-step processes
and/or harsh chemicals.

Further, the as-synthesized MGNP catalyst has exhibited
wide-band photocatalytic activity in the different domains of
the solar spectrum against UV, Visible, and NIR radiations
over the magnetite catalyst indicating its superiority over
GNP. Especially the degradation of methylene blue (MB)
by 82.6% in 120 minutes under NIR is one of the very
impressive findings during the study. In addition, a hypoth-
esized mechanism is also introduced on the synthesis route
of the novel MGNP catalyst. The ability to remove the cata-
lyst from a solution after treatment easily is also beneficial
for its practical use. Furthermore, the method involves the
use of natural resources, hazardous-free chemicals, and a
cost-effective eco-friendly synthesis approach, which could
motivate its scalability and commercial viability as well as
sustainable value-addition to natural resources.

Il. EXPERIMENT

A. ELECTROCHEMICAL SYNTHESIS OF MGNP

A mixture of 0.002 moles of Fe?* and 0.004 moles of Fe3+
ions was mixed in 100 ml of deionised water. The anode
electrodes made from Sri Lankan vein graphite and cathode
electrodes made from stainless steel (SS) were immersed
in the prepared 350 mL of 5 M NaySO4 solution. The
distance between the anode and cathode was around 4 cm
and remained constant throughout the electrochemical pro-
cess. To expand the graphite layers, 2 V were applied for
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30 minutes through two electrodes. After 30 minutes, the
potential was increased to 10 V to begin the exfoliation.
In parallel, 100 mL of FeZt/Fe3* ions mixture was added
dropwise to the NaySOy4 solution for 4 h to the reaction
mixture. After that, it was stirred continuously for 12 h to
complete the synthesis of magnetic graphene. Thereafter, the
obtained black colour in the reaction mixture was collected
and washed several times with deionised water via a vacuum
filter. After MGNP was dried in a vacuum oven, it was used
to characterise and test its photocatalytic activity. The whole
experiment was repeated for the control setup without adding
the Fe?>*/Fe3* ion mixture and obtained GNP to compare
with the synthesised MGNP.

B. CHARACTERIZATION OF THE SYNTHESISED MATERIAL
A crystallographical study was carried out by X-ray diffrac-
tion (XRD) (model: Bruker D4 X-ray scattering system with
Ni-filtered Cu Ko« radiation) in the range of 15 — 75°.
Raman spectra were recorded from 500 to 3500 cm~! on
Senterra Bruker Raman Microprobe using a 532 nm, 10 mW
laser and 100X objective lens to determine the quality of
the graphene structure in MGNP and GNP. Then functional
groups in the synthesised MGNP and GNP were analysed
by Fourier Transform Infrared (FTIR) Spectroscopy with
the Bruker Vertex80 in the range of 500 — 4000 cm~! of
wavenumber in ATR mode. External topologies and internal
morphologies of the synthesised materials were identified
by transmission electron microscopy (TEM) (model: Jeol
2100 microscope), and scanning electron microscopy (SEM)
model: (Hitachi SU6600 microscope), respectively. Addi-
tionally, atomic force microscopy (AFM) (model: The Park
Systems XE 100 instrument) was used to estimate the
surface roughness, and to investigate the thickness of the
MGNP nanocomposites as well. The XPS measurements
were obtained using a Scienta ESCA 200 spectrometer in
an ultrahigh vacuum with a base pressure of 10~!0 mbar to
investigate the bond formation and to calculate the band gap
of the MGNP nanocomposite. Thermo gravimetric analysis
(TGA) was performed to examine the variation of composite
mass with the temperatures.

