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An advanced approach for direct covalent functionalization (DCF) of graphene-based material has been developed. The functionalized |
graphene oxide (f-GO) has been prepared with the robust sonochemical approach with complete deletion of hazardous acylating and |
coupling reagents. The as-prepared f-GO was extensively characterized with various analytical techniques like near edge X-ray absorption
fine structure (NEXAFS), *C SSNMR, HRXPS, HRTEM, XRD, Raman, AFM, TGA, DSC and FTIR. An investigation of thermal |
applications of graphene-based materials has been confined due to the conventional thermal instability of graphene oxide (GO). However, |
DCF through contribution of C_K edges of graphene oxide, have confirmed the significance of f-GO towards enhanced thermal stability. |
The total percentage weight loss in TG-DTA has confirmed an enhanced thermal stability of f-GO. The contribution of edge structure |
towards enhanced thermal stability has confirmed with near edge XAFS spectroscopy. The participation of various atomic domains has
synergistically contributed towards enhanced thermal stability of f~-GO. I
|
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INTRODUCTION

One of the natural carbon allotropes i.e. graphite and its
oxidative product graphite oxide play an important role in the
synthesis of grapheme [1-5]. The one atom thick, honeycomb-
like, hexagonal 2-D graphene is most intensively studied
material of 20" century for its excellent properties [6-9]. Since
Andre Geim and Konstantin Novoselov got Nobel Prize in 2010
for the discovery and electronic study of graphene in 2004 [1-
6]. The 2-D carbon-based composite materials is essentially
known for various applications rather it is more promising
than 1-D and 0-D nanostructured materials [6-10]. The cost-
effective, conventional and greener approach is the demand
of the science to maintain the sustainability of the environment
to developing the new materials for various applications rather
than the highly expensive physical route. Therefore, the micro-
wave, ultrasound and conventional route are favourable for
current scenario of graphene research [11-19]. The ultrasound
assisted mechanical energy simultaneous rise the temperature
5000 K and instantly cooling, play a major role in the exfoliation
of the graphite oxide into graphene oxide and direct covalent
functionalization (DCF) through cavitation phenomenon [12-14].
Moreover, the conventional approach based direct isolation
of single-layer graphene from the graphite is a challenge for
the scientific community. Hence, the reduced graphene oxide

(RGO) and edge-functionalized graphene oxide (f-GO) not
only broaden its functionalities but also induce the electronic
structure of the RGO and f-GO [20-22]. However, by using
several hazardous chemicals and non-greener methods are
reported for the functionalization. But the ultrasound assisted
DCEF of graphene oxide skips the use of the hazardous chemicals
and explored for the various qualitative applications [10-14].
The f-GO has been suitable for thermally stable nanocom-
posite, fuel-cells, electrocatalyst, photocatalyst, supercapacitor
performance and biomedical applications [23-32]. Further-
more, synthesize f-GO analyzed by various highly sophisticated
analytical techniques to explore its structural confirmation [12-
33]. Therefore, the thermal stability of f-GO is confirmed by
TGA due to the synergistic impact of the electronic cloud
towards edges of GO [13]. The edge structure of f-GO is
confirmed by the high-resolution UHV X-ray photoelectron
spectroscopy, Omicron ESCA+ [13,23,33].

EXPERIMENTAL

Graphite flakes, 1,3-benzoxazol-2-amine (BOZA) and 2-
(1H-Indol-3-yl)ethanamine (2-IEA), were purchased from
Sigma-Aldrich Co. Concentrated sulphuric acid (95-98 %),
phosphoric acid (> 85 wt. % in H,0O), concentrated hydrogen
chloride (35.4 %) and 30 % hydrogen peroxide were procured
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from S.D Fine chemicals. Potassium permanganate was supplied
by Rankem. Absolute alcohol was obtained from Scvuksmandli
Ltd. India. All chemical are analytical grade and were used
without further purification. The method employed to firstly
synthesis of graphite oxide by previously reported method
followed by exfoliation and ultrasound assisted direct covalent
functionalization of graphene oxide [13,33].

