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Derivative oxide carbon materials, such as graphene or graphite oxides, have been recently considered to
be a promising material in a wide scenarios of emerging technologies due to their physical and chemical
properties, as well as, for their low production costs. Even if apparently similar, these materials exhibit
different physical and chemical properties. One of the critical issue is associated with the exfoliation
process and contributes to the formation of graphene oxide and graphite oxide material. Here, we show a
single synthetic wet method to produce graphene or graphite oxide by applying a control of the oper-
ational temperature during the reaction. The process was optimised to obtain the pristine graphite oxide
at low temperature (T = 0 °C) and the pristine graphene oxide at higher temperature (T = 30 °C). Finally,
the peculiar features of these materials were described using spectroscopic, structural and morphological
measurements.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

graphene oxide and graphite oxide, are understudy for their similar
properties. The interest in graphene oxide (GO) grew in the context

Carbonaceous materials, such as nanotube, fullerenes, carbon
fibres, are attracting attention due to their physical and chemical
properties [1,2]. Recently, two oxide carbon derivatives, i.e.
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of finding a more suitable and scalable method for producing
pristine graphene. Nevertheless, GO exhibits, in comparison with
pristine graphene, distinct features which can be employed for
novel applications. Graphene oxide consists of a two-dimensional
plane bonded with oxygen domains which provide an amphi-
philic character with carbon atom hybridization from sp? and sp>
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due to the binding of oxygen atoms into the graphene basal plane.
The GO is a non-stoichiometric “molecule” because of its starting
material (often expanded graphite) which influences the size of the
basal plane of the final product [3—7]. Differently, graphite oxide
(GtO) can be described as a “grain” of graphite where the surface is
oxidized. In practice, the synthetic protocol consists of two main
steps: exfoliation and oxidation. In the first step, each carbon layer
is “peeling” from graphite grain by means of an exfoliation agent
(often sulphuric acid). Then, the basal plane is oxidized by an
oxidizing agent (commonly KMnOy,). A key issue on the wet syn-
thesis of GO is the exfoliation step [8]. When the exfoliation step is
not fully completed, a resulting GtO material is produced. This latter
material has relevant properties such as an appreciable electric
conductivity, which can be categorised in between graphene and
graphene oxide. However, a lack of information on the behaviour of
these materials causes a missing of a clear/standard synthetic
procedure and mixing up the results of the characteristics of GO or
GtO. Often, old literature reported the formation of graphene oxide
as graphite oxide because of the little knowledge about the gra-
phene and graphene derivatives materials around 2010. For
example, under certain conditions of low number of non-exfoliated
layers, GtO and GO exhibit similar spectroscopic features [9].

Essentially, three basic approaches, derived from Brodie method
[5], are used as starting procedure for synthesizing GO (eventually
GtO): Hummers [4], Staudenmaier [10] and Hofmann [3] methods.
All of these methods produce graphene oxide by exfoliating and
oxidizing of the graphite powder via chemical wet reactions.
However, those procedures imply some limitations in the practical
use [9,11,12]. First, the reactions involve hazardous reagents (e.g.,
sodium nitrate or potassium chlorate). Second, some reagents, such
as sodium nitrate or fuming nitric acid, introduce heteroatoms or
hole defects which affect the reactivity and the structural charac-
teristic of GO [13,14]. Third, these methods are time-consuming
(several days) with a low final yield. For these reasons, variation
of Hummers-Staudenmaier-Hofmann methods have been investi-
gated [6,15]. In the prospective of mass production of GO, Sun et al.
[7] proposed a four steps protocol using a lower amount of exfoli-
ating agent (sulphuric acid) with the positive consequence of get-
ting high yield and quality GO. To the best of our knowledges, any
clear distinction between the synthesis for graphene oxide and
graphite oxide is reported and often GO dispersions consists of a
mixture with GtO. Somehow, GtO is treated as undesirable product
which affects the final GO yield.

The present paper is focused on the description of an alternative
production method for graphene or graphite oxides, based on the
four steps described in the Sun approach [7]. This approach has the
advantage of producing high GO/GtO yield and allows a scale up
production. Here, a single protocol is reported to synthesized both
GO or GtO by only changing the operational temperature during the
reaction. Our results provide experimental evidences concerning
the difference of physical chemical properties of the final product of
synthesis (GO and GtO) by taking advantage of handy techniques.

