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ABSTRACT 

Control over oxygen functionalities is important for the realization of Graphene Oxide (GO) 

based applications. Evolution of oxygen functionalities with time of oxidation and its impact 

on GO structure, exfoliation and reduction is investigated using XRD, FTIR, XPS, TGA and 

AFM. The results indicate no net increase in oxygen bound carbon atoms compared to 

graphitic carbon within the samples studied. However the percentage contributions from each 

type of oxygen functionalities tend to vary as the oxidation progress. Changes in the 

thermogravimetric response were observed with continued oxidation that showed a change 

from one mass loss region to two mass loss regions. The interaction kinetics of the protective 

group and the spatial distribution of oxygen functionalities during graphite oxidation give key 

insight to the above observed properties in GO. It is also shown that the observed changes in 

the structure have a direct impact on the ability to exfoliate GO to single layers as well as on 

the reduction process to produce reduced graphene oxide. These results are significant in the 

scalable production of GO with controlled and consistent quality for applications in the areas 

such as chemical and biological sensing, water purification and development of 

nanocomposite.   
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1. INTRODUCTION 

 

With its exceptional physiochemical and electrical properties, graphene has attracted 

significant attention as a primary raw material in developing new technologically advanced 

materials. These include areas such as nanocomposites, functional coatings, paints and 

electrode materials for chemical and biological sensing [1-9]. However the demand for 

graphene applications will essentially be driven by the progress in scalability of the 

production of graphene with properties appropriate for the said applications. Chemical 

processing of graphene via reduction of Graphene Oxide (GO) has been regarded as a scalable 

and an economical method for most applications [10-14]. However, one of the biggest 

challenges in chemically processed graphene/GO in the above mentioned applications is the 

randomness of its oxygen functionalities as well as their inhomogeneous spatial distribution 

[15-19]. Therefore, as part of controlling the process, one needs to understand the mechanism 

through which oxygen functionalities evolve during the process that forms GO. Thus the 

study presented herein focuses on oxidation reactions that are critical for the processability of 

this nanomaterial, which has been proposed for diverse and important applications such as in 

energy, environmental, and biomedical, as recently reviewed in references [20-21]. 

The oxidation of graphite goes back to 1859, where British chemist B.C. Brodie added 

potassium chlorate (KClO3) to slurry of graphite in fuming nitric acid (HNO3) [22]. In 1898, 

L. Staudenmaier introduced two major changes by adding concentrated sulfuric acid to 

increase the acidity of the mixture and adding multiple aliquots of potassium chlorate solution 

into the reaction mixture over the course of reaction. These changes led to a highly oxidized 

graphite oxide product similar to Brodie’s multiple oxidation approach, but performed in a 

single reaction vessel [23]. Hummers and Offeman in 1958 developed an alternate oxidation 

method by reacting graphite with a mixture of potassium permanganate (KMnO4) and 

concentrated sulfuric acid (H2SO4), achieving similar levels of oxidation within a fraction of 

time compared to the previous two methods.  

However the discovery of graphene in 2004 [24] and the realization of its potential in 

developing materials of exceptional physiochemical and electrical properties led to 

investigations of mass scale production of graphene [25-27]. The chemical process of 

synthesizing GO using Hummers and Offeman [28] was looked into in more detail where 

several modifications were later introduced [29-30].  However the products of graphite 

oxidation reactions mentioned above show strong variations based on the types of oxidants, 

reaction conditions and also on the graphite source used [17, 30]. This has led to a debates 
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over the mechanism of GO formation and the structure of GO, with several structural models 

being proposed [31-36].  

