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Abstract

The calcium ferrite-graphene nanoplatelets nanocomposites with sheet-on-sheet like morphology
are fabricated and investigated for their physiochemical characteristics, electrochemical energy
storage capacity and photocatalysis. Interestingly, the (CF)ix(GNPs)x nanocomposite-based
electrode has shown maximum specific capacitance up to 422 Fg* at 0.25 Ag* with excellent
cycling stability, 2.6 times higher than that of neat CF nanosheets. Furthermore, the synergistic
contribution from photocatalytic and photo-Fenton reactions enables (CF)1x(GNPS)x
nanocomposites to offer superior photocatalytic activity (99.4% dye removal in 90 min). The
inclusion of GNPs significantly enhances the charge carriers separation and transportation. The
excellent electrochemical efficiency of (CF)1.x(GNPs)x could be attributed to the 2D interfacial
interactions that provide a better charge transport at electrode/electrolyte interface . These
interactions are also responsible for creating effective charge transport pathways and efficient e
/h* separation leading to rapid dye-degradation, which make the material potential for
remediation of water pollution and energy storage systems.
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1. Introduction

The ever-increasing demand for eco-friendly, efficient, and cost-effective renewable
energy has motivated the development of innovative systems for energy storage [1, 2]. In
particular, the electrochemical supercapacitors are emerging as effective energy storage devices
in many electronics markets, due to their potential merits of rapid charge-discharge capability,
high power output, and outstanding cycling stability [3]. To combat environmental safety risks
and high production cost of traditional energy storage materials, the researchers have focused
their attention on the development of novel energy materials, that could take up these issues [4,
5]. Multi-cation transition metal oxides, like metal ferrites, have certain promising features to be
used in electrochemical energy storage applications because of their large theoretical capacity
and diversity in structural morphology [6-9]. However, their use is limited due to their high
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resistivity and electrode pulverization, which results in electrical insulation and poor cycling
stability [10]. To overcome these drawbacks, graphene with its unique properties can be used as
a conductive backbone for the modification of ferrite nanostructures [11]. Combination of 2D
carbon materials like g-CNs, graphene. 0D, 1D, and other 2D nanostructures in the form of
nanocomposites are expected to optimize their physicochemical properties effectively [12-18].
Particularly, the composites of graphene with 2D nanostructures is expected to significantly tune
the efficiency of nanocomposites in the applications, where a high level of surface interactions
are crucial e.g., in supercapacitors, solar energy conversion and photocatalysis process [19].

Photocatalysis offers one of the most viable solutions for environmental remediation
through abundant solar power having extra advantages of fast pollutant degradation and eco-
friendliness [20]. Notably, the visible-light-drive photocatalysis is particularly effective for
harvesting abundantly available solar light as compared to the processes based on UV visible
light [21]. In this regard, the spinel ferrites, in combination with graphene, could be a
fascinating choice as visible light active photo-stable photocatalysts [22]. Here, it is important
to mention that the fast charge recombination, aggregation, and poor conductivity of neat ferrite
nanostructures stimulate the need for compositing graphene with these materials [23]. This
could help to establish the synergistic effects of both components in one material [24].

Among metal ferrites, spinel CaFe»Os (CF) is a non-toxic and biocompatible p-type
semiconductor, having visible light response with a relatively low energy band gap (1.9 eV) and
suitable conduction band minimum (—0.6 V vs RHE) [25-27]. These properties make CF
promising for applications in electrochemical sensors [28, 29], Li-ion batteries [30], water
splitting [31, 32], photocatalysis [33], dye adsorption [34] and catalysis [35]. However, CF has
relatively low quantum efficiency due to the aggregation and low conductivity issues. Therefore,
it would be advantageous to fabricate graphene based CF nanocomposites, instead of using bare
CF nanostructures [36]. The use of graphene as a 2D support will be promising because of its
highly conducting nature, which is significantly helpful for achieving materials with improved
performance as an electrochemical electrode material and photocatalyst [37]. To further enhance
the performance of the composite material strong electronic and chemical interactions via
formation of the 2D interfacial contact between CF and graphene is highly desired in these
applications [38-42].

