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Abstract 
Former structural models of graphene oxide (GO) indicated that it consists of graphene-

like sheets with oxygen groups, and no attention was paid to the resulting sheet size. We 

now provide evidence of the complex GO structure consisting of large and small GO 

sheets (or oxidized debris). Different oxidation reactions were studied. KMnO4 derived 

GO consists of large sheets (20-30 wt. %), and oxidized debris deposits, which are 

formed by humic- and fulvic-like fragments.  Large GO sheets contain oxygen groups, 

especially at the edges, such as carbonyl, lactone and carboxylic groups. Humic-like 

debris consists of an amorphous gel containing more oxygenated groups and trapped 

water molecules. The main desorbable fraction upon heating is the fulvic-like material, 

which contains oxygen groups and fragments with high edge/surface ratio. KClO3 in 

HNO3 or the Brodie method produces a highly oxidized material but at the flake level 

surface only; little oxidized debris and water contents are found. It is noteworthy that an 

efficient basal cutting of the graphitic planes in addition to an effective intercalation is 

caused by KMnO4, and the aid of NaNO3 makes this process even more effective, thus 

yielding large monolayers of GO and a large amount of humic- and fulvic-like 

substances.  
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1. Introduction 
 

Graphene (an individual sheet of sp2 hybridized carbon) can be produced by bottom-up 

approaches, that include epitaxial growth techniques, polymerization of molecules [1-3], 

or top-down methods consisting of delaminating graphite crystals [4]. However, the 

latter method could result in different graphene-like materials including pristine 

graphene (PG), produced through liquid phase exfoliation [5, 6], and graphene oxide 

(GO), synthesized by chemical intercalation and the subsequent oxidation of graphitic 

materials (e.g. graphite [7], carbon nanotubes [8], carbon nanofibers [9]).  

GO also appears to be an excellent precursor for synthesizing more complex and hybrid 

graphene-based materials[10] at affordable costs. The GO structure consists of a 

graphene layer modified with oxygen functional groups decorating the basal plane and 

edges [11]. It is noteworthy that some of the unique graphene properties are lost due to 

the presence of these functional groups and defects produced during the oxidation, such 

as its electronic structure, converting GO into an insulator. However, some of these 

properties could be partially recovered by a reduction treatment, and the resulting 

material is called reduced graphene oxide, rG-O [12]. In the past few years, there was an 

agreement that GO was scalable in the ton-scale [13], and consequently, emerged as a 

precursor for an affordable form of graphene suitable for high-volume applications, 

such as composites [14] and energy storage components [15]. More recently, the 

interest in GO synthesis remains and companies working in biotechnology and 

electrochemistry are now showing interest [11]. In addition, high-shear liquid exfoliated 

PG offers an alternative to the bulk synthesis of graphene-like materials [6] which could 

also be used in the fabrication of composites [16] and  batteries [17]. An advantage of 

GO when compared to pristine graphene flakes lies in the presence of functional groups 

that make it ideal for applications involving composites in which matrix-filler bonding 

is preferred [14, 18]. 

Therefore, the control in the fabrication of novel hybrid materials and 3-dimensional 

structures[10]  require the development of an adequate and reliable synthesis model 

which could deep our knowledge in understanding the detailed structure of GO and its 

reduced forms. Over the past decades, different models for the structure of graphite 



  

oxide were proposed, mainly consisting of a homogeneous oxidized structure [19-22]. 

The model proposed by Lerf-Klinowski appears to be the most accepted accounting for 

the structure of graphite oxide [23, 24], and was subsequently adopted to explain the 

structure of GO, based on a non-stoichiometric system containing intercalated water and 

two kinds of regions: aromatic non-oxidized domains, and areas containing oxygen 

groups, such as epoxy and tertiary alcohols on the basal plane, responsible of producing 

a flat layer structure, and carboxylic groups located at the edges of these sheets. 

Subsequent studies indicated the presence of carboxyl and carbonyl groups at the edges 

[25]. Unfortunately, this general structural model for GO does not take into account the 

influence of the graphitic parent material or the influence of the oxidation method [25]. 