Despite recent advances in understanding GO chemistry and structure, the mechanism of its 

formation has gained less attention and has been limited mostly to theoretical studies, and less 

experimental insight[37-40]. In understanding the mechanism of GO formation from bulk 

graphite, Demiev and Tour identified three distinct steps that comprise; (i) H2SO4 

intercalation between graphene layers forming H2SO4-graphite intercalated compound (GIC), 

(ii) conversion of GIC to an oxidized form of graphite, defined as pristine graphene oxide 

(PGO) via a an edge-to-centre propagation of oxygen functionalities; (iii) conversion of PGO 

to exfoliated GO through exposure to water [37]. In a separate study, Shao et. al. and Chen et. 

al. studied GO formation using Hummer’s method and modified versions of Hummer’s 

method that show propagation of oxidation from edges and defect sites to the graphite basal 

plane [17, 41]. Pan and Aksay has identified two pathways for graphite oxidation; cross-

planar oxidation of graphite from the (002) plane that results in periodic cracking of the 

uppermost graphene oxide layer and edge-to-centre path of oxidation [42].  

In the present study we discuss the evolution in oxygen functionalities and structure during 

the graphite oxidation process as a function of oxidation time. Further we also present details 

of their impact on the exfoliation of oxidized graphite into GO sheets and reduction process to 

produce reduced graphene oxide (rGO). The oxidation in this study was carried out following 

commonly used improved Hummer’s method, which has shown higher degree of oxidation 

and yield[30]. The graphite used in this study is highly crystalline vein-type graphite that has 

very high carbon content > 99.9%. It was previously reported that the size of the crystallites 

along the c- axis is larger for vein-type graphite and also show less basal plan defects in 

comparison to flake graphite [43].  Further, to the best of our knowledge, this is the first study 

that investigates the mechanistic details of vein-type graphite oxidation for the production of 

GO.  
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2. EXPERIMENTAL DETAILS 

 

2.1 Chemicals and materials.  

Sulfuric acid (98 % H2SO4, Sigma-Aldrich), Phosphoric acid (H3PO4, Sigma-Aldrich), 

Hydrochloric acid (HCl, Sigma-Aldrich), Potassium Permanganate (KMnO4, Research-Lab 

Fine Chem Industries), Graphite (>99.9%, Bogala graphite), Hydrogen Peroxide (35% H2O2, 

Sigma-Aldrich) were used as received. Deionized water was used in the synthesis as well as 

to make ice required for the process.  

 

2.2 Graphene oxide sample preparation.  

GO was prepared from high purity vein graphite using the improved Hummers method[30]. 

Briefly, 9:1 mixture of concentrated H2SO4/H3PO4 (180:20 ml) was added to 1:6 mixture of 

graphite (1.5 g) and KMnO4 (9.0 g), where both mixtures were kept in an ice bath prior to 

mixing, producing a slight exotherm to 35-40 
0
C. The mixture was then heated up to 50 ºC for 

oxidation. The time allowed for oxidation at 50 
o
C was varied as 1 h, 2 h, 3 h, and 4 h to 

obtain a series of GO solutions. At the end of each of the above mentioned times the reaction 

was terminated by adding copious amount of ice (400 g) and 35% H2O2 solution (10 ml), after 

which the colour of the solution becomes yellow. This solution was then allowed to settle 

overnight and the supernatant was decanted away. The remaining GO slurry was further 

washed with distilled water until the pH of the rinse water becomes greater than 5. The GO 

membranes were prepared by evaporating 25 ml of the remaining gel-like sludge on a petri 

dish. These membranes, referred to as GO1, GO2, GO3, and GO4 respectively were stored in 

a vacuum desiccator prior to being used in experiments. 

