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Abstract 

Elucidating the essential details of the structure of graphene oxide (GO) is still a challenge. 

There is no consensus in the increasingly abundant literature, especially relating to the 

epoxy groups as the main surface complexes in the basal plane, as well as the simultaneous 

presence of GO sheets and oxidative debris (OD), with a large difference in their oxygen 

content. In the present work we characterized the base-washed GO (bwGO) sheets, the OD 

and the humic fraction of the OD obtained by base digestion, when the parent GO was 

dispersed by applying sonication, a routine procedure when starting from dried graphite 

oxide. When sonication is not applied, the amount of OD detected is considerably lower, 

indicative of its formation before base digestion. The presence of lactols and carboxylic 

anhydrides as the dominant surface complexes at graphene edges is consistent with all the 

characterization results, as well as with the general knowledge of surface chemistry of 

carbon materials ranging from coal to graphite. These findings suggest that the Hummers-

Offeman reaction produces a chemical scissor effect during the water/hydrogen peroxide 

quenching step, yielding a broad size distribution of GO sheets, with little in-plane 

oxidation and the vast majority of edges being oxidized to form oxepinone-type 

functionalities.  

                                                           
*
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1. Introduction 

Graphene oxide (GO) could be described as a two-dimensional material derived from 

graphene when oxygen surface functionalities are introduced both at the edges and within 

the basal plane to yield an oxygen-decorated graphene sheet [1]. The most common 

approach to prepare GO is the modified Hummers-Offeman methodology [2,3]; the three 

steps of this methodology were identified by Dimiev and Tour [4]. In the first step the 

conversion of graphite to the sulfuric acid-graphite intercalation compound takes place. 

Secondly, diffusion of the oxidizing agent, KMnO4, into thus preformed galleries yields the 

pristine graphite oxide (pGO). The dimanganse heptoxide (Mn2O7), formed in highly 

concentrated H2SO4, is presumably responsible for oxidizing graphite on both the edges 

and the basal planes [1], as well as for the formation of organosulfates [5]. In the final step, 

the mixture is treated with excess water, which results in a loss of graphite interlayer 

registry, with the hydrolysis of some covalent organosulphates and, according to Kang et 

al.[6], in additional oxidation of pGO by the permanganate ions. Subsequent addition of  

hydrogen peroxide solubilizes all the manganese to Mn2+, allowing its separation from the 

solid graphite-derived phase, yielding GO layers that can be exfoliated easily and separated 

individually by sonication [7]; excess of H2O2 presumably affects the resultant GO to some 

extent [8]. Graphite oxide (stacked sheets) and its derivative GO (single layer) are terms 

that are indistinctly used too often, even sometimes are both denoted as GO in the same 

study [9]; this can create misunderstandings, especially regarding the number of stacked 

layers. However, in the evidence of evidence to the contrary, the chemical composition of 

both graphite oxide and GO is considered equivalent [1]. 

Over the past decades, different models for the structure of GO have been proposed. The 

early ones envisioned a homogenenously oxidized structure [10,11] which turned out not to 

be consistent with detailed characterization studies. The Lerf-Klinowski model [12] is the 

most cited one; indeed, it served as the basis for subsequent models, adopted to explain 

both GO and reduced GO (rGO) structures [13]. It envisions a non-stoichiometric structure 

containing intercalated water between the layers and the GO with two distinct regions [12]: 

(i) isolated unoxidized aromatic domains and (ii) aliphatic six-membered rings, bonded to 

oxygen functionalities, single-bond epoxides and tertiary alcohols on the basal plane 
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(responsible for producing a flat layered structure), and carboxylic groups located at the 

edges of these layers. The use of 13C-NMR has been essential for postulating the epoxide 

prevalence among the basal-plane surface functionalities, based on the very early 

assumption of Hofmann and Holst [1], favored over ether bridges proposed by Mermoux et 

al. [14] using the same technique. Their presence can explain the insulating nature of the 

material as a consequence of the isolated aromatic domains, whose conductivity could be 

restored through a reduction treatment [15–17]. Gao et al. [18] complemented this model 

by indicating the common presence at the edges of five- and six-membered ring lactols 

(with additional lactone groups in the same cyclic structures), detected also by 13C-NMR. 

Dimiev et al. [19] also detected such structural features by 13C-NMR and argued that they 

are mainly formed at vacancies rather than at edges, as a result of hydrolysis of 

organosulfates in excess water.  

A new way to explain the more complex structure of  GO was first proposed by Rourke et 

al. [20]: two distinct non-covalently complexed components, with a large difference in their 

oxygen content, which can be separated by a base wash. The majority component is 

insoluble and is composed of large and slightly oxidized graphene-like sheets (bwGO). The 

much less abundant and much more oxidized soluble fragments - oxidative debris (OD) - 

strongly adhere to these flat bwGO entities and are composed of polyaromatic molecules of 

widely varying sizes and with a large number of oxygen functionalities anchored to the 

edges. In fact, the early literature, before the seminal work of Hummers and Offeman [21], 

already indicated that aqueous KMnO4 treatments of coals and cokes produced aromatic 

polycarboxylic acids [22,23]; the same acids (including mellitic acid) were obtained when 

graphite oxide is produced using chlorate-based oxidation methods [24], as corroborated 

recently by Lerf [25]. Consequently, OD acts as a surfactant able to disperse clean bwGO 

sheets. This assumption was based on results previously obtained using carbon nanotubes 

[26–28] or carbon fibers [29]. Because OD is rich in oxygen groups, it is responsible for 

most of the cumulative UV-Vis and IR absorption, as well as the photoluminescence of G-

O, whereas bwGO contains fewer oxygen groups and hardly contributes to the previously 

mentioned properties [30]. Since OD was separated from bwGO by the different water 

solubility at alkaline pH, a further classification can be done by analogy with organic 
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matter components  in soils [31] (humus): bwGO is equivalent to humin (insoluble at any 

pH) and OD (soluble at alkaline pH) is composed of humic-like fragments (equivalent to 

humic acids, insoluble at acidic pH) and fulvic-like substances (equivalent to fulvic acids, 

soluble at any pH), the main difference being the higher molecular weight of the former 

with respect to the latter. 