In this context, some authors pointed to different behaviors of GO depending on the 

production method. Seredych et al. [26] compared GO obtained by Hummers-Offeman 

[7] and by Brodie [27] methods and found clear differences in chemical surface which 

resulted in different adsorption capacities of ammonia. Chua et al. [28] also observed 

differences in the structural and electrochemical properties of GO depending on the use 

of permanganate or chlorate using the Staudenmaier [29], Hofmann[19] , Hummers [7] 

and Tour[30] oxidations. Therefore, the graphitic source as well as the oxidation 

method should be carefully considered in order to establish a precise control of the GO 

structure. 

Recently, a novel approach for synthesizing GO has emerged. Rourke et al. [31] 

reported that GO directly obtained after the oxidation of a graphitic material exhibits a 

more complex structure consisting of two main entities: functionalized graphene-like 

sheets and oxidized debris (OD) strongly adhered to these flat entities. This assumption 

is based on results obtained using carbon nanotubes [32, 33] or carbon fibers [34] as 

parent graphitic materials. OD consist of large poly-aromatic molecules with high 

amount of oxygen groups anchored to the edges, that also act as a surfactant able to 

disperse clean GO sheets. Therefore, it appears that clean GO sheets are not heavily 

oxidized (C/O ratio is much higher when compared to OD), and as a consequence, clean 

G-O sheets are not fully soluble in water, and are more electrically conducting. Clean 

GO sheets represented around 2/3 of the parent GO, while OD are the rest 1/3. More 

recently, it was reported that the amount of OD formed is similar, around 1/3 of initial 

GO, regardless of the oxidation production method [35]. As the presence of debris 



  

affect GO properties [31, 35-38] , it is important to determine the OD structure and be 

able to assess a correct interpretation of the GO structure.  

Published work using multi-walled carbon nanotubes (MWCNTs) as the graphitic 

precursor material identified debris with fulvic-like structures [39]. More recently, the 

degradation of GO in water has been reported to be associated with the formation of 

humic-like entities [40]. In soil science, humic and fulvic acids, together with humin, 

are formed by the degradation of biomolecules. Humic and fulvic acids differ in 

molecular weight (higher for humic acids), number of functional groups (carboxyl, 

phenolic OH) and solubility. Humic acids are not soluble in water under acidic 

conditions (pH<2) while fulvic acids are soluble in water under all pH conditions; 

humin is insoluble at any pH. Based on this property, humic and fulvic acids are 

generally separated by base and acid washing procedures. A similar approach is 

employed to remove debris from the GO surface [31, 36].  

In this work, we synthetized graphene oxide from natural expanded graphite through 

four different methods, and the samples were characterized in terms of as produced GO, 

washed-GO (clean sheets) and the humic fraction of OD (denoted as OD-humic). In 

particular, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy 

(XPS), X-ray diffraction (XRD), thermogravimetry coupled to mass spectrometry (TG-

MS) and Raman spectroscopy were used to characterize the samples. Four different 

reaction methods, involving the use of different intercalation and oxidation agents were 

used: Hummers-Offeman (denoted as HO, and involving the treatment with 

KMnO4/NaNO3/H2SO4) [7], modified Hummers-Offeman (denoted as HOm, including 

KMnO4/H2SO4) [8, 9], Brodie (denoted as Br, considering KClO3/HNO3) [27, 41] and 

Staudenmaier (denoted as St, and involving KClO3/H2SO4/HNO3) [29]. These results 

are used to propose a new model for GO. 

2. Experimental 
 

2.1.Materials 

Natural expanded graphite BNB90 was kindly supplied by Timcal (Bodio, Suiza). This 

material exhibits an average flake thickness of 35 nm and dimensions of 50 μm.  



  

KMnO4, KClO3 and NaNO3 were purchased from Sigma Aldrich. H2SO4 (95%), H2O2 

(33 vol %) and fuming HNO3 were supplied by VWR International. 

2.2. Production methods of GO 

Hummers-Offeman 
1 g of graphite, 200 ml of H2SO4 and 0.5g of NaNO3 were mixed and stirred at room 

temperature. After 3 h, 3g of KMnO4 were added and the suspension was stirred for 2 h. 