 

2.3 Sample characterizations.  

The prepared GO membranes were characterized with a series of spectroscopic and 

microscopic methods. X-ray diffraction (XRD, Bruker FD800, Karlsruhe, Germany, Cu Kα 

radiation, λ = 1.5406 Å, with θ/2θ configuration) was used to monitor the interlayer spacing of 

graphitic layers in vein graphite and the layer spacing in the synthesized GO membranes. The 

data was recorded over a 2θ range of 5-40 
0
 with a step size of 0.02 

0
. The operating voltage 

and current were 40 kV and 300 mA, respectively. Fourier Transform Infrared spectroscopy 

(FT-IR, Bruker Vertex 80, ATR mode with ZnSe crystal) with spectral resolution 0.1 cm
-1

 and 

scanned over the wavenumber range 4000-600 cm
-1

 was used to identify the available 

functional groups of the GO membranes.  
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X-ray photoemission spectroscopy (XPS) of the GO membranes were performed in an 

Omicron ultrahigh vacuum system at 1 × 10
−10

 mbar base pressure, equipped with a 

monochromatized Al Kα source (1486.6 eV) and a multichannel array detector. Samples for 

XPS analysis was prepared by drop casting GO onto a XPS sample plate from GO slurry. 

These samples were kept in vacuum overnight (or until the base pressure reach better than 10
-

5
 mbar in the preparation chamber) before transferring to the analysis chamber for the XPS 

measurements. Spectra were recorded with an analyzer resolution of 0.5 eV, normal to the 

sample surface. Atomic area ratios were determined by fitting spectra with Gaussian-

Lorensian (GL(30)) function after Shirley background correction using CasaXPS 2.3.18 

software.  

Thermal stability of GO membranes and simultaneous analysis of the gases evolved during 

temperature ramping were investigated using combined TGA-FTIR (Perkin Elmer Pyris 1 

with TG-IR-CCMS interface TL800 and Perkin Elmer Spectrum 100 FT-IR Spectrometer 

with PerkinElmer Universal ATR Sampling Accessory). 10 mg of the GO membrane was 

placed in the sample pan and the analysis was carried out with temperature ramp rate of 10 

o
C/min and Nitrogen gas flow rate of  25 cc/min.  

Atomic force microscopy (AFM, Asylum Research in tapping mode, using Au-coated silicon 

cantilevers (NT-MDT) with nominal spring constant in the range 1.45-15.1 N m
-1

) was 

employed to examine the surface topographical features of exfoliated GO with an emphasis 

on the layer thickness (t) and the lateral dimension (d). The samples for AFM imaging were 

prepared by drop casting GO from solution (1 mg/ml) onto a cleaned Si-wafer and then dried 

under vacuum before being imaged using AFM. .  

 

3. RESULTS AND DISCUSSION 

The study reports for the first time the evolution of oxygen functionalities of GO samples 

prepared under varying oxidation times using improved Hummer’s method. Samples were 

characterized using a combination of spectroscopic and microscopic techniques to obtain 

structural information of the resulting GO. All characterizations were carried out on GO 

membranes unless noted otherwise.  

3.1 X-ray diffraction. 

As part of structural characterization XRD measurements were carried out on the synthesized 

GO membranes. Fig.1(a) shows the XRD spectra of the four types of GO membranes 

synthesized, GO1, GO2, GO3, and GO4 along with the spectra obtained on a parent vein 

graphite sample.  The strong and sharp symmetric peak at 2θ = 26.52
o
 observed on the 
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graphite sample originates from the diffraction of the (002) plane that corresponds to an 

interlayer distance, d of 3.35 Å. Both the above d-spacing and the FWHM of 0.157
o
 are in 

agreement with previous XRD measurements reported for vein graphite [43].  

The XRD pattern on all GO samples studied showed a symmetric peak in the 2 range 8
o
 to 

11
o
. Also, no peak was observed at 2 = 26.52

o
 that would relate to (002) diffraction found in 

pristine graphite on any of the above GO samples studied. This indicates a complete 

expansion of interlayer spacing along c-axis.  Table 1, presents the d-spacing calculated using 

Bragg’s equation and FWHM results obtained for GO1, GO2, GO3, and GO4 samples. The 

average crystallite size in the c-direction was calculated based on the Scherrer’s formula [44] 

and used to obtain the average number of layers present in a crystallite of the above GOs
 
.  

