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Abstract

Hybrid 3D nanomaterials have been prepared by immobilizing the acid-functionalized MWCNTs into the edge-func-
tionalized/oxidized Few Layer Graphene (FLG) flakes to address the dispersion and exfoliation of FLG flakes. Both acid-
functionalized MWCNTs and the edge-oxidized FLG flakes were prepared in the laboratory. The acid-functionalized
MWCNTs were prepared via oxidative treatment using a mixture of nitric acid (HNO;) and sulphuric acid (H,SO,). Fenton’s
reaction was utilized for the preparation of the edge-oxidized FLG flakes using graphite flakes as the starting material.
After the functionalization, the presence of the oxygen-containing functional groups was confirmed using FTIR spec-
troscopy and XPS spectroscopy. The thermal stabilities of the nanomaterials were compared using TGA thermogram and
the 3D nanomaterial was observed to be more stable than any other nanoparticles that were prepared and reported in
this paper. The surface morphology was observed using the SEM and TEM, and the immobilized functionalized MWCNTs
between the edge functionalized FLG flakes were observed. The XRD spectra of the nanoparticles were also compared
and Raman analyses have been carried out.
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1 Introduction

The exceptional properties and unique architectures of carbon nanotubes (CNTs) have positioned them for a wide range
of applications [1, 2]. However, the limited processibility of CNTs poses substantial challenges for experimental validation,
especially in the realm of nanocomposites. Therefore, functionalization of CNTs emerges as a critical aspect, enhancing
reactivity, facilitating uniform alignment in matrices, and fostering homogeneous dispersion in solvents [3].

A prominent method for CNT functionalization involves chemical oxidation. Datsyuk et al. [3] extensively detailed
various oxidation techniques for Multi-Walled Carbon Nanotubes (MWCNTs), encompassing the utilization of piranha
solution, a mixture of NH,OH/H,0,, and refluxing nitric acid [3]. Notably, nitric acid exhibited enhanced defect generation
on CNTs, albeit with a reduction in length. Another innovative approach employs potassium permanganate supported
by a phase transfer catalyst (PTC) [4, 5]. This method, as employed by Zhang et al. resulted in a noteworthy 30% increase
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in functionalization yield. The optimized oxidation process, facilitated by PTC, thus presents itself as a viable and cost-
effective method for the large-scale production of high-quality functionalized CNTs [4].

Consideration is also given to graphite nanoplatelets, deemed cost-effective fillers with promising properties for
composites. At the nanoscale, graphite, when exfoliated, yields nanoplatelets composed of a few graphene layers [6].
The synthesis of graphene involves overcoming substantial van der Waals forces between graphite layers, requiring a
considerable amount of energy for the release of individual graphene sheets [7, 8]. Ultrasonication stands out as a mild
technique for graphite exfoliation [8]. In a detailed study tracking the impact of ultrasonication duration and power on
the generation of defects on exfoliated graphene, insights were gained, revealing that prolonged ultrasonication or high
power levels could lead to the decomposition of oxygen-containing functional groups to some extent, creating more
defects on the graphene lattice [9].

Graphene, although present in nature, necessitates physical or chemical processes for the exfoliation of graphite and
obtaining graphene layers [10]. A cost-effective and bulk-feasible approach involves the chemical reduction of graphene
oxide (GO) to generate reduced graphene oxide (rGO) [11]. Various processes for oxidizing graphite to synthesize GO
were developed by Hummers, Brodie, and Staudenmeier, with the Hummers method being the most significant and
widely used [12-14]. However, it is not without drawbacks, including the generation of toxic gases and challenges in
eliminating ions during the GO creation and cleaning process. An improved Hummers method, developed for GO pro-
duction without using NaNO;, offers a cleaner process without the emission of toxic gases and simplified waste liquid
purification, making GO production more economical [15, 16].

GO itself is a non-conductor of electricity and lacks stability at high temperatures. Nevertheless, its electrical conduc-
tivity and thermal stability can be restored through chemical reduction, with hydrazine being a popular reducing agent
[17-19]. However, the practical uses of hydrazine are limited due to its hazardous nature and high sheet resistance [20,
21]. Stankovich et al. identified hydrazine hydrate as a superior reducing agent for creating thin graphene-like sheets
with electrical conductivity [22, 23]. rGO, produced by reducing exfoliated GO sheets in water containing hydrazine,
exhibits a large specific surface area and can be used as a conductive filler for nanocomposites or for hydrogen storage.

