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Abstract. Radical coupling was used to modify graphite with maleic anhydride (MAH). Azobisisobutyronitrile
(AIBN) as radical generator activated MAH radically and it was reacted with defects at the surface of nanolayers.
A set of batches with different reaction times (24, 48 and 72 h) were performed to obtain fully-modiﬁed nanolayers (GMA1, GMA2 and GMA3, respectively). Fourier transform infrared results approved the synthesis of MAHgrafted graphite. Thermogravimetric analysis showed that 5.9, 11.1 and 13.2 wt% of MAH was grafted onto the
surface of GMA1, GMA2 and GMA3, respectively, and that was approved by X-ray photoelectron spectroscopy
results. Also, X-ray diffraction patterns showed that d-spacing increased from 0.34 nm for graphite to 1.00 nm for all
modiﬁed samples. However, GMA1 showed a weak peak related to graphite structure that disappeared when reaction time was increased. After modiﬁcation with MAH, lamella ﬂake structure of graphite was retained whereas the
edges of sheets became distinguishable as depicted by scanning electron microscopy images. According to Raman
spectra, modiﬁcation progression resulted in more disorder structure of nanolayers due to grafting of MAH. Also,
transmission electron microscopy images showed graphite as transparent layers while after modiﬁcation, surface
of nanolayers became folded due to the opposite effects of π-conjugated domains and electrostatic repulsion of
oxygen-containing groups.
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Introduction

Graphene as one-atom-thick planar nanosheet has obtained
much attention owing to its remarkable properties such as
superior mechanical [1] and excellent electronic transport
properties [2]. In the most applications, graphene should be
modiﬁed to overcome its agglomeration and reach better dispersion [3,4]. The most useful method to produce modiﬁedgraphene is oxidation of graphite to graphene oxide (GO)
and subsequently modiﬁcation of GO with modiﬁers [5,6].
However, oxidation process is performed under harsh conditions with different oxidizing agents such as strong acids and
their salts, hydrogen peroxide and potassium permanganate
[3–6]. Thus, radical coupling of functional-groups-containing
molecules to the surface of nanolayers may be an appropriate alternative functionalization method as previously performed about multiwalled carbon nanotube (MWCNT) [7].
In this ﬁeld, maleic anhydride (MAH) is widely grafted onto
different polymer chains [8–10]. Conclusively, MAH can be
used in radical coupling and reaction with graphite. In this
work, radical coupling of MAH onto graphite has been conducted with azobisisobutyronitrile (AIBN) as radical generator with different modiﬁcation times. Fourier transform
infrared (FT-IR) spectroscopy and Raman spectroscopy were
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used to characterize different bands in the products. Amounts
of grafted MAH were obtained by thermal gravimetric analyses (TGA) and X-ray photoelectron spectroscopy (XPS) and
structural properties were investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
2.

Experimental

2.1 Materials
MAH (Merck, ≥99%), graphite ﬁne powder (Merck, extra
pure), AIBN (Acros, 99%) and methanol (Merck, 99.9%)
were used as received.
2.2 Synthesis of MAH-modiﬁed graphite
Methanol was used as efﬁcient solvent of MAH [11]. Metha
nol do not react with MAH except under speciﬁc conditions in catalytic systems [12]. Radical coupling was used to
modify graphite with MAH. Brieﬂy, MAH (2.0 g) and graphite
(1.0 g) were dispersed in methanol (100 ml) by ultrasonication (30 min) in room temperature. Then, AIBN (1.6 g)
was added into the mixture and temperature was raised to
boiling point of methanol. Reaction was continued under
nitrogen atmosphere for 24, 48 and 72 h for GMA1, GMA2
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Scheme 1. Radical coupling of MAH onto graphite to produce MAH-grafted nanolayers.

