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Influence of synthesis conditions on properties

of green-reduced graphene oxide

A. Pruna - D. Pullini - D. Busquets

Abstract Green reduction of graphene oxide (GO)
was performed using ascorbic acid (AA) in the
presence of poly(sodium 4-styrenesulfonate), which
resulted in reduced graphene oxide (PSS—rGO) with
excellent solubility and stability in water. Large rGO
sheets of 4 pm? area and 1.l-nm thickness were
obtained. The measurements showed that noncovalent
functionalization with PSS molecules prevented rGO
from aggregation. The parameters of graphite oxida-
tion process and AA:GO w/w ratio were evaluated,
and the obtained results showed that the properties of
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the reduced material (PSS-rGO) can be tailored by
proper selection and adjustment of these parameters.

Keywords Graphene oxide - Reduction -
Functionalization - Poly(sodium 4-styrenesulfonate)

Introduction

Recently, the scientific community devoted a great
interest to graphene research as it exhibits excellent in-
plane mechanical, thermal, electrical, and optical
properties (Wu et al. 2007; Lee et al. 2008; Li and
Kaner 2008; Nair et al. 2008) thanks to which it
accounts not only for fundamental research but also
for device applications such as energy storage devices,
optoelectronic devices, chemical sensors, and drug
delivery (Yin et al. 2010; Patil et al. 2009; Bae et al.
2010; Choi et al. 2010).

As for the production methods developed so far,
one can mention liquid-phase exfoliation of graphite
(Hernandez et al. 2008), chemical vapor deposition
(Park et al. 2010), arc-discharge (Subrahmanyam et al.
2009), large growth or self-assembly approach (Li
et al. 2009), chemical reduction of graphene oxide
(GO) (Li et al. 2008), laser-induced reduction (Kumar
et al. 2011a; Kumar et al. 2012), laser unzipping of
CNTs (Kumar et al. 2011b), or laser-induced exfoli-
ation of graphite (Maitra et al. 2012). The increased
interest in graphene-based nanocomposites generated


http://dx.doi.org/10.1007/s11051-013-1605-6

Page 2 of 11

requirements of large scalability and homogeneous
distribution of graphene sheets for which the chemical
conversion from graphite oxide can be accounted
besides the fact that it provides with a more efficient
bulk production pathway to incorporate graphene
sheets into hybrids and also with material availability
at low cost which represents a mandatory aspect in this
field (Kuilla et al. 2010). The major advantage of
chemical reduction method over the other ones is that
it is straightforward to synthesize high yield of
monolayers of GO/reduced graphene oxide (rGO),
while the chemical composition of GO is easily
engineered allowing tenability of rGO-based devices.
The average size of GO sheets can be tailored by
oxidation procedure (Zhang et al. 2009), while rGO
dispersibility in various solvents can be controlled by
functionalization procedures (Kuila et al. 2012).

The oxygen-containing functional groups intro-
duced on both the edge and basal plane of the
nanosheets by oxidation (Hontoria-Lucas et al. 1995)
can be removed by further chemical reduction of GO,
and aromatic graphene network can be partially
restored, while the strong m—7n interaction between
the nanosheets of rGO will cause its irreversible
agglomeration. Nevertheless, the presence of anionic
polymers such as poly(sodium 4-styrenesulfonate)
(PSS) have been shown to prevent rGO agglomeration
upon reduction by hydrazine (Stankovich et al. 2006).
Oweing to the environmental hazard involved, this
highly investigated reducing agent (Park et al. 2011)
should be avoided in the large-scale production of
rGO, and therefore it does not represent the subject of
this study. Instead, the present article is intended to
provide an extensive study of the properties of rGO
materials obtained by reducing the GO with environ-
mentally friendly agent.