Exploration into the reduction process of GO also includes sodium borohydride (NaBH,) as a reducing agent [24].
Compared to hydrazine, NaBH, was found to result in lower sheet resistance and better conductivity in reduced GO films.
Shen et al. introduced a simple, quick, and economic technique for producing GO by reacting graphite with benzoyl
peroxide, fully exfoliating GO into sheets, and then reducing them in situ into rGO nanoplatelets using NaBH, [25]. This
method allows control over the degree of functionalization and facilitates the production of stable GO without solvents,
opening avenues for various applications when paired with other bulk production techniques.

Solution-based chemical reduction of graphene oxide (GO) offers economic and large-scale production benefits, but
agglomeration occurs due to the high m-m stacking affinity of reduced graphene oxide (rGO) sheets. Capping agents
are often employed to mitigate this issue. While hydrazine hydrate has been widely used as a reducing agent for GO,
its noxious nature necessitates safety precautions. In response to this, L-ascorbic acid, a naturally occurring and non-
hazardous reducing agent, has been explored for GO reduction [26]. Zhang et al. demonstrated a simple aqueous reduc-
tion method using L-ascorbic acid at room temperature, resulting in a notable restoration of electronic conjugation in
rGO and significant removal of oxygen-containing functional groups [27-31]. Stable reduced GO sheets were obtained
without capping agents, suggesting that the oxidized products of L-ascorbic acid may function as capping agents [32, 33].

The Fenton reaction [34], particularly the photo-Fenton reaction, has been utilized to transform GO into nanoporous
graphene sheets under benign conditions [35, 36].

The synthesis and characterization of nano-porous carbonaceous nanofillers, such as f-FLG flakes, have been explored
as well. Functionalization of CNTs using a mixture of acids (H,5S0, and HNOj;) results in oxidized CNTs with increased car-
boxylic acid groups. The oxidation process involves defect generation and consumption, targeting the graphene structure
and forming active sites. Sonication in H,SO,/HNO; leads to defect generation at existing and newly developed sites
along the CNT walls. The sonochemical approach is employed for the generation of defects on the graphitic lattice, as
well as the creation of carbon-metal nanoparticle interfaces for FLG synthesis with edge functionalization. The graphite
lattice is delaminated and functionalized through the graphite-iron nanoparticles interface. This physicochemical pro-
cess targets nano-sized carbon-metal nanoparticle interfaces for the generation of FLG with functionalization mainly
at the edges [37, 38].

Various studies have explored the acid functionalization of CNTs [39], investigated their morphological characteristics
[40], developed high-performance nanocomposite membranes using hydroxylated graphene and graphene oxide [41],
demonstrated the biocompatibility of hydroxylated graphene [42], and fabricated flexible carbon films with ultrahigh
electrical and thermal conductivity based on hydroxylated graphene [43].
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In our previous studies, we have synthesized, modified, and functionalized nanomaterials, including acid-functional-
ized MWCNTs as well as edge-functionalized/oxidized graphene flakes [44, 45]. The challenge of graphene exfoliation is a
significant issue. The main objective of this work is to address the dispersion and exfoliation challenges of FLG flakes. For
this hybrid, 3D nanomaterials have been prepared by immobilizing acid-functionalized MWCNTs into hydroxylated FLG
flakes; subsequently, their microstructural properties have been evaluated and reported. The acid-functionalized MWC-
NTs and hydroxylated FLG flakes have been considered to establish hydrogen bonding between carboxy and hydroxyl
group after immobilization of acid-functionalized MWCNTs into hydroxylated FLG flakes for chemically stable structure.
The immobilizing of acid-functionalized MWCNTSs into hydroxylated FLG flakes also makes the hybrid 3D nanomaterial
porous and exfoliation of the graphene of the FLG flakes.

2 Experimental work
2.1 Materials used

Synthetic graphite powder with a flake size of approximately 20 um was obtained from Sigma-Aldrich, India, with a purity
level of 99.99%. Additionally, the laboratory synthesized, modified, and functionalized nanomaterials, including acid-
functionalized MWCNTs with an outer diameter of 30-40 nm and a length of 3-4 um, as well as edge-functionalized/
oxidized graphene flakes with a size ranging from 500 to 1000 nm and approximately 10-15 graphene layers [44, 45]
were used for this work.