and GMA3, respectively. Modiﬁed ﬂakes were obtained via
centrifugation (1000 rpm) and washing with methanol several times. After ﬁltration, obtained powders were dried by
vacuum at 50◦ C. Scheme 1 shows the reaction mechanism
and structure of modiﬁed nanolayers.
2.3 Instrumentation
FT-IR spectroscopy were performed by means of a Bruker
Tensor 27 FT-IR-spectrophotometer, in the range between
500 and 4000 cm−1 with a resolution of 4 cm−1 . An average
of 24 scans has been carried out for each sample. The samples were prepared on a KBr pellet in vacuum desiccators
under a pressure of 0.01 Torr. TGA were carried out by
means of a PL thermo-gravimetric analyzer (Polymer Laboratories, TGA 1000, UK). All samples (about 10 mg) were
heated from ambient temperature to 600◦ C at a heating rate
of 10◦ C min−1 and nitrogen as the purging gas was used at
a ﬂow rate of 50 ml min−1 . XRD spectra were performed
on an XRD instrument (Siemens D5000) with a Cu target
(λ = 0.1540 nm) at room temperature. The system consists
of a rotating anode generator which operated at 35 kV and
20 mA. The samples were scanned from 2θ = 2–30◦ at the
step scan mode. The diffraction pattern was collected using a
scintillation counter detector. Raman spectroscopy were performed in the range from 1000 to 3000 cm−1 using Bruker
Dispersive Raman Spectrometer ﬁtted with a 785 nm laser
source, a CCD detector and a confocal depth resolution of
2 µm. The laser beam was focused on the sample using an
optical microscope. A Vega Tescan SEM analyser (Czech
Republic) was used to evaluate the morphology of samples
which were gold coated using a sputtering coater. The specimens were prepared by coating a thin layer on a mica surface using a spincoater (Modern Technology Development
Institute, Iran). TEM, Tescan Mira, with an accelerating voltage of 120 kV was used to study the morphology of samples. All the samples were prepared by a drop-dry method
on carbon-coated copper grids. X-ray photoelectron spectroscopy (XPS) was carried out using a Gamma data-Scienta
Esca 200 hemispherical analyzer equipped with an AlKα
(1486.6 eV) X-ray source.

3.

Results and discussion

The synthesis of MAH-grafted nanosheets was monitored by
means of FT-IR as depicted in ﬁgure 1 (spectra for graphite
and GMA1). In graphite spectrum, the strong characteristic
peak at 3430 cm−1 is related to the water molecules absorbed
by sample or KBr powder [13]. The stretching vibrations of
aromatic C=C bonds are observed at 1640 and 1575 cm−1
[14]. After reaction with MAH, the asymmetric and symmetric stretching of C=O band of MAH appears at 1850 and
1775 cm−1 , respectively [15,16]. Also, peaks at 1250 and
1030 cm−1 are attributed to the asymmetric and symmetric ring stretching (=C–O–C=) of cyclic ethers [16]. The
appearance of the ring stretching vibration of saturated cyclic
ﬁve-membered anhydride at 915 cm−1 instead of two sharp
bands at 867 and 892 cm−1 due to the C=C stretching of

Figure 1.

FT-IR spectra of graphite and GMA1.

Synthesis of GO by reaction of MAH and graphite
monomeric MAH [17] further conﬁrms that MAH is grafted
onto nanolayers. The peaks at 2850 and 2930 cm−1 are also
assigned to the stretching vibration of C–H bonds introduced
by MAH molecules [18,19].
XPS was used to obtain the chemical composition of samples (ﬁgures 2 and 3). Figure 2 shows the survey data of
graphite, GMA1, GMA2 and GMA3. Also, the higher resolution data of O 1s and C 1s of GMA1 are depicted in
ﬁgure 3. Graphite shows an asymmetric C 1s peak centred
at 284.5 eV. Also, surface oxygen content of graphite is
1.77% which correlates with 1.5–2.0% reported in literature
[20]. This minor O component exists in the form of C–OH
and C–O–C groups [21]. Survey-scan spectra of GMA1,
GMA2 and GMA3 vary compared with graphite whereas
oxygen content increases to 6.88, 13.06 and 14.73%, respectively. This shows that oxygen content increases with modiﬁcation progression whereas a little increment can be seen
from GMA2 to GMA3. Because of the fact that XPS measures the atomic percentage and because of the structure of
MAH that contains 4 carbon and 3 oxygen atoms, oxygen
contents are not much high with respect to GO prepared by
acidic oxidation as reported previously [22]. C 1s band spectrum in binding energy between 280 and 290 eV and O 1s
between 528 and 536 eV are used to evaluate the proportion
of various functional groups in GMA1 [23]. The C 1s spectrum shows a 3.2% oxygen-containing carbon in the form of
C(O)O and a 3.2% in the form of C–C(O)O both related to
grafted MAH molecules. However, the signal at a binding
energy of 284.6 eV shows the retained graphitic carbon structure in which aromatic sp2 carbon atoms are present [24].
Also, C–O–C presents a 2.0 at% content related to graphite