C. INVESTIGATION OF PHOTOCATALYTIC ACTIVITY

The methylene blue (MB) and reactive yellow dyes (RYD)
were used as model dyes to evaluate the photocatalytic degra-
dation of the synthesised MGNP nanocomposites. 4 mg of
each of the MGNP catalysts were dispersed in 50 mL of
each of the 20 ppm dye aqueous solutions, separately. The
catalyst suspensions were stirred for 5 min under dark condi-
tions, and the photocatalytic tests were carried out separately
at room temperature under UV (using 254 nm UV lamp),
Visible, and NIR (up to 900 nm) radiation conditions. The
distance between the lamp and the base of the beaker was kept
at 25 cm. Each experiment was conducted for 120 minutes
with 3 mL sample aliquots taken out to analyse dye concentra-
tion. At the end of the time intervals dispersed catalysts were
magnetically separated by using an external magnet from the
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exposed samples and sample was filtered before analysing
under UV-visible spectroscopy. All the experiments were
triplicated to produce concise results. Similar experiments
were conducted under dark conditions to investigate the dye
adsorption effect of the synthesised nanoparticles. The dye
degradation efficiency of the catalyst was calculated using (1)
given below [21].

Ge = C0=Ce 1009 (1)

Co

where g, is the efficiency of dye degradation, Cy is the
initial concentration, and C, is the concentration of dye after
irradiation by light.

Ill. RESULTS AND DISCUSSION

A. FORMATION OF GNP AND MGNP

The electrolysis of water is the cause of the exfoliation
of graphite into GNP during the synthesis process. Water
molecules splitinto hydrogen and oxygen gases at the cathode
and anode, respectively, when the applied electrical potential
is greater than the standard electrolysis potential (i.e. 1.5 V)
of the water [22]. These essential reactions are shown in
the schematic representation of the experimental setup in
Figure la. The figure depicts the cathodic reaction, which
produces oxygen, and the negatively charged stainless steel
(SS) cathode, which produces hydrogen gas bubbles and
hydroxyl ions with the applied voltage of 2.0 V for 30 min.
Due to the continuous electric field, these hydroxyl ions
are attracted to positively charged graphite anodes and are
trapped between interlayers in the graphite anode and oxi-
dised while producing gaseous oxygen (O3). As a result of
this O, evolution, the graphite’s interlayer distance increases.
However, it is difficult to obtain rapid exfoliation in water to
obtain GNP while breaking the expanded sheets into small
pieces because of the low electrical conductivity of the water.
Therefore, some acids and salts have been used as electrolytes
to improve the electrical conductivity of the reaction medium
via better electron transformation. This increases the oxygen
evolution rate at the anode.

Additionally, anions in the electrolyte, such as sulfate
anions, fluoride anions, and metal halides, intercalate to the
positively charged graphite anode and enhance the layer
expansion. In addition to aqueous electrolyte solutions of
inorganic acids and salts, sulfate-ion-based electrolytes such
as HySOy4, (NH4)>SOy4, NapSQOy4, and K>SOy have also been
widely used because SOﬁ_ ions act as a catalyst to enhance
the evolution of oxygen at the positively charged electrode.
According to reaction (2), intercalated SOi_ ions can be
oxidised into 8205_ at the anode. However, in an aqueous
medium, SOi_ oxidation reaction (02) is blocked by oxidis-
ing water into O, (reaction 3) because the standard redox
potential of SOi_ (+2.01 V) is higher than the standard redox
potential of water (1.5 V).

Reaction 4 shows the oxidation of SO?[ ion to SO, ion,
and the produced SO, ions oxidise water molecules (see
reaction 5) by generating Oy gas quickly at the anode, while
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FIGURE 1. Schematic representation of (a) the experimental setup and reactions involved in the synthesis of MGNP and (b) Schematic overview of

anodic exfoliation and functionalization mechanisms of GNP and MGNP.

the oxidised SOZ_ ions are reproduced as catalysts in the
medium. Because of this rapid oxygen generation at the
graphite anode, SOi_ based electrolytes are more efficiently
exfoliated graphite into graphene.