2. Experimental
2.1. Chemicals

The following chemicals were used as received: KMnO4 (Sig-
ma—Aldrich), HySO4 (98%, Sigma—Aldrich), HCl (37%, Sigma-
—Aldrich), ECOPHIT 50 (size 40—50 um, SGL GROUP).

2.2. Graphene oxide synthesis

The production of graphene oxide was carried out using a
modification of the Sun protocol, described in our previous work

Graphene Oxide

Exfoliation
Oxidation
H2S04/KMnO4

Graphite <>

Graphite Oxide

Fig. 1. Reaction scheme for the synthesis of graphene oxide and graphite oxide.

[16]. Briefly, expanded graphite (2.5 g) and KMnOg4 (7 g) were
introduced into a 500 mL beaker and stirred until homogeneity. The
beaker was placed in an ice-bath and 50 mL of concentrated sul-
phuric acid (98%) were added slowly' with continuous stirring with
magnetic stir bars until a paste (green-petrol colour) was obtained.
The beaker was placed into a water bath at about 30 °C for 30 min to
produce a spontaneous volumetric expansion. Next, the hydrolysis
of the material was obtained adding 200 mL of distilled water very
slowly in order to prevent an uncontrolled temperature increase.
Then, the green-brownish liquid was placed in a water bath at 80 °C
for 1 h to obtain a darker suspension. The warm suspension was
paper filtered (2 um pore size) and washed with 500 mL distilled
water, 500 mL HCI 0.15 M (to remove Mn?*) and finally with
500 mL distilled water. The presence of sulfate ions in the GO dis-
persions was checked by a BaSO4 spot test. The solid samples were
prepared by drying in an oven at 80 °C overnight.

2.3. Graphite oxide synthesis

The synthesis of graphite oxide dispersion was carried out by
means of lowering the operational temperature for the synthesis of
graphene oxide. In practise, all the reagents were pre-cooled for
about 2 h in an ice-bath. Then, the method follows each synthetic
step described above except for maintaining the temperature as
low as an ice-bath temperature during the entire synthesis process.
For this reason some differences were encountered. First, the colour
of the mixture were dark/black in all steps. Next, the volumetric
expansion was suppressed [8], and, finally, the product appears as a
powder-like instead of flaky material. The solid samples were
prepared by drying in an oven at 80 °C overnight.

A scheme for the synthesis of graphene oxide and graphite oxide
is shown in Fig. 1.

The direct observation of the two raw materials showed some
peculiar difference: GO sample is a flake-like material that cannot
be easily powdered when is treated with pestle and mortar and
pasty material is obtained (may be due to the adsorption of

1 The temperature is kept below 55 °C to prevent accidental explosion due to the
presence of Mn,05 in a solution of sulphuric acid.
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humidity). On the opposite, GtO is very similar to expanded
graphite with a grey-black powder.

2.4. Characterization

Diffraction measurements were performed with Bruker D8
Advance, Cu K, radiation A = 0.15418 nm. The interlayer distance
was evaluated by the Bragg equation. UV—vis spectra were recor-
ded in Jasco V/570 spectrometer with quartz cell. The solution is
0.1 mg/mL for both GO and GtO. FTIR measurements were per-
formed out in Jasco FT/IR-620 spectrometer using KBr pellets with
ratio sample/KBr of 1:100. The electrical resistance was measured
by means of Keithley Multimeter 2400 4-wire on a pellet. The
pellet, with size of 13 mm (diameter) and 1 mm hight, was made by
pressing powder at 10 tons for 30 s (Fig. 4). The electric resistance
was measured on the surface along a circle at a distance of 6 mm
using clips to keep electrodes at the same distance and pressure.
The value is the average of 10 measurements. Morphological im-
ages and microanalysis were recorded using a SEM (Philips XL30
TMP) integrated with EDX (PV9900). Photoluminescence mea-
surements were performed on a RF 5301PC spectrofluorometer
(Shimadzu) using 5/5 nm spectral slit bandwidth for excitation and
emission. Wavelength scanning super (about 3000 nm/min) with
high sensitivity selection. The S/N ratio of instrument is 150 or
higher for the Raman line of distilled water (350 nm excitation
wavelength, 5 nm spectral bandwidth, and 2 s response for 98% of
the full scale). Wavelength accuracy is +1.5 nm. Emission spectra
were recorded at the maximum and optimal excitation wave-
lengths. Samples were prepared by dispersing the solid in milliQ
water (1 mg/mL, pH 7) and sonicating for 15 min at RT. The dis-
persions were stirred for 1 h at 300 rpm and centrifugate for 5 min
at 10,000 rpm before analysing the soluble fractions.