Figure 2. Wide-scan XPS spectra of graphite, GMA1, GMA2 and
GMA3.
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structure. O 1s higher resolution data prove that MAH structure is grafted onto nanolayers and atomic ratio of carbonyl
oxygen per anhydride oxygen is approximately 2.
For further proving the success of modiﬁcation process,
samples were analysed by means of TGA as depicted in
ﬁgure 4. According to the results, graphite shows no signiﬁcant weight loss up to 600◦ C. However, modiﬁed samples show two weight loss stages; the ﬁrst stage around
100◦ C is ascribed to the loss of moisture and adsorbed water
molecules in π -stacked structure of MAH-functionalized
nanolayers [25]. A major weight loss between 130 and 600◦ C
for all modiﬁed samples is assigned to degradation of grafted
MAH molecules [26] and corresponds to the weight loss
of 5.9, 11.1 and 13.2 wt% for GMA1, GMA2 and GMA3,
respectively. Due to existence of oxygen-containing moieties
in the structure of MAH, MAH-modiﬁed samples show a relatively low thermal stability. Also, results show no signiﬁcant
difference of weight loss between GMA2 and GMA3 that
is attributed to the reaction of MAH with limited scavenger
centres at the surface of nanolayers [27].
XRD patterns of graphite, GMA1, GMA2 and GMA3 are
shown in ﬁgure 5. Graphite shows a basal reﬂection (002)
peak at 2θ = 26.0◦ (d-spacing = 0.34 nm) [28]. After modiﬁcation of graphite with MAH, the 002 reﬂection peak is

Figure 3.

(a) C 1s and (b) O 1s core-level spectra for GMA1.
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shifted to lower angle at 2θ = 8.8◦ (d-spacing = 1.00 nm),
revealing that d-spacing increases due to the intercalation
effect of MAH in between the basal plane of graphite. However, GMA1 shows another sharp peak at 2θ = 26.0◦ with
lower intensity with respect to graphite. This shows that
there are some graphitic structures that are not modiﬁed
via radical coupling whereas modiﬁed ﬂakes shows higher
d-spacing value. To visually prove such a phenomenon,
the morphology of graphite and GMA1 were analysed by
SEM as depicted in ﬁgure 6. Graphite shows a lamella ﬂake
structure with indiscernible graphene layers. After modiﬁcation with MAH, lamella ﬂake structure is retained whereas
the edges of sheets become distinguishable. However, a little
graphitic structure in some regions leads to a small peak
at 2θ = 26.0◦ as discussed in XRD results. As depicted in
ﬁgure 5, peak related to graphite structure disappears
when coupling time increases up to 48 and 72 h. This is
assigned to completely reaction of MAH molecules with surface of nanolayers. However, basal reﬂection peak remains
unchanged at 2θ = 8.8◦ . This is attributed to the small size
of MAH molecules which is not able to more intercalation
of nanolayers [29]. Also, according to SEM image of GMA2
(ﬁgure 6), homogeneous dispersion of GMA2 nanolayers
is achieved whereas no distinct graphite structure can be
observed.
Ordered and disordered structures of carbon in graphite,
GMA1, GMA2 and GMA3 were studied by Raman spectroscopy (ﬁgure 7). Graphite spectrum shows three characteristic peaks around 1312 cm−1 (disorder or D-mode),
1577 cm−1 (tangential G-mode) and 2638 cm−1 (2D or G′
band). D-mode is ascribed to the defects in graphene layers
and the edge effect of graphene crystallites. Thus, a perfect
graphite crystal should not exhibit the D band. However, for