2807 (aq) = S205 (aq) + 2e )
2H,0(1) = Oa(2)+4H (aq) + 2¢ 3)
SO3 (aq) — SO; (aq) +e 4)

450, (ag)+2H0(1) — 4502_(aq)+02(g)+4H+(aq) 5)

As explained above, the rapid exfoliation of graphite starts
with applying 10 V due to the rapid evolution of O, gas
between layers of graphene. This study provides a novel
one-step method to produce magnetic graphene composites.
While a 10 V constant potential is applied, a mixer of Fe?*
and Fe3* ions is added slowly. These positive ions get chemi-
cally bind to exfoliated layers of graphene flakes through the
functional groups present in the exfoliated graphene flakes.
Then OH™ ions produced at the cathode react with bonded
Fe?" and Fe*" ions, releasing graphene flakes when travel-
ling to the anode. After the reaction between Fe** and Fe3*
ions and OH™ ions, iron hydroxides of Fe?>* and Fe3* iron
species are deposited on the graphene flakes. The chemical
reactions for these reactions are shown as reactions (6 and 7).
Finally, deposited iron hydroxides on graphene flakes react
with each other and convert them into magnetite nanoparti-
cles according to the reactions (8 and 9) and reaction medium
conditions.

The schematic diagrams shown in Figure 1 clearly illus-
trate the experimental setup and functionalisation mechanism
of MGNP synthesis. The formation of FezO4 as magnetic
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nanoparticles on the exfoliating graphene flakes is described
in the material characterisation section. The photocatalytic
activity of the synthesised composites is discussed under the
dye degradation results in the Section.

Fe”"(aq)+20H ™ (aq) —Fe(OH),(s) (©6)
Fe** (aq)+30H™ (aq) —Fe(OH)5(s) (7
Fe(OH);(s) — FeOOH(s)+H,O(1) 8)

Fe(OH),(s) 4+ 2FeOOH(s) —Fe304(s)+2H,0()  (9)

B. XRD CHARACTERISATION OF MATERIALS

XRD patterns of produced Fe3O4, MGNP, and GNP are
given in Figure 2a. The XRD pattern in Figure 2a agrees
with the FezO4 standard peak positions of JCPDS card no.
19-0629. Various peaks of the Fe3O4 sample are observed
at 260 values of 18.3°, 30.1°, 35.2°, 43.1, 53.6°, 56.9°, and
62.5° due to miller index reflections of (111), (220), (311),
(400), (422), (511) and (440), respectively. Also, the XRD
pattern given in Figure 2a agrees with the GNP standard peak
positions of the standard XRD pattern of Graphite (JCPDS
card no. 41-1487) [23]. The XRD peaks of the GNP sample
are found at 20 values of 26.1°, 44.4° and 54.3° which are
due to the reflection from the basal planes of (002), (100),
and (004), respectively, which is identical in JCPDS card,
file no. 41-1487. This indicates that the GNP has a similar
crystal pattern to the raw Graphite. Figure 2a shows the
XRD pattern of the prepared MGNP sample. The presence
of XRD peaks in MGNP at relevant positions of both Fe304
and GNP confirms the formation of MGNP nanocomposite.
In XRD patterns of MGNP, the peak found at ~26.1° is
attributed to the (002) basal plane of MGNP, and the peaks
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FIGURE 2. XRD patterns (a) and FTIR spectra (b) of Fe304, MGNP,
and GNP.

found at 35.2° and 62.5° are attributed to the (311) and (440)
basal planes, respectively. Also, the peaks found at 44.4°,
and 54.5° are formed due to the overlap of peaks generated
from both Fe304 and GNP. Similar XRD patterns have been
reported for Fe3O4 and GNP nanocomposites, confirming the
composite’s XRD pattern [24]. Also, similar XRD patterns
of graphene (rGO, GO, expanded graphite, etc.)- Fe304 have
been commonly obtained and published elsewhere [23], [25],
[26], [27]. Since maghemite (c-Fe,O3) with an inverse spinel
structure has lattice parameters similar to magnetite, it is
difficult to differentiate it only by XRD results [28]. FTIR
was used to clarify the existing lattice structure.