Subsequently, the temperature was increased to 60ºC and kept for 1 h. Once the reaction 

was completed, it was cooled down to room temperature, and poured into 400 ml of 

cold water with 40 ml of H2O2, in order to prevent MnO2 precipitation. After several 

water washing/filtration procedures, the solid GO product was dried overnight at 65ºC. 

This sample was named GO-HO. 

Modified Hummers-Offeman 
1g of graphite and 200 ml of H2SO4 were mixed and stirred at room temperature. After 

3 h, 5g of KMnO4 were added to the suspension and stirred for 2 h. From this step, the 

same procedure of Hummers-Offeman method was applied. The corresponding product 

is labeled as GO-HOm. 

Brodie 
1g of graphite was suspended in 80 ml of HNO3 and stirred. At this point, 8.5 g of 

KClO3 were added in aliquots over a period of 6 h, and the stirring continued for 18 h. 

Then, the solution was heated to 60ºC for 6 h and, finally, cooled down to room 

temperature. The mixture was poured in 400 ml of cold water. After subsequent water 

washing/filtration steps, the product was dried overnight at 65ºC. This sample is labeled 

as GO-Br. 

Staudenmaier 
1g of graphite was added to a suspension of 30 ml of HNO3 and 60 ml of H2SO4. The 

mixture was stirred and 8.5 g of KClO3 were added in aliquots over a period of 6 h, and 

the stirring continued for 18 h. The method then followed the same procedure as the 

Brodie method. This sample was labeled as GO-St. 

GO samples (1 g each) were thermally reduced through microwave furnace treatment 

800 W for 120 s, getting the corresponding reduced graphene oxide (rGO). 



  

2.3.Separation of OD 

A suspension of G-O in water (1 mg/ml) was prepared by exfoliating through bath 

sonication for 1 h. A solution of NaOH 6N was then added while stirring until reaching 

a pH of 12, and then the mixture was refluxed for an hour. After cooling to room 

temperature the mixture was centrifuged at 9000 rpm for 10 min, and separated in 2 

fractions, a supernatant (SP1) and a black solid (solid 1). The SP1, containing the OD 

was reprotonated up to pH 2 by adding HCl 1N, which resulted in a colorless solution 

and a precipitated solid. These two fractions were separated by centrifugation at 9000 

rpm for 10 min. The colorless solution contains the fulvic-like molecules suspended in 

water, and the solid corresponds to humic-like fragments.  

Solid 1, obtained from the first NaOH washing, was exfoliated using an ultrasonication 

tip (30 W for 2 hours, in 60 s ON- 30 s OFF intervals), neutralized with HCl (1M) and 

refluxed for 1h. Once again, a supernatant (SP2) and a solid (solid 2) were separated by 

centrifugation at 9000 rpm for 1h. Solid 2 was washed with water and centrifuged at 

9000 rpm for 10 min, resulting in a supernatant (SP3) and a black solid (solid 3). Solid 3 

consisted of the cleaned GO free of debris. SP2 and SP3 were mixed and brought to pH 

2 with HCl (1M). Subsequent centrifugation at 9000 rpm for 10 min separates a 

colorless solution and a black solid, equivalent to residual fulvic-like and humic-like 

products, respectively. GO free of debris is labeled as washed-GO and humic–like 

structures as OD-humic. 

2.4.Characterization 

GO crystals from a 0.1 mg/mL suspension in isopropanol morphology was explored by 

high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2010) and the 

number of layers was identified by both platelet edge observation and electron 

diffraction patterns. Non-exfoliated GO powder was used for the rest of the 

characterization. Raman spectra were recorded on a LabRam (Jobin-Ivon) using a 532 

nm excitation and a minimum of 5 spectra were taken for each sample, in order to get 

average Raman shifts and intensity values. X-ray photoelectron spectroscopy (XPS) was 

carried out with a K-Alpha Spectrometer (Thermo-Scientific), and in order to calculate 

the superficial atomic ratio of C and O, and quantify the functional groups, the 

integration of the survey spectra was performed. Thermogravimetric and mass 



  