3. Results and discussion

Diffractograms of (a) graphene oxide and (b) graphite oxide are
shown in Fig. 2. The GO shows a peak centred at 11.2°, which is
associated with the variation of the interlayer distance (d = 0.8 nm)
due to the presence of chemical groups onto the graphene basal
plane. This is consistent with the range values of 9°—12° reported in
the literature [13,17—20].

Besides, the spectrum of GtO (Fig. 2b) has a broader peak cen-
tred at 26.2° with an interlayer distance of d = 0.35 nm, comparable
with the interlayer distance of the expanded graphite. The
expanded graphite diffractogram (Fig. 2¢) is reported as a reference
and exhibits its characteristic narrow diffraction peak at 26 = 26.5°.
The correlation of XRD with single and multilayer was demon-
strated by Dakin et al. [21] and Xu et al. [22] and this is in accor-
dance with our experiments.

Morphological aspects of GO and GtO are investigated by using
scanning electron microscope (SEM), as shown in Fig. 3. Here, the
pristine expanded graphite (Fig. 3a and d) is displayed and exhibits
large grains with an average size of about 50 um. Similarly, GtO
appears as grain-like shape and homogeneously distributed (Fig. 3b
and e). Unlikely, GO morphology consists of tightly packed layers, as
shown in Fig. 3¢ and f. The distinct morphology is related to the
exfoliation process in the first step of synthesis and the re-packing
of the material in the solid phase due to the oxygen domains on the
graphene basal plane. The elemental analysis is evaluated from
energy dispersive X-ray (EDX). Comparable amount of oxygen is
archived for GO (~22%) and GtO (~24%).

The ratio carbon/oxygen (C/O) is strongly depended on the GO
synthesis as reported in literature [1,6,11,23]. In our experiments
the C/O ratio is resulted in 3.6 and 3 for GO and GtO, respectively. In
Table 1 is shown the comparison of our results and Hammers,

Brodie, Sun and Staudenmaier methods from several authors (some
of the most cited). As observed, the majority of references archived
a C/O ratio around 2.2, implying a high oxidized graphene. Instead,
from our data, a less oxidized sample is found and this affects the
GO properties, e.g. a higher interlayer distance at the angle of 11.2°
in comparison with the average value that is around 9—-10°, or a
FTIR spectrum.

The resistivity (p) is measured for expanded graphite, GtO and
GO on a pellet (Fig. 4). The expanded graphite shows a resistivity of
0.28 +0.01 Q@ m (3.5 +0.1 S/m) [32]. By contrast GO exhibits a high
resistivity of about 2.3+0.1 x 10’ Q m (43+0.1 x 1077 S/m)
[1,6,11]. Finally, the resistivity of GtO is 1.78+0.01 Q m
(0.56 +0.01 S/m). A comparison of resistivity for several main
synthetic methods is reported in Table 1.