Among the green-reducing methods employed for
synthesis of rGO, one can find the use of melatonin,
glucose, bovine serum albumin, bacteria, or polyphe-
nols of green tea (Akhavan et al. 2011; Akhavan and
Ghaderi 2012; Akhavan et al. 2012) or methods such as
flash photo reduction, hydrothermal and solvothermal
reductions, and catalytic and photocatalytic reductions
(Cote et al. 2009; Zhou et al. 2009). Ascorbic acid (AA)
has been already successfully employed as substitute for
hydrazine (Zhang et al. 2010). The reduced material can
reach a C/O ratio of about 12.5 and a conductivity of 77
S em™! (Fernandez-Merino et al. 2010). Nevertheless,
considering the facts that the reported rGO material still

presented agglomerates in aqueous solutions and that
the preservation of the unique electronic properties of
rGO, and minimization of the negative impact on the
structure of rGO is possible by noncovalent function-
alization of rGO through n—n interactions (Bai et al.
2009), the effect of PSS on the properties of rGO
material was considered in this study, to offer a solution
for the synthesis of stable aqueous dispersion of green-
reduced GO.

A systematic investigation on the effect of graphite
oxidation conditions and of both noncovalent func-
tionalization and reduction of GO on the properties of
the novel graphene materials is presented. The
advantages of the approach presented here over the
previous strategies, such as cheapness, simplicity,
environmentally friendly and the high dispersion of
the obtained product, make it rather attractive for the
larger-scale fabrication of dispersed graphene for
practical applications. Although the fabrication of
the most graphene-based devices still requires great
effort and the ability to achieve complete graphene
dispersion in the matrix of choice influences greatly
the composite applications, the results shown in this
study prove that this novel PSS—-rGO material could be
implemented in graphene-based composites.

Experimental
Materials

Natural graphite powder 200 mesh (99.9995 %) was
purchased from Alfa Aesar. All other reagents were of
analytic grade and used as received. All aqueous
solutions were prepared with double-distilled water.

Preparation of GO

GO was prepared by oxidizing the graphite in two
different ways. The first mode (method A) was based
on a modified Hummers method as described previ-
ously (Fan et al. 2009). Basically, 1 g graphite powder
was oxidized with 25 mL H,SO, 98 % and 3 g
KMnO, at 35 °C for 3 h. Further, the mixture was
cooled to room temperature and diluted with 400 mL
deionized water maintaining the temperature below
90 °C. Successively, 30 % H,0, was added to the
mixture. Further, the mixture was filtered and purified
with HCI (9:1 v/v in H,0O), and then washed with
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deionized water till neutral pH was reached. The
obtained product was subjected to a drying process at
50 °C for 24 h. A variation of this procedure (method
B) was used to study the effect of oxidation process on
reduction of GO. By this latter method, the graphite
was oxidized for 2h in a 150-mL mix of
H,SO4:H5PO, (6:1 v/v) and 6 g KMnQO,. In order to
obtain the corresponding GO material, each product
was dispersed in water by sonication.

Chemical reduction of GO

As seen in Fig. 1, a typical procedure for chemical
conversion of PSS-GO into PSS-rGO requires the
dispersion of graphite oxide (0.1 mg mL™") in water
(by sonication treatment for 1 h) to achieve highly
exfoliated GO. PSS was further used to functionalize the
GO under sonication for 1 h. AA was added to the PSS—
GO dispersions, and the resultant solution was kept for
24 h at room temperature, under mechanical stirring.
The obtained product was isolated by filtration, washing
with water and drying in vacuum at 50 °C for 24 h.

Characterization methods

Absorbance UV—-Vis spectra were recorded using a
Lambda 35 (Perkin Elmer) spectrophotometer.
Energy-dispersive analysis (EDAX) was performed
on a JEOL microscope. Thermogravimetric analysis
(TGA) was conducted with a Q50 (TA Instruments)
thermal analyzer under nitrogen flow at a scanning rate
of 10 °C min~". The FTIR spectra were acquired on a
Perkin Elmer FTIR Spectrum BX spectrometer in
ATR mode. The X-ray diffraction (XRD) spectra were
taken on a D2 Phaser (Bruker) diffractometer using Cu
Ko radiation and a voltage of 30 kV. Raman spectra
were acquired on inVia Renishaw spectrometer with
514.5-nm wavelength of incident laser light. The
investigation of the morphology had been performed
by transmission electron microscopy (TEM) and

Fig. 1 The schematics of
PSS-rGO synthesis
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scanning electron microscopy (SEM) using a TEC-
NAI-10 (Philips) microscope and JEOL 6300, respec-
tively. Atomic Force micrographs (AFMs) were
obtained using a Bruker microscope operating in
tapping mode. The samples previously dispersed in
ethanol were drop-cast on freshly cleaved mica (or
gold substrates) and dried at room temperature.