Rodríguez-Pastor et al. [31] proposed a mechanistic GO formation model based on such 

dual structure, where KMnO4 oxidation takes place in the intercalated layers during the GO 

formation and effects “scissor-like” cutting of the basal plane, thus yielding oxygen groups 

mainly at graphene edges, and resulting in randomly distributed sheets of widely varying 

sizes, from molecular species with very high oxygen-to-carbon (O/C) ratio to µm-size 

sheets with much lower O/C ratio. From TEM images, the formation of such OD was 

corroborated, as evidenced by a large variety of dots on the surface of G-O whose presence 

had not been given the importance that it deserves [32]. Although this two-component 

model is now widely accepted, it also generated some controversy. Thus, for example, 

Dimiev and Polson [33] proposed an alternative explanation by suggesting that OD 

formation occurs during the base wash treatment, by virtue of consecutive OH- attack 

which eventually causes C-C bond cleavage and thus generates OD during the base 

digestion. Naumov et al. [34] also questioned the two-component model in a study of 

fluorescence properties of GO and bwGO of different oxidation levels. It is important to 

recall that the Hummers conditions (acid medium and large excess of KMnO4) produce a 

total excision of double bonds, as corroborated by the group of Tour [35] using carbon 

nanotubes to form GO nanoribbons without applying any base wash treatment (TEM and 

AFM images showed evidence of OD), where the CNT uzipping is an intercalation-driven 

process [36]. Furthermore, Liscio et al. [37] demonstrated that sonication fragments the 2D 

sheets and could thus promote OD formation. Indeed, sonication treatments were used 

before a general procedure was adopted for identifying and quantifying the bwGO and OD 

[20,33]. There is no doubt that the essential details of the structure of GO remain a 

challenging topic and a satisfactory structural and compositional model has yet to emerge, 

as evidenced by the continuous influx of recent studies [8,38–40].  
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In the present study, GO was first synthesized using the Hummers-Offeman procedure. Our 

subsequent purpose is to verify whether OD formation takes place during the Hummers-

Offeman reaction or during the base wash treatment. Detailed characterization of the 

different components provides a deeper understanding of GO structure, which is essential 

for its optimal applicability; indeed, a more detailed knowledge of this surface chemistry is 

recognized as being critical in a wide range of emerging applications, including 

biomedicine, multi-functional composites, catalysis and energy storage. Specifically, two 

different base digestion treatments, NaOH [20] and NH3 [41], were applied to two different 

GO samples: dried graphene oxide (dGO), which was redispersed by applying sonication 

before base digestion (as regularly reported in the literature, e.g. Rourke et al. [20]  and 

Dimiev and Polson [33]), and a non-dried and wet sample directly from the filter cake of 

GO production (cGO), which does not require sonication for dispersion prior to the base 

digestion step. In all cases, bwGO and OD were isolated and characterized from the base 

digestion step. In particular, X-ray photoelectron spectroscopy (XPS), thermogravimetry 

coupled with mass spectrometry (TG-MS), transmission electron microscopy (TEM), X-ray 

diffraction (XRD) and Fourier-transform infrared spectroscopy (FT-IR) were used in an 

attempt to elucidate the mechanism of formation of the two components of GO. 

2. Methodology 

 2.1. Materials 

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

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

KMnO4, NaNO3, H2SO4 (95%), HCl (37%) and NH3 (30%) were supplied by VWR. H2O2 

(33 vol%) and NaOH were purchased from Fisher. 

 2.2. Preparation of dGO and cGO 

Some 5 g of graphite, 350 mL of H2SO4 and 5 g of NaNO3 were mixed and stirred at room 

temperature. After 3 h, 20 g of KMnO4 were slowly added and the suspension was stirred 

for 2 h. Subsequently, the temperature was increased to 55 ºC and kept for 1 h, forming the 
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pristine graphite oxide (pGO). Once the reaction was complete, the mixture was heated to 

70 ºC and then immediately cooled to room temperatures and poured into a 500-mL flask 

containing ice/cold water with 40 mL of H2O2 (33 vol%); this prevents MnO2 precipitation 

and produces graphite oxide. After filtration, the solid cake was washed with 50 mL of HCl 

(20 vol%) for 30 min with stirring and repeated filtering. Finally, washing and filtration 

was repeated with H2O (100 mL), yielding a wet-cake graphite oxide (cGO) when all the 

liquid had passed through the filter. A drying treatment in an oven at 70 ºC overnight yields 

a dried-cake graphite oxide (dGO). The water content of cGO is thus determined. A 

schematic diagram of the sample preparation procedure is available in the Supplementary 

Data. In an ancillary experiment, a specific GO sample (eGO) was synthetized following 

Hummers-Offeman methodology modified by Eigler et al. [42], in order to keep the 

temperature below 10 ºC during both the oxidation step and the water addition step. 

