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Abstract: Graphene oxide was synthesized by a one-step environmentally friendly 

mechanochemistry process directly from graphite and characterized by Raman, FT-IR and UV/vis 

spectroscopies, Atomic Force Microscopy, X-ray Diffraction, Scanning Electron Microscopy, 

Energy-Dispersive X-ray Spectroscopy and Thermogravimetric Analysis. Spectroscopic analysis 

shows that the functional groups and oxygen content of the synthesized material are comparable 

with those of graphene oxide synthesized by other previously reported methods (Hummers). 

Thermogravimetric analysis reveals thermal stability up to 400 °C. 
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1. Introduction 

The work of Novoselov and Geim [1] caused an exponential growth in research on graphenic 

materials. Although graphene is a single layer of sp2 carbon atoms of just 1 atom thickness, other 

graphenic materials exist, such as bi-layer, few-layered (1-3 layers), multi-layered graphene sheets (4-

10 layers) [2], thick-layer graphene (>10 layers) [3], graphene ribbons [4], or Chemically-Modified 

Graphenic materials (CMG). The latter have received great deal of attention in recent years because 

the chemical methods followed for their production may be scaled up to high rates of production 

[5,6] and also serve as precursors of graphene. 

CMG is a group composed by graphene oxide (GO) and reduced graphene oxide (rGO). Both of 

them are graphene-containing hydroxy, epoxy, keto and carboxylic acid groups, however, the latter 

is, as its name implies, GO that has undergone a reduction process, thus decreasing the amount of 

carboxylic and keto groups. Regularly, this involves the submersion of GO in hydrazine, although 

some greener methods have been developed [7, 8]. 

CMG have been successfully employed as humidity sensors [9], biosensors [10-12], 

photothermal agents in treatments against cancer [13] or Alzheimer’s disease [14], antibacterial 

agents [15], battery electrodes [16] and power generation devices [17].  

Although GO has been known for more than fifty years [18] it was dubbed graphite oxide. And 

until recently, most works about the production of GO are based on that of Hummers and Offeman 

(Hummers’ method or graphite oxide route). Nevertheless, recently, new methodologies are starting 

to be developed for the synthesis of CMG. For instance, electrochemistry [19,21] and sonochemistry 

[5]. Although they reduce the time required for the synthesis of CMG, they still require acids for their 

synthesis and relatively high temperatures [5].  

Mechanochemistry (MC) can be formally described as the discipline that deals with chemical 

reactions induced by mechanical input. Although regularly regarded as a solid-state only approach, 

several works show the feasibility of mechanosynthesis in every aggregate state [22-24]. Recent works 
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show how this kind of chemistry offers many advantages over traditional chemistry, being the most 

important one the decrease on reaction time and use of catalyzers. 

For instance, via MC the degradation of ibuprofen can be achieved after only 40 hours [25,26] 

vs. up to 8 months using traditional methods [27], the production of cellulosic fibers can be carried 

on in just 1 hour [28] and the production of organic compounds like biaryls and aldehydes is carried 

on in just a couple of minutes with yields of more than 91% [29], all these while also greatly decreasing 

the use of solvents [29,30]. 

Research about mechanochemistry on carbonaceous materials such as graphenic materials, 

fullerenes, quantum dots [31] or carbon nanotubes [32] is an active field. Until now, several processes 

for the modification of graphenic materials via MC have been developed. Most of them modify 

already existent CMG, such as the reduction of GO using under inert atmosphere [33] or the 

production of graphene oxide platelets from GO [34].  

However, only a few functionalize graphene. Examples of this are the selective edge 

functionalization of graphene using graphite and dry ice as precursors, which takes place in 48 h.[35], 

the edge carboxylation of graphene in presence of dry ice, hydrogen and sulphur trioxide, which also 

occurs in 48 h [36], the synthesis of GO via MC using KMnO4 and aspartic acid in 24 h [37], and the 

production of hydroxyl-graphene from graphite and KOH after 8 hours of mechanical milling using 

a planetary ball mill [38]. These works show that GO synthesis can be carried out using mechanical 

milling. All these works use catalyzers for the transformation.  

To the extent of our knowledge, there is just one process reported on literature in which the use 

of graphite alone is reported to produce GO [39]. In that work, a planetary ball mill is used to 

synthesize GO after 8 hours. Nevertheless, in our group we discovered that the synthesis of GO can 

be carried out in less than 4 hours from graphite alone as reagent via a mechanochemistry process 

using a SPEX 8000D mixer mill. 