spectrometry analysis (TG-MS) was also performed using a Mettler Toledo 

TGA/SDTA851e/LF/1600 coupled with a Thermostar GSD301T in order to measure 

the weight loss and gas evolution from the thermal decomposition of samples of GO, 

washed-GO and OD-humic like substances from different production methods. The 

experiments were carried out under He atmosphere, from room temperature to 1000 ºC 

with a heating rate of 20 ºC/min, and m/z = 18 (H2O), 28 (CO) and 44 (CO2) were 

integrated and quantified by means of CaC2O4·H2O standard. XRD was carried out 

using a Bruker D8-Advance equipment, with Göebel mirror, and the acquisition was 

done with a step of 0.05º. TG-MS runs were duplicated per sample, and the results were 

always consistent; below 2.5% for m/z 18, 28 and 44. 

3. Results and discussion 
3.1.Influence of the production method 

TEM images of the parent natural expanded graphite (Figure S1) show a high degree of 

crystallinity as well as faceted high-sized graphite flakes, usually containing a number 

of layers above 10-20 layers according to the edge width and transparency. This fact is 

consistent with the crystallographic parameters obtained from XRD from the parent 

graphite (Figure S2), which gives an Lc value above 60 nm. The intercalation and 

oxidation treatment clearly reduces the number of layers (Figure 1). GO-HO and GO-

HOm layers have similar dimensions, finding uniform sheets (average size ca. 1-3 μm). 

A high yield of monolayers is achieved when using NaNO3 (GO-HO sample), over 50% 

of the analyzed sheets exhibited characteristic single layer electron diffraction pattern 

(ESD). As an example, Figure 1.a corresponds to a single layer sheet of GO-HO. 

However, for GO-HOm, only few single layer sheets (below 15% of the observed 

sheets) where found on the exploration, and Figure 1.b shows a representative example 

of these sheets. With respect to GO-Br and GO-St, we could not find any mono- or bi-

layer sheets, and quite often non exfoliated large graphite oxide flakes were found (non-

transparent); partially exfoliated GO consisted of multilayer nanoplatelets with lateral 

dimensions below 1 μm..  



  

 

Figure 1. TEM images of GO sheets produced by different methods: (a) GO- HO, (b) 
GO-HOm, (c) GO-Br and (d) GO-St 

Raman spectra of parent graphite and GO are shown in Figure 2. In particular, the 

spectrum of graphite exhibits a sharp and intense G-band ( 1580 cm-1), a low intensity 

D-band ( 1350 cm-1) and D’-band ( 1620 cm-1), which indicates the high degree of 

crystallinity of graphite used. The intercalation and oxidation of graphite causes similar 

changes according to Raman spectroscopy. The intensity of G-band decreases, form a 

broad peak together with the D’ peak (denoted G-D’ band) for all GO samples, with 

different asymmetries depending on the relative contribution of G and D’ peaks. On the 

other hand, the D-band becomes also broader and more intense, as a result of the 

introduction of oxygen groups and other structural defects in the graphitic structure. 

This effect is more noticeable in GO-HO and GO-HOm samples, and it indicates that 

the degree of crystallinity has decreased considerably. In addition, the D’- and G-bands 

overlap, thus yielding to a broader and asymmetric peak, as observed in graphite 

intercalation compounds [42]. The largest Raman shifts displacement for the G-D’ 

overlapped bands corresponds to the Brodie sample, which means that the oxidation 
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Table 1. D, G-D’ and 2D peak Raman shifts, and D/G-D’ intensity ratio, for graphene 
oxide samples from different oxidation methods. Shown values are extracted from 
average values of 5 representative spectra. 

 Raman Shifts (cm-1) ID/IG 
D peak G-D’ peak 2D peak 

Graphite 1349 1580 2711 0.35 
GO-HOm 1345 1588 2706 1.02 
GO-HO 1350 1589 2704 1.06 
GO-Br 1341 1597 2697 0.91 
GO-St 1337 1582 2715 0.80 

 

 

TG-MS results are shown in Figure 3 and Table 2, and reflect the differences of the G-O 

synthesis method. For example, GO-HO and GO-HOm reveal thermograms with three 

characteristic weight loss steps, usually found in GO obtained by this method [8, 46]. 