General procedure: The as prepared graphite oxide
1 mg/mL concentration was exfoliated in ethanol [13]. The
ultrasound assisted cavitation raise the temperature 5000 K,
which plays important role to break the van der Waals force
between the sheets of graphite oxide and single layer graphene
oxide were separated out. Initially, 40 mg graphite oxide in 40
mL EtOH was exposed for the ultrasonic treatment for period
of 3 h to exfoliate the single layer of graphene oxide followed
by addition of 200 mg of 1,3-benzoxazol-2-amine (BOZA)
and 2-(1H-Indol-3-yl)ethanamine (2-IEA), respectively and
reaction exposed for the 20 min to each for synthesizing the
edge-functionalized product. The acid catalyzed in situ esteri-
fication mechanism supports the formation of ester intermediate
leads to amidation through nucleophilic substitution reaction.
The edge-functionalized product f-(BOZA) GO and f-(2-IEA)
GO was further washed with the EtOH for three times at 6000
rpm for 15 min of each to remove the unreactive impurity.

Detection method: The edge functionalization was
confirmed with the high resolution UHV X-ray photoelectron
spectroscopy, Omicron ESCA+ at pass energy 20 mA. The
Al K, radiations of 1486.7 eV was operated at 15 kV and
20 mA, throughout the measurements. The impact of edge
structure on thermal stabilization of f-GO measured with
EXSTAR TG/DTA 7300 analyser under N, ambient.

RESULTS AND DISCUSSION

XPS survey spectrum for edge structure determination:
The compositional structure of GO, f-(BOZA) GO and f-(2-
IEA) GO were analyzed with XPS spectrum in the range of
100-1000 eV (Figs. 1-3). The XPS survey spectrum of GO
exposes only two peaks confirms the presence of the carbon
and oxygen (Fig. 1). Moreover, the more counts of oxygen as
compared to carbon in GO peaks shows the good degree
of oxidation of graphite (Fig. 1a). The high-resolution ClI
spectrum of GO specifies four peaks at various binding
energies. These four peaks observed for four different carbon-
based functionality over the surface of graphene at 283.2
(C=C),284.3 (C-0-C), 286.4 (C=0), 288.1 eV (0O-C=0) (Fig.
1b). The % compositional concentration (% CC) of carbon-
based functionality calculated by Casa XPS software and these
are 11.08, 30.11, 50.03 and 8.78, respectively. The oxygen-
rich carbon functionality (ORCF) over the surface of graphene
creates the rich electronic cloud. Thus, as the presence of ORCF
over the surface of graphene, enhanced the effective nuclear
force of attraction reinforced to the higher value of the electron
affinity. Therefore, the ORCF over the surface of graphene is
responsible for the enhancing the binding energies. Further-
more, the survey and high-resolution C1 spectrum of f-(BOZA)
GO and f-(2-IEA) GO confirmed the real-time reduction and
DCF of GO (Figs. 2 and 3). As compared to GO, the survey
spectrum of f-(BOZA) GO and f-(2-IEA) GO analyzed with
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Fig. 1. XPS spectrum of GO (a), High resolution Cls spectrum of GO (b)
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Fig. 2. XPS spectrum of f-(BOZA) GO (a), High resolution Cls spectrum
of f~(BOZA) GO (b)

nitrogen based functionality over the edge of graphene along
with the ORCF over the surface of graphene, respectively (Figs.
2a and 3a). The high-resolution C1 spectrum of the f-(BOZA)
GO confirms the presence of C=C, -C-N-, N-C=0, O-C=0 at
284.9,285.7,286.8, 288.8 eV, respectively (Fig. 2b). The % CC
functionality calculated by Casa XPS software found as 62.33,
24.73, 8.97 and 3.98, respectively. The % CC of carbon enhances
from 11.08 to 62.33 and the % CC of O-C=0 decreases from
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Fig. 3. XPS spectrum of f~(2-IEA) GO (a), High resolution Cls spectrum
of f-(2-IEA) GO (b)