Results and discussion
Optical analysis

Yellow-brown aqueous dispersions were obtained
from both types of the as-prepared GO materials, see
Fig. 2a. The reduction of GO was observed for
different reaction time; nevertheless, in this study,
only the 24-h-reduced material is characterized. The
colour change of the reaction mixture from brown to
black was assigned to successful synthesis of rGO by
the partial restoration of the © network and electronic
conjugation within reduced sheets (Li et al. 2008). The
image in Fig. 2a revealed higher hydrophilicity for
rGOg material than rGO,, which could be explained
by the presence of a higher amount of residual oxygen
functional groups. It is evident that PSS assisted the
aqueous dispersibility of rGO4 while for rGOg the
image is inconclusive. Further investigations are
presented in the latter sections to help in assessing
the PSS effect on differently oxidized GO materials.
Further, different AA:GO w/w ratio values were
evaluated, and the stability of dispersions was mon-
itored in time. The results showed that more agglom-
erates were produced as the AA:GO ratio increased,
see Fig. 2b. This is explained by the fact that
increasing the amount of reducing agent will remove
more functional groups from the GO sheets, rendering
the rGO more hydrophobic. The solutions precipitated
over long period of time (6 months); therefore func-
tionalization of rGO was required as a measure to

,)
PSS /4 /
functlonaluzatton q \ AA reduction \
| /
/ /
/ =rGO
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Fig. 2 Digital photographs
of: a GO, rGO and PSS-rGO
aqueous dispersions for
batches A and B b rGO4
aqueous dispersions as a
function of AA:GO w/w
ratio and ¢ PSS—GO,
aqueous dispersions as a
function of PSS:GO ratio
(for AA:GO w/w ratio equal
to 20:1). b, ¢ images were
taken after 6-months

e

| rGO,

PSS-rGOy

|

increase the stability and dispersion. As seen from
Fig. 2c taken after the same period of time, PSS
functionalization resulted in more dispersed aqueous
solutions of reduced material with PSS:GO w/w ratio,
confirming the successful attachment of the increasing
number of PSS molecules.

XRD measurements

As evidenced from XRD spectra in Fig. 3, raw
graphite showed a crystal structure with an interlayer
spacing of 0.338 nm. The typical (002) diffraction
peak was shifted at 260 values in the range of
10.5-11.5° for GO, and GOg materials, correspond-
ing to an interlayer spacing of 0.83 and 0.66 nm,
respectively, which translates to a less-expanded type
B material. Such large spacing values can be explained
by the presence of intercalating oxygen-containing
functionalities (Buchsteiner et al. 2006) and also by
structural defects (sp® bonding) in the sheet. The
removal of functional groups by chemical reduction
reflected in the up-shift of the (002) peak position and
interlayer spacings of 0.44—0.48 nm, in addition to the
appearance of a small shoulder at higher 26 position
due to partial restoration of conjugated sp? carbon
network. The higher spacing for rGOg is in agreement
with the enhanced dispersibility observed in Fig. 2a.
This suggests a lower reduction degree for rGOg due
to impeded diffusion of reducing agent into a GO
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20, degree d spacing, nm

Fig. 3 XRD patterns for graphite, GO, rGO and PSS-rGO
materials

material with narrower interlayer distance. Regarding
the reduced functionalized materials, the PSS mole-
cules would be expected to be inserted into the
graphite layers enhancing the dispersion and favoring
the reduction, the fact that would contribute to some
expansion of the interlayer spacing. Nevertheless, the
obtained (002) interlayer spacings were slightly
smaller than those obtained in the absence of PSS
(0.43 and 0.45 nm) suggesting the assistance of PSS in
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Fig. 4 FTIR spectra of GO,

rGO and PSS—rGO materials GO,

for a oxidation conditions A rGOA

and b oxidation conditions B PSS-rGO
A

Intensity, a.u.