The XRD results presented in table 1 were the average of repeated experiments carried out on 

several GO samples. 
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Fig. 1 (a) XRD spectra of graphite, GO1, GO2, GO3, and GO4. The spectra have been shifted 

vertically for clarity. The variation in average (b) d-spacing and (c) FWHM for GO1, GO2, 

GO3, and GO4, where the error bars represent standard deviation 

 

 GO1 GO2 GO3 GO4 

Avg. d-spacing (Å) 8.92 ± 0.03 8.92 ± 0.02 9.03 ± 0.13 9.25 ± 0.14 

Avg. FWHM (degree) 0.47 ± 0.01 0.49 ± 0.003 0.47 ± 0.02 0.44 ± 0.01 

Avg. Crystallite size (nm) 17.7 16.9 17.7 18.3 

Avg. number of sheets 19 19 19 20 

 

Table 1: Calculated results for average d-spacing in c-direction from the XRD of GO1, GO2, 

GO3, and GO4. Average crystallite size and number of sheets per crystallite was calculated 

using Scherrer’s formula for the above GOs. 

 

The d-spacing of all GO samples were greater than those recorded for graphite oxide (0.62 

nm), yet similar to the interlayer spacing reported for hydrated GO samples where a layer of 

water is present [45-46]. Based on the mechanism proposed by Demiev and Tour for GO 

oxidation this is only possible if the step two, which is edge-to-centre propagation of 

oxidation has completed resulting in pristine graphite oxide [37].  

The variation in the average d-spacing and that of FWHM for the four GO samples are also 

shown in Fig.1(b) and 1(c).  An increase in the average d-spacing with the graphite oxidation 

time can be observed from the results. This indicates an increase in interlayer separation 

between GO sheets as the oxidation progresses. Further, it can be observed that the error 

associated with the average d-spacing has also increased with the time of oxidation. While 

this observation can be interpreted as directly due to increase in the inhomogeneity of 

distribution of oxygen functionalities with the oxidation time, giving way for crystallites with 

different d-spacing [16], it can also be due to the extent of hydration as a result of varying 

oxidation conditions [45, 47]. Further, the large error in d-spacing observed for longer 

oxidation times can be due to the inhomogeneity in the graphite flake size, where oxygen 

functionalities per lateral unit area is larger for smaller flakes compared to that in  larger 

flakes for a given time of oxidation. The strongly oxidized areas are preferable for water 

insertion because they are more hydrophilic. The analysis of GO membranes was carried out 

under similar environmental conditions where there was no significant variations in relative 

humidity (RH) to suggest the observed increase in d-spacing to be due to changes in RH [45-
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46]. These observations are unique as its not being reported before and present new insight 

into the structural variations that occur as a result of continued oxidation.  

The FWHM is an indication of sample crystallinity and strain between planes. The observed 

variation in FWHM shown in Fig.1(c) is largest for GO2 and lowest for GO4. With the 

number of layers being the same for all the GO samples studied as shown in table 1, the 

observed variation in FWHM can be attributed to the changes in strain as a result of oxidation. 

Thus it can be argued that the strain within GO layers increases as the oxidation proceeds 

from GO1 to GO2 and then relaxes to a certain degree. Pan and Aksay have reported on strain 

energy buildup due to the undulation caused by the hydroxyl and epoxy sites as a result of 

basal plane oxidation [42]. The observed reduction in strain for GO3 and GO4 coincides well 

with the increase in the d-spacing as can be seen in Fig.1(b) or vice versa where the built-in 

strain is reduced via expansion in the c-axis.  Further the expansion would facilitate 

exfoliation of GO single layers as a result of reduced van der Waal’s interactions between 

layers. The attachment of oxygen functionalities, though responsible for the c-axis expansion 

and the developed strain between layers, it is the undistorted graphene domains that are still 

intact would contribute for the observed diffraction peaks.   