C. FTIR CHARACTERISATION OF MATERIALS

The FTIR spectra of Fe3O4, MGNP, and GNP are
shown in Figure 2b. Various vibrational bands have been
observed throughout the experimental spectral range from
500 — 3700 cm~!. The peak at 580 cm™! is attributed to
the stretching vibration mode associated with the metal-
oxygen Fe—O bonds in the crystalline lattice of Fe304 [29],
which is different from that of maghemite (630 cm~ 1) [30].
This absorption band at 580 cm~! of FesO4 still exists
in Fe304 and MGNP, respectively. Moreover, there are
many oxygen contained functional groups in GNP, such
as C=0 (carbonyl) at 1730 cm~! [31]; C=C (aromatics)
at 1621 ecm~! [22]; C-O (carboxy) at 1403 cm~ ! C-0O
(epoxy) at 1227 1295 cm~! [32]; and C=0 (alkoxy) at
1061 cm™"! [31]. It should be noted that the alkoxy, epoxy,
and carboxyl functional groups are almost entirely removed
in MGNP, implying that MGNP is a composite made of
Fe304 and Graphite nanoplatelets (GNPs). The C-H stretch-
ing band at around 3000 cm™~! [32] is shown both for GNP
and MGNP with a slight shift to 2921 cm™! indicating that,
even when magnetite nanoparticles were deposited on the
GNP surface, the graphite structure remained exposed. The
stretching bands in 1795 cm™! and 3425 cm™! are attributed
to OH-bending and OH-stretching vibrations, respectively.
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D. RAMAN SPECTROSCOPIC EVALUATION OF THE
MATERIALS

The prepared GNP and MGNP were characterized and com-
pared with pure graphite’s Raman spectra, as shown in
Figure 3, which helps study disorders and defects in the
crystal structure. It is often employed to characterize graphite
and its derivatives. The Raman spectra of graphite show a
strong G peak at 1570 cm™! due to the first-order scattering
of E2g mode [33]. GNP and MGNP show their G peak shifted
slightly towards 1585 cm™! due to the attached functional
groups of the graphite surface. As explained in the exper-
iment, these functional groups are oxygenated and formed
when electrochemical exfoliation occurs.

The disorders, which are determined by the intensity ratios
of D and G bands in Figure 3, explained GNP has a higher
ratio compared to the MGNP, suggesting a decrease in the
average size of the sp’> domains upon the exfoliated GNP
and can be explained by graphitic domains are combined
with oxygen-rich functional groups more in GNP because
of the MGNP reduced on the cathode in electrochemical
exfoliation [34].

MGNP G
D ID/IG= 0.73
2D
3 |GNP
)
> I/Ie= 0.97
)
c
9
£ L_//\’\.‘*
Graphite
P Ip/Ie= 0.09
500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

FIGURE 3. Raman spectroscopy of graphite, GNP and MGNP.

E. XPS STUDIES OF MATERIALS

The full XPS survey spectrum in Figure 4(a) shows the
presence of Fe, C, and O in the range between 0- 1300 eV.
The C 1s spectrum in Figure 4(b) displays the sp? hybridized
carbon peak at 284.1 eV, indicating the aromatic ring of the
remaining GNP structure [22].

