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Abstract
We report on an improvedmethod for the synthesis of graphene oxide based on themodified
Hummers’method proposed byMarcano et alDifferent steps of the process were optimized. First, the
concentration of the reactants and the reaction conditionswere optimized to improve the efficiency of
the oxidation process of graphite. The Raman spectrumof theGO shows the typical D andG typical of
graphite oxidematerials. The contribution of the area under the bandD to the total area is 98%,
confirming that almost thewhole graphenewas oxidized (high oxidation yield). Furthermore, the
quantification of theC 1sXPS spectrumof ourGOnanosheets indicates that about 77wt%of oxygen
in the formof oxygenated groups is bonded to the carbon nanosheets. Second, the reaction timewas
minimized to 12 h, without compromising the quality (as confirmed bymicrography). Third, the
production of toxic gases has been reduced. Fourth, a thermal treatment was introduced instead of the
vacuumdrying procedure traditionally used, greatly diminishing the overall graphite oxide processing
time that includes: the reactant preparation, graphite oxidation process, rinsing and dispersion
procedures, and drying (the drying timewent from12 h to 2 h). Reducing the total time by a half,
compared to othermethods, is an important finding considering scaling for industrial production.

1. Introduction

During the last decade, graphene, amonolayer one-atom-thick planar sheet of sp2 hybridized carbon atoms
densely packed in a honeycomb crystal lattice [1], has gained considerable interest because of its possible
potential use asmultifunctionalmaterial andwide range of applications in different kind of devices [2, 3] . In this
regard, although the originally reported approach to the preparation of graphene (i.e.micromechanical cleavage
of bulk graphite) leads to high-quality 2D crystals and is suitable for fundamental studies, it suffers from
extremely low productivity and is therefore inadequate for large-scale use [4]. However, graphene has emerged
as amaterial with high potential due to its remarkable properties such as high surface area, transparency [5],
thermal conductivity [6] and good interface contact with adsorbents [7–9], etc.

Aswith any newmaterial that is intended for large-scale applications for example in the areas: analog
electronics and photonics/optoelectronics [10, 11], the development, and optimization ofmethods that allow
themass production and processing of graphene sheets is a top priority. At present, the only route that affords
graphene-based sheets in considerable quantities relies on the chemical conversion of graphite into graphite
oxide. Graphite oxide often called graphitic acid or graphitic oxide is a polycyclic aromatic hydrocarbon oxide
interrupted by epoxides, alcohols, ketone carbonyls, and carboxylic groups [12–14].

According toHontoria et al [15, 16] this disruption of the lattice is reflected in an increase of interlayer space
from0.335 nm for graphite tomore than 0.65 nm for graphite oxide layers. The oxygen functional groups
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convert the graphite oxide into a hydrophilic character; then; graphite oxide can be exfoliated inmany polar
solvents and dispersed particularly well inwater [17–19]. The graphite oxidation processes via strong oxidants
produce graphite oxide nanosheets with different oxygen-containing functional groups and defects [14]. Brodie
et al [20–22]first demonstrated the synthesis of graphite oxide in 1859 by adding a portion of potassium chlorate
(KClO3) to slurry of graphite in fuming nitric (HNO3) acid. The product they obtainedwas insoluble in acids
and saline solutions, but it was soluble in pure water and in alkalis; in comparison to other graphite oxides, this
product wasmore difficult to purify. They found that this product contained: the elements of sulfuric acid
(H2SO4) combinedwith oxygen, hydrogen and a large amount of carbon. In 1898, Staudenmaier improved
Brodie’smethod by replacing about two-thirds of fuming nitric acid (HNO3) by concentratedH2SO4 enhancing
the acidity in themixture and addedKClO3 to oxidize the graphite in nitric acid,minimizing in this way the risk
of explosion [23–25]. It was until 1909, that Charpy developed amethod using the potassiumpermanganate
(KMnO4) as the oxidant agent to oxidize the graphite inH2SO4 at room temperature [26, 27].