The initial step ranges from room temperature to 140ºC and corresponds to physisorbed 

H2O (m/z=18). A second weight loss is observed at 200ºC, where the quantified signals 

of m/z=18, 28 (CO) and 44 (CO2) are detected. For GO-HO, the qualitative signals of 

m/z=30 and 46 (NO and NO2) are also detected due to the oxidation of nitrogen groups. 

From 200ºC to 280ºC, m/z=64 (SO2) is clearly shown and it is due to the decomposition 

of organosulfates [47], with minor contributions of H2O. The weight loss above 400ºC 

is caused by the slow and steady decomposition of the sp2 hybridized carbon skeleton 

[48].  



  

 

Figure 3. TG-MS of GO-HO, GO-HOm, GO-Br and GO-St 

 

GO-St shows a similar thermogram when compared to the Hummers-Offeman method 

(similar temperature peak in DTG), with lower weight loss. Moreover, m/z=30, 46 and 

64 are not detected possibly due to the small weight loss values. Finally, the 

thermogram of GO-Br shows the most significant differences. The first weight loss, due 

to water evaporation within the 100-180ºC range is much lower and negligible with 

respect to the KMnO4 treated G-O samples, thus confirming that water is not present 

(trapped) for GO-Br. The most prominent loss in the TG plot is delayed with respect to 

other methods, at temperatures >200ºC, the release of CO2 and H2O and small 

contributions of CO occur, and at m/z = 46 some nitrogen groups are liberated due to 

-0,50

-0,30

-0,10

0,10

0,30

0,50

0

10

20

30

40

50

60

70

80

90

100

D
T

G
 (α

/ºC
)

W
e
ig

h
t 

lo
s
s

 (
%

)
GO-St

-0,8

-0,4

0,0

0,4

0,8

1,2

1,6

0

10

20

30

40

50

60

70

80

90

100

D
T

G
 (α

/ºC
)

W
e
ig

h
t 

lo
s
s
 (

%
)

GO-HO

0

2

4

6

8

10

12

14

16

18

0 200 400 600 800 1000

m
/z 3

0
, 4

6
, 6

4
 (a

.u
.)

μ
m

o
l/

(g
·s

)

T (ºC)

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0

10

20

30

40

50

60

70

80

90

100

D
T

G
 (α

/ºC
)

W
e
ig

h
t 

lo
s
s
 (

%
)

GO-Br

0

2

4

6

8

10

12

14

16

0 200 400 600 800 1000

m
/z 3

0
, 4

6
 (a

.u
.)

μ
m

o
l/

(g
·s

)

T (ºC)

0

2

4

6

8

10

12

14

16

0 200 400 600 800 1000

μ
m

o
l/

(g
·s

)

T (ºC)

18

28

44

30

46

64

wt %

DTG



  

the presence of HNO3. From 100 to 380ºC, m/z=30 was also observed. The overall 

weight loss from room temperature to 500ºC is 55% for GO-HO and GO-HOm, 28% 

for GO-Br and 11% for GO-St. Therefore, the Brodie and, especially the Staudenmaier 

methods are less effective for introducing functional groups when compared to the 

Hummers-Offeman methods (e.g. less degree of the intercalation/oxidation reaction, as 

confirmed by TEM and Raman). Additionally, it is also noticeable the negligible 

physisorbed water content for GO-Br, which is expected to be located in between the 

oxidized layers.  The quantification of H2O, CO and CO2 in wt. % with respect to the 

initial GO at the beginning of the TGA runs, is shown in Table 2, and clearly states a 

high CO2 content for GO-HO, GO-HOm and GO-Br. H2O content is high for GO-HO 

and GO-HOm, and lower but not insignificant for GO-Br. Lower water content in GO-

Br and GO-St can be due to the absence of organosulfate groups. On the other hand, the 

sum of gravimetric amounts of H2O, CO and CO2 nearly matches with the total weight 

loss for GO-Br and GO-St, thus indicating that all the decomposition gas products are 

determined. However, around 20% weight loss of chemical compounds could not be 

accurately determined in GO-HO and GO-HOm. This could be due to the presence of 

non-oxygenated molecules such as SO2 and others liberated from the G-O structure.  