2.2 Preparation of functionalized MWCNTs by oxidative treatment [46]

In a glass flask of 25 mL, 10 mg of MWCNTs was weighed and added. Along with MWCNTs, 0.6 mL of DI water, 9.4 mL
of HNO; (69%) and 8.0 mL of H,SO, (96.2%) were added to the glass flask. Thus, an acidic solution of 18 mL volume
was created which consisted of 8.0 M HNO; and 8.0 M H,SO,. The MWCNTSs containing solution was initially stirred for
1 min. Then the solution was sonicated (40 kHz, 130 W) for 5 min so as to disperse the MWCNTs. In order to disperse the
agglomerated MWCNTSs, the cycle consisting of mixing and dispersion was carried out two times. The solution was then
sonicated and the bath temperature was increased and maintained at 60 °C during the course of the treatment. This
process was carried out for 2 h. Once the surface was treated, the MWCNTs were removed from the acidic solution by
centrifuging at 4500 rpm, and washed with DI water several times and dried. The final product was looking like black
powder. Figure 1 shows the schematic of functionalization of MWCNTs.

2.3 Preparation of edge functionalized/oxidized Few Layer Graphene (FLG) flakes

We employed ultra-sonication to sonochemically generate nanoparticles of iron oxide and iron on the flakes of graphite.
A solution is prepared by dissolving Fe(50,)0.7H,0 (8.9 gm) and a small amount (1-2 mL) of ethanol in DI water (20 L)
and graphite powder (8 gm) was added to it. The solution was then ultrasonicated at 20 kHz for one hour in inert atmos-
phere. Next, 180 mL of 30% H,0, was divided into nine equal portions and each portion was added every hour to the
ultra-sonicated solution with rigorous stirring. We added 30% sulphuric acid (18-20 mL) and kept the pH of the reaction
mixture at 3-4 in order to dissolve the iron salts. The Fenton'’s reaction solution was continuously stirred for 48 h. After
allowing the reaction solution to settle for 15 min, it was decanted and filtered to obtain edge-functionalized FLG flakes.
After multiple washes with DI water and warm water/alcohol, the sample was dried at 60 °C overnight. It was further
rinsed with warm HCI/H,0, after which it was repetitively centrifuged. Subsequently, the sample was dried and then
sonicated for 30 min in N,N-dimethyl formamide (DMF) at a concentration of 0.25 mg/ml. It was centrifuged for 15 min
at 1000 rpm and the FLG flakes with edge-functionalization were recovered from the supernatant of the solution which
was then vacuum-dried. The final product was looking like black powder. Representation of the process of synthesis of
edge-functionalized FLG flakes is shown in Fig. 2.
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Fig. 1 Schematic of chemical oxidation (functionalization) of MWCNTs
2.4 Preparation of hybrid 3D nanomaterials

The functionalized MWCNTSs was synthesized and it was then taken in a beaker in DMF. This mixture was sonicated
for 30 min in order to achieve proper dispersion. The edge-functionalized/oxidized FLG flakes were synthesized and
added to the functionalized MWCNTSs in DMF solution. The functionalized MWCNTs and the edge-functionalized FLG
were added in 25/75, 50/50 and 75/25 weight ratio. The solution was again sonicated for 30 min. The solution was
vacuum dried overnight at 70 °C, and the 3D nanomaterial was obtained and stored in air-tight containers. The final
product was looking like black powder. Figure 3 shows the graphical representation of the synthesis procedure of
3D hybrid nanomaterials.