Herein, a facile, cost-effective in-situ co-precipitation method has been utilized to
anchor CF nanosheets onto GNPs for supercapacitor and photocatalytic applications [43]. The
electrochemical measurements suggest that the prepared nanocomposites exhibit better
supercapacitive performance due to fast interfacial charge transfer at the 2D nano-interfaces.
Importantly, the prepared nanocomposites have demonstrated improved charge separation and
transportation characteristics, which lead to the significant augmentation in visible-light driven
photocatalytic activity. The origin of the outstanding performance enhancement is thoroughly
investigated and explained on the basis of physiochemical characteristics of the (CF)1.x(GNPS)x
nanocomposite, improved interfacial charge transfer, reduced agglomeration, and suppressed
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recombination of charge carriers. To our knowledge this work, for the first-time reports, a
combined study on multifunctional CF/GNPs nanocomposites with sheet on sheet like
morphology, that investigates the supercapacitor and photocatalytic applications of (CF)i-
x(GNPs)x composites.

2. Experimental Methods
2. 1. Materials

Analytical grade iron chloride hexahydrate (FeClz-6H20), calcium chloride
hexahydrate (CaCl.*6H20), sodium hydroxide (NaOH), cetrimonium bromide (CTAB) and
graphene nanoplatelets (GNPs), all Sigma-Aldrich products, were utilized without further
purifications. Distilled water (DW) was used for the synthesis procedures. All the synthesis has
been carried out using distilled water as a solvent.

2. 2. Preparation of (CF)1-x(GNPs)x nanocomposites

The (CF)1x(GNPs)x nanocomposites having different loading of GNPs (0, 25, 50, 75,
100 wt. %) have been synthesized using CTAB assisted in-situ coprecipitation method. In a
typical procedure (CF)o.7s(GNPs)o.2s nanocomposite has been synthesized as follows: 300 mg
GNPs were homogeneously mixed with aqueous solution of CTAB (0.1 g) and NaOH (6 M)
using ultrasonic treatment. Then the formed mixture was heated to 80°C. To the above mixture
the solution containing FeClz*6H>0O (100 mM) and CaCl2*6H-O (50 mM) was added drop by
drop under magnetic stirring. After a reaction for a total time of 2 h, the resultant solid products
were washed using ethanol and DW many times and were desiccated at 60°C overnight for. The
obtained nanocomposites were then pulverized and annealed at 350°C in N2 atmosphere for 5 h
[43]. The same procedures were trailed in the preparation of 0, 50, 70, and 100 % GNPs contents
formed nanocomposites.

2. 3. Characterization

X-ray diffractometer equipped with Cu K, (A = 1.5406 A) radiation (Malvern
PANalytical X’pert PRO MPD) was used to obtain the phase of the samples. The morphological
investigations of the neat CF nanosheets as well as the composite samples were examined with
the help of TEM (Thermo Fisher Tecnai G2 F20). The vibrational modes of the prepared samples
were studied using FTIR spectrometer (Bruker). Optical bang gap properties were investigated
using UV-visible spectrophotometer, Shimadzu Co., Japan. X-ray photoelectron spectroscopic
analysis was carried out using XPS spectrometer (SPECS GmbH, Berlin, Germany) with Al K,
radiation (1486.74 eV).



2. 4. Electrochemical analysis

The prepared neat CF nanosheets and the composite samples were investigated for
electrochemical characteristics in a symmetric arrangement Swagelok cell with 0.5 M K2SO4
aqueous electrolyte. The working electrodes were fabricated by the following procedure: a
homogeneous paste of PVDF (15 wt. %), active material (75 wt. %), and carbon super P (15 wt.
%) in N-Methyl-2-pyrrolidone was prepared. The paste was then spread on aluminum foil and
vacuum desiccated at 100°C to remove the solvent. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) were carried out
using electrochemical workstation (Biologic VMP3).