 

3.2 Infrared spectroscopy characterization.   

FTIR spectroscopy was carried out to obtain information on the oxygen functionalities 

incorporated into the graphitic planes as a result of oxidation. These spectra, which is typical 

for IR spectra of GO reported, are shown in Fig.2. IR absorbance’s were observed  in the 

regions 1010-1150 cm
-1

, 1180-1270 cm
-1

, 1540-1675 cm
-1

, 1690-1790 cm
-1

, and 1795-1870 

cm
-1

and are assigned to vibrations from hydroxyl (C-OH), C-O-C (stretching),  sp
2
-hybridized 

C=C in-plane vibrations, carboxyl (COOH), and ketonic (C=O) functional groups 

respectively[30, 48]. All spectra studied show also a broader IR absorbance in the range 3000 

to 3720 cm
-1

 characteristic of O—H stretching modes that further supports the presence of 

hydroxyl and carboxyl groups [48]. Further, it was also observed that the position of the IR 

absorbance of the functional groups C-O and C-O-C has slightly red shifted in wavenumber 

for GO3 to GO4 by 15.4 cm
-1

 and 5.8 cm
-1

 respectively. 

These shifts in IR absorbance peak positions indicate the structural variations that take place 

in the vicinity of each of the functional groups. It has been reported that COOH and, C=O 

group incorporation is more favorable at the edges while C-O, C-O-C is instead found on the 

basal plane of GO [11, 18, 36, 49]. Thus the peak shift behavior observed in the C-O and C-

O-C functional groups is an indication that more structural changes take place in basal plane 
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as the oxidation proceeds from GO3 to GO4. Accumulation of hydroxyl groups with the 

increase in oxidation time can give way for increased hydrogen bonding between functional 

groups thus contributing to the red shift in IR vibrations observed going from GO3 to GO4 

[18].   

 

Fig. 2 IR transmission spectra for GO1-GO4. The colored regions represent the IR absorbance 

due to the presence of respective oxygen functionalities found in all GO samples 

  

3.3 X-ray photoelectron spectroscopy.  

XPS spectra of synthesized GOs were obtained to further quantify chemical nature of oxygen 

functionalities.  XPS survey scans, on all GOs show two main peaks, C 1s and O 1s (Fig.3(a), 

and Online Resource 1). Absence of any other spectral intensities indicate that the samples 

studied were pristine GO without any other form of impurities or residual starting materials. 

High resolution spectra on the C1s region show two main peaks (Fig.3(b)) in all GO samples 

studied. These observations on the GOs were in contrast to the single symmetric peak 

observed for graphite reported earlier [43]. Curve fitting of the C1s spectra was performed 

using a Gaussian-Lorentzian peak shape after performing a Shirley background correction 

[50-52]. All fitted peaks were constrained with FWHM in the range 1.0 – 1.4 eV. Binding 

energies for sp
2
 (C=C) and sp

3
 (C-C/C-H) carbons, which mainly contribute to the 1

st
 peak at 

the lower binding energy of the C 1s spectra were assigned with seperation between peaks set 

to 0.6 eV [51-54]. C 1s peak assignments for the oxygon functional groups identified in IR 

spectra, namely C-OH and C-O-C which have similar binding energies are assigned at 287.0 
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± 0.1 eV [30, 51-52, 55].  C=O was assigned at 288.0 ± 0.3 eV and COOH at 289.0 ± 0.2 eV 

[30, 51].  

Table 2 reports the atomic percentage of each type of carbon present in the respective GOs 

calculated using area ratios from the deconvoluted C 1s spectra. The data reveal that the 

carbon bound to oxygen in the form of C-OH, C-O-C contributes approximately 40-45 % to 

the C 1s spectra for all the GO samples studied. That is C-OH and C-O-C combined; 

contribute more than 75% of the total oxygen functionalities found in all GO samples.  Thus it 

can be argued that the resulting structure and reactivity of GOs would greatly be influenced 

by the C-OH and C-O-C functionalities present and their special distribution.  