2.5 Characterization of nanomaterials

ATR-FTIR spectra were acquired using a high-resolution ATR-FTIR instrument (Spectrum 100 series, Perkin EImer) with
a scanning range of 4000-600 cm™', a resolution of 4 cm™', and an average of 8 scans per sample. The ATR element
employed was a zinc selenide (ZnSe) crystal. Morphological studies and analysis were conducted through scanning
electron microscopy (SEM) on a Carl Zeiss scanning electron microscope (SUPRA 40 VP, Gemini) at an acceleration
voltage of 25 kV. Prior to SEM studies, all test samples underwent vacuum gold sputtering. X-ray diffraction (XRD)
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Fig.2 Process of synthesis of edge-functionalized FLG flakes

patterns of carbonaceous nanomaterials were obtained using a Bruker AXS diffractometer (D8 Advanced) in Ger-
many. The X-ray source had a wavelength of 0.154 nm (Cu K-alpha) generated in a sealed tube. Transmission electron
microscopy (TEM) samples were prepared by drop casting on a carbon-coated copper grid with a mesh size of 300
and analyzed using a TEM (JEM-2010, JEOL, Japan) operated at a 200 kV accelerating voltage. Thermogravimetric
analysis (TGA) was conducted in a TA-2920 analyzer at a heating rate of 10 °C/min. Sample preparation involved using
compounded materials, and TGA was performed in an xygen atmosphere with a volumetric flow rate of 60 cm*/min.
Raman spectra of powder samples were recorded using a Renishaw Raman Microscope with Ar-ion laser excitation
at 514 nm and a power of 50 mW. X-ray photoelectron spectroscopy (XPS) experiments were carried out using a
VSW spectrometer with AlKa radiation. The spectral resolution was 0.6 eV at 530 eV binding energy. The chamber’s
base pressure was maintained at~4x 107 torr, and spectra were recorded immediately upon activating the X-ray
source to prevent induced artefacts. For survey and carbon core level analysis, a take-off angle of 45 degrees and
pass energy of 58.7 eV were employed. To preserve the surface composition, Ar ion sputtering was avoided during
sample surface cleaning.
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Fig.3 Graphical representation of synthesis procedure of 3D hybrid nanomaterials

3 Results and discussion

The hybrid 3d nanofillers have been prepared in three different compositions viz. (i) 25/75, (ii) 50/50 and (iii)75/25
using acid-functionalized MWCNTs and hydroxylated FLG flakes. The composition 25/75 was found to dominate
by hydroxylated FLG while 75/25 was observed to dominate by acid-functionalized MWCNTs. However, the 50/50
composition was found optimized where the acid-functionalized MWCNTs were found to penetrate and immobilize
into the hydroxylated FLGs. These observations based on SEM and TEM for compositions of 25/75 and 75/25 have
been provided in the supplementary information to restrict the length of the manuscript while the optimized com-
position i.e. 50/50 has been included and described in the manuscript. The electron microscopic images of hybrid
3D nanofillers—(a) SEM (25/75), (b) TEM (25/75), (c) SEM (75/25) and TEM (75/25) have been provided in Figure S1.
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3.1 Attenuated total reflection-fourier transform infrared (ATR-FTIR)

ATR-FTIR analysis is done to determine the different kinds of bonds present in the sample. The acid treatment of MWCNTs
introduces different oxygen containing functional groups like carboxyl functional group (-COOH) onto the surface of
carbon. The FTIR analysis confirmed the presence of functional groups by comparing the spectra of the un-functionalized
MWCNTSs and the functionalized MWCNTSs, as shown in Fig. 4a, b. The strong intensity peak at wavenumber ~ 3400 cm™
increased due to stretching of the -OH bond of carboxyl group (-COOH). The medium intensity peak due to symmetric
and asymmetric stretching of C-H bonds present in lengthy alkyl chain is observed between 3000 and 2800 cm™" for
both functionalized and un-functionalized CNTs. The peak around ~ 1625 cm™' can be attributed to the conjugation of
C=0 (carbonyl group) with C=C (vibrational mode of CNT skeletal). The medium intensity peak around ~ 1460 cm™' can
be attributed to the bending of the -OH bond in the carboxyl group.

The Fenton reaction introduced primarily hydroxyl groups on the graphite nano-flakes. The presence of —OH group
attached to graphite nano-flakes was confirmed using FTIR spectroscopy. The strong and broad peak present for

Fig.4 The FTIR spectra of a 3423 cm?, stretching 1460 cm™, bending
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b un-functionalized MWCNT, .
c graphite flakes, d hydroxy- . w
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. / ~ MWCNT-COOH| ;s -0 with C=C
2922 cm't, a'sym'rnet;'ic o
stretching of C-H
] 1625cm™
1 3427 cm?
] [ —— MWCNT|
] T T T T T T T T 1
? - Graphite flakes (C)
: -1
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hydroxylated graphite nano-flakes (or edge-functionalized/oxidized FLG flakes) around ~ 3400 cm™ is due to the stretch-
ing of the hydroxyl group, as observed in Fig. 4c, d.