2. 5. Measurements of photocatalytic activity

The photodegradation of MB using neat CF nanosheets and the composite samples
has been measured under irradiation of visible light. For this, 20 mg of prepared materials and
0.7 ml of H202 were added to 100 ml of distilled water solution containing MB (10 mg/L). The
reaction was carried out in dark box equipped with Xe light (500 W) source. To attain the
adsorption/desorption equilibrium the mixture was stirred for 30 minutes. Afterwards, the test
solution was irradiated with the visible light source. About 4 ml aliquots of the test solution were
taken at fixed intervals of time, centrifuged and were tested quantitatively to monitor typical
absorption peak of MB dye by recording UV-vis absorbance.

3. Results and discussions
3. 1. Phase and crystallographic investigations

Crystalline structure and phase characteristics of the prepared samples have been
analyzed using powder XRD measurements. Comparison of the XRD profiles of CF and (CF):-
«(GNPs)x samples are given in Fig. 1.
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Fig. 1: XRD diffractograms of (CF)1.x(GNPs)x samples.



The Bragg’s reflections from 26 =31.17°, 35.44°, 37.02°, 43.4°,53.7°,57.3°, 62.7
° planes of CF are well matched with the (220), (311), (222), (400), (422), (511) and (440) planes
(JCPDS No. 78-4321) of the spinel calcium ferrite structure [44]. The peak at 20 = 26.32° in
the XRD patterns of (CF)1-x(GNPs)x nanocomposites originates from (002) reflection of GNPs,
conforming that the composite structure has been synthesized successfully. The absence of peaks
corresponding to other extra phases and impurities clearly demonstrates the phase purity of the
prepared samples.

3. 2. Morphology and microstructure

The morphology morphological examination of as-prepared samples has been carried
out by TEM and is presented in Fig. 2.

Fig. 2: TEM images of (CF)1x(GNPs)x materials. HRTEM image of neat CF sample is shown in the inset.

TEM image of neat CF, shown in Fig. 2(a), shows a sheet-like morphology with 16
nm thickness and the sheets appeared to be aggregated together. HRTEM image (inset of Fig. 2)
shows the clear lattice fringes, confirming the highly crystalline nature of CF nanosheets. The
lattice spacing has been calculated to be 0.347 nm and has been found to be well matched with
that of the (220) plane of CF [45]. Fig. 2(b)-(d) represents the TEM images of (CF)1-x(GNPs)x
composites materials. It can be observed that for small GNPs content (25 wt. %) in
nanocomposite, CF nanosheets are uniformly attached to the GNPs with minor voids or empty
spaces, Fig. 2(b). On the other hand, when the content of GNPs increases, some uncovered
surface of GNPs can be observed in Fig. 2 (c)-(d). It means that optimum coverage of GNPs can
be achieved by controlling the wt. % ratio of the constituent materials. The unique structure and



morphology of the synthesized (CF)1.x(GNPs)x composites might present excellent attachment
and strong interfacial contact, which may be highly beneficial for the enhancement of
photocatalytic and supercapacitive performance of nanocomposite materials.

3. 3. Chemical state analysis

The results of XPS study for the prepared (CF)1x(GNPs)x nanocomposite are depicted

in Fig. 3.
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Fig. 3: XPS high resolution spectra for (CF)1.«(GNPs)x materials

XPS technique provides basic information about the crystal defects and valence
oxidation state of the materials, both of which play a key role in controlling physiochemical
characteristics as well as radiative recombination of charge carriers. The high resolution spectra
of Ca 2p shown in Fig. 3(a) consists of two resolved peaks with binding energies located at
346.06 and 349.4 eV, accredited to Ca 2ps2 and Ca 2pu2 spin states. As illustrated in Fig. 3(b),
the peaks at 711.5 eV and 725.3 eV are the Fe 2ps2 and Fe 2p12 of CF, respectively [46].
Furthermore, the two satellite peaks are also visible in the Fe 2p spectra of the prepared samples,
which, indicate the existence of Fe3* in the prepared samples. Fig. 3(c) shows typical O 1s XPS
spectra for (CF)o.75(GNPs)o.25 nanocomposite, which indicates that the Ols species exists in