 

 

Fig. 3 XPS of GOs (a) Survey scan, (b) C 1s spectra with peak fitting and (c) percentage of 

carbon-bound oxygen functionalities obtained from the area analysis of the fitted C 1s peaks. 

Colors represent the percentage contribution from each type of carbon-bound oxygen 

functional groups 
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Further as shown in Fig.3(c), the total percentage of oxygen-bound carbon functionalities in C 

1s spectra varies as 51%, 54%, 55%, and 53% for GO1, GO2, GO3, and GO4 respectively. 

Thus it is indicative that the overall oxygen-bound carbon content does not change much over 

the time of oxidation from GO1 to GO4. However, changes in the percentage contributions 

among specific types of oxygen functional groups to the overall oxygen-bound carbon can be 

observed as oxidation proceed from GO1 to GO4. It can be observed that the percentage 

contributions from C=O and COOH to the overall carbon-bound oxygen doubles from 12% to 

24% for GO1 to GO2 (see Fig. 3(c)). However this amount reduces to 14% for GO4.   

 

 
sp

2
/Tot C sp

3
/Tot C (C-O,C-O-C)/Tot C C=O/Tot C O-C=O/Tot C 

GO1 23.8 24.9 45.2 5.0 1.1 

GO2 14.0 31.9 40.8 9.6 3.7 

GO3 17.8 27.6 43.2 6.6 4.8 

GO4 19.9 27.2 45.6 2.3 5.1 

 

Table 2: Atomic percentages for sp2, sp3, C-O & C-O-C, C=O, and O-C=O obtained from 

the deconvoluted XPS spectra for GO-GO4. Columns 4-6 were used to calculate percentage 

values summarized in Fig.3(c). 

 

The C=O and COOH groups are generally formed at the graphitic boundaries or at the edges 

of holes in the basal plane [16, 56]. Thus an increase in percentage contributions from the 

above two functionalities during oxidation from GO1 to GO2 can be the result of an increase 

in hole formation in the GO basal plane. The oxidation of graphite basal plane with KMnO4 

can lead to formation of vicinal diols. These vicinal diols, if left unprotected can lead to the 

formation of diketonic groups, which would lead to formation of holes in the graphene oxide 

basal plane [57]. However, the subsequent decrease in the percentage contributions from C=O 

and COOH groups to the C 1s spectra as the oxidation proceed from GO2 to GO4 can be 

interpreted as an inhibition to further hole formation in the GO basal plane. 

In the improved hummer’s synthesis method used in this research, H3PO4 is used as a 

protecting agent against hole formation in the basal plane [57]. However based on possible 

reasoning for the above results, indicate that it’s interaction with the vicinal diol as a 

protective group against further oxidation has been slower than the rate of oxidation of 

graphite. This has resulted in some holes being formed at the early times of GO basal plane 

oxidation. It is possible, based on the XRD results shown in Fig.1(b), that the d-space 
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expansion observed in GO3 and GO4 paved way for H3PO4 to enter into the interlayer space 

created and subsequently reduce further creation of lattice vacancies or holes.   

The interaction kinetics of H3PO4 as a protecting group, to the best of our knowledge, has not 

been reported before. Therefore, the findings in this research are important both in terms of 

controlling defect formation and ratio of edge to basal plane oxygen functionalisation as these 

significantly influence GO applications, specifically in the areas of sensing and development 

of nanocomposites. Further the findings are important for future research such as in 

controlling photoluminescence properties of GO for applications in the area of photonics [58-

59].    

 

3.4 Thermogravimetric analysis.  

The thermal stability of the oxygen functionalities of GOs can be obtained using 

thermogravimetric analysis. TGA can be utilized to obtain mass loss information when the 

sample is thermally reduced under inert atmosphere. Fig.4 presents the thermographs of GO1-

GO4 as a function of temperature.  