Themost important andwidely usedmethod for the synthesis of graphite oxide is the one developed by
Hummers andOffeman in 1958 (Hummers’method) [28, 29]. Thismethod includes all former developments
butwith key improvements. It consists of carrying out a reaction of graphite powderwith KMnO4 andNaNO3 in
concentratedH2SO4. They usedH2SO4 to disperse graphite and amixture of KMnO4 andNaNO3 as oxidant
agent; the temperature was kept below 45 °Cand the reaction timewas just a fewminutes long. Basically, the
reaction took place in an acid solution and the addition of hydrogen peroxide (H2O2)made easier to remove the
metal salts.

In general, allmethodsmentioned above produce explosive exothermic reactions and generate toxic gases
such asNO2,N2O4, andClO2 during the reaction; besides, residualNa

+ andNO3 ions are difficult to be
removed during the procedures of rinsing and purifying the graphite oxide. It was in 2010 thatMarcano et al
[30, 31] improved theHummers’method by excludingNaNO3, increasing theKMnO4 oxidants, and
performing the reaction in amixture ofH2SO4/H3PO4 in volume proportion 9:1. Thismodificationwas
successful in increasing the reaction yield and reducing the toxic gases production. Later on, in 2013Yeon-Ran
Shin et al [32] returned to the idea of thefirst reports for producing graphite oxide, by observing that the
optimized ratios of theH2SO4/HNO3mixture used inHummers’method acted as a chemical ‘scissor’ and a
chemical ‘drill’ in graphene planes to facilitate the penetration of the oxidant solution.However, the risk of
explosion caused byHNO3was still present; this is why this acidwas substituted byKMnO4 [33]. Thus, a
complete oxidation of graphite could be achieved using amixture of KMnO4/H2SO4 forming a graphite
bisulfate product inwhich every single-layer of graphene is sandwiched by the layers of bisulfate ions [34, 35].
The complete intercalation of bisulfate ions ensures the effective infiltration of theKMnO4 solution among the
graphene layers for their surface oxidation.

The objective of this work is to optimize the steps of the graphite oxidation process such as: (1) reactants ratio
following theMarcano et al [30] andYeon-Ran et al [32]methods, (2) experimental conditions: reaction time
and environmental parameters as temperature, pressure and stirring, in order to improve the efficiency of the
oxidation process and reduce toxic gases reaction sub-products and (3)final product purification as rising and
drying procedures. This optimizationwill allow increasing the amount of hydrophilic graphite oxide in less
processing time.Moreover, differentmicroscopic and spectroscopic techniqueswere used to analyze the shape,
quality and oxidation degree of the synthesized graphite oxide sheets.

2.Materials andmethods

2.1. Synthesis of graphite oxide
We started the synthesis of graphite oxide by using graphite powder (Bay carbon, spectroscope powders, Bay
City,Michigan 48706,~100μm) and followedmainlyMarcano et al [30]method because it produces graphene
oxide sheets of good quality and does not useNaNO3 as the oxidant to avoid the residualNa

+ andNO3
− ions.

Hummers et al [25, 36] andNekahi et al [26, 37] usedKMnO4 as the oxidant agent to oxidize graphite and
Drewniak et al [27, 38] usedH2SO4 acid to improve the oxidation efficiency of KMnO4.We have improved
further the oxidation efficiency of KMnO4 by addingH3PO4 to increase the acidity of themedium. Thus, we
added amixture of graphite andKMnO4 powders (3:18 g; 3:6 wt%) into anH2SO4/H3PO4 solution (360:40ml;
9:1 v/v%). One of the sub-products of the KMnO4 andH2SO4 reaction isMn2O7which detonates at
temperatures above 55 °C [22, 35]; thus to prevent an explosionwe cooled down bothmixtures beforemixing
them.Consequently, only a slightly exothermal reaction took place at 35 °C–40 °Cand the solution turned
purple-brown color. Next, themixturewas heated at 50 °Cwith continuous stirring for 12 h. At this point the
mixture turned dark brown indicating that the graphite oxidation reaction already took place. During this
thermal process themixture undergoes remarkable changes: gases are given off from the interior of the
substance, which swells up the system in amost singularmanner separating the carbonaceous sheets and
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reducing them to theminutest state of divisionwhich have the appearance and the structure of lamellar graphite
[16, 20], larger surface areas of the carbonaceous sheets are in contact with theKMnO4 increasing their oxidation
state.