different coordination environment within the sample. The three deconvoluted peaks in the Ols
signal are centered at 530.1, 531.9 and 533.7 eV, which can be assigned to metal-oxygen bond
(M—-0O-M), hydroxyl groups (M—O-H) and the surface-adsorbed oxygen, respectively [47]. The
M—O-M metal-oxygen peaks are red shifted in (CF)o.7s(GNPSs)o.2s composite relative to that of
neat CF sample, which might be due to the formation of Ca—O—C and Fe—O—C covalent bonds
[48]. Meanwhile, the two resolved peaks in the C1s spectrum (Fig. 3 (d)) of (CF)o.75(GNPS)o.2s,
located at 284.39 eV and 285 eV arise due to C=C and C—C covalent bonds of GNPs,
respectively [49]. It is interesting to note that the Ca 2p and Fe 2p peaks in the synthesized (CF):-
x(GNPs)x composite materials are slightly shifted towards lower binding energy as compared to
that of neat CF sample. These binding energy shifts in the XPS spectra can be explained by the
screening effect arising from the strong electronic interaction between different semiconductors.
When the heterojunction is formed between two different semiconductors, electron transfer
occurs from one semiconductor to the other to bring their Fermi levels to the same value. As a
result of the concentration of electrons changes in each semiconductor, which give rise to the
electron screening effect. This charge carrier screening effect, in turn, causes a slight shift in the
binding energies of constituent atoms [50].

3.4  Optical characteristics

The change in optical characteristics of CF nanosheets upon addition of GNPs has
been studied using UV—vis spectroscopic technique. The addition of GNPs significantly affects
the light absorption ability of CF nanosheets, as shown in Fig. 4(a).
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Fig. 4: (a) UV-vis spectra, and (b) Tauc’s plots of (CF)1.(GNPs)x composite materials.

The light absorption of (CF)1-x(GNPs)x extends into the visible region as compared to
CF nanosheets. To analyze the band gap characteristics of the prepared samples, a plot between
(ahv)? versus the energy of light hv has been obtained via the Tauc’s relation [51].

(ahv)? = A(hv — E) (1)



Here a, hv, A,and E; are absorption coefficients, light energy, constant and optical bandgap
energy respectively. The extrapolation of the tangent to (ahv)? = 0 axis gives band gap energy
of a material for direct allowed transitions. As clear from the Tauc’s plots, depicted in Fig. 4(b),
that the energy band gap decreases consistently with higher loading of GNPs. The band-gaps
were estimated to be 1.93, 1.91, 1.88 and 1.78 eV for CF and (CF)1x(GNPs)x composites, which
shows the decreasing trend in band gap with the increase in wt.% ratio of GNPs. This graphene
induced reduction in the band gap can be explained on the basis of strong coupling between CF
nanosheets and GNPs. In agreement with XPS results, the chemical bonding of CF nanosheets
with GNPs leads to Fe—-O-C covalent bond formation in the nanocomposite system. As a
consequence, additional energy states are introduced between the valence and conduction band
of CF, which in turn cause reduction in band gap energy of (CF)1.x(GNPs)x nanocomposites [37,
52]. The degree of band gap narrowing increases with increasing the GNPs content in the
nanocomposites, because the interaction between CF and GNPs is increased when the mass ratio
of GNPs is increased [53].

3. 5. FTIR spectroscopy

FTIR spectroscopy is an effective tool to probe the graphene-based nano-systems for
the investigation of vibrational modes and surface functional groups. FTIR measurements of the
prepared samples are given in Fig. 5.
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Fig. 5: FTIR spectra of (CF).x(GNPs)x nanocomposites.

The transmittance at 536 cm™ is adduced to Ca-O bonds vibrations, whereas the bands at
582 cm, 875 cm indicate the presence of Fe-O stretching modes [29, 33, 54]. Furthermore, the
broad absorption bands at 1630 and 3400 cm™, associated with -OH vibrations can be attributed
to absorbed water molecules because of sample contact with the environment. The characteristic
peaks of Ca-O and Fe-O in the (CF)1x(GNPs)x sample are red-shifted as compared to that CF
sample. This shift confirms that CF nanosheets are strongly bound to the surface of GNPs [55].