 2.3. Isolation of OD 

 2.3.1. Treatment with NaOH 

Some 1.5 g of dGO was suspended in 800 mL of H2O by bath sonication for 20 min, 

forming exfoliated dGO. When the procedure is performed starting from cGO, the same 

amount of GO (including its moisture content) was suspended in 800 mL H2O by simple 

mixture stirring, yielding spontaneously and instantly a stable and homogeneous suspension 

of exfoliated cGO. The following NaOH digestion was performed with each sample: 6.75 g 

of NaOH pellets were slowly added to the suspension with stirring, increasing the pH to 

~13 and the temperature to 70 ºC over 1 hour. After cooling to room temperature, the 

mixture was centrifuged at 14000 rpm for 30 min, yielding a precipitated black solid that 

contains the bwGO and a slightly brownish clear supernatant that contains the oxidative 

debris (OD-dGONaOH or OD-cGONaOH). The bwGO samples were re-suspended in 300 mL 

of H2O and neutralized with HCl (20 vol%). The mixture was then stirred at 70 ºC for 1 h; 

after cooling, three more water washing/centrifugation steps followed, obtaining a black 

solid after oven-drying at 70 ºC (bw-dGONaOH or bw-cGONaOH). The supernatant containing 

OD was reprotonated at pH 2 by adding HCl (20 vol%), which resulted in a pale yellow 

solution and a solid precipitate. These two fractions were separated by centrifugation at 
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14000 rpm for 30 min. The pale yellow solution contains the fulvic-like molecules 

suspended in water (fl-dGONaOH or fl-cGONaOH), and the precipitated solid corresponds to 

humic-like fragments (hu-dGONaOH or hu-cGONaOH). The bwGO and hu-GO weight 

fractions were determined gravimetrically. 

 2.3.2 Treatment with NH3 

The 800-mL suspensions for dGO and cGO were prepared according to the procedure 

described in section 2.3.1.  Subsequently, 30 mL of concentrated NH4OH were slowly 

added to the suspension with stirring yielding pH ~13, and the mixture was then digested at 

70 ºC for  1 h. After cooling to room temperature, the suspension was centrifuged at 14000 

rpm for 30 min; two fractions were obtained, a black solid that contains the base-washed 

graphene oxide (bw-dGONH3 or bw-cGONH3) and a supernatant that contains the OD (OD-

dGONH3 or OD-cGONH3). The bwGO samples were reprotonated and water-washed 

following the same procedure described in the previous section. On the other hand, a 

measured portion of the supernatant was simply vacuum-evaporated (including excess 

ammonia) in a rotovapor, yielding dried OD (OD-dGONH3 or OD-cGONH3), which was 

gravimetrically quantified. Another weighted portion of the supernatant was then 

reprotonated to pH 2 by adding HCl (20 vol%), resulting in a colorless solution and a solid 

precipitate. These two fractions were separated by centrifugation at 14000 rpm for 30 min. 

The colorless solution contains the fulvic-like molecules (fl-dGONH3 or fl-cGONH3) 

suspended in water; the solid corresponds to humic-like fragments (hu-dGONH3 or hu-

cGONH3), and it was quantified gravimetrically. Consequently, base-wash graphene oxide, 

humic fraction and fulvic fraction (by difference with OD) were all quantified in the 

ammonia treatment. A schematic diagram of the sample preparation procedure is included 

in the Supplementary Data. 

 2.4. Characterization 

X-ray photoelectron spectroscopy (XPS) was carried out with a K-alpha spectrometer 

(Thermo-Scientific); the surface atomic O/C ratio was calculated by the integration of 

survey spectra, and analysis of functional groups bonded to C was performed by 
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deconvoluting the C1s spectra. Two different spectra in different zones of the sample were 

acquired, and their reproducibility was good. Thermogravimetric and mass spectrometry 

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

(TGA/SDT851e/LF/1600 coupled with a Thermostat GSD301T) in order to measure the 

weight loss and gas evolution upon thermal decomposition of samples of GO, bwGO, and 

OD-like materials; these experiments were carried out under He atmosphere, from room 

temperature to 1000 ºC at 10 ºC/min, with m/z = 18 (H2O), 28 (CO) and 44 (CO2) 

integrated and quantified using a CaC2O4·H2O standard. All TG-MS runs were duplicated 

to ensure reproducibility. Transmission electron microscopy (TEM) images were obtained 

on a JEOL (model JEM-1400 Plus equipped with an acquisition images camera model 

GATAN); isopropanol was used as the solvent for exfoliation of 0.1 mg/mL of solid 

samples using an intensive treatment with an ultrasonic tip (30 W, 2 h with ON-OFF 

intervals 60-30 s). A drop of the suspension was deposited on a carbon-coated copper grid, 

evaporating the solvent at room temperature. The XRD profiles were obtained using a 

Bruker D8-Advance equipment, with Göebel mirror and a step of 0.05º 2θ. The NMR 

spectra were recorded on a Bruker AC-300 (300 MHz for 1H) using D2O as the solvent; 

chemical shifts are given in δ (parts per million) and coupling constants (J) in Hz units. The 

FT-IR (ATR) spectra were obtained on a Bruker IFS 66/S spectrophotometer equipped with 

a DLaTGS detector; all the samples were analyzed at room temperature. Mass spectra (EI) 

were obtained at 70 eV on a Agilent 5975 C of low resolution with a quadrupole analyzer 

coupled to a gas chromatograph (Agilent7890A), giving relative m/z intensities (%). 

2.5. Quantum Chemical Simulations 

Density Functional Theory (DFT) simulations  of key steps in the GO formation process 

have been carried out using the Gaussian software [43] at the B3LYP/6-31G(d) level [44–

46]. Representative model clusters were carefully selected as a judicious compromise 

between chemical significance, especially regarding electron density at graphene edges, and 

computational expediency. 

3. Results  



9 

 

The powdered and dried dGO sample obtained using the Hummers-Offeman method can be 

considered as the starting material in the present work. Its characterization results can be 

compared directly with those of GO reported in the literature, and they are presented first. 

The TEM images of dGO (Figure 1) reveal the formation of loose and extended GO sheets 

with an abundance of monolayer planes, corroborated by electron diffraction patterns (see 

insert in Figure 1c), with high crystallinity and the typical graphene corrugations [47]. 