%gg GO,
Sl rGO

PSS-1GO, 3

3500 3000 2500

reduction process and possible interactions upon its
intercalation that could result in distance contraction
as the interactions between GO layers are dominated
by hydrogen bonding of functional groups and trapped
molecules between the layers (Park et al. 2008).

FTIR measurements

Figure 4 shows the typical FTIR spectra of GO, rGO,
and PSS-rGO materials. The presence of oxygen
groups in GO, was confirmed by the peaks observed at
1,720 (C=0 stretching vibration band from carbonyl
and carboxyl groups), 1,484 (O-H bending vibrations
from hydroxyl groups), 1,290 (C-OH stretching
vibration), 1,158 (C—O-C breathing vibrations from
epoxy groups), 1,042 (C—OH vibrational mode), and at
982 cm™" (stretching vibration bands from epoxy
groups) (Park et al. 2009, Xu et al. 2008). The spectra
show another peak at 1,602 cm~! which was attrib-
uted to C=C stretching vibrations from unoxidized
graphitic domains or to ester groups (Mei and Ouyang
2011), and a broad band at 3,000-3,500 cm™! attrib-
uted to the adsorbed bound water (Wu et al. 2011). The
increased peak intensity of C=C stretching upon
reduction suggests the recovery of sp? lattice, while
the markedly weaker bands of adsorbed water and
oxygen groups confirm their removal. Nevertheless,

1500 1000 3500 3000 2500 2000 1500 1000
-1
wavenumber, cm

the O—H bending mode from hydroxyl groups was still
observed in reduced material. The appearance of peaks
at 3025, 1602, 1433 and 1012 cm™! confirmed the
attachment of PSS molecules (Wu et al. 2011).
Figure 4b reveals different compositions of GO
materials as a function of oxidation parameters: the
band at 3,000-3,500 is markedly weaker for the type B
materials, and the intensity of the O-H band from
hydroxyl groups at 1,517 cm ™" is markedly stronger
than the other bands of oxygen groups in GOg and
with respect to GO,, respectively. The removal of
oxygen functionalities is confirmed by the correspond-
ing weaker bands in reduced materials, while the
strong band at 1,608 cm™' suggests the recovery of
sp? lattice.

A simple elemental analysis run by EDAX
measurement in randomly selected areas of each
material showed the increase of C/O atomic ratio in
rGO materials, see Fig. 5. Since light element
quantitative analysis is not reliable by EDAX and
taking into account the inhomogeneity of the sam-
ples, these results show only qualitatively the
efficiency in removing the oxygen-containing func-
tionalities in GO by reduction with AA, in the
absence and the presence of PSS, attachment of
which was confirmed by the presence of sulfur and
sodium elements.
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Fig. 5 EDAX analysis of GO, rGO and PSS-rGO

Thermogravimetric analysis

Further, the thermal behaviors of graphite, GO, and
rGO powders were studied by TG analysis as shown in
Fig. 6. Graphite weight loss was about 5 % below
700 °C as reported in previous researches. GO mate-
rials showed much lower thermal stability due to the
reduced van der Walls interaction. Following the
initial weight loss of about 15 % at 100 °C ascribed to
the removal of loosely bound or adsorbed water and
gas molecules, the onset temperature was lowered due
to pyrolysis of the oxygen-containing functional
groups, yielding CO, CO,, and steam. That is, the
GO, showed an abrupt mass loss (~35 %) in the
range of 100-200 °C followed by a steady one (15 %)
in the range of 200-300 °C, assigned to decomposi-
tion of labile oxygen functional groups. There is also
another large loss (about 20 %) in the range of
700-900 °C assigned to the removal of more stable
oxygen functionalities. On the other hand, GOg
exhibited smaller weight losses in the 200-300 and
500-700 °C temperature ranges. These results confirm
the XRD ones and indicate that overall amounts of
oxygen functionalities, their types, and distributions in
the GO materials can be tailored by appropriate
graphite oxidation parameters in agreement with
earlier finding that harsher conditions and longer
oxidation times result into an increased ratio of
epoxides to hydroxyl groups (Boukhvalov and Kats-
nelson 2008; Jeong et al. 2008). In the same time, the
differences observed indicate a variation in the
number of GO layers as shown to markedly affect
the decomposition of oxygen groups, e.g., ketones and
carboxyls remain above 400 °C, and they are removed
after a 650 °C in three-layer GO materials (Acik et al.
2011).