3. 6. Photoluminescence spectroscopy

PL measurements have been performed to understand the dependence of interfacial
charge transfer and charge carriers recombination in different prepared materials [56, 57].
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Fig. 6: Photoluminescence of (CF)1-x(GNPs)x nanocomposite samples.

Fig. 6 shows PL spectra of the prepared CF and the (CF)1x(GNPs)x nanocomposites.
Clearly, the PL intensity consistently decreases as the content of GNPs increases. This decrease
in PL intensity indicates that the e”/h™ pairs recombination is effectively hindered, which can be
ascribed to the highly conducting and electron acceptor GNPs [58].

4. Electrochemical properties

Electrochemical behavior of prepared electrode materials has been investigated in a
two-electrode symmetric device using (CF)1-x(GNPs)x nanocomposites as active material, glass
microfiber separator and 0.5 M K>SO4 electrolyte.

4.1. CV and GCD analysis

Comparison of the CV profiles obtained for GNPs, CF and (CF)1-x(GNPSs)x
nanocomposite samples at 10 mVs™ are given in Fig. 7(a). No Faradic redox peaks have been
seen in the obtained CV curves of the prepared electrodes. However, the CV profiles of as-
prepared CF, as well as composite electrodes, deviate significantly from the rectangular shape,
indicating a Faradic contribution to the overall supercapacitance. It is interesting to note that the
CV profile of (CF)o75(GNPs)o.2s electrode has a maximum integrated area, suggesting its
superior electrochemical performance. GNPs boosts the conductivity of the nanocomposites,
which accelerate the redox reactions and as a consequence electrochemical performance is
enhanced [59].
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Fig. 7: (a) CV profiles at 10 mVs?, (b) GCD profiles at 0.5 Ag™, and (c) specific capacitance
curves at different current densities for (CF).x(GNPs)y electrodes.

The supercapacitive performance of the prepared samples has been further examined
with the help of GCD technique. Fig. 7 (b) depicts the comparison of GCD curves collected for
CF, (CF)1x(GNPs)x and GNPs, at 0.25 Ag™. As clear from Fig. 7 (b), the discharge time is
longest for the (CF)o.7s(GNPs)o2s electrode, which suggests its outstanding electrochemical
charge storage capability.

Furthermore, IR drop of (CF)o.7s(GNPS)o.25 electrode is smaller than that of others, showing its
lower overall resistivity and rapid I-V response [60]. The specific capacitance of one electrode
(Cs, Fgt) for CF and (CF)1x(GNPs)x electrodes has been obtained with the help of the equation
[61],

Co =20 = 4Cy )
Here, the discharge time (s), applied potential, current (A), the total mass (g) of active material in
both electrodes and specific capacity of the electrochemical cell are represented by At, AV, I, m
and Cy respectively. The specific capacitance for CF, (CF)1.x(GNPs)x and GNPs, electrodes have
been obtained to be 157 Fg?t, 422 Fg?, 343.5 Fg!, 187 Fg* and 93.4 Fg* respectively. Here, it is
important to highlight that significant enhancement has been observed for sample with 25%
graphene content. This can be attributed to its unique 2D sheet-on-sheet like morphology and
fast charge transport at interfaces, both of which can synergistically lead to the higher specific
supercapacitance [62]. However, the specific capacitance decreases at higher graphene ratio (50
wt. % and 75 wt. %). The decreasing trend in specific capacitance at higher loading content of
graphene can be adduced to the inferior supercapacitive performance of graphene. As clear from
Fig. 7(c), GNPs have smaller supercapacitance, as compared to the other samples, therefore,
introducing their higher content (50 wt. % and 75 wt. %) reduces the overall electrochemical
capacitance of the nanocomposites. This results has been reported previously [63, 64].
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Table. 1: Previously reported supercapacitive parameters for symmetric two-electrode cells

Specific

Sample Electrolyte - . Cycle performance Reference
capacitance(Fg™)