8.78 to 3.98 confirms the simultaneous reduction of GO.
The deconvoluted C1 peaks of f-(BOZA) GO having -C-N-,
N-C=0 at 285.7, 286.8 eV confirms the direct covalent func-
tionalization of GO with BOZA through nucleophilic
substitution reaction to forming an amide bond. However, the
high-resolution deconvoluted spectrum of f-(2-IEA) GO
confirms the presence of the C=C, -C-N-, N-C=0, O-C=0 at
285.3, 286.2, 287.3, 289.02 eV, respectively (Fig. 3b). The
% CC functionality is 71.75, 16.68, 6.08 and 5.49, respectively.
The enhance % CC of carbon from 11.08 to 71.71 and reduce
9% CC of O-C=0 from 8.78 to 5.49 confirms the simultaneous
reduction. The deconvoluted C1 peak of f-(2-IEA) GO having
-C-N-, N-C=0 at 286.2, 287.3 also confirms the direct covalent
functionalization of the GO with 2-IEA through nucleophilic
substitution reaction to forming an amide bond. As comparison
analysis of the GO, f-(BOZA) GO and the f-(2-IEA) GO
specifies the more reduction of GO during the functionalization
with 2-IEA due to less % affinity of residue towards the edge
structure modification with an amide bond than that of BOZA
functionalization. The modified edge dependent structure-
activity relationship (SAR) of GO shows more % affinity
towards edge modification with the BOZA as compared to
that of 2-IEA with an amide bond. As compare to f-(2-IEA)
GO, the higher degree of edge amidation in f-(BOZA) GO is
enhanced the electronic cloud around the edge’s nucleus and
shows the less thermal stability according to the higher affinity

of electron-electron repulsion between the oxygen-rich carbon
functionality (ORCF) and an electronic cloud of edge. The
GO shows the least thermal stability due to the only presence
of high ORCF over the surface of graphene.

TGA analysis for enhanced thermal stability: The thermal
decomposition of graphite, GO, BOZA, IEA, f-(BOZA) GO
and f-(2-IEA) GO was analyzed with the thermogravimetric
analysis (TGA) by calculating the total % wt. loss as a function
of temperature (Figs. 4 and 5). Hence, the measurement was
done by using the dynamic nitrogen (industrial grade) with a
rate of 100 mL/min with slow ramp rate at 10 °C/min over 50-
600 °C. A comparison of TGA curves of starting material
BOZA, 2-IEA, GO f-(BOZA) GO and f-(2-IEA) GO, depicted
in Figs. 4 and 5, respectively. The total % wt. loss of BOZA
was observed about 70.1 % at > 200 °C in single stage decom-
position (Fig. 4). The GO also shows the single stage decom-
position of total % wt. loss about 82 % at 195 °C due to decom-
position of thermally labile oxygen rich carbon functionality
over the surface of graphene (Figs. 4 and 5). The single stage
decomposition of the BOZA and GO confirms the single
crystalline behaviour of the respective compounds. However,
the f-(BOZA) GO analyzed the total % wt. loss about 63.9 %
at > 200 °C only. That concludes the higher thermal stability
of f-(BOZA) GO than GO and BOZA (Fig. 4). The 2-IEA was
measured the total % wt. loss of about 75.8 % above the 200 °C,
While the f-(2-IEA) GO shows total % wt. loss about 23.3 %
only above the 200 °C confirms the higher thermal stability
of f-(2-IEA) GO (Fig. 5). The reduced the total % Wt. loss of
f-(BOZA) GO and f-(2-IEA) GO with enhanced residues at
the edge confirms it improve thermal stability. A comparative
representation of thermal stability in decreasing order is:

f-(2-IEA) GO > f-(BOZA) GO > BOZA > 2-IEA > GO
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Conclusion

The ultrasound assisted synthesis of f-(BOZA) GO and
f-(2-IEA) GO is benign and greener route to avoid the hazardous
coupling reagents. However, the XPS survey spectrum con-
firmed the edge structure modification of functionalized
graphene and presence of various functional groups over the
surface of graphene. The metal-free synthesis of functionalized
graphene oxide is cost-effective and demands of the current
scenario of science to developing for the multifunctionality.
The contribution of edge structural towards enhances thermal
stability analyzed by TGA curves. In order to achieve enhance
thermally stable composite materials; the graphene oxide was
functionalized with the various amine substituted organic
compounds for the development of metal-free thermally stable
nanocomposite.
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