FO0 - s s
- e o .__.__Frlphna
- PSSaGO,
80 4 . N
® -~
§ 60 - \:gnA
b GO,
E . B
5 w0 — o,
]
H
20
0

100 200 300 400 500 600 700 800
Temperature, °C

Fig. 6 TG plots for graphite, GO, rtGO, and PSS-rGO4

As a confirmation of successful reduction, the
rGO, material showed about 7 % weight loss at
100 °C, indicating less amount of adsorbed water, see
Fig. 6. Moreover, the thermal stability of rGO is closer
to pristine graphite, and no abrupt mass loss was found
in the temperature range of 170-250 °C, indicating the
success of the reduction process by the removal of
labile oxygen-containing groups. In comparison to GO
behavior, the lower weight loss observed in higher
temperature range indicates also the partial removal of
the more stable functionalities in the rGO material.

Further, when PSS was added, the thermal stability
in the low temperature range increased with respect to
the material obtained in its absence. Nevertheless, at
high temperature values around 550 °C, a weight loss
was still registered, and it was higher than that
observed in the absence of PSS confirming the
successful attachment of PSS molecules to reduced
GO materials, and the XRD finding of possible
interactions upon PSS intercalation.

UV-Vis analysis

The influence due to the presence of PSS in the
reduction process was analyzed also by monitoring
AA:PSS:GO w/w ratio dependent UV-Vis spectros-
copy. The GO, aqueous dispersion in Fig. 7a showed
an absorption peak at 225 nm attributed to m—m*
transitions of aromatic C=C bonds and a shoulder peak
at about 300 nm attributed to n—n* transitions of C=0
bonds (Li and Liu 2010). The GOg solution exhibited a
similar peak at 229 nm, the higher wavelength being
indicative of more n—n* transitions. The AA
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Fig. 7 UV-Vis absorption spectra of: a GO, and rGO4
aqueous dispersions as a function of AA:GO, w/w ratio and
b GOg and PSS—rGOg solutions for different AA:PSS:GO w/w
ratio, ¢ rtGO, aqueous dispersions at different concentrations
(inset: relationship between the absorbance and concentration)

absorption peak was centred at 250 nm. In agreement
with XRD results, the GO, peak red-shifted to
235-240 nm upon reduction and the shoulder peak
shifted to 290-294 nm suggesting restoration of
electronic conjugation within the graphene sheets
upon reduction with AA. The intensity of character-
istic peak of rGO, increased with the increasing
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Fig. 8 The reduction efficiency of PSS—rGO by AA (n value)
as a function of graphite oxidation parameters, PSS:GO and
AA:GO w/w ratio

amount of the reducing agent (this aspect is further
discussed below), but there was no any significant
increase in absorption wavelength or absorption
intensity with prolonged reaction time, indicating
limiting reduction rate after 24 h.

The reduction process of PSS-functionalized GO
was evaluated as a function of AA:PSS:GO weight
ratio. One can observe from Fig. 7b that rGOg (20:0:1)
shows two absorption peaks similar to rGO,—the one
at 240 nm ascribed to the GOg, and the second at
290 nm ascribed to rGOg. With increasing PSS:GOg
ratio, the corresponding spectra presents a blue-shifted
peak attributed to new material alone because the
solution of pure PSS did not show any absorption at
that wavelength and therefore confirming the success-
ful attachment of PSS molecules to the GO material.
Moreover, all rGO solutions showed a good linear
relationship between the absorbances, at 290 and
250 nm, respectively, and the concentrations of rGO,
confirming that the solutions obey Beer’s law and rGO
sheets disperse well in water—for exemplification see
Fig. 7c.