The chemical reaction that takes place during the thermal process is shown in equation (1). The oxidation of
graphite by potassiumpermanganate (KMnO4) is usually amulti–stage process. The reaction of KMnO4with
sulfuric acid (H2SO4) produces diamanganese heptoxide (Mn2O7) being this the active species to oxidize
graphite. TheMn2O7 is farmore reactive than itsmonometallic tetraoxide (MnO4

−) counterpart and it is known
thatMn2O7 detonates when heated to temperatures greater than 55 °Corwhen placed in contact with organic
compounds [39–41]. The reduction in the permanganate ions (MnO4

−) to an oxidationmanganate state has
been reported in alkaline pH aqueous systems and it is considered to be responsible for an alkane oxidation
reaction decrease [33]. The oxidizing power of the permanganate anions decreased remarkably in the order of
(MnO4)

−˃(MnO4)
2−˃(MnO4)

3− [40]. Tromel andRuss demonstrated the ability ofMn2O7 to selectively oxidize
unsaturated aliphatic double bonds over aromatic double bonds, whichmay have important implications for
the structure of graphite and reaction pathway(s) occurring during the oxidation. [33, 42].

( )+  + + +  + + + + + -KMnO 3H SO K MnO H O 3HSO MnO MnO Mn O 14 2 4 3 3 4 3 4 72

Based on these experimental results we infer that 12 h of the oxidation process is the appropriate time in
which an efficient graphite oxidation reaction takes place.We highlight that 12 h of the graphite oxidation
process is 73% shorter than 72 h used byChandra et al [43] and 50% shorter than 24 h used byNekahi et al [37].
Reaction times shorter than 12 h produce inefficient graphite oxidation processes [28, 38, 44, 45]. For
comparison, in table 1we list the reaction conditions, reactants and reaction times used in the differentmodified
versions of theHummers’method.

As can be seen from the table 1, we avoided the use ofNaNO3 tominimize the evolution of toxic gases, and
reduced the processing time used byMarcano et al [30]. According to the literature, Hummers et al [36],
Hummers andOffeman [28], Nekahi et al [37] andDrewniak et al [38] usedH2SO4 to disperse graphite, and a
mixture of KMnO4 andNaNO3 as oxidant agents. All thesemethods produce explosive exothermic reactions
and generate toxic gases such asNO2 andN2O4 besides, residualNa

+ and−NO3 ions are difficult to be removed
during the procedures of rinsing and purifying the graphite oxide. Sincewe did not useNaNO3 as oxidant agent,
the reaction produces no toxic gases such as the onesmention above. The reaction betweenH2SO4 andKMnO4

as oxidant agent is a dissociation given by equation (1). Continuingwith the rinsing procedure, themixturewas
let cool down to room temperature, afterwards 400ml ofDIwater in ice formwas added to decrease its viscosity
and avoid overheating [46, 47]. Later on, 9ml ofH2O2 (H2O2/DIwater, 30%v/v)was added to themixture to
make easier the removal ofmetal salts such as permanganate andmanganese residuals from themixture, now
this solution turned to a bright yellow color. The solutionwas centrifuged at 1500 rpm for one hour and the
supernatant decanted away. The remainder was repeatedly rinsed in continuous successionwith: (1) 200ml of
DIwater, (2) 200ml ofHCl at 30%v/v and (3) 200ml of ethanol to remove the byproducts (e.g., potassium-
containing compounds) that can cause an acute explosion [36, 48]; after each rinsing step, the solutionwas
centrifuged at 4000 rpm for 2 h and the supernatant decanted away. Then, the remainder obtained after the
rinsing procedure was coagulatedwith 40ml of ether. Later on, the resulting suspensionwas filtered through a
PTFEmembranewith 0.45μmpore size.

The solidmaterial obtained on thefilter was vacuum-dried for overnight at room temperature. To remove
left over water fromgraphite oxide, we carried out a thermal treatment at 60 °Cunder nitrogen flux for 2 h. The
temperature of 60 °Cwas chosen because in the range from30 °C to 150 °Cno chemical reactions take place, but
only an evaporation of the solvents contained on the graphene sheets is carried out; therefore, only amass loss is
observed as indicated by the thermograms ofGOperformed byMichael J.McAllister et al in 2007 [49] and
Cheng-MengChen et al in 2012 [50]. Besides, at 60 °C the evaporation is relatively slow, preventing any
structural damage. The nitrogen flux prevents any reflux, decreasing the time for the drying process. Thefinal

Table 1.Reaction conditions for the oxidation of graphite.