Fig. 5 shows FTIR spectra for the GO and GtO dispersions. The
spectrum for GO (Fig. 5a) was described in details in our previous
work [33]. Briefly, the characteristic broad band at 3439 cm™!
corresponds to the stretching vibrations of bonded O—H. The tiny
doublet peaks at 2920 cm~! and 2850 cm™! correspond to the
symmetric and antisymmetric stretching vibrations of —CH,. The
peak at 1710 cm™ !, corresponding to the C=0 stretching vibration
[13,17—20,34], while the peak at 1620 cm ™! is sometimes assigned
to the O—H vibrations due to the presence of adsorbed water [19].
We have interpreted [16,33] those peaks as keto-enol tautomerism.
The peak at 1384 cm ™! could correspond to the bending vibration
of O—H for the alcohols. The peak at 1090 cm~! may be interpreted
as referring to the epoxy group, however, it is more likely related to
the stretching vibration of C—O for alcoholic group or alkoxy (R—0).
In Fig. 5b is shown the spectrum for GtO where no appreciable
discrepancies are observed. However, both spectra differ in a few
features. First, the presence of an additional peak at 1716 cm™! is
observed and corresponding to C=O0 stretching vibration for an
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Fig. 2. X-ray diffraction data for the (a) GO, (b) GtO and (c) expanded graphite.
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Fig. 3. SEM images of (a) expanded graphite, (b) GtO and (c) GO. Higher resolved SEM images are reported in d, e and f, respectively for a, b and c. Red marks indicate 300 um for
(a—c) and 7 um for (d—f) images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Carbon-oxygen ratio (C/O) for graphene oxide using Brodie, Staudenmaier, Hum-
mers, Modified Hummers and Sun methods. The amount of oxygen decreases along
the table. Resistivity is reported for several synthetic methods.

Method c/o Resistivity 10° Q m Ref

Mod. Hummers 0.7-1.3 0.2—-1000 [6,24,25]
Hummers 1.8-2.5 0.005-0.01 [4,23,26—-28]
Staudenmaier 22 120 [10,26,29]

Sun 25 0.18 (7]

Brodie 24-29 0.15-60 [5,23,26,30,31]
This work (GO) 35 230

aliphatic ketone. Next, the intensity of the peak at 1384 cm™! is
greater comparing with the GO spectrum and may be related to the
peak at 1716 cm™ . Finally, the peaks at 1635 cm~! and 1584 cm™!
are interpreted as the keto-enol equilibrium.

UV—vis spectra for GO and GtO in the range 190—900 nm are
investigated in water solution and reported in Fig. 6. As we can
observe, the region 400—900 nm is not affected by absorptions. The
maximum absorbance for GO (Fig. 6a) takes place at Apjqx = 230 nm.
This band is attributed to 7 — 7 transitions in conjugated systems
[34,35]. A shoulder is present at around A = 290 nm and is often
assigned to the n — 7* transition of a carbonyl group. A change of
the optical absorption is found in the GtO spectrum (Fig. 6b) due to
the oxygen domains present on the graphite. Here, the shoulder at
290 nm disappears probably due to a less number of conjugated
systems with carbonyls. Besides, the maximum absorbance is
shifted to lower wavelengths (196 nm). This fact is reported by Lai
et al. [36], who investigated the variation of the UV—vis spectra
with the number of layers of graphene oxide. The authors claimed,
using UV—vis and AFM techniques, that for the monolayer is
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Exp Graphite GtO GO

Fig. 4. Digital photographs of pellets and resistivity chart for expanded graphite,
graphite oxide (GtO) and graphene oxide (GO).

observed a corresponding UV—vis spectrum with a maximum
absorbance at 230 nm and a shoulder around 300 nm. When the
number of non-exfoliated layers are increased, the shoulder
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Fig. 5. FTIR spectra for (a) GO and (b) GtO after drying fresh water dispersions.
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Fig. 6. UV—vis spectra of the (a) GO and (b) GtO in water solution.

disappears and maximum peak vanishes for thick-layer >10 layers.
Comparing Lai's conclusions and our UV—vis results, we can argue
to have graphene oxide and graphite oxide. This result is also
supporting diffraction data (Fig. 2) where the GtO interlayer dis-
tance is comparable with the expanded graphite confirming that
the exfoliation is negligible.

The photoluminescence (PL) of GO and GtO is shown in Fig. 7
and is ranged from 350 nm to 590 nm showing, in the majority of
cases, a broad band of the spectrum. The origin of this phenomenon
for oxidizing carbon materials is still unknown but it can be
attributed to the conjugated systems. Several parameters affect the
photoluminescence signals such as pH [37,38] or reduction [37—41]
and the C/O ratio, due to the oxygen domains in the structure,
seems affect the PL signals [37—42]. Nevertheless, the photo-
luminescence can discriminate between GO and GtO spectrum. The
contour plot of GO is reported in Fig. 7a using an excitation wave-
length (4x) in the range 280—400 nm. The red colour identifies the
maximum GO emission (447 nm) at Aexy = 330 nm. At same exci-
tation wavelength, GtO has maximum emission at 447 nm (Fig. 7b).