Independent of the initial parameters for the
oxidation of graphite, the UV—-Vis absorption spectra
presented similar trends as seen in Fig. 7, such as
wavelength-shifts for rGO, PSS-rGO, peak intensity,
and corresponding wavelength-shift of PSS—rGO with
PSS functionalization. These facts show that even if
the properties of GO are variable due to the uncon-
trollability of the oxidation reaction, they present
similar characteristics by UV—Vis monitoring.
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Fig. 10 Raman spectra of GO, rGO and PSS-rGO materials

The intensity ratio between the absorption peaks
corresponding to rGO materials and GO was calcu-
lated as a first approximation (n = I,go/lgo) for the
reduction process efficiency, and the obtained values
are presented in Fig. 8. For both types of GO, the
n value for rGO dispersions increased with the amount
of reducing agent (as observed in Fig. 7a, b), with the
reduction being more evident for GO, materials.
However, these results are only indicative of the effect
of increasing ratio of surfactant and reducing agent,
respectively, and not on the reduction process, since
not only the composition of GO materials is different,
but also the spatial arrangement of oxygen species,
which interact affecting the spectral response upon
reduction (Boehm 1994).

Evaluation of the effect of PSS amount on the
reduction process showed that n value for functional-
ized rGO generally decreased with increasing PSS
amount, independent of the AA:GO w/w ratio. During
the chemical functionalization process, PSS is
expected to be adsorbed onto the surface of the GO
nanosheets and further prevent them from agglomer-
ation during the reduction process, but the existing
functionalities in the GO sheets play a very important
role under this aspect as explained below. The
carbonyls at the edges of GO sheets are generally
isolated or in a quinone-like arrangement (two

OH

(o] HO. O o
—> PSS-rGO + n + mH,0
OH

OH ) o}

neighboring carbonyl groups) that represents the most
stable oxygen configuration. Next to a hydroxyl
neighbor (enolic groups) and another adjacent car-
boxyl group, repulsive forces are generated, which
stabilize the groups (Li et al. 2008; Szabd et al. 2006).
Such functional groups influence the selective molec-
ular intercalation or the adsorption of molecules,
leading to a variety of covalent modifications. Both 7—
7 stacking and van der Waals interaction that could
lead to its adsorption were primarily responsible for
the PSS binding to the nanosheets (Stankovich et al.
2006).

As reducing agent amount increased, a higher
n value was obtained for the PSS—rGO, independent
of the amount of PSS. The increase of n value is
more evident in case of PSS-rGO, independent of
PSS amount, suggesting a higher reduction rate for
the GO obtained from harsher oxidation conditions
(A). As TGA results show that GO, has more labile
oxygen groups than GOpg, it is believed that in case
B, after removal of these groups, the remnant ones
are more difficult to remove, the fact that slows the
reduction rate. Therefore, it is suggested the UV—Vis
results are dependent not only on PSS attachment
but also on the labile oxygen functionalities in the
GO sheets. It is also known that the edge plane
carboxyl groups are highly unstable, whereas car-
bonyl groups are more difficult to remove (Ganguly
et al. 2011).

Mechanism of reduction

As for the mechanism of the chemical reduction of GO
by AA, this is still an open question. AA is known to
release two protons to form dehydroascorbic acid
(Hancock and Viola 2005). The protons have high
binding affinity to some oxygen functionalities, such
as hydroxyl and epoxide groups, attached to the GO
basal planes to form water molecules (Davies et al.
1991). Therefore, the overall equation could be written
as given in Fig. 9, where n and m coefficients depend
on the stoichiometry of GO and where the final
product PSS-rGO is most probably obtained through
more intermediates.
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Fig. 11 a SEM image of
dry graphite oxide type A

b TEM and corresponding
SAED pattern of rGOA

¢ TEM image of PSS-rGOA
and d AFM image and
section analysis of GO,
sheets

Raman spectroscopy

The electronic structure-sensitive technique of Raman
spectroscopy usually reveals a strong G band around
1,575 cm™! related to the vibration of sp®-bonded
carbon atoms; a weak D band around 1,340 cm™!
associated with structural imperfections of graphene
sheet and disorders (vacancies and grain boundaries),
edges, and amorphous carbon species; and a 2D band
around 2,700 cm ™" for pristine graphite (Ferrari et al.
2006; Kim et al. 2009).