The hybrid 3D nanofiller has both hydroxylated graphene nanoflakes and acid-functionalized CNTs. The functional
group of acid-functionalized CNTs (-COOH) and that of hydroxylated graphite nano-flakes (-OH) have formed weak
bonds, which cause a slight shift in the peak attributed to the stretching of the -OH bond at around ~3300 cm™, as
shown in Fig. 4e. This shift in the peak was observed due to the presence of hydrogen-bonded hydroxyl and carboxyl
groups that weakens the —-OH bond and hydrolowers the absorption frequency. The peak around ~ 1400 cm™' is due to
the bending of the -OH bond in the carboxyl group.

The hydrogen bonding in hybrid 3D nanomaterial due to the presence of the hydroxyl group of FLG and the carboxyl
group of acid-functionalized MWCNT made the 3D nanomaterials chemically more stable.

3.2 X-Ray photoelectron spectroscopy (XPS)

XPS is a surface analytical technique, and it gives information regarding chemical bonding on the surface of the nanofill-
ers. The acid-functionalized MWCNTs and the edge-functionalized/oxidized FLG flakes were synthesized in the laboratory.
This analysis can determine the nature of oxygen-containing functional groups attached on the surface, and also if there
are any structural defects present on the nanofillers surface.

For the MWCNTSs, the peak at 284 eV was attributed to the C=C bond or sp? hybridized carbon, and the peak at 285.5 eV
was attributed to the C—C bond or sp> hybridized carbon, as shown in Fig. 5b. The XPS spectra of the acid-functionalized
MWCNTs show peaks at 284 eV (C=C bond) and 285.5 eV (C-C bond), similar to MWCNTs. The slight reduction in the
intensity of the sp3 hybridized carbon peak shows a reduction in amorphous carbons in pristine MWCNTSs by acid func-
tionalization. The presence of carboxyl group (~COOH) attached to the surface of the acid-functionalized MWCNTSs was
confirmed by the peak at 286.5 eV attributed to C-O and a peak at 287.5 eV attributed to C=0, as observed in Fig. 5a.

The XPS spectra of the graphite flakes and the edge-functionalized/oxidized FLG flakes were compared. The graphite
flakes XPS spectra, as shown in Fig. 5d, show a peak at 284.3 eV that can be attributed to the C=C bond, and a peak at
285.5 eV that can be attributed to the C-C bond. After the edge functionalization of the FLG flakes with hydroxyl groups,
the XPS spectra show the usual peaks at 284.5 eV (C=C bond), and the peak at 285.3 eV (C-C bond), as shown in Fig. 5c.
The intensity of the sp* hybridized carbon (C-C) peak, associated with defects on the surface, has increased very slightly
in the case of FLG flakes. The presence of hydroxyl group (-OH) in FLG flakes was confirmed by the presence of a peak at
289 eV that was attributed to the C-O bond.

3.3 Electron microscopy

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) are used to study the morphology of
the nanomaterials and the changes in morphology on the functionalization of the nanomaterials.

SEM and TEM were utilized to identify the alteration in the morphology of MWCNTs before and after functionaliza-
tion. Before the functionalization, the MWCNTs were agglomerated and no specific nanotubes could be observed, as
seen in Fig. 6a. After the functionalization of the MWCNTs, they appear to have de-agglomerated to a certain degree as
observed in the SEM image, shown in Fig. 7b. The tube-like structures of the MWCNTs can be observed in the TEM image
of acid-functionalized MWCNTs, as shown in Fig. 7a.

The functional groups help to disperse and de-agglomerate the acid-functionalized MWCNTs, which can be concluded
by comparing the SEM images of MWCNTs before functionalization, as shown in Fig. 6a, and after functionalization, as
shown in Fig. 7b.