Because of electro-exfoliation, the functional groups are
bound to the surface of the carbon skeleton of the GNP.
The GNP surface has shown C-OH and C-O-C peaks at
285.5 eV and 286.5 eV, respectively. The Fe-O bond at
530.6 ¢V and the O-H bond at 531.9 eV indicate the magnetite
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particle nature and activated groups in the graphite structure
of the MGNP [35]. In addition, the O 1s spectrum shows a
C-O-C ether peak at 533.3 eV in Figure 4(c), is agreed
with the corresponding C-O-C ether peak at 286.5 eV
in the C 1s spectrum in Figure 4(b) [36]. This indicates
the functional groups that appeared on the graphite sur-
face at electro-exfoliation of the MGNP. The 725.0 eV and
711.4 eV peaks can be attributed to Fe 2p;,» and 2p;3)2,
respectively [36]. The Fe 2p3/; could be divided into two
peaks at binding energies of 713.7 eV and 711.3 eV, indi-
cating the bonding of Fe** and Fe3t: each with oxygen
(Figure 4d), respectively [36]. The satellite peaks of Fe 2P,
and Fe 2P3,, can be observed around 733.4 eV and 719 eV,
respectively [37]. A slight shift of the peaks to the higher
binding energy occurred for the Fe 2p spectrum (deviation
of 0.8 eV). This shift is due to the bonding of Fe>*/ Fe3+
with O or other functional groups, which may form during
electro-exfoliation [38].
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FIGURE 4. Raman XPS survey and high-resolution spectra of MGNP;
(a) survey spectrum, (b) C 1s, (c) O 1s, and (d) Fe 2p.

F. ELECTRON MICROSCOPE STUDIES

Figure 5(a) shows SEM micrographs of the GNP nanos-
tructures and Figure S2 shows TEM images of GNP,
clearly depicting the exfoliated layers. As Figure 5(a) exhib-
ited, the graphite layers remained without broken pieces,
although the exfoliation separates the layers. Figure 5(b)
exhibited the heterogeneous surfaces of the MGNP, which
confirmed the Fe3O4 nanoparticles sediment on the GNP
surface. Thus, photocatalytic nanoparticles were exhibited in
Fig. 6(c) and 6(d). The graphite clusters were broken around
800 nm-sized pieces (Figure 5(c)), and 200 nm-sized particle
clusters (Figure 5(d)) were dispersed on the GNP surface.
This will enhance the photocatalytic activity due to the GNP
surface acting as a platform for exchanging electrons.

The Fe3O4 nanoparticle average size is around 10 nm,
and clusters of size between 20-50 nm were formed due
to magnetic agglomeration (Figure 5(d)). It can be con-
cluded that the Fe304 nanoparticles emit the electrons under
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100 nm

FIGURE 5. SEM images of (a) electrochemically exfoliated GNP and
(b - d) MGNP and TEM images (e, f) of MGNP composite particles.

photocatalytic activities, and the GNP surfaces collect those
electrons to produce radicals. The TEM images clearly indi-
cate the multilayered structures of the MGNP nanocomposite
(Figure 5 (e-f) and Figure S1). The inset image in Figure 5(e)
shows the exfoliated nature of the GNP domains in MGNP.
The inset image in Figure 5(f) exhibited Fe304 and GNP
domains, indicating the MGNP nanocomposite’s heteroge-
neous nature.

G. AFM CHARACTERIZATION OF MATERIAL

Figure 6 shows the atomic force microscopy (AFM) images
of MGNP nanoparticles carried out in non-contact mode for
a 3.0 umx3.0 um sized area to investigate the topography
and phase distribution. The topography figure (Figure 6(a))
illustrates the two components distributed in different height
profiles, coded according to their intensity in color. The
light regions have the highest points representing the coag-
ulated Fe3O4 particles, and the dark region describes the
GNP domains. Phase imaging in Figure 6(b) provides com-
plementary information to the topography image, revealing
the variations in the surface properties of the MGNP [20].
It clearly demonstrates the heterogeneous nature of GNP
and Fe30O4 nanoparticles on the GNP surface. The two-line
profiles in Figure 6(b) show the MGNP particles are spread
around 250 nm and thicken approximately 70- 90 nm. This
finding was further supported by the phase investigated in
Figure 5(d) that contrasts two types of domains: lighted
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Fe3 04 particles were coated on a dark-colored GNP surface.
Figure 6(c) evidenced the particle nature of Fe3O4 on the
surface by illustrating the sharp peaks in the phase-3D image.