Additionally, the presence of OD in the dGO sample is very clear: it is anchored at the GO 

sheets (see Figure 1 a-b, with different dot sizes), as well as on the lacey support grid (see 

also Figure 1a-b, dark dots over the grid), indicating that it is prevalent throughout the 

suspension. On the other hand, Figure S1 shows the XRD of the cGO sample, with an 

expected sole peak below 10º 2θ, indicative of extensive intercalation that takes place in the 

majority of the layers, and the abundant monolayers observed by TEM. 

(a) (b) (c) 

Figure 1. (a) and (b) TEM images of initially obtained flat dGO sheets showing the 

presence of OD over the layers and the lacey grid, and (c) TEM image of a single layer 

GO according to its electron diffraction pattern (insert). 

Figure 2 (see also Figure S2) shows the C1s XPS results for a dGO powdered sample, 

which are typical for similar samples reported in the literature. Indeed, there is general 

agreement about assigning C1s binding energies of ca. 284.5 and 289 eV to sp2 C=C 

aromatic and sp2 carboxylic/carboxylate groups, respectively. This is readily verified using 

model compounds: the benzoic acid spectrum contains only contributions at the above 

mentioned binding energies [48]. However, there are different interpretations regarding the 
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285 and 287.6 eV region for graphene-based materials [49–51], even though most 

uncertainties have been addressed, and largely resolved, in the abundant literature on 

oxidized carbon fibers [52]: the general rule of thumb is a shift of 1.5 eV per C-O bond. 

The higher-energy peak corresponds to sp2 C=O (e.g., quinone, anhydride), and the lower 

one to C-O or C-O-C (epoxy, ether at ca. 286.3 eV, hydroxyl at 285.6 eV). Using 

polyethylene terephthalate (PET) as a model compound, the spectrum contains peaks at 

286.3 eV and 288.9 eV [53], corresponding to sp3 C-O-C (ether type) and sp2 C(O)O, 

respectively, as expected for its ester functional group, as well as the aromatic sp2 C=C 

284.5 eV peak. Using poly (ether ether ketone) (PEEK) as a model compound the spectrum 

contains peaks at 286.3 eV (ether) and 287.0 eV (ketone groups) [54]. Typical GO C1s 

spectra exhibit a clear aromatic peak, and there is another prominent band if the sample is 

highly oxidized, as evidenced in Figure 2; it typically varies in broadness, symmetry and 

binding energy location depending on equipment resolution and oxidation level. This brief 

summary illustrates the challenges in identifying and quantifying even the more abundant 

groups, and there remains some disagreement in the voluminous literature. Some studies 

attribute the 286.7 eV peak mainly to C=O groups [7,55], while others assign it mainly to 

epoxies [56,57]. Consequently, in the absence of careful band deconvolution, the most 

reliable interpretation remains debatable [58]. What Figure 2 does show is that the 

dominant oxidized carbon contribution is centered at ca. 286.7 eV, formed by the 

contribution of different C-O and/or C=O bonds. However, this does not clarify much on its 

own, in the same manner as 60 ppm signal in 13C-NMR cannot unequivocally indicate the 

dominant presence of epoxy groups. The minor tail at 289 eV does indicate a minor 

contribution of carboxyl/carboxylate groups. Identification of lactols can be aided 

considering carbohydrates as model compounds: there is a 287.5 eV peak assigned to sp3 

carbon bonded to two oxygens [59,60], corresponding to acetal and hemiacetals. This is 

corroborated using polyoxymethylene (POM) as a model compound, which presents a clear 

peak at 287.5 eV corresponding to sp3 carbon bonded to two ether groups [61]. Therefore, 

5- and 6-member ring lactones combined with a lactol at graphene edges [18] can also 

contribute to oxygen surface functionalities at ca. 286.7 eV, in addition to ether, epoxy, 

phenol and quinone groups. 
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Figure 2. XPS of initially obtained dGO in the C1s range, with clear contributions at 

284.5, 286.7 and 289.0 eV. (No deconvolutions are shown due to the debate regarding 

the multiple origin of the 286.7 eV peak.) 

The TG-MS results for dGO, used in its powdered form, are summarized in Figure 3 and 

Table 1. Figure 3 reveals three characteristic weight loss steps, in agreement with the 

literature [7,35]. The initial step ranges from room temperature to 140 ºC and corresponds 

to physisorbed H2O (m/z = 18), around 7% of weight loss. A second weight loss is observed 

between 140 and 210 ºC, where the quantified signals of m/z = 18, 28 (CO) and 44 (CO2) 

are detected, with the amount of CO being considerably lower. The step ranging from 210 

to 350 ºC evolved only appreciable amounts of H2O and CO2. Eigler et al. [62] reported 

similar non-quantified patterns for H2O, CO and CO2, while pointing out the additional 

evolution of m/z = 64 (SO2) during the third step, which they attributed to the 

decomposition of organosulfates. Two important conclusions can be deduced from Table 1: 

CO2 evolution is ten times larger than CO evolution; the total mass quantified as H2O, CO 

and CO2 is 45.0 wt-% of the initial GO, and there is still an additional 20% of weight loss 

registered by TG, which matches to be mostly SO2 according to the sulfur content 

280282284286288290292

Binding Energy (eV)
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determined by XPS (Table S1). Typical interpretations of surface chemical properties 

revealed by temperature programmed desorption techniques [63,64] assign carboxyl groups 

to CO2 evolution at low temperatures, which is in obvious conflict with our XPS results 

(Figure 2 shows little contribution of band at 289 eV); furthermore, the decomposition of 

epoxides is expected to produce CO and at much higher temperatures, and this is not 

observed in Figure 2. Consequently, the main peak centered at 286.7 eV in Figure 2 is not a 

fingerprint of basal epoxy (or carbonyl) groups nor does its contribution have to decrease 

when producing reduced graphene oxide [51,65,66]. If the two-component GO structure is 

postulated, however, the apparent contradiction is readily resolved: these low-temperature 

CO2-CO features in TG-MS and the XPS peak centered at 286.7 eV are evidence for the 

presence of abundant edge sites in OD, all of them saturated by oxygen complexes such as  

lactones, lactols and anhydrides. In fact, OD consisting of relatively few benzene rings 

might decompose entirely as carbon oxides and other volatile hydrocarbons (e.g., 

acetylene).  