Figure 4. TGA curves of graphite, GMA1, GMA2 and GMA3.

most commercial graphite products, high-temperature treatments during production introduce some defects and reduce
crystallite sizes which results in increasing edge effects [30].
The G peak is attributed to the ﬁrst-order scattering of the
E2g phonon of sp2 carbon atoms [31]. The 2D (G′ ) band
originates from the stacking order of nanosheets [32]. The
intensity ratio of the D and G bands (ID /IG ) as a measure
of the quality of graphitization or defective disorders on the
crystalline graphite is used to determine how modiﬁcation

Figure 5.

XRD patterns of graphite, GMA1, GMA2 and GMA3.

Figure 6.

SEM image of graphite, GMA1 and GMA2.
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Figure 7. Raman spectra of graphite, GMA1, GMA2 and
GMA3.

disrupts the structure of graphite [33]. ID /IG value is obtained
as 0.32 for graphite that shows low disorder structure. Also,
the 2D peak is located at 2639 cm−1 with I2D /IG = 0.1. There
is no signiﬁcant shift of peaks’ locations in GMA1, GMA2
and GMA3 while the G band becomes broaden with progression of coupling reaction. Broadening of the G band indicate
the destruction of sp2 structure and the formation of defects
in the graphene sheets due to graphite’s amorphization and
modiﬁcation process [34]. ID /IG value increases to 1.14,
1.45 and 1.53 for GMA1, GMA2 and GMA3, respectively,
with the predominant D band due to the reduction in size of
the in-plane sp2 domains originated from modiﬁcation process [35]. Also, the intensity of the 2D peak decreases after
modiﬁcation reaction and the value of I2D /IG reaches to 0.07,
0.05 and 0.04 for GMA1, GMA2 and GMA3, respectively.
Lower value of I2D /IG shows lower stacking of nanosheets
with respect to graphite. ID /IG is inversely proportional to the
crystallite size (La ) is depicted as [31]
 −1


ID
,
(1)
La = 2.4 × 10−10 × λ4laser
IG
where λlaser is the laser excitation wavelength. Therefore,
fewer defects result in a higher crystallite size and also a
lower ID /IG value. It is obvious that after modiﬁcation process, La reduces to 79.4, 62.8 and 59.6 nm for GMA1,
GMA2 and GMA3, respectively.
The microstructure of graphite and GMA1 was also studied by means of TEM as depicted in ﬁgure 8. TEM study
shows graphite as transparent layer where no discernable
graphene layers are observed. After modiﬁcation, surface of
nanolayers becomes folded due to the opposite effects of

Figure 8.

TEM images of graphite and GMA1.

π-conjugated domains and electrostatic repulsion of oxygencontaining groups.

4.

Conclusion

Natural graphite was modiﬁed via radical coupling using
AIBN as radical generator and MAH as modiﬁer with different times of reaction. According to FT-IR and XPS results, it
is found that modiﬁcation process is performed gently where
about 6, 11 and 13 wt% of MAH is grafted onto surface
of nanosheets after 24, 48 and 72 h, respectively. Although
XRD results showed an increase in d-spacing of nanolayers,
another peak at 2θ = 26.0◦ showed some graphitic structures
as proved by SEM images in early reaction times. However,
with increasing reaction time, only a peak related to modiﬁed
structure remained. According to Raman spectra, ID /IG value
increased with modiﬁcation progression and TEM images
showed a stacked structure of layers in graphite turned to the
folded lamella structure of modiﬁed layers.
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