For our GO, material, the Raman spectrum in
Fig. 10 displayed a D band at 1,360 cm™" and a blue-
shifted G band to 1,600 cm™" possibly due to the
presence of defects. The prominent D band is indic-
ative of significant structural disorder due to the
extensive oxidation. Because of high percentage of
sp’ defects in oxidized material, the higher Ip/lg
observed in rGO materials proves a decrease in the
average size but an increase in the number of sp>
domains upon reduction.

Interestingly, in spite of noisy spectra, two small
peaks were observed for all rGO materials: a 2D band

20.846 nm

nm Section Analysis
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B et
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sensitive to the aromatic C-structure at around
2,695 cm~! and an additional peak at 2,945 cm™!
ascribed to the G 4+ D combination mode induced by
disorder or the D 4+ D’ band (Elias et al. 2009). As
expected, the rGOg materials showed higher lLp/lg
and Lp/Ip, g values than rGO4. The higher Lp/Ip g
obtained for reduced materials in presence of PSS are
indicative of efficient attachment of PSS molecules
towards the restoration of aromatic C-structure,
although the recovery of sp® lattice is lower than for
other methods such as introducing carbon radicals
while thermally reducing the GO (Dai et al. 2011).

Morphology

The microscopy analysis revealed randomly aggre-
gated, crumpled sheets for the dry graphite oxide
material—see SEM image in Fig. 10a. The TEM
images in Fig. 10b and c depict exfoliated rGO, and
PSS—rGO, as large transparent folded sheets of few
hundred square nanometers resembling silk veil waves
while the selected area diffraction pattern (SAED)
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indicated an amorphous structure for the rGOp
material in agreement with the finding that harsher
oxidation conditions could result in amorphous
reduced graphite oxides (Mkhoyan et al. 2009).

The AFM characterization revealed various shapes
and sizes of GO sheets with an average thickness of
folded sheets of around 2 nm. They are expected to be
“thicker” than graphene because of the presence of
covalently bonded oxygen and the displacement of the
sp>-hybridized carbon atoms slightly above and below
the original graphene plane. It is also admitted that
sonication treatment affects greatly the exfoliation of
obtained GO materials. As for rGO, sheets with
average area of 4 um? and thickness around 1.1 nm
were observed (see the AFM image of rGO, in
Fig. 11d). This value is smaller than for GO but still
much larger than the interplanar space of the natural
graphite and it could be explained by the remaining
functionalities within the rGO planes.

Conclusions

In this study, reduction of PSS-functionalized GO
nanosheets with varying overall amount and type of
oxygen functionalities have been prepared following a
green approach using AA. A higher dispersibility for
rGO obtained from mildly oxidized graphite was
observed while PSS assistance was more evident in
the case of harsh conditions. The chemical reduction of
differently expanded GO materials appears to be an AA
diffusion-limited process. Independent of the oxidation
conditions, the PSS functionalization corresponding to
AA:PSS:GO w/w of 20:10:1 resulted in similar Ip/Ig,
which improved the recovery of sp” lattice.

Although the recovery of the sp” network was only
partially achieved in this novel PSS—rGO, the obtained
nanosheets retain significant electron-rich sp” domains
that can be further used for grafting additional groups,
given the importance of functionalization not only for
stabilizing the graphene sheets, but also for harvesting
the material’s full potential in solution-based pro-
cesses. A multistep process combining green chemical
reduction of a mildly oxidized material and a thermal
treatment is proposed for a lower defect concentration.
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