Table 2. Quantification of the evolved decomposition products of GO-HO, GO-HOm, 
GO-Br and GO-St 

Sample H2O (%) CO (%) CO2 (%) 
GO-HOm 13.6 3.8 18.5 
GO-HO 13.8 2.9 21.2 
GO-Br 7.8 2.3 20.0 
GO-St 4.1 0.9 5.8 

 

XPS spectra (Figure 4) were fitted to Gaussian functions and FWHM of peaks were 

fixed at a maximum limit of 2eV. The C1s binding energies at 284.5 and 289 eV 

correspond to C=C aromatic and carboxylic groups, respectively; note there is not clear 

agreement in the literature about how to assign bands between 285 and 287.6 eV [44, 

49, 50]. The present work follows the same criteria used by Ganguly et al [44]. The 

band at 285.5 eV indicates either hydroxyl groups or sigma C-C sp3. The band at ca. 

286.5 eV is indicative of ether, epoxy (sp3 C-O-C sp3), while the binding energy at 

287.5 eV reveals carbonyl, lactone and similar groups. The signal located at 290.5 eV 



  

may appear, and it is assigned to (π→π *) shakeup satellite, corresponding to delocalized 

 π conjugation. For comparison, the parent natural graphite shows a prominent C=C peak 

as well as the (π→π*) shakeup satellite, both characteristics of aromatic carbon 

structures. This material also contains small contributions from both C=O and C-OH/C-

Csp3. These groups could derive from the chemical intercalation of natural graphite in 

the expanded graphite production process. The ratio of oxygen groups with respect to 

the aromatic C=C increases for all GO samples using different synthesis methods. After 

fitting the spectra, the C/O ratio denotes a higher oxidation of GO-HOm when 

compared to GO-HO, and this can be explained by the lower ratio KMnO4:graphite 

used in GO-HO. The peak deconvolution indicates a very high contribution of carbonyl-

lactone groups as well as ether-epoxy species, and a low contribution of carboxylic 

groups. The low C/O ratio of these two methods is caused by the combination of two 

effects, oxygen groups introduced to GO and the amount of water incorporated to GO, 

as shown by TG-MS.  
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Figure 4. XPS C1s spectra of graphite, GO-HO, GO-HOm, GO-Br and GO-St 

According to the C1s XPS spectra, the GO-Br seems to be the most oxidized sample, 

which contrasts previous results shown by TEM, Raman spectroscopy and TG-MS. This 

particular sample exhibits lower proportion of C=C bonds and a larger amount of 

carboxylic groups, when compared to both Hummers-Offeman derived GO samples. In 

addition, the GO-Br sample shows a high proportion of sp3 C-O-C bonds. Moreover, the 

C/O ratio is larger for the Brodie sample (2.60). Therefore, GO-HOm and GO-HO have 

less superficial oxidized carbon atoms when compared to GO-Br, but more water 

intercalated than the Brodie sample (also observed by the TG-MS results shown in 

Figure 3 and by the C/O values). The experimental results seem to indicate than 

KClO3/HNO3 introduce functional groups only on the superficial outer layers of 

graphite, especially carboxylic and ether-epoxy, and it is not intercalating as there is no 

water trapped. The high carbonyl/lactone groups found in the Hummers-Offeman 

samples can be explained by the chemical scissors effect of KMnO4, opening basal 

planes and leaving carbonyl groups behind[8]. Finally, GO-St is the less effective 

oxidation method. The results presented here are also consistent with other works [28, 

51], thus concluding that the use of KMnO4 is more suitable for the oxygen introduction 

when compared to KClO3. 