 

Figure 3. TG-MS of dGO. 

Table 1. Quantification of the evolved decomposition products of dGO. 
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GO 17.0  ± 0.5 2.6 ± 0.1  25.5 ± 0.6 45.0 ± 1.2 63.2 ± 3.2 

 

The FT-IR spectrum of the initial powdered dGO shows a similar pattern to those available 

in the literature [67–69]. Above 3000 cm-1 there is a broad band that could explain the large 

amount of H2O (which agrees with our TG-MS analysis), as well as the presence of 

functional groups with O-H bonds (ѵ(O-H)). Furthermore, the band corresponding to C=O 

at ca. 1750 cm-1 (ѵ(C=O)) corroborates the presence of carboxyl groups and lactones. Also, 

the presence of aromatic sp2 C=C in the structure of G-O is corroborated by the signal that 

appears at 1600 cm-1 ((ѵ(C=C)). Epoxides could be present due to ѵas(C-O-C) bands at ca. 

1050-1150 cm-1 and ѵs(C-O-C) at ca. 840 cm-1 [70], and there is an intense signal at 1050 

cm-1. However, this signal is much more probably due to asymmetric S=O stretch in 

organosulfates, since it is clear from XPS and TG-MS that these groups are abundant. 

Lactols have an asymmetric C-O-C stretch in the 1250-1211 cm-1 range, and this would 

agree with both XPS and TG-MS results.  

 

Figure 4. FT-IR of initial powdered dGO. 

The results for the base-digested dGO (sonication prior to digestion) and cGO (no 

sonication used) are particulary noteworthy. Figure 5 shows the gravimetric quantification 

of the amount of bwGO and OD depending on the treatment and the initial GO used. When 

dGO digestion was done using NaOH, the yields were 49% bw-dGONa and 51% OD-

dGONa (calculated by difference), with a negligible amount of the humic-like fraction (hu-
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dGONa). When the same procedure was carried out with cGO, the yield of OD-cGO was 

only 31%; this undoubtedly indicates that sonication results in fragmentation prior to base 

digestion [37]. In other words, OD was formed before sonication, and the latter only 

enhances its formation. This agrees with literature reports that CNT are cut chemically and 

unraveled when subjected to the Hummers-Offeman treatment [35], as well as with the fact 

that basal graphite crystals are cleaved when a drop of KMnO4/H2SO4 is placed above 

HOPG [71]. The hu-GO could be quantified upon their isolation by increasing the acidic 

chatacter of the supernatant solution (below pH 2), and centrifugating the precipitate; 

however, the yield was too low (see Figure 5). The same procedure was carried out using 

NH3 with similar results, which confirms the formation of a larger quantity of OD when 

sonication was used. In addition, a full gravimetric characterization of the bwGO, hu-GO 

and fl-GO fractions upon NH3 digestion shows satisfactory mass balance closure, with a 

very small contribution of the humic fraction and a very large one of the fulvic fraction. It 

is also important to note that the high water content of the fulvic fraction is related to the 

oxygen complexes of fulvic-like compounds, as confirmed by TG-MS (a 30-40% of OD 

could be water, see Figure 3). 

 

Figure 5. Mass balance of dGO and cGO treated with NaOH or NH3 (wt% with respect to 

initial GO). 
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The TEM images of base-washed materials, humic-like fractions, as well as OD, are shown 

in Figure 6. No difference was observed when comparing dGO and cGO samples (see also 

Figure S3). Clean base-washed bwGO sheets are evident and no dots corresponding to OD 

were found, indicative of its satisfactory removal with either NaOH or NH3. More wrinkled 

sheets can be observed when using NaOH in comparison with NH3 (compare Figure 6 (a) 

and (b) and Figure S3 (a) and (d)). Dots are observed in images of humic-like fractions with 

no structure; this is indicative of much smaller sheets (or large molecules) that are highly 

oxidized (as corroborated by XRD of the hu-dGONaOH, Figure S1, showing no interlayer 

registry). Upon focusing the electron beam at high resolution, there was foam-like evidence 

of sample destruction. Finally, in OD images obtained after NH3 treatment the absence of 

lamellar structure and the abundant evidence of dots lead to the conclusion that an 

aggregation of macromolecules takes place (see Figure S3 (c) and (f)).  

  

(a) (b) 
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(c) (d) 

Figure 6. TEM images of (a) bw-dGONaOH, (b) bw-cGONaOH, (c) Hu-dGONaOH and (d) 

Hu-cGONaOH samples. 

Figure 7 shows the FT-IR results for the isolated components of dGO and cGO treated with 

NaOH. The spectra obtained are similar for the corresponding fractions derived from either 

dGO or cGO. It can be appreciated how the intensity of the peaks corresponding to C=O 

and C=C decreases and increases, respectively, for bwGO samples with respect to the 

parent GO. Exactly the opposite occurs for the humic-like fractions; this indicates that the 

latter lose large graphene sheets, in agreement with  the TEM analysis, and with their 

increase in the abundance of oxygen functionalities. The organosulfate peak also decreases 

sharply in both bwGO and hu-GO, indicative of their hydrolysis during base digestion. This 

confirms that GO can be separated into a less oxidized sample (that correspond to bwGO) 

and a much more oxidized sample (humic-like and fulvic like fractions) after alkaline 

digestion. In the case of NH3-washed samples, the intensity changes of C=O and C=C 

bands are similar (for both dGO and cGO); on the other hand, the spectra are slightly 

different when compared to NaOH-washed ones due to the expected conversion of 

carboxyls, lactones and anhydrides into amides (see Figure S4). 
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(a) (b) 

Figure 7. FT-IR spectra of (a) dGO, bw-dGONaOH, Hu-dGONaOH samples and (b) dGO, 

bw-cGONaOH, Hu-cGONaOH samples. 