NiFe;O4 NR/G 6 M KOH 396at 1 Ag? 99% after 10000 cycles [65]
Fe20; NDs@NG 1 MKOH 274at 1 Agt 81.8% after 50000 cycles [66]
MnFe20./rGO 6 M KOH 271at 0.5 Ag? 104% after 5000 cycle [67]
MnFe,O4/graphene PVA-H,SO. 120 at 0.1 Ag* 105% after 5000 cycle [68]
MnFe,O4/graphene/PANI 1 MKOH 307.2at 0.1 Ag* 74% after 2000 cycle [69]
3D MnOa/graphene 0.5 M NazSO4 130 at 2 mVs? 82% after 5000 cycle [70]
NiFe:0,@rGO KNOs:-PVA 139 at0.5Ag* 89.8% after 10,000 cycles [71]
3D MnO,-CNT-G 1 M LizSO4 260 1.0 Ag? 82% after 3000 cycles [72]
N-CuMezPc 1 M H3SO4 291.6at0.5Ag™* 100.1% after 5000 cycles [73]
V,0s nanorods/rG M LiNO; 83.5at0.5Ag™ 34.5% after 1000 cycles [74]
Mn-CPANI 1 M H,SO4 246at 1 Agt 97% after 10000 cycles [75]
CuFe,04-GN 3 M KOH 125.7 at 1 Ag™ 85% for 1000 cycles [76]
PPy/MG hybrids 0.5MH;SO, 205.6 F/gat0.5Ag™ 93% after 30,000 [77]
(CF)1x(GNPs)x 0.5 M K;SO4 422 at 0.25 Ag* 80.7 % after 1500 cycles V-IV-Q;T(

It is interesting to note that the (CF)o.75(GNPSs)o.25 nanocomposite electrode (Fig. 7(c)) has higher specific
capacitance at high current densities as well relative to other prepared samples, indicating its excellent
rate capability. The observed enhanced rate performance of the (CF)1.x(GNPs)x electrodes originates
from the effective conducting channels provided by the 2D interfacing of CaFe>O4 with GNPs.

4. 2. Energy-power density, EIS spectra and cyclic stability

The values of energy and power density of the prepared electrode materials have been
obtained from the discharging portion of GCD profiles with the help of the following equations
[78],

0.5CT(AV)?

O (whKg™) ®)

Energy density = E =
Power density = P = % (WKg™1) 4)

Here Cr, E, AV,P,At are the specific capacitance, average energy density of the cell, the
potential window, power density and discharge time, respectively. The energy density calculated
for the GNPs, CF and (CF)1x(GNPs)x electrodes is 3.26 WhKg?, 5.45 WhKg?, 14.65 WhKg?,
11.92 WhKg! and 6.49 WhKg? at 62.5 WKg™ respectively. The Ragone plots are given in Fig.
8 (a)
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Fig. 8: (a) Ragone plots, (b) EIS spectra of (CF)1.<(GNPs)y electrodes, and (c) cycling stability and
Coulombic efficiency of (CF)o.7s(GNPSs)2s electrodes.

It is clear from the Ragone plots that the (CF)1x(GNPSs)x electrode exhibits outstanding energy
density even at higher current densities. This enhanced energy density offered by nanocomposite
electrode is attributed to the pseudocapacitive contribution to the overall supercapacitance from
2D CF nanosheets attached to GNPs [79].

The charge storage mechanism of CF and (CF)1-x(GNPs)x electrodes has been further studied by
EIS technique. EIS spectra measured on the complex plane, with frequency range 0.1 Hz-100
kHz and 10 mV bias voltage, have been presented in Fig. 8 (b). The results depict that for the
low frequency, the slope of the straight line part corresponds to the ionic resistance of
electrolyte. Obviously, (CF)o.7s(GNPs)o.25 electrode exhibits an almost vertical line as compared
to that of other samples, indicating the lowest diffusive resistance. Whereas, in the high-
frequency region diameter of semicircle stands for the resistance to charge-transfer at the
interface of electrode and electrolyte. It is important to note that the radius of the semicircular
part is smallest for (CF)o.75(GNPS)o.25 electrode, suggesting that 25 wt.% GNPs content is the
optimum value for achieving the lowest interfacial charge-transfer resistance. The 2D nature of
the interfaces formed between CF nanosheets and GNPs facilitate the charge transfer, and as a
consequence, overall resistivity of the nanocomposite is reduced [80].