Reactants

Method Graphite (g) NaNO3 (ml) KMnO4 (g) Na2Cr2O7 (g) H2SO4 (ml) H3PO4 (ml) Reaction References

Chandra et al 1 — — 4 15 — 72 [43]
Nekahi et al 1 15 3 — 20 — 24 [37]
Drewniak et al 1 3 g 3 — 30 — 2 [38]
Hummers et al 1 0.5 g 3 — 22.5 — 0.5 [28]
Marcano et al 3 — 18 — 360 40 16 [30]
Thiswork 3 — 18 — 360 40 12
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product in powder formweighted 6.8 g. By considering a graphite initial weight of 3 g, it is estimated that about
80%of carbon is linked to oxygen in different ways, including−OHgroups.

It is already known that chemically both graphite oxide and graphene oxide (GO) have similar or identical
structures. Both possess stacked structures with chemical functionality on their basal planes and at their edges
[33]. The only difference between them is the number of stacked layers; GOpossesses amonolayer or just a few
stacked layers, while graphite oxide contains a greater number of stacked layers [33, 51]. Taking into account
that the formation of oxygenated functional groups in graphite oxidemakes them easier to exfoliate it into
monolayers of GO,we dispersed 1mg of graphite oxide powder in 100mlDIwater by sonication for 10 min to
obtainGOnanosheets. Then, the prepared samples were analyzed bymicroscopic and spectroscopic techniques.

2.2. Characterization techniques
The surfacemorphology of theGO samples was analyzed using a high-resolution transmission electron
microscope (HRTEM) JEOL JEM-2100F operated at 200 kV acceleration voltage. The FTIR spectrum
(400–2000 cm−1)wasmeasured bymeans of a SpectrumOne Perkin Elmer systemwith anATR accessory and at
8 nm s−1 scan velocity. Raman spectrawere recordedwith a Raman ScientificXRD, Thermo SCIENTIFIC
systemwith aHe-Ne laser (λ=632.8 nm) as the excitation source and 10mWof power. The entrance and exit
slits aperture was 50μm.Also, an opticmicroscope is coupled to this system. 10Xmagnificationwas used to
select the region of interest. X-ray Photoelectron Spectroscopy (XPS) systemK-Alpha+Thermo Scientific,
with aConstant Analyzer Energy (CAE), was used to investigate the state of elements present in the graphite
oxide. XPS spectrawere obtained by irradiating the samplewith the beamof x-ray, Al Kα (1486.6 eV). The
primary beam energy of 12 kV and primary current of 6mAwere used, operating at pass energy of 0.2 eV. The
pressure in the analysis chamberwas 2×10−9 Torr. XPS gives quantitative information about chemical groups
and the chemical shift in XPS is ameasure of the valence charge on the atomof interest.

3. Results

3.1.Morphological and structural characterization
The surfacemorphology and crystallinity of synthesized graphite oxidewas analyzed bymeans of anHRTEM
and selected area electron diffraction (SAED). Figures 1(a), (b) shows TEMmicrographs of graphite oxide
previously dispersed inDIwater by sonication and set on aCarbon/Nickel holder for characterization.
Figure 1(a) shows a representative TEMmicrograph of aGO sheet, it shows and average size of~2±0.2μm. It
can be observed that themorphology ofGO is sheet-like; the sheets look translucent, well definedwith some
wrinkles on the surface andwith no folding on the edges. In thesemicrographs, dark and light zones and some

Figure 1.Observations ofGO sheets in a TEMmicroscope: (a) and (b)TEMmicrograph, (c)HRTEM,with the inset presenting the
SAEDpattern of this area, and (d) FFT of the SAEDpattern.
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imperfections like dark points on the surface can be observed. They are related to the existence of carbon atoms
with sp3 hybridization that constitute the hydroxyl or epoxy groups in theGO sheet.