When the same samples were examined by XPS, the spectra obtained were very similar 

regardless of the initial dGO (Figure 8) or cGO (Figure S5), thus reinforcing our 

conclusions from FT-IR and TEM evidence. The bw-dGONaOH is a much less oxidized 

sample, with a sharply reduced 286.7 eV peak and a nearly intact carboxyl group 

contribution at 289 eV (Figure 8a). Surprisingly, a similar pattern is observed for sample 

Hu-dGONaOH (Figure 8c), with the 286.7 eV peak being slightly stronger due to its high 

edge-to-basal plane ratio; if in starting dGO this were mainly due to basal epoxide, it would 

be unrealistic to lose these functionalities when removing the smaller sheets, since larger 

sheets would be fully decorated with epoxides. In contrast, it would be expected that the 

carboxyl groups are lost when removing such sheets if only these groups were at the GO 

edges. Thus, it is confirmed here that the 286.7 eV contribution should not be attributed to 

epoxies, in agreement with the rule of thumb established in the carbon fibers literature [52], 

but to cyclic lactones combined with lactols along the edges of the OD component of GO.  

Organosulfates were hydrolyzed in the base digestion, and therefore bwGO and hu-GO do 

not show sulfur contents above 0.1% (see Table S2). And in the NH3-washed samples 

(Figure 8b, 8d, 8e, see also Figure S5) the contribution of carboxyls in bwGO decreases 

with respect to initial dGO, almost disappearing completely. The broad peak at ca. 286.7 

eV increases with respect to its NaOH-treated counterpart, indicating the formation of new 

C-N bonds (see also XPS composition results in Table S2). The Hu-GONH3 sample 
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exhibited similar behavior to that observed for bwGONH3, with a more pronounced 286.5 

eV peak reflecting its high edge to basal plane ratio, with C-N functionalities at the edges. 

However, in the case of OD (both fulvic- and humic-like fractions) the large proportion of 

carboxylic/carboxylate groups is due to the fulvic-like fraction and oxygen functionalities 

(and thus low carbon content in comparison with bw-GO), and thus it is a reflection of its 

small sheet size and high edge site density; the OD also has rather high sulfur and nitrogen 

contents, presumably due to a significant amount of condensed ammonium sulfate. 

(a) (b) 

(c) (d) 

280282284286288290292
Binding Energy (eV)

bw-dGONaOH

280282284286288290292

Binding Energy (eV)
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Binding Energy (eV)
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 (e) 

Figure 8. XPS C1s spectra of (a) bw-dGONaOH, (b) bw-dGONH3, (c) Hu-dGONaOH, (d) 

Hu-dGONH3, (e) OD-dGONH3. (XPS spectra were decolvoluted to Gaussian peaks at 

284.5, 286.7 and 289 eV.) 

Figure 9 shows the TG-MS plots corresponding to bw-GO derived from both dGO and 

cGO in NaOH and NH3 digestions, which are very different from that of parent dGO 

(Figure 3). Sample bw-dGONaOH (Figure 9a) presents a surprising thermogram with a 

continuous and nearly linear weight loss with increasing temperature (no steps), whereas 

bw-cGONa (Figure 9b) does show a clear step below 200 ºC (although not as pronounced in 

comparison with Figure 3) and a similar monotonic weight loss. There is again an initial 

loss of physisorbed H2O, but there is no evolution of CO in the second step  (140–200 ºC); 

above 200 ºC there is continuous CO2 evolution, a completely different pattern with respect 

to Figure 3, where CO2 evolution essentially ended at 300 ºC. Absence of CO evolution 

indicates absence of hydroxyl, epoxy, ether and even anhydride groups. Additionally, it 

cannot be attributed exclusively to carboxyl groups (not negligible in bw-cGONaOH) since 

their dominant evolution occurs over the entire  temperature range. Therefore, cyclic 

lactone and/or lactol groups of different thermal stability (e.g., different ring sizes) located 

at GO edges offer the most logical explanation for this anomalous TG-MS pattern. In the 

case of NH3-washed bw-GO samples (Figure 9c and 9d), a pattern more similar to parent 

dGO is observed, with a pronounced weight loss just below 200 ºC, with evolution of H2O, 

CO2 and some CO. As mentioned above, formation of new C-N bonds with those parent 

lactone and lactol groups takes place and therefore the decomposition of these samples 

takes a different course. 

280282284286288290292

Binding Energy (eV)

OD-dGONH3
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(a) (b) 

(c) (d) 

Figure 9. TG-MS of (a) bw-dGONaOH, (b) bw-cGONaOH, (c) bw-dGONH3 and (d) bw-

cGONH3 samples. 

An important issue is noteworthy upon  quantification of H2O, CO and CO2, as summarized 

in Table 2. For all bwGO samples, the total amount determined by mass spectrometry 

matches the total weight loss determined by TG. Similar results were obtained in all the 

cases (see Figure S6) for the fraction corresponding to hu-GO. As there were no 

organosulfates present (confirmed by XPS), this implies that  most of the weight loss can 

be accounted for by edge-bound lactol-type complexes, which must be mainly at graphene 

edges and whose decomposition produces CO2. 