- ” 7 -t )
(c) ~ Line Profile: Red (A - A)

Line Profile: Green (B - B')

FIGURE 6. Atomic force microscopy images of MGNP (a) topography
image, (b) Phase image with the line profiles of the particle surface, and
(c) Topographical-3D image.

H. EVALUATION OF MAGNETIC PROPERTIES OF THE
MGNP CATALYST

The synthesized heterogeneous structure of MGNP was well
characterized as a composite of graphite nanoplatelets (GNP),
and magnetite (Fe3O4) during the previous sections. Since the
magnetism of the structure is only used at maneuvering of the
photocatalyst and for the removal of it from the solution after
the treatment, an in-depth analysis on magnetic properties
of the material was not conducted. The magnetic nature of
the structure was proven by exposing the aqueous solution
of the catalyst to an external magnetic field. The image in
Figure S10 is clearly indicating that MGNP is very sensitive
at the applied external magnetic field, and the video 01 in sup-
plementary is also clear demonstration of the easy maneuver
of the MGNP catalyst, and essentially the video illustrates the
removal of catalyst from the system upon the treatment.

I. EVALUATION OF PHOTOCATALYTIC PERFORMANCE OF
THE MATERIAL

Graphite based materials have shown high adsorbing capabil-
ities [39]. Because of that reason, the kinetic measurements
were carried out in dark and light conditions to contrast the
photocatalytic degradation from the adsorption. Since the
catalysts do not have any energy to stimulate them without
photons, photocatalytic degradation cannot occur in dark
conditions [21]. Adsorption spectra for MB and RYD are
shown in Figures 7(a-b). The adsorption of MB and RYD
by the FezO4 nanoparticles was very low compared to that
of GNP and MGNP due to the high natural adsorption of
graphite-based particles. According to Figures 7(a-b), MGNP
has higher adsorption than GNP, which can be explained by
the improved porosity in MGNP than GNP by a combination
of GNP and Fe3O4 nanoparticle. In Figure S3 to S8, the
initial stage (Tp) did not show any photocatalytic degradation
or adsorption before the measurement started. The linear
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fitting of the kinetic models of MB and RYD are also shown
in Figure 7c and 7d.

The degradation data were fitted by the pseudo-first-order
kinetics. The first-order rate constant, K, can be determined
by In(C/Cp)=—Kt at alow initial pollutant concentration [40].
Herein, Cy is the initial MB (Figure 7c) and RYD (Figure 7d)
concentrations corresponding to the absorbance recorded in
irradiation time Tp (0 min.) spectrums in Figure S3 to S8,
respectively, while C is the concentration after irradiation
time of 7. The adsorption rate constant (K) of MB were
4 x 10*4min*], 9 x 10~* min~! and 1.8 x 1073 min~! for
Fe304, GNP and MGNP, respectively, as listed in Table 1.
The adsorption rate constants (K) of RYD for Fe304, GNP
and MGNP were 3 x 104 min™!, 6 x 10~*min~! and 1.7 x
1073 min~!, respectively. GNP and MGNP, having graphene
contained compounds, show higher adsorption kinetics with
respect to the Fe304 due to the highly porous morphology of
the GNP and MGNP (see SEM images (Figure 5a and 5b)).
In addition, a large surface area could provide more active
sites of GNP platforms for the adsorption of MB and RYD,
causing increased rate constants of MGNP.

Furthermore, the absorbance spectrums of MGNP
and Fe304 under visible light conditions were depicted
in Figures 8(a-b), respectively. The corresponding degrada-
tion rate constant and degradation efficiency were explained
in Figures 8c and 8d. After adsorption measurements under
dark conditions, the photocatalytic degradation rate constant
(K) of MB for Fe304 and MGNP were 3.9 x 10~ min~!
and 1 x 1072 min~!, respectively, as depicted in Table 1.
GNP does not exhibit any photocatalytic degradation. The
first order rate constant (K) shows the RYD degradation of
MGNP was twice larger than the degradation kinetics of pris-
tine FezO4. These results indicate that the graphene moieties
from GNP exchange the electrons into the superoxide radicals
(O,) effectively, enhancing the visible light photocatalytic
degradation.