The morphology of the graphite flakes and edge-functionalized FLG flakes were observed using electron microscopy.
The size of the graphite flakes was very large as observed in the SEM image at 5 um magnification, as shown in Fig. 6b. A
graphite flake is made up of numerous graphene layers. The edge functionalization causes the exfoliation of the graphite
flakes, thus reducing the size and the number of graphene layers in the graphite. The FLG nano-flakes have been prepared
with reduced size and thickness, which can be observed from the SEM image, as shown in Fig. 7d. The TEM image of the
FLG flake evidently shows the presence of only a few graphene sheets, as shown in Fig. 7c.

The hybrid 3D nanomaterial is formed by mixing together FLG flakes and functionalized MWCNTs. The carboxyl groups
(—~COOH) attached to the acid-functionalized MWCNTs form hydrogen bonds.

with the hydroxyl groups (—~OH) attached to the FLG flakes. Thus, immobilizing the MWCNTs between different FLG
flakes and forming a 3D structure can be observed from the TEM image of 3D nanomaterials at 100 nm magnification, as
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Fig.5 The XPS spectra of a
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shown in Fig. 7e. It can be observed from the SEM image that the MWCNTSs that have been restrained on the FLG flakes,
are due to the formation of weak bonds, as shown in Fig. 7f.

In hybrid 3D nanomaterials, it was observed that the acid-functionalized MWCNTs penetrated into the hydroxylated
FLGs. The immobilized acid-functionalized MWCNTs into the hydroxylated FLGs of hybrid 3D nanomaterials which is the
key factor for the high exfoliation and dispersion of FLGs.

3.4 Thermogravimetric analysis (TGA)

The thermal stability of the nanomaterials was observed using the TGA analysis. This is because the different carbon struc-
tures demonstrate different behaviour during oxidation which depends each time on the reactive sites that are available.
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Fig. 6 The SEM images of a un-functionalized MWCNTSs at 2 um magnification; and b graphite flakes at 5 um magnification

The treatment of the as-received MWCNTs using acids mixture (H,SO, and HNO;), causes the end of the MWCNTs to
open up, and the functional groups, like carboxyl groups (-COOH), gets attached at those ends. The functional groups
are also attached at the CNTs defects sites. The TGA thermograms of MWCNTs and functionalized MWCNTs are compared
in Fig. 8a. The MWCNTs were observed to be thermally stable up to a range of ~ 350 °C. Beyond this temperature, the
MWCNTSs begins decomposing and between the temperature range of 375-525 °C, the MWCNTs loses ~ 90% of its mass.

This was attributed to the presence of amorphous or disordered carbons, which have a tendency to get oxidized at
higher temperature, due to the existence of either large quantities of active sites or due to the lower energy required for
their oxidation. The functionalized MWCNTs were observed to be stable up to~275 °C. There was a sharp loss of 80% mass
in a range of 350-450 °C which was attributed to the oxidation of carbon framework. The functionalized MWCNTs have
carboxyl groups attached to it which decomposes at lower temperature. This causes the decomposition temperature of
functionalized MWCNTs to shift to a lower temperature as compared to pristine MWCNTs.

The comparison of the thermal stability of the hydroxylated FLG flakes and graphite is shown in Fig. 8b. Hydroxylated
FLG flakes lose ~ 9% of mass between 30 and 150 °C, which can be attributed to the evaporation of absorbed moisture.
Graphite is more thermally stable upto 600 °C, whereas the hydroxylated FLG flakes lose ~55% of its mass and oxidized
faster in the same range, as observed in Fig. 8b. This can be attributed to the decomposition of the hydroxyl groups
attached to the edge-functionalized/oxidized FLG flakes. Towards the end of the TGA analysis at ~ 800 °C, the FLG flakes
had ~40% residue due to the presence of iron (Fe) particles that came from the Fenton’s reagent.

The hybrid 3D nanomaterial thermally decomposes in three stages, as seen in Fig. 9. In the temperature range
of ~30-75 °C, the 3D nanomaterial suffers a~5% loss in mass which can attributed to the evaporation of any absorbed
moisture. It was observed to be thermally stable in the range of 75-175 °C. It loses ~ 7.5% of its mass in the temperature
range of ~175-250 °C which can be attributed to the oxidation of ooxygen-containing functional groups at higher
temperatures. The 3D nanomaterials did not lose any mass in the range of ~250-550 °C, due to the stable structure.
There was a loss of ~70% mass in the range of ~550-800 °C, due to the oxidation of stable graphitic structure at a much
higher temperature. Towards the end of the TGA analysis at ~800 °C, the 3D nanomaterial had ~ 8% residue. The lower
iron residue in 3D nanomaterials can be explained in terms of the process adapted to prepare the 3D structures where
both 1D and 2D nanomaterials were sonicated in organic solvent to prepare hierarchical morphology.