XRD results (Figure 5) confirm these last statements. Figure 5a shows the XRD plots of 

different GO samples, and Figure 5b shows those of the corresponding exfoliated 

thermally reduced graphene oxide (rGO), obtained after 2 minutes microwave reduction 

treatment. GO plots show that KMnO4 samples exhibit a single displaced peak at 

around 10 degrees arising from large interlayer spacing, indicative of a satisfactory 

intercalation treatment. On the other hand, Staudenmaier sample shows the graphite 

(002) reflection at 26.5º, as if intercalation had not taken place, and the Brodie sample 

reveals two peaks that show partial intercalation of the graphite crystals; intercalation 

only occurred in some preferential layers. Interestingly, X-ray diffraction pattern 

corresponding to rGO-HO shows a full exfoliation (most of the material consist of 

exfoliated monolayers), thus confirming the satisfactory intercalation, whereas both the 

Brodie and the modified Hummers and Offeman exfoliated samples still show a small 

(002) graphite reflection at ca. 26º, indicating that the intercalation did not occur at 

every layer of the parent material. It seems that NaNO3 is necessary for the successful 

intercalation/exfoliation of graphite; rGO-HO sample shows no (002) peak, whereas in 
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graphitic layers, although it is still not well understood. As the cutting effect is due to 

KMnO4 [8], the higher amount of OD-humic and lower for washed-GO with NaNO3 

indicates that nitrate clearly helps KMnO4 intercalation between the layers, along with 

H2SO4, thus making KMnO4 much more effective. The remaining material, not-

quantified, is expected to be OD-fulvic, and water, which could be trapped within G-O. 

 

Figure 6. Mass balance of washed-GO and OD-humic obtained from GO-HOm, GO-
HO, GO-Br and GO-St (wt. % respect to initial G-O) 

 

It is noteworthy that the washed-GO fraction is the most abundant for the Brodie 

derived GO, nearly 80%, with a minimal OD-humic portion, less than 2%. It is 

surprising to observe this small OD formation when the superficial oxidation was the 

highest (see Figure 4). The KClO3/HNO3 is not effective when penetrating in between 

the layers, the oxidation is mainly occurring on top of the flake, and clearly KClO3 does 

not have the cutting effect that KMnO4 has.  

GO-HOm derived washed-GO and OD-humic were selected for further characterization. 

The washed-GO and OD-humic materials of different nature were studied by TEM (see 

Figure 7  a-b and c-d, respectively). Washed-GO is a crystalline material and preserves 

the laminar graphene-like structure, in spite of being more aggregated and wrapped than 

the original GO. On the contrary, OD-humic does not exhibit any laminar structure and 

appears as an amorphous gel, as it corresponds to an aggregation of macromolecules. 
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Figure 8. TG-MS of washed-GO and OD-humic 

 

Table 3. TG-MS quantification of washed-GO and OD-humic 

Sample H2O (%) CO (%) CO2 (%) 
Washed-GO 2.6 0.7 16.5 
OD-humic 4.1 0.3 18.3 

 

XPS spectra shown in Figure 9 reveal the great difference among the oxidation level of 

the parent GO-HOm, and the derived washed-GO and OD-humic. These curves confirm 

the lower oxygen content in GO after base-washing when compared to GO-HOm, 

although not as high as it would be expected. As a consequence, large GO sheets 

obtained from the intercalation and oxidation of a graphitic material are less oxidized 

than it was believed, with a clear and dominant sp2 aromatic structure, where the more 

abundant groups corresponds to ether-epoxy bands and carbonyl and carboxylic groups 

in a lower extent. Furthermore, OD-humic also exhibits a clear and dominant aromatic 

structure but with higher oxygen contributions, where now carbonyl, carboxylic and 

hydroxyl groups are more numerous than the 287.5 eV band. It is also important to note 

that the C/O ratio is slightly lower for OD-humic. This result and the mass spectrometry 

quantification suggest that the C/O value is not only due to the oxygen groups present in 

OD-humic, but also to the water retained by OD, as shown in TG. 
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Figure 9. XPS C1s spectra of washed-GO and OD-humic 

 

3.3.Model of graphene oxide 

The analysis and characterization performed in this work allow us to propose a 

structural formation model for G-O. Results have shown clear differences among GO 

obtained by different oxidation methods and, therefore, different models are needed. 

Two main models are proposed for GO obtained by the Hummers-Offeman method 

(KMnO4/H2SO4/ NaNO3) and by the Brodie approach (KClO3/HNO3) (see Figure 10).  