To further identify the photocatalytic activity, the pho-
tocatalytic performances of the samples were evaluated by
the degradation of methylene blue (MB) under visible light,
UV and NIR irradiation conditions (Figure 9). Notably after
visible light being exposed for 120 min, the degradation
efficiency of MB by the pristine Fe3O4 was 49 % and
by MGNP was 78 % as shown in Figure 9a. This indi-
cates that the MGNP has higher photocatalytic efficiency in
comparison to its pristine FezO4 state because GNP moi-
eties are efficiently collecting the charges and distributing
them into radical formation reactions. The corresponding
UV spectra of photocatalytic degradation of MB are shown
in Figures S9-S11.

The corresponding pseudo-first-order kinetic plots are
shown in Figure 9b. The photocatalytic degradation rate
constant (K) of MB in visible light for Fe304 and MGNP
were 6.1 x 1073 min~! and 1.33 x 1072 min~!, respec-
tively, and are listed in Table 1. Under UV irradiation, both
pristine Fe304 and MGNP have shown high degradation
efficiencies of around 96 % (Figure 9c) and correspond to
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FIGURE 7. Adsorption of (a1-a3) MB and (b1-b3) RYD by the MGNP, GNP and Fe304 nanoparticles under dark conditions, corresponding C/CO vs
time curves for (c) MB and (d) RYD, and —In(C/C0) vs time curves of () MB and (f) RYD by the MGNP, GNP and Fe304 nanoparticles.

TABLE 1. Degradation kinetics of Photocatalytic materials investigated in

the present study.

Sample Activity Irradiation
Condition

Fe;04 Adsorption Dark

GNP Adsorption Dark

MGNP  Adsorption Dark
Fe;04 Photodeg. Visible
MGNP  Photodeg. Visible
Fe;04 Photodeg. uv
MGNP  Photodeg. uv
Fe;04 Photodeg. IR
MGNP  Photodeg. IR

MB RYD
K R? K R?
(min™) (min™")
4x104 0.9567 3x104 0.9468
9x10* 0.935 610 0.7964
1.8x10° 0.952 1.7x103 0.923
6.1x1073 0.9814 3.9x1073 0.985
1.33%102 0.9917 1x1072 0.9787
2.54x10 0.9952 na na
2.18x102 0.9901 na na
3.1x1073 0.9967 na na
1.31x102 0.9864 na na

(na-not applied; photodeg- photodegradation)

that high kinetic rate constants of 2.54 x 1072 min~! and
2.18 x 1072 min~! (Figure 9d), respectively. The photon
energy of UV- rays (240 nm) is beyond the threshold value
for stimulating the electron-hole pair generation in MGNP
and Fe3 Oy is the reason behind achieving high photocatalytic
degradation efficiency and a high first order rate constant (K).
In the NIR range (900 nm), the Fe304 and MGNP samples
were exposed to infrared rays for around 120 min. The C/Cy
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conversion plots for MB degradation (Figure 9e) obviously
showed 32.4 % and 82.6 % of degradation efficiencies for
Fe3 04 and MGNP, respectively. The corresponding rate con-
stant for MGNP is also very high, 1.31 x 1072 min~!, which
is almost four times of rate constant 3.1 x 107> min~! of
Fe30y4 particles (Figure 9f).