2. Materials and Methods  

2.1 Mechanosynthesis of graphene oxide 

Mechanosynthesis (MS) was carried out in a Spex 8000D mixer mill, using a steel vial (capacity 

of 10g) with six hardened steel milling balls (8.3g weight each). 1g of expandable graphite obtained 

from Sigma-Aldrich was introduced in the vial and milled for up to 4 hours at 1725 rpm. After the 

processes finished, the resulting material was extracted and characterized. Samples were 

ultrasonicated for 2 hours using EtOH, and then, they were washed with absolute grade ethanol and 

filtered using 0.45 μm PTFE membranes from GE Healthcare. Next, they were dried for their 

characterization. All the reagents were purchased by Aldrich and used as received. The solvents were 

from J.T. Baker. 

 

2.2 Instruments 

Infrared (IR) spectra were acquired on a FT-IR Perkin Elmer model Frontier instrument, using 

pellets of KBr. The UV-Vis absorption spectra were obtained in a Perkin Elmer XLS equipment, using 

EtOH as solvent. Raman spectra were obtained in a Bruker, model Senterra apparatus, with a 

resolution of 9-15 cm-1, after 6 scans and 8 seconds of integration. 

Microstructural characterization was performed in a JEOL JSM-5900LV scanning electron 

microscope (SEM), with coupled energy X-ray dispersion spectroscopy (EDS). The images were taken 

with a secondary electron signals at 30 kV, in the high vacuum mode. To identify the crystalline 

phases in the samples, the X-ray diffraction (XRD) technique was conducted using a D8 Discover 

Bruker diffractometer with monochromatic Cu-Kα radiation (α=1.5418 Å). The XRD patterns were 

obtained, in the range from 10 to 60 in 2-theta degree, with a step size of 0.03º, at 40 kV and 40 mA; 

measurements were performed directly on the powder samples.  

The morphological characterization by AFM was carried out using an Asylum Research scan 

probe microscope model Cypher; samples were prepared by depositing dispersions of graphite oxide 

in ethanol on a freshly cleaved mica surface (Ted Pella, Inc.) and allowing them to drying air.  
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Thermogravimetric analysis was done using a Mettler-TOLEDO Model 851e instrument. 

Ultrasonication of the samples was done using an AS20500 AT ultrasonic cleaner from Autoscience. 

 

3. Results and Discussion 

The synthesis of the graphene oxide was carried out by means of a mechanochemistry method. 

The formation of graphene oxide with different functional groups was observed after 30, 60, 120 and 

240 minutes of milling without use of inert atmosphere or added catalysts or solvents. 

UV spectra for samples corresponding to 0.5 y 4 hours of mechanosynthesis (MS) are shown in 

figure 1. In both of them, four features can be observed: three bands, one at 214 nm, a second one at 

219 nm, a third one at 222 nm, and lastly, a shoulder at 288 nm for the spectrum of samples 

synthesized after 0.5 hours of MS; and one at 220 nm, a second one at 223 nm, a third one at 234 nm 

and a fourth one at 280 nm for the spectrum from samples synthesized after 4 hours of MS. According 

to previous reports [3,33,40], the bands from 214 nm to 223 nm of either spectrum are produced by 

the π-π* transitions of aromatic C=C rings. The features at 280 and 288 nm of both spectra are due to 

the π-π*and n-π* transition of C-O groups.  

The bands related to the π-π* transitions of the C=C matrix correspond with what has been 

reported in the aforementioned works and indicate that the sp2 carbon matrix has been disrupted in 

different ways between samples of 0.5 hours and 4 hours of MS. 

In our spectra the features of 280 and 288 nm show an important difference. For samples from 

0.5 hours of MS the feature is a shoulder, this suggests the presence of C-O groups, although their 

abundance is low. In contrast, the feature of samples from 4 hours of MS is a band, which suggests a 

higher abundance of C-O groups than in samples from 0.5 hours of MS.  

This is supported by previous reports [3,40] where it is demonstrated that the intensity of the 

band at around 320 nm depends on the degree of oxidation of the samples and also with the report 

of Luo, et al. [40], where that signal becomes fainter as GO undergoes a reduction process. 

 

 

Figure 1. UV-vis spectra of GO synthesized at 4 hours 

In figure 2 which shows the FT-IR spectra from samples obtained after 0.5 and 4 hours of MS, 

the characteristic bands of graphene oxide appear [33,41,42]. The band at 3426 cm-1 corresponding 

the longitudinal stretching vibration of hydroxyl groups (O-H) [43], the longitudinal vibration of the 

C=C segments from graphenic sp2 matrix at 1586 cm-1 [41,44], the bands of C=O at 1631 cm-1 in both 

samples [45] and at 1723 cm-1 and 1746 cm-1 for samples synthesized after 0.5 and 4 hours of MS 

respectively [43, 41]. The band at 1429 cm-1 (, C-OH) indicates the presence of carboxylic acids 

(COOH) according to [41,45,46,47]. 