3.5 X-Ray diffraction (XRD)

The comparison of the X-ray diffraction (XRD) spectra of the MWCNT and the acid-functionalized MWCNT is shown
in Fig. 10a. The typical peaks at (002) and (100) of MWCNT are obtained at 26 of 26° and 43°, respectively, as shown in
Fig. 10a. The graphite peak at (002) is attributed to the graphitic structure of CNTs.

The comparison of XRD spectra of graphite and edge functionalized FLG flakes has been shown in Fig. 10b. The sharp
diffraction peak (002) at 26=26.5° is due to the graphitic structure, shown by both graphite flakes and FLG flakes. The
intensity of (002) peak of the graphite flakes is higher than that of FLG. This shows that compared to the graphite flakes,
the graphitic structure of FLG flakes has been disrupted.
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FLG

3D
Nano-

material

Fig.7 The Electron Microscopy images of the synthesized nanomaterials. a TEM image of acid-functionalized MWCNTs (f-MWCNTs) at
100 nm magnification; b SEM image of acid-functionalized MWCNTs (f-MWCNTs) at 2 um magnification; ¢ TEM image of edge-functional-
ized/oxidized FLG flakes at 400 nm magnification; d SEM image of edge-functionalized/oxidized FLG flakes at 1 pm magnification; e TEM
image of hybrid 3D nanomaterials at 100 nm magnification; and f SEM images of hybrid 3D nanomaterials at 200 nm magnification

The XRD spectra of the 3D nanomaterials have been compared with those of acid-functionalized MWCNTs and edge-
functionalized FLG flakes, as shown in Fig. 11. The peak of the 3D nanomaterial is obtained at 26 =26.5° which is attributed
to the graphitic structure, as seen in Fig. 11. In comparison to functionalized MWCNTs and the 3D nanomaterial, the peak
of FLG flakes has the highest intensity. This can be attributed to the presence of more unharmed graphitic surfaces in
FLG flakes when compared to 3D and functionalized MWCNTs.

The peal observed at 26=26.5° for the hybrid 3D nanomaterial is asymetrical, which could be partially assigned to
the functionalized MWCNTSs and the edge-functionalized FLG, respectively .
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Raman spectroscopy is a technique that was utilized for the characterization of carbon nanoparticles. The Raman spectra
of the MWCNTs and the acid-functionalized MWCNTSs are compared, as shown in Fig. 12a. The characteristic bands shown
by both un-functionalized and functionalized MWCNTSs are D-band and G-band. The D-band is a disorder-induced feature
caused to double resonance Raman scattering process from a non-zero-center phonon mode [47, 48].

The D-band is attributed to the presence of disordered or amorphous carbons in the MWCNTs. The G-band is
obtained due to in-plane tangential stretching of the C-C bonds in graphene sheets. In the case of un-functionalized
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MWCNTs, the D-band is obtained at ~ 1350 cm™' and the G-band is obtained at ~ 1580 cm™". After the acid function-
alization of MWCNTs, their Raman spectra show an increase in the intensity of the D-band as well as reduction in
the intensity of the G-band. The acid-functionalization is a harsh oxidative treatment that leads to more disordered
carbons in the MWCNTs after functionalization with acids. The G-band is sensitive to minor strains and the shift in
this band in the case of acid-functionalized MWCNTSs can be attributed to the addition of the functional groups on
MWCNTSs. I/l ratio for MWCNT is 1.045 and MWCNTs-COOH is 1.074.