Figure 1(c) shows anHRTEM image of theGOnanolayer and in the inset its corresponding SAEDpattern. In
the SAEDpattern clear diffraction spots are observed; by applying the Fast Fourier Transform (FFT) to the SAED
pattern, theMoiré patternwith the hexagonal lattice structure formed by carbon atoms is revealed as shown in
figure 1(d); for a better visualization amagnification of the lattice is shown in the inset.

Furthermore, theGOnanolayer was analyzed by EnergyDispersive Spectroscopy (EDS). Figure 2(a) shows
theGOnanosheet set on theCarbon/Nickel holder. The bands in thisfigure correspond to the grid that holds
the sample. EDSmapping images are shown: in (b) carbon in red, (c) oxygen in blue and (d) the overlay of the
twomaps; in this imagewe observe the distribution of theCarbon andOxygen chemical elements constituting
theGOnanosheets.

3.2. FTIR spectroscopy
Figure 3 shows an FTIR transmission spectrum recordedwithATR accessory fromGO in the range from4000 to
700 cm−1. In this spectrumdifferent peaks appear that are assigned to vibrationalmodes of functional oxygen-
containing groups; for a better visualization see points (A), (B) and (C) on the inset of thisfigure. Additionally,
C=Cvibrations of graphene andC–Ovibrations ofGO are also present, as expected.

In table 2 themeasured peaks positions, the reported ones, and their assignments according to the literature
are listed. There is a good concordance between the two groups.We infer then, that theGOnanosheets are
covered by functional groups such as hydroxyl (–OH), epoxy (C–O–C) and carboxylic (–COOH) groups. It is
worthwhile tomention that the FTIR spectrumofGO recorded after one year is very similar to the one recorded
from freshGO, thismeans thatGO is stable with respect to aging.

3.3. Raman spectroscopy
Raman spectroscopy is commonly used to investigate themicrostructure and perfectness of carbon-based
materials. Themain Raman parameters to be evaluated are the peak position, FullWidth atHalfMaximum
(FWHM), intensity ratio of the bands peaks, and the total areas under the Raman curves. Figure 4 shows the
Raman spectrumofGO in the range (750–3100 cm−1). This spectrum can be divided into two regions: thefirst
order effect region (750–2500 cm−1) and the second order effect region (2500–3100 cm−1) [59].

In thefirst order range, there appears theD band (the symmetry A1gmode) at 1350 cm−1. It corresponds to a
defect-induced vibrationmode or to vibrations caused by imperfections due to the attachment of functional
groups to the graphitic carbon basal plane [59], such as the hydroxyl and epoxide groups.Other origins of this
band have been attributed to a symmetry loss due to thefinite size of graphite crystals [60], to stretching
vibrations of carbon bondswith a sp3 hybridization [60] or to breathingmodes of the aromatic rings with free

Figure 2. (a)ATEMmicrograph of the surfacemorphology of aGO sheet. EDS compositionalmaps: (b) carbon, (c) oxygen and (d) an
overlay of carbon and oxygenmaps.
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bonds in the plane terminations [61]. TheG band (the E2gmode of the sp2 carbon atoms) at 1580 cm−1 is due to
first order scattering E2gmode of graphene [61, 62], that is, to vibrations inside the aromatic layers of the
graphite structure, seefigure 4.

TheDband infigure 4 has beenfitted by a sumof twoGaussian bands centered at 1233 cm−1 (L2+D′) and
1350 cm−1 (D1) and theG band by a sumof threeGaussian bands centered at 1521 cm−1 (D3), 1580 cm−1 (G)
and 1632 cm−1 (D2). Double resonance can also happen as an intravalley process that is, connecting two points
belonging to the same cone aroundK (orK′). This gives the so-calledD′ peak. The 2Dpeak is theD-peak

Figure 3. FTIR-ATR transmission spectrumofGO.

Table 2.GOvibrationalmodes assignments reported in the literature andmeasured.

Reported peak position

(cm−1)
Measured peak position

(cm−1) Functional group Vibrationmode References

3410 3407 Water (–OH) Stretching [52]
1734 1734 Carboxylates orKetone (C=O) Stretching [53, 54]
1629 1625 BondingC=C Stretching [55]
1420 1430 Alcohols (–OH)a Bending [56, 57]
1227 1225 Epoxide (C–O–C) or Phenols (C–

O–H)
Stretching [57, 58]

1055 1055 BondingC–O Stretching [57, 58]

a Shoulder of bendingOH.