Table 2. Quantification of the evolved decomposition products in bw-GO samples. 
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% % % detected by 

MS 

% 

loss by 

TG 

% 

bw-dGONaOH 8.9 ± 0.5 0  20.6 ± 0.6 29.5 ± 1.2 28 ± 0.6 

bw-cGONaOH 16.1 ± 0.8 0 21.9 ± 0.6 37.9 ± 1.4 32 ± 0.6 

bw-dGONH3 13.5 ± 0.5 0.6 ± 0.1 20.2 ± 0.6 33.7 ± 1.2 30.5 ± 0.7 

bw-cGONH3 17.3 ± 0.6 0.6 ± 0.1 21.2 ± 0.6 38.5 ± 1.3 38.0 ± 0.7 

Finally, TG-MS results corresponding to the OD fractions in NH3-washed samples were 

analyzed upon their isolation after rotovapor water evaporation. A very different pattern 

emerged with respect to previously analyzed samples. Very little carbon oxides evolved 

when compared to water evolution; carbon content was only 26% according to XPS (Table 

S2), and only measurable CO2 evolved with peaks at 180ºC (as parent dGO and bw-

dGONH3) and 350 ºC, which was not observed with previous samples. There are two large 

and sudden steps in H2O evolution at ca. 250 and 320 ºC. During the evaporation step, 

when OD was isolated, hydrolyzed organosulfates formed (NH4)2SO4xH2O precipitates, 

plus some trapped ammonia (N content in OD was 16% according to XPS, Table S2); the 

weight loss at ~180 ºC is mainly attributable to trapped NH3, at 250 ºC the H2O evolved is 

assigned to the dehydration of the  ammonium salt and the main weight loss at ~340 ºC is 

due to its decomposition. As shown in Figure 5, bw-GONH3 gravimetric yield was around 

45 and 60% for dGO and cGO, respectively, and ODNH3 yields were 46 and 40%, which 

indicates very good mass balance closure with respect to parent dGO or cGO prior to 

ammonia digestion. However, in OD decomposition we recorded a high content of H2O 

bonded to extensively oxidized carbon, plus abundant presence of salts derived from parent 

organosulfate groups. This confirms the formation of GO characterized by clean, slightly 

oxidized bwGO sheets as well as more oxidized moieties in the range of molecular sizes. 
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(a) (b) 

Figure 10. TG-MS of (a) OD-dGONH3 and (b) OD- cGONH3 samples. 

The fulvic-like fraction of NaOH-derived OD could not be isolated for gravimetric 

characterization, since it resides in water solution with high NaCl concentration. An attempt 

was made to extract some fulvic acids after removing the solid hu-GONaOH fraction by 

centrifugation. The solution was evaporated in vacuum and, once the sample was dried, the 

organic components were extracted with ethanol; the ethanol was then removed and the 

resulting pale yellow oil was analyzed by CG-MS and 1H-NMR (see Figure S7). This 

provided evidence for the presence of phthalates that could not be detected before ethanol 

extraction using the same type of analysis. We can thus conclude that the precursors in the 

formation of phthalates are very likely cyclic lactols, anhydrides and/or lactones. Once 

again such carboxylic functionalities seem to be present in the dGO sample. 

4. Discussion 

By combining the results of a battery of complementary experimental techniques with 

insights from DFT analysis, remarkably consistent mechanistic patterns in graphite-to-

graphene oxide conversion are now emerging. And they agree with expected trends that are 

reasonably well understood on the basis of surface chemical behavior of sp2-hybridized 

carbon materials ranging from coal or activated carbon to carbon black or graphite. The 

main chemical features of the graphene-based structures that are formed in this process are 

shown in Figure 11. 
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Graphene oxide is normally produced from flake graphite (FG) or its parent expanded 

graphite (EG), which is a macrocrystalline material when separated by flotation and 

subsequently thermally purified and partially exfoliated [72]. This elongated and layered 

material has a broad particle size distribution [73] and contains many structural defects 

caused by its natural formation. In the classical Hummers-Offeman methodology, it is 

therefore easily intercalated with anhydrous or highly concentrated H2SO4. The Mn2O7 

dimer (more reactive than permanganate itself) attacks primarily those defects, as well as 

edge sites, both external (at graphene edges) and internal (e.g., vacancies), and not the 

aromatic structure in the basal plane [74]. This yields pristine graphite oxide (pGO) whose 

flakes remain essentially intact [4]; the most often cited oxygen surface groups in this 

intermediate product are quinones, organosulfates and some sp3 C-O groups [5,75]. Be that 

as it may, the crucial issues regarding the final structure of graphene oxide, and the 

emergence of its two components, are the relative importance of transfer of one vs. two 

oxygen atoms to the carbon active sites and the resulting fate of quinone vs. peroxy vs. 

dioxiranyl surface functionalities. Of greatest relevance here, as discussed below, are the 

facts that (i) both nitrate and peroxide are 1O-transfer oxidants whereas permanganate is a 

2O-transfer oxidant [44], and (ii) the origin of the widely acknowledged (and crucial) 

presence of epoxy groups on the basal plane [76] has not received the scrutiny that it 

deserves. 

The principal oxidation steps, which are diffusion-controlled [4,77] occur upon pouring 

sulfuric acid-containing suspension into water. These reactions can be minimized only if 

the temperature is kept low (say, below 10 oC), e.g., if a very gradual H2O addition 

dissipates effectively the resulting heat of mixing [78]. Figures S8 and S9 show the C1s 

XPS and TG-MS, respectively, of eGO sample and confirm that most oxidation reactions 

are mitigated when the temperature is kept below 10 ºC when adding water. The controlled 

action of permanganate anions is the key step here [35,67,79] but heretofore its essential 

details have been elusive. In particular, it is contrary to detailed and voluminous 

experimental evidence to assume that oxygen transfer occurs on defect-free basal plane 

[80,81], either curved [35,82–84] or flat [4,83,85,86]; indeed, the putative decoration of 

these new unzipped edges with quinone or phenol oxygen functionalities [39,87–91] 
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implies that the desorption (TG-MS) spectrum would be dominated by high-temperature 

evolution of CO [92–94], which is clearly not the case (see Figure 3). Furthermore, this is 

contrary to the observation [4] that the “conversion … to an oxidized form of graphite 

[occurs by virtue of] an edge-to-centre propagation of oxygen functionalities” [95]. And 

once the epoxy groups [85] reach the basal plane by spillover from graphene edges [45], it 

remains to be demonstrated how the propagation of underlying C-C bond cleavage [85,86] 

actually occurs in the presence of a 2O-transfer agent such as permanganate; indeed, 

oxygen insertion into the basal plane (‘unzipping’) does not necessarily lead to scissor-like 

cutting of graphene sheets. 