In addition to these bands, two more appear at 2920 cm-1 and 2850 cm-1, these correspond to -CH 

groups [42], this indicates the presence of epoxide groups, which is corroborated with the band at 

1098 cm-1. Also, this -CH groups may be the cause of the blue shifted bands observed in UV 

spectroscopy. This because the sp3 carbons decrease the conjugation of the sp2 carbon matrix. Only 
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few works that involve graphene oxide synthesized by methods not related directly to the Hummers 

method report these bands.  

 

Figure 2. FT-IR spectra from samples synthesized after 0.5 and 4 hours of MS. 

Further on, Raman characterization was carried out. The spectrum corresponding to samples 

synthesized after 4 hours of MS is shown in Figure 3. It shows the characteristic features of graphene 

oxide [48-51]. The first one, the band at 1403 cm-1 (D band), the second one, the band at 1684 cm-1 (G 

band) and that at 1698 cm-1 (D´ band). The first one is caused by the edges of the graphenic lattice, 

which increase due to the reduction of the lateral size of the sheets, the disruptions in the sp2 matrix 

caused by the oxygenated groups [49,52,53] and lattice holes, which presence are confirmed by FT-

IR spectroscopy; the second one by the in-phase vibration of the graphenic lattice [49,52], which is 

inherent to graphenic materials; and the third one, which being related to defects in the sp2 matrix 

due to phonon confinement, suggests that there are numerous structural defects in the samples, this 

agrees with another work where mechanical milling is evaluated [54]. When analyzing the intensity 

of the signals, the ID/IG ratio is 1.88 which is higher than the reports from other authors [42, 52, 55, 56]. 

This indicates that the graphenic sp2 carbon lattice has been disrupted in an important way, either by 

the addition of oxidized groups or the breakage of the graphenic layers, which is inherent to the 

synthesis process. 

 

Figure 3. Raman spectra from samples synthesized after 4 hours of mechanical milling. 

Figure 4 shows two SEM micrographs at different magnifications (10k and 20k). These 

micrographs revealed that the material consists of randomly aggregated, thin, crumpled sheets 
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closely associated with each other and forming a disordered solid. Figure 5 shows 2 SEM micrographs 

at 20k, in which the lamellar structure is appraised. 

Elemental chemical analysis using the EDS technique is shown in  

Table 1. It is possible to observe that carbon and oxygen are the main elements present in the sample 

with a low amount of sulphur (which is due to the raw material). It is worth mentioning that for these 

samples, the average oxygen content is 13 wt%, while other authors report greater amount of it (≈ 

30.37 w%), however, they used the XPS as detection technique [57].  

 

Figure 4. SEM microphotographs from sample synthesized after 4 hours of MS at x10k and x20 k . 

 

Figure 5. SEM microphotoghraphs from sample synthesized after 4 hours of MS at x20k 

 

Table 1. Elemental compositions obtained with EDS from samples synthesized after 4 hours of mechanical 

milling. 
 

 

Figure 6 shows an atomic force microscopy (AFM) image of the material synthesized after 2 

hours of mechanical milling; it corresponds to a typical graphene oxide AFM image. A layered 

structure is observed, which confirms the features resembling a layered structure observed during 

SEM studies. This result is in agreement with the expected graphene oxide structure. The material 

could be classified as a multilayer graphene oxide, nevertheless, for AFM studies the sample was 

sonicated for less than 5 minutes so the material was not completely exfoliated, thus it could still 

reduce its thickness if it undergoes sonication for a longer period of time. 

 Figure 4 (right) Figure 5 (right) 

Element wt% at.% wt% at.% 

C 83.55 87.95 85.13 89.41 

O 14.07 11.11 12 9.46 

S 2.38 0.94 2.87 1.13 
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Figure 6. AFM image of material synthesized after 2 hours of mechanical input. 

The TGA curve of graphene oxide synthesized after 2 h of MS is shown in figure 7. It is possible 

to observe an important weight loss starting at 423.167 °C, which is higher than the reported results 

by other groups. We suppose, it is related to presence of less thermolabile groups, such as keto and 

epoxy groups, which are shown in FT-IR studies. 

 

 

Figure 7. TGA plot from sample obtained after 2 hours of MS. 