Figure 4.Raman spectrumofGO.
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overtone, and the 2D′ peak is theD′ overtone. Because the 2D and 2D′ peaks originate from a process where
momentum conservation is satisfied by two phononswith opposite wave vectors, no defects are required for
their activation, and are thus always present.

The band L2+D′ is the product of overtones of theD2 band and the interactions of optical longitudinal and
acoustic vibrations [63]. The peakD1 is intense, wide, and it belongs to carbonaceousmaterials with disordered
structure, attributed to in-plane defects like heteroatoms (O,H,N for instance) or structural defects. Its peak
position depends onwavelength of the incident laser [64]. The integral ofD1 is small when the aromatic planes
are ordered and this band getsmore intense andwidewhen there exist some defects in graphite [65]. TheD3
band is attributed to a disordered carbonaceousmaterial containing out of plane defects like tetrahedral carbon
atoms, organicmolecules, and functional groups, and it is absent in samples having undergone thermal
treatments at a temperature higher than 450 °C [65]. TheD2 band (also namedD′) at about 1635 cm−1 is due to
the non-homogeneity or deformation of thematerial [66].

In the second order range the 2Dband appears, which is wide and of low intensity and it is composed of S1
and S2 sub-bands. The S1 band at 1350 cm−1 is considered by Stephanie et al as an overtone ofD1 [61]. The S2
band at 2900 cm−1 appears only on graphiticmaterials as a consequence of C-Hbonding [64]. This band has also
been interpreted as the combination of theD andGbands [67].

TheD andGbands ofGOdiffer from those of graphite in three aspects: 1) a significant increase in theD/G
intensity ratio (ID/IG) associated to a disruption of the lattice symmetry; 2) broadening of both theD andG
bands associatedwith the introduction of hydroxyl and epoxy groups and 3) shifts of theD andGbands towards
higherwavenumbers are related to an increase of isolated carbon double bonds inGO [15]. This is why it is
difficult to use the ratio ID/IG as an indicative of pureness or graphitic level of GO. Instead, Beyssac et al [64] have
proposed other figures ofmerit calculated as the ratio of areas under the bands, in order to estimate the
carbonaceousmaterial (CM) degree of organization. They defined the ratio of areas R2=D1/(D1+G+D2).
The authors excludedD2 fromR2 because theD2 band corresponds to poorly ordered carbons and to out-plane
defects like tetrahedral carbons that, as Beny-Bassez et al [65] suggest, are released early during the graphitization
process at high temperatures as happens inmineral graphite. It is worthy ofmention that the figure ofmerit was
proposed formineral graphite, where themost representative Dband isD1, thus, in that case, R2 gets the form,
R2′=D1/(D1+G). For poorly organizedCM, R2′ is greater than 0.5, while in CMwell organized R2′ smaller
than 0.5. It is important to take into account that he spectrameasured at the surface exhibit a higher contribution
of the defect bands (D1 andD2) [66, 67]. For theGOproduced in this work, the bandsD1,D2, andD3 appear
due to the low-temperature synthesis process and it is better to consider the areas ratio R′=(D1+D2+D3)/
(D1+D2+D3+G) i.e. the ratio ofmodes fromdefects (non-graphiticmodes) to the totalmodes. Fromdata
in table 3, it was possible to calculate R′, which gives a value of 0.98. Such a high valuemay indicate that almost
thewhole graphenewas oxidized. The sp1 bonds (and deformations) produced by the oxidation of the carbon
sheets give rise to theDband.However, certain graphitic level is still present inferred by the presence of theG
band indicating thatGO is not just in the formofmonolayers.

3.4. XPS
The chemical state of theGOwas analyzed byXPS. Figure 5 shows the twomost prominent bands ofGO: (a)
spectrumof theC 1s (FWHM=4.77 eV) and (b) theO 1s spectrum (FWHM=2.04 eV).