 

Figure 11. Representative graphene moieties on the mechanistic path from graphite to two-

component GO (early stage of the scissor-cut mechanism). 

As summarized in Figure 11, our results allow us to postulate the following sequence of 

events. Once MnO4
- anions or Mn2O7 are able to diffuse between the graphene layers upon 

H2SO4-mediated graphite expansion, oxygen transfer at the active sites can proceed by two 

paths: (i) At the zigzag site [44], a dioxiranyl functionality (structure D) is a precursor to 

oxygen insertion and formation of a seven-membered cyclic lactone (structure E). (ii) At 

the armchair site a similar intermediate (structure B) initiates the chemical scissors effect 
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[96], as the C-C bond is broken in a highly exothermic process -- e.g., 268 kcal/mol at the 

carbyne-type [46] site in C32H12 (structure A). This results in the formation of adjacent 

carboxyl groups (structure C); the DFT-optimized geometry of this model cluster, with its 

characteristic tearing/bending feature, is shown in Figure 12. These intermediate structures 

B and D, generated during the formation of pGO, will propagate quicky in a chemical 

scissor process after pouring water and its consequent temperature increase, ultimately 

resulting in structure F. 

Once initiated, as argued above, the propagation of the chemical scissors effect has not 

received the attention that it deserves, nor has its obvious relationship to the extensively 

investigated oxidative unzipping of CNTs. Thus, for example, while the formation of a 

manganate ester on a basal-plane site has been shown (hydrogen peroxide might also 

promote this), perhaps surprisingly, to be moderately exothermic [82], the necessary 

oxygen insertion in the basal plane is much more difficult than at the graphene edge 

(structure F formed via structure E [45]). And, therefore, a cooperative effect of epoxy and 

oxiranyl groups summarized in Figures 11 and 12 emerges as the most feasible mechanistic 

path consistent both with our experimental results and general knowledge of carbon surface 

chemistry [44–46]. The graphene oxide sheets resulting from further tearing of structure F 

have a very broad size distribution, ranging from µm (such as bwGO) to the nanoscale, 

including the size of organic molecules (such as OD). Most of the oxygen functionalities 

are thus located at the edges, where dioxiranyls (in 2O-transfer) are prone to stabilization as 

cyclic lactones/lactols (i.e., oxepinones) and anhydrides (structures E and G in Figure 11). 

Thus, for example, lactones are produced readily when H2O2 is added in the third step (see 

Figure 12). 

As a consequence, typical XPS patterns of GO confirm that the larger sheets are covered by 

OD, with the main band at ca. 286.7 eV being due to lactol groups. Indeed, there is 

increasing HRTEM evidence [97] for such presence of 7-membered rings in GO. Our TG-

MS and FT-IR spectra also indicate the dominant contribution of lactones/lactols and 

anhydrides, with CO2 evolving primarily below 250 oC, which is not compatible with a 

dominant presence of epoxies on the basal plane. As illustrated in Section 3, the evidence 
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for the presence of epoxies hinges on one-sided interpretation of the 13C-NMR results 

(signal at ca. 60 ppm); the same feature is also present in the classical structure of coals and 

other geo-organic materials and it is attributed there to methoxyl groups [98,99]. 

Furthermore, when analyzing the fractions separated by NaOH digestion based on their pH 

stability, according to molecular/layer size, the larger sheets had a much lower 

lactone/lactol population. At the same time, TG-MS results indicated that the residual 

lactones/lactols have a range of thermal stabilities. This is indeed to be expected, on the 

basis of their widely varying chemical environments at both zigzag and armchair graphene 

edges, the most emblematic of which have been succinctly represented in Figure 11.  

 

Figure 12. (a) Optimized geometry of C32H12(MnO4)2 which initiates the chemical scissors 

effect, and (b) schematic representation of the final structure resulting upon GO cutting. 

5. Conclusions 

Many important details regarding graphene oxide preparation and structure are too often 

made obscure due to inadequate characterization and interpretation of its chemical surface 

properties. Our results point to graphene oxide formation being a process that is 

mechanistically consistent with all the other oxygen-transfer processes (e.g. carbon 

gasification, graphene functionalization, oxygen reduction reaction); they also show that 

oxidative debris is produced prior to base digestion. Its formation, enhanced by sonication, 

is a consequence of the chemical scissors effect of permanganate anions in the basal plane 

facilitated by sulfuric acid as exfoliant and solvent. The last step in the Hummers-Offeman 
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graphite oxide synthesis (contact with  aqueous H2O2) promotes the stabilization of 

graphene edge sites as both quinone groups and oxepinone-type surface functionalities in 

crystallites that have a broad distribution of sizes. These groups are the dominant ones in 

graphene oxide, as evidenced from a combined examination of our own XPS, FT-IR and 

TG-MS results, as well as those widely reported in the literature. Consequently, epoxy 

groups, which do play a role in the unzipping of the basal plane, are not dominant on the 

graphene oxide surface. Cleaning the graphene oxide during base digestion produces the 

separation of large and small sheets, yielding an enriched fraction of large sheets, with little 

surface oxygen since those functionalities are mainly at their edges. Addtionally, base 

digestion and subsequent reprotonation hydrolyzes some of the lactone groups to 

carboxylic acids. 
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