In the case of graphite flakes, the D-band is obtained at~ 1375 ¢m™' and the G-band is obtained at~ 1570 cm™', as shown
in Fig. 12b. The edge-functionalized FLG flakes were prepared using graphite flakes and Fenton'’s reagent. The Raman spectra
of FLG flakes show that the intensity of the D-band has increased and the G-band has decreased. In the case of FLG flakes,
the increase in the intensity of the D-band is attributed to defects generated due to sp* hybridization of carbon atoms. The
slight shift in the G-band of FLG flakes compared to graphite can be attributed to the reduction in the number of graphene
layers. I/l ratio for graphite flakes is 0.04 and the same for FLG flakes is 0.21.
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4 Conclusion

The synthesis of the acid functionalized MWCNTs prepared via strong oxidative treatment of pristine MWCNTs,
using the acid mixture (HNO;/H,SO,). The FTIR spectra confirmed the presence of carboxyl group (-COOH) in acid
functionalized MWCNTs by peak formed due to stretching of the ~-OH bond around ~ 3400 cm™'. The same was
confirmed using the XPS analysis whose spectra shows the presence of the peak at 286.5 eV attributed to C-O and
a peak at 287.5 eV attributed to C=0 in functionalized MWCNTs. The SEM and TEM images of pristine MWCNTs and
acid-functionalized MWCNTs were compared and it was observed that the functionalization causes the MWCNTs to
de-agglomerate. Thus, it is shown that functionalization assists in better dispersion due to the presence of functional
groups that prevents the agglomeration. The XRD spectra comparison of the MWCNTs before and after function-
alization shows that the intensity of the (002) peak increases in the case of acid functionalized MWCNTs due to the
reduction of amorphous carbon in pristine MWCNTs. The TGA of the MWCNTs before and after functionalization
shows that the oxidation of the carboxyl functional group attached to functionalized MWCNT causes an early onset
of decomposition compared to that of pristine MWCNTs.

The edge-functionalized FLG flakes were prepared by reacting graphite with the Fenton'’s reagent which causes the
hydroxyl groups to be attached to the edges of the as-synthesized FLG flakes of the graphite. The FTIR spectra of graphite
and the edge functionalized/oxidized FLG flakes were compared. The presence of the hydroxyl group, on the edge func-
tionalized/oxidized FLG flakes, as a strong and broad peak around ~3400 cm™' was confirmed using the FTIR analysis. The
XPS spectra of the FLG show the presence of hydroxyl group (~OH) by the presence of peak at 289 eV that was attributed
to C-0 bond. The XRD spectra of the graphite and the edge functionalized/oxidized FLG flakes was compared and it
was observed that the intensity of the (002) peak was reduced in the case of edge functionalized/oxidized FLG flakes.
Their SEM and TEM images were compared and their surface morphology was observed. It was observed that along
with reduced size and thickness, the edge-functionalized/oxidized FLG flakes was made up of few layers of graphene,
compared to graphite. Their Raman spectra show that the number of layers has been reduced in the case of FLG flakes.
Their thermal stability was observed using the TGA, and it was observed that the decomposition temperature of the
edge-functionalized/oxidized FLG flakes shifted to a lower temperature compared to graphite due to the presence of
the functional group. The graphite was observed to be stable up to 600 °C.

The hybrid 3D nanomaterial was synthesized using the functionalized MWCNTs and the edge-functionalized/oxi-
dized FLG flakes. The FTIR spectra of 3D nanomaterial show the presence of hydroxyl peak at~3300 cm™'. The shift
of the peak of —-OH bond was attributed to the weak bonds between the hydroxyl and carboxyl groups. The SEM and
TEM images of the 3D nanomaterial confirm that it has formed by immobilizing the functionalized MWCNTs into the
edge-functionalized/oxidized FLG flakes. The TGA of the 3D nanomaterial shows that it is almost stable upto~575 °C
after which it loses ~70% mass in the range of 575-800 °C due to the oxidation of stable graphitic structure at a much
higher temperature. The comparison of TGA thermogram confirms that the 3D nanomaterial is more thermally stable
than functionalized MWCNTs and FLG flakes. The XRD spectrum of the 3D nanomaterial was obtained at 26.5°, which is
similar to that of functionalized MWCNTs and edge-functionalized/oxidized FLG flakes.

The various characterization techniques viz. SEM, TEM and XRD showed the porous and exfoliated hybrid 3D nano-
material prepared by immobilizing acid-functionalized MWCNTSs into the hydroxylated FLGs. The FT-IR spectra indicate
a stable morphology of 3D hierarchical structure made of functional 1D and 2D nanomaterials by hydrogen bonding.
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