The cyclic life of the prepared electrodes has been tested by GCD method for 1500 cycles at 5
Ag ! as shown in Fig. 8 (c). After continuous charging and discharging, the cell retains 80.7% of
its maximum capacity. This excellent retention of capacitance undoubtedly demonstrates the
better electrochemical reversibility of the (CF)1.x(GNPs)x electrode material, which could be
attributed to the strong mechanical structure and high conductivity of the nanocomposites. GNPs
present in the nanocomposite system prevent the aggregation of CF nanosheets during
charge/discharge cycle, along with increasing their conductivity. Both of these factors contribute
to the improvement of cycling stability of the electrode [81].

Efficiency %
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5. Photocatalytic Activity Test

The photocatalytic decomposition of MB using synthesized CF, (CF):1x(GNPs)x and
GNPs samples has been carried out under visible light irradiation. The percentage photocatalytic
degradation of MB has been calculated using following equation [82].

% degradation = (1 — Ci) %X 100 (5)
Where C, and C are the initial and residual concentrations of MB at various intervals of time,
respectively. The photodegradation efficiency of CF, (CF)1.x(GNPs)x nanocomposites and GNPs
has been calculated to be 55.6%, 99.4%, 91.2%, 83.1% and 19.8% respectively (for 90 min), as
shown in Fig. 9.

Table. 2: Comparison with previous reported literature of photocatalysis

Photocatalyst Amount of Degradation Light

Photocatalyst Morphology conce. /volume photocatalyst time/Efficiency  source Reference
CaFe;04/0-Fe03 Nanostructures ~ 10mg LY/ 100 mL 30 mg 180 min/95.7% 300 W [83]
PAM / CaFe;04 Microspheres 5 mg L1/1000 mL 01g 180 min/95 % 500 W [84]
CaFe;04/g-CsNJ/CNT  Nanoparticles 10 ppm/100 mL 01g 120 min/97% 300 W [85]
Carbon/CaFe;04 Nanorods 50 mg L™*/100 mL 50 mg 120 min/93% 300-W [86]
CaFe;04/Bi03 Nanoparticles 10 mg L™/ 100 mL 0.05¢g 240min/86.9% 500 W [87]
CaFe;04/g-C3N4 Nanoparticles 10mg L™1/50 mL 01g 120 min/94% 150 W [88]
ZnFe,0,~rGO Nanoparticles 20 mg L™1/100 mL 20 mg 150 min /100 % 500-W [89]
Fe;04-GO Nanoparticles 20 mg L™ /500 mL 0.25¢g 120 min/99% 500 W [90]
RGO/Fes04 Nanoparticles 20 mg L"%/100 mL 25mg 120 min/96% 300 W [91]
LaFeOs/C Nanoparticles 15mg L1 /50 mL 50 mg 120 min/85.5% 300 W [92]
MnFe,04-GSC Nanoparticles 10 mg L™ /200 mL 50 mg 180min/100 %  Sunlight [93]
Zinc ferrite-rGO Nanostructures 10 mg L™t/ 125 mL 50 mg 180 min/ 90% Sunlight [94]

(CF)1x(GNPs)x 2D Nanosheets 10 mg L™ /100 mL 20 mg 90 min/99.4% 500 W  This Work

The (CF)o.75(GNPs)o.25s nanocomposite has the highest photocatalytic activity. It is also important
to note that the photocatalytic activity decreases by increasing the content of GNPs beyond 25%.
To understand the change in photocatalytic activity with GNPs content, the following two factors
should be taken into account. 1) According to PL and UV-Vis bandgap results, the photocatalytic
activity should increase with increasing content of graphene. 2) The excessive GNPs prevent the
light from reaching the active sites on the photocatalyst surface, which reduces the rate of
photocatalytic reaction, causing the photodegradation efficiency to reduce [95]. Therefore,
photocatalytic activity results from interplay between the two factors.
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Fig. 9: Photodegradation comparison using (CF)1-x(GNPS)x nanocomposites