Based on the presented experimental results, it is evident
that the photocatalytic activity of MGNP was able to rapidly
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FIGURE 8. Absorbance spectrum of RYD by the (a) MGNP and (b) pristine Fe304 under visible light conditions, and (c) C/C0 conversion plots and
(d) —In(C/C0) vs time curves of degradation kinetics of both MGNP and Fe304.

decompose organic dyes under UV, visible and NIR irradia-
tion compared to that of pristine Fe304. We believe that the
MGNP is capable of rapid removal of organic dyes due to the
following reasons:

« MGNP’s GNP moieties adsorb the organic dye
molecules;

o GNP can act as a platform to efficiently collect the
photogenerated electrons of MGNP nanocomposite par-
ticles, reducing the recombination.

Table 1 below summarizes the degradation rate constant for
Fe304, GNP and MGNP under different conditions.

The current work has achieved a degradation efficiency
of 78% under visible light, 96.1% under UV light, and
82.6% under NIR by only using a little amount of catalyst
(0.08 g/L). There are reported works on graphite/graphene-
related materials showing good catalytic properties, hence
the rapid removal of dye from the aqueous solution (refer
Table S1). Even though higher degradation efficiency has
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been achieved in previous studies, it required longer reac-
tion time [14], [41], catalytic reaction performed under UV
light [42], adsorption [41] or higher catalytic dosage [14],
[41], [43], [44], [45]. It is important to compare our work with
graphite-related nanocomposites, which have Fe?*/Fe’t
compounds that are beneficial. But most of such systems
speed up the degradation via photo-Fenton reaction [14], [42],
[45], [46]. It should be noted that in our system, we have
not utilized the photo-Fenton reaction, and we were able
to achieve 78% degradation efficiency under visible light,
whereas other reported works have lower efficiency without
the photo-Fenton effect. Besides that, there are, however
fewer studies reported on GNP based nanocomposite for
NIR responsivity. It is noteworthy that our nanocomposite
shows 82.6% of degradation efficiency under NIR illumina-
tion. To the author’s knowledge, there were not many reports
on wide-spectrum sensitive photocatalytic nanocomposites
based on graphite-based nanocomposites.
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FIGURE 9. Kinetics of photocatalytic degradation of MB dye using MGNP and pristine Fe304 under different irradiations. C/CO conversion
plots of MB photodegradation under (a) Visible, (c) UV and (e) IR irradiation, and —In(C/C0) vs time curves of MB photodegradation under

(b) Visible, (d) UV and (f) NIR irradiation.

This research is focusing on modifying naturally available
vein graphite material to act as a photocatalyst which is
capable of degrading dye under wide-spectrum light as well
as easy removal of the catalyst from the aqueous medium.

IV. CONCLUSION

GNP and MGNP-based photocatalysts have been success-
fully synthesised by the electro-exfoliation technique. MGNP
has been formed by electrochemical exfoliation due to the
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presence of ferrous and ferric ions in the media, and it
attracted towards the negatively charged oxygen functional-
ities formed at the periphery of graphite sheets as the exfo-
liation been taken place. The RAMAN, XPS, FTIR, SEM,
TEM and AFM studies verified the successful formation
of the MGNP (magnetite-Graphite Nanoplatelet) compos-
ite. The MGNP shows superior photocatalytic activity under
UV, visible, and NIR radiations with respective efficiencies
of 96.1, 78.0 and 82.6 %, compare to its pristine Fe3Oq4,
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which only decompose MB with 96.5, 49, 32.4% respec-
tive efficiencies under similar conditions. MGNP showed
significant absorbance reduction under IR radiation, indicat-
ing upconverted nature. However, Fe304 and MGNP show
expected MB degradation under visible light and UV irradi-
ation. Hence, Methylene blue and Reactive Yellow industrial
dyes have been successfully degraded by MGNP material,
confirming the industrial significancy in MGNP photocat-
alyst, which could use at the degradation of organic dye
wastes in effluents in range of light conditions. In addition,
its green and cost-effective synthesis pathway and the ability
to guide by and external magnetic field also can be identified
as further advantages in the as-synthesised wide spectrum
photocatalytic material.

APPENDIX A
Supplementary information.
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