Above Ay = 400 nm, no emission signal is recorded. In Fig. 7c and
d selected spectra are extracted from the contour plot at 280 nm,
300 nm, 330 nm and 350 nm. Here, it is possible to distinguish the
shape of photoluminescence bands which appear broad for
280 nm, 300 nm and 350 nm but a more narrow shape with a high
emission intensity is found at 330 nm. Fig. 7c, the position of
maximum emission peak A, are kept constant when the excitation
wavelength is changed. By comparing GO and GtO spectra at
Aex = 300 nm (Fig. 7f), it is interesting to note that the position of
the maximum is shifted from 447 nm to 453 nm (6 nm). This event
is not observed for all excitation wavelengths (Fig. 7e) where the
maximum peak position is unchanged. The intensity of the pho-
toluminescence is higher for GtO comparing with GO and is prob-
ably attributed to the heterogenous electronic structures with a
variable sp? and sp> hybridization, as reported by Chien et al. [41].

4. Conclusions

To conclude, this work leads to the synthesis of graphene oxide
and graphite oxides by means of a single wet procedure. The
method described in this paper consists of changing the opera-
tional temperature. Low temperature (T = 0 °C) affects the exfoli-
ation process producing a graphite oxide, while high temperature
(T =30 °C) helping the process and a single layer graphene oxide is
formed. GO and GtO show distinct physical chemical features
which can be identified by routinely laboratory techniques, such as
spectroscopic and morphological/structural analysis. From direct
observation, the raw material gives information about the nature of
the product, i.e. powder and dark/black for GtO and brownish and
flake-like for GO. The crystallographic data reveal the degree of
exfoliation of the material estimating the interlayer distance. Larger
plane distance (~0.8 nm) is found when GO layer is overlapped to
each other to form a stack-pile structure (in the dry sample) due to
the interaction between oxygen domains and w-system. On con-
trary, a smaller interlayer distance can be observed for a GtO where
the plane distance is still similar to the pristine graphite value
(0.35 nm). The morphology is observed using SEM analysis bearing
a different microscopic structure, where a layered arrangement of
the GO and particles distribution of GtO were recognised. A
straightforward indicator to discriminate GO from GtO consists in
the analysis of the shape and maximum absorbance of UV—vis
spectra. The presence of a peak at 230 nm with a shoulder around
300 nm with a broader peak is an indication of GO, in contrast with
GtO where a sharp spectrum is observed without any shoulder
signals (A = 195 nm, sharp peak). Furthermore, photoluminescence
analysis dealt with a characteristic spectrum brings to a greater
intensity for GtO over GO and archiving a difference in the PL signal
(6 nm) of the maximum of emission at A.x = 300 nm. Few differ-
ences are noticed in FTIR data. The reason for that resides on the
fact that the functional groups on the surface of GO or the GtO are
similar, hence, their spectra are almost identical. However, an
additional carbonyl (1716 cm™!) is found and more intense and
sharp signal for the frequencies of C—O groups is looked in the GtO
spectrum. Finally, electric conductivity simply distinguishes GO
(good insulator) from GtO (conductive material). The present study
is a step forward to set out a standard protocol for the production of
oxidized carbon materials and help researchers in distinguishing
pristine GO and GtO materials from incomplete synthesis or
mixtures.
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Fig. 7. Photoluminescence (PL) spectra for GtO (right) and GO (left) in the range A.x = 280—350 nm and ey = 350—590 nm. (a—b) PL excitation-emission map of GO and GtO. (c—d)
GO and GtO plots at 4y = 280 nm, 300 nm, 330 nm, 350 nm. (e) PL spectra comparison of GO and GtO fixing at A.x = 330 nm, (f) PL spectra comparison of GO and GtO fixing at

Jex = 300 nm.
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