At lower graphene ratio, 1st factor is dominant and leads to enhanced photocatalytic activity,
while at higher graphene ratio the second factor is dominant resulting in lower photocatalytic
activity. Decomposition of MB molecules using (CF)1.x(GNPs)x nanocomposites has possibly
occurred via photo-Fenton and photocatalytic reaction, both. It can be suggested from the
observed experimental results that, these two processes synergistically contribute to the
enhancement of the photocatalytic activity. The possible mechanism of the photocatalytic
reaction can be suggested as shown in Fig. 10.

Fig. 10: Schematic representation of photodegradation mechanism of MB by (CF)1x(GNPS)x

In photocatalytic reaction, the electrons are excited to the conduction band (due to light
irradiation) producing equal number of holes in the valence band. The electrons are then
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transferred to the GNPs present in the composite sample. This effective charge transfer can
reduce the rate of e/h* pair recombination, which in turn boosts the efficiency of the
photocatalyst. The photoinduced electrons tend to react with absorbed O to generate superoxide
anion radical (*O2"), while the holes could also react with surface-bound H>O and OH™ to
produce hydroxy radicals (*OH). The photocatalytic reaction can be expressed as follows [96].

CaFe,0, + hv - CaFe,0, (e~ + h™) (1)
CaFe,0,(e”) + GNPs - CaFe,0, + GNPs(e™) (2
GNPs(e™)+ 0, »¢0,” + GNPs (3)
CaFe,0, (h*) + OH™ - CaFe,0, ++ OH 4)

While, in photo-Fenton type reaction, due to the presence of H.O>, the redox reactions taking
place on the surface of the photocatalyst causes mutual conversion of Fe**/Fe?* ion pairs. H20;
decomposes into reactive hydroxyls radicals (*OH) in the presence of light upon interacting with
the available active sites (Fe?*) over the surface of the photocatalyst. GNPs plays the role in
accelerating the photo-Fenton reaction by capturing electrons from Fe?* [97]. The photo-Fenton
reaction can be expressed as follows [98]

Fe3* + e~ - Fe?* (5)
Fe?* + H,0, > Fe3* +e OH + H* (6)
Fe3* + hv + OH™ - Fe?t +¢ OH (7)

These reactive radicals then attack the dye molecules and finally decomposes them into CO2 and
H>0O. Furthermore, the effective electronic interaction via intimate 2D surface-to-surface contact
(as supported by basic characterizations) of the GNPs with CF nanosheets ensures short diffusion
lengths for charge transport and fast charge carrier transfer at the interfaces, which enables the
nanocomposites to degrade MB with remarkably fast rate [99].

5 Conclusions

In this study, (CF)i1x(GNPs)x nanocomposites having different weight ratios were
prepared via cost-effective in situ coprecipitation method and investigated for their performance
in electrochemical energy storage and photocatalytic applications. It has been found that the
prepared nanocomposites show momentous enhancement in supercapacitive performance in two
electrode symmetric cell configuration, however (CF)o.7s(GNPS)o.25s nanocomposite exhibits the
highest specific capacitance. The outstanding supercapacitive performance of the composite
electrode at this optimal composition is a consequence of the unique 2D-2D sheet-on-sheet like
structure and improved interfacial charge transfer at electrode/electrolyte interface. The prepared
(CF)o.7s(GNPs)o.2s nanocomposite also demonstrates excellent photocatalytic efficiency towards
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harmful organic dye under visible light illumination, which is attributed to the reduced charge
carrier recombination and effective electronic interaction between the constituents of the
nanocomposites. In general, these findings suggest that the physiochemical characteristics can be
tuned effectively by tailoring the compositions and the dimensionality, which are crucial for
further development of multifunctional graphene-based nanocomposites for electrochemical
energy storage and visible light mediated photocatalysis.
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