TheC 1s in the XPS spectrum shows 5 components assigned to binding energies of: C=C (284.8 eV,
FWHM=1.5 eV), C–C (285.4 eV, FWHM=2.29 eV), C–O (287.1 eV, FWHM=2.12 eV), C=O (287.7 eV,
FWHM=1.92 eV) andO=C–OH (289.2 eV, FWHM=2.3 eV) [33, 40, 68, 69]. The presence of these groups
suggests a considerable degree of oxidation of theGOnanosheet [47]. This last assumption is confirmed by the
position of theO 1s band, which is in the range of carbon-oxygen bonds.

The quantification of theXPS spectrumof our graphene nanosheets is: 56.2wt%ofC and 42.9wt%ofO,
and the elementsN and Swt%values correspond to trace impurities in the nanosheets. These C andO

Table 3. Intensity and areas of themain and secondary Raman bands.

Band Theoretical position (cm−1) Experimental position (cm−1) FWHM (nm) Intensity (Arb. units) Area (Arb. units)

L2+D′ 1230 1233 263 402 132 337

D1 1350 1348 241 1347 380 698

D3 1578 1580 159 754 55 466

G 1580 1579 123 766 11 092

D2 1635 1632 210 143 37 573

S1 2700 2701 183 65 14 863

S2 2900 2898 100 62 7813
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percentagesmean that about 77wt%of oxygen in the formof oxygenated groups is bonded to the carbon
nanosheets; thus, the process has a high oxidation yield. In table 4 the elemental composition of the here
producedGO is comparedwith the composition of theGOprepared by other chemicalmethods, reported in
[44]. It is important tomention that the data of the reference was obtained fromCHNOS elemental analysis.

In the oxidation route of Chandra, the treatment with sodiumdichromate provided the lowest oxygen
content (21.40wt%) evenwith very long reaction time (72 h). TheHummers’method gave 33.58wt%ofO in 0.5
h of reaction time. TheNekahi et al andDrewniak et al graphite oxidationmethods provided about the same
oxygenweight percentage, being the sample ofDrewniak et al the onewith the highest O content (42.41wt%).
We obtained a slightly higherOpercentage (42.9wt%), see table 4. In conclusion, ourGOpresents the highest
degree of oxidation.Moreover, a highlight of our process is that we excluded the use of theNaNO3 reactant,
minimizing the production of toxic gases.

4. Conclusions

Increasing the amount of KMnO4, excluding theNaNO3 and adding amixture ofH2SO4/H3PO4 in proportion
9:1, the efficiency of the oxidation process of the graphite has been improved comparedwith themethod that
uses KMnO4,NaNO3, andH2SO4 for preparingGO.With the presentmethod, no toxic gases are generated, and
it results in a higher amount of hydrophilic oxidized graphenematerial. By carrying out a thermal treatment in
an oven at low temperature and under nitrogen flux, the drying procedure time has been greatly reduced and
graphite oxide has not been reduced. TEMmicrographs indicated that theGO sheets are translucent and
wrinkled. SAEDpatterns reveal the hexagonal lattice structure of carbon atoms. EDSmappings show the
distribution of Carbon andOxygen in theGOnanosheets. By FTIR characterization it was possible to identify
the functional oxygen-containing groups. Raman spectra of the synthesizedGO showed theD andGRaman
bands typical of graphite oxidematerials. The deconvolution of these bands revealed the secondary Raman
bands: D1,D2 andD3which indicate the disordered structure of carbonaceousmaterials,most probably due to
the oxidation of graphite. This inference is confirmed by the presence of the 2Dband. The proportions of the
areas under the curves of theG andDbands indicate that theGOnanosheets are almost completely oxidized.
The deconvolution of theC 1s XPS spectrum reveals the 3 different carbon bonds inGO, suggesting a

Figure 5.XPS spectra ofGO: (a)C1s and (b)O1s.

Table 4.Elemental composition of graphite oxide obtained
by differentHummers’modifiedmethods [44].

Sample
Elemental analysis (wt%)

C N S O

Chandra et al 75.97 0.10 2.53 21.40

Nekahi et al 59.17 0.10 0.10 40.63

Drewniak et al 57.19 0.10 0.30 42.41

Hummers et al 65.71 0.10 0.61 33.58

This work 56.2 0.20 0.70 42.90
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considerable oxidation degree of theGOnanosheets. Themain conclusion of this work based on the
characterization results shown above is that the optimization of the graphite oxidation process performed in this
work produces GOnanosheets of good quality in a high yield.
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