Finally, XRD analysis was used to characterize the crystalline nature and phase purity of the as-

synthesized GO and graphite. With this technique it can be confirmed the presence of graphite and 

graphene oxide in the studied samples, as can be observed in figure 8. The former is confirmed by 

the two diffraction peaks at 26.34° and 54.91° 2- theta. The latter because after sonication two phases 

formed; one that precipitated in the bottom of the flasks and the other that was suspended in the 

solvent (ethanol). When analyzing both of them separately a wide diffraction peak at 13.49° 2 - theta 

can be observed, which is assigned to the (001) plane of graphene oxide. For the soluble phase the 

signal is more intense than the signal from graphite, in contrast, the intensity of the signal from the 

insoluble phase is roughly 25% of the signal from graphite. This indicates that the species that 
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generates the signal has a hydrophilic character. This is in line with what FT-IR spectra showed. Also, 

this confirms that the D band in the Raman spectrum is due to the incorporation of oxygenated 

groups and not just the appearance of defects, such as holes in the C=C matrix, or the reduction of 

the lateral size of graphenic sheets due to mechanical milling.  

It is important to mention that the assigned peak to graphene oxide in this work (13.49°) is 

among the reported values in other works, such as, 11.3° [58], 8°-9.5° [53], 10.27° [59], 15° [60] and 

14.45° [61]. Numerous works show that the interlayer spacing is given on function of the oxidation 

degree of the sheets [53] and the interaction between solvent and graphene oxide [62]. The higher the 

oxidation degree and solvent abundance, the higher the interlayer space is and vice versa. Although 

there is not a consensus about how thick a graphene oxide sheet is or how big the d-space must be, 

some authors like Zheng et al. report a 0.8 nm thickness for dry GO [65], and past reports do state 

that d-space can grow from 0.57 nm to 0.79 nm when passing from 0 % to 25 % of relative humidity 

[60]. One of the advantages of MS on conventional synthesis is that it avoids the use of solvents, and 

our process is carried on without the need of adding water or solvents; therefore, when contrasting 

the XRD and EDS results, we assume that although the degree of oxidation from our samples is lower 

to those reported by other authors, it allows a d-space “high” enough to exfoliate sheets and that this 

d-space is low because of the lack of solvent in the material. The latter because even when sonicated 

for 2 hours in presence of ethanol, and after separating both phases they were left to dry at 

atmospheric conditions, Sheng et al. [65] state that 120 hours were needed to completely soak GO and 

ethanol was found to be less wetting on GO than water.  

 

 

Figure 8. XRD analysis of graphite and synthesized GO. 

Along with the aforementioned, signals we also observe a number of signals with high 

intensities. At 15.96°, 17.5°, 21.13°, 29.17°, 28.67° in 2-theta. We discard them being due to 

contamination from the degradation of the steel vial based on the EDS studies were less than 2  at.% 

of other elements apart of C and O were detected. Some of them may be generated by a new 

crystalline phase, nevertheless more studies are needed to confirm that, yet the signal at 15.96° and 

17.52° in 2-theta could be due to GO but with a lower interlayer space. 

Considering all evidence presented above, the interlayer spacing and the amount of solvent 

present in our material must be the causes for its higher thermal stability. This because there is 

evidence that the interaction between solvent molecules and the graphenic layers dictate the 

transformations that the material undergoes in function of its temperature [64]. The aforementioned 

evidence shows that the interlayer spacing in our material is lower than that reported before by 

several authors. This should decrease the mobility of solvent between layers. Considering that the 
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amount of solvent present in our material is low, and that the number of defects in the graphenic 

layers that comprise it is relatively high, we assume that the dynamics of chemical transformation 

undergone by the material when increasing its temperature are different from that produced by 

methods related to that of Hummers. 

This because the number of “edges” increases when holes are created within the layers and, 

although graphene oxide is not a stoichiometric compound, the transformation of oxidized groups 

differ when occurring near the edges and within the sheets. And being the rate of this transformations 

in function of the available solvent, which in our material is low because of the reasons stated lines 

above, we conclude that in the present material these situations happen and transformations become 

more difficult to occur, thus altering the thermal stability of the material, in this case, increasing it . 

5. Conclusions 

The results demonstrate that mechanosynthesis is an eco-friendly and affordable method that 

allows the synthesis of graphene oxide directly from graphite. We have demonstrated that with this 

chemical approach we can produce oxidized graphene in 4 hours, without adding any solvent, acid 

or oxidizing agent. Also, that the material produced this way is equivalent to GO synthesized via the 

Hummers method. Lastly, a new crystalline phase of graphite could have been synthesized as a co-

product. 

6. Patents 

The patent application MX/a/2018/015685 has been submitted to the Instituto Mexicano de la 

Propiedad Industrial to protect the results shown on this article. 
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