 

Figure 10. Proposed models for G-O 

The initial graphitic structure is represented by 4 layers shown at the top left of Figure 

10. The experiments considering KMnO4 and H2SO4, result in the effective intercalation 

and simultaneous formation of around 20-30% of observable large sheets, oxidized 
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slightly at the basal plane and in a higher extent at the edges. At the same time, the 

cutting action also forms a set of low and very low fully oxidized planes, substances or 

molecules, with a high O/C ratios caused by the large edge to surface ratio. Soon after, 

NaNO3 helps KMnO4 to penetrate into the graphite layers. Following exfoliation, GO 

obtained by Hummers-Offeman method consists of a GO sheet with adhered humic and 

fulvic-like structures and high oxygen groups (see Figure 10).  

In Brodie method, due to the superficial effect of HNO3, the breakage is mainly 

produced only in outer layers and edges of graphite, and there is not a good intercalation 

of HNO3 within the inner layers. Moreover, KClO3 has an oxidation effect more limited 

than KMnO4, and does not cut the basal plane like the Hummers method. Therefore, 

there is a reduced formation of humic and fulvic-like structures and, after exfoliation, 

most of the GO sheets are not individualized. The structure of GO obtained by the 

Brodie method consists of a few GO sheets (not exfoliated) with a low amount of humic 

and fulvic-like molecules adhered to the top and the bottom, and lower oxygen content.  

4. Conclusions 
 

We studied the structure of GO synthesized using different routes. In particular, we 

quantified and characterized the washed GO fractions, containing the clean GO sheets 

and oxidative debris, and further analyzed the humic-like fractions. When oxidizing 

natural graphite, the nature and amount of the resulting washed-GO sheets and humic-

like fractions are different depending on the synthesis method. Our main conclusions 

are shown below: 

• The Hummers and Offeman method yields the most satisfactory graphite 

exfoliation among the different reaction methods: over 50% of single layers in 

the as-produced GO, and subsequent full exfoliation after thermal treatment. The 

content of clean GO sheets is as low as 20%, whereas the humic-like material 

reaches ca. 30% of the total as-produced GO. There is still another 50% formed 

by fulvic-like compounds and trapped intercalated sulfuric acid and water. 

• The intercalation and the reaction of KMnO4, with the aid of sulfuric acid and 

sodium nitrate, produces mainly “scissor-like” cutting of the basal planes, thus 

resulting in a complex mixture of sheets of widespread sizes, with edges being 



  

fully oxidized with phenol, lactone, ketone and carboxylic groups. The fulvic-

like fractions correspond to the smallest size sheets (molecule size), humic-like 

species to medium size layers (roughly 5-50 nm), and finally clean GO sheets. 

Agglomerated humics shows an amorphous gel texture, with intermediate 

oxygen content trapped in between clean sheets and as-produced GO.  

• When NaNO3 is not present, the KMnO4 is less effective, thus resulting in a 

washed GO fraction with low presence of humics. In parallel, it was detected 

that there were still present non-intercalated layers. 

• The Brodie method with KClO3 in nitric acid shows a different exfoliation 

mechanism and resulting GO product when compared to the Hummers-Offeman 

method. It results in a highly oxidation process, but it only takes place 

superficially, with poor reactive intercalation in between the layers: the water 

content is low and does not play a role upon thermal decomposition, and the sum 

of the humic and fulvic-like fractions is very little (ca. 20%) with respect to the 

washed GO (ca. 80%). In addition, the Brodie-based GO shows oxygen groups 

in the basal plane, according to the higher shifts in the Raman G-band. 

• It is possible to propose a more detailed model for the production of GO. In 

short, in order to be able to produce monolayers of GO in an effective way, the 

intercalation of oxidant and acid takes place if there is also an additional 

simultaneous “scissor-cutting” of the basal plane. In other words, when 

synthetizing GO through the Hummers and Offeman method, graphite is either 

converted into GO, and unavoidable consumed into oxidative debris. In addition, 

the Brodie method does not efficiently produce monolayer GO and does not 

converts graphite into oxidative debris. 
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