 

 

Fig. 4 TGA and the corresponding differential spectra of GO1, GO2, GO3, and GO4 in the 

temperature range 30 
o
C to 950 

o
C  

 

Based on the mass loss, the TGA profile can be separated into three regions: region one being 

in the range from room temperature to 250 
o
C, region two from 250 

o
C to 500 

o
C and region 

three greater than 500 
o
C. Also shown in the figure is the differential (dWL/dT) plot as with 
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respect to temperature for all the GOs. This is used to obtain the temperature for which the 

rate of mass loss is highest. In region one, the gradual mass loss of approximately 10% can be 

observed in all samples between room temperature and to about 105 
o
C which can be 

considered as due to loss of physisorbed water. This is followed by a significant mass loss of 

approximately 32% in the temperature range 150-250 
o
C in all samples. However the 

temperatures where the rate of mass loss is highest as reflected in differential plot vary as 194 

o
C, 203 

o
C, 206 

o
C, and 202 

o
C for GO1, GO2, GO3, and GO4 respectively.  

In region two of the TGA profile of the GOs a constant mass loss of approximately 7% was 

observed over the temperature range 250-500 
o
C. This corresponds to a constant mass loss of 

0.03% per centigrade.  A significant difference in the mass loss behavior can be observed in 

region three, where it deviates significantly for GO4 with 39% mass loss over the temperature 

range 500-900 
o
C at an average rate of 0.10% per centigrade. The onset temperature of the 

second significant mass loss in GO4 can be seen as approximately 500 
o
C. This observation of 

a second mass loss is consistent with the reported TGA spectra of GO synthesized using 

improved Hummers method [30,43,60]. The mass loss observed in the same temperature 

range for GO1, GO2, and GO3 has been 19%, 15%, and 15% respectively. It can be observed 

in the thermograph of GO4 that the weight loss ceases around 900 
o
C and only 6% of the 

initial weight remains at 950 
o
C. However this percentage is much less than the graphitic 

carbon concentration of 47% of both sp
3
 and sp

2
 carbon of GO4 obtained from XPS above.  

This implies creation of high concentration of defect sites that has led to loss of carbon atoms 

from the basal plane during thermal reduction.  

It has been reported that during oxidation, the oxygen functionalities tend to agglomerate 

creating areas of highly concentrated oxygenated domains surrounded by areas of pristine 

graphene [16-17, 61-63]. During thermal reduction these high concentrated oxygenated sites 

tend to form defects leaving holes in the graphene plane thus resulting in significant loss of 

weight [16, 64-65]. Both C-OH and C-O-C functional groups which are mostly formed on the 

graphene basal plane create strain in the in-plane carbon structure in the vicinity of the 

functional group [42]. Studies have shown that the strain developed due to C-O-C is greater 

than that developed due to C-OH groups [65]. Further it has been reported based on molecular 

dynamic simulations that desorption of C-OH groups during thermal treatment introduce 

minimal disorder to the basal plane structure, whereas the destruction is much larger with C-

O-C reduction [56]. It is also important to note that the TGA analysis was carried out under 

identical conditions for all samples, thus eliminating the environmental effect for the observed 

changes in the thermographs [66]. Therefore, the observed change in the thermal behavior of 
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GO4 to that of GO1, GO2, and GO3 can be related to the special distribution of the oxygen 

functionalities, especially that of C-OH and C-O-C on the above samples. Based on the XPS 

analysis of GO4 that shows ~ 86% of C-O and C-O-C bound carbon and the red shift 

(increased hydrogen bonding) observed in FTIR spectra for the same functional groups 

suggest that some of the above functionalities are in close proximity. Thus it is possible that 

the observed weight loss in GO4 in region three of TGA is a direct result of these functional 

groups in close proximity going through a C-OH to C-O-C transition and subsequently results 

in loss of material as temperature increase.  

   

3.5 Combined TGA-FTIR analysis.  

To further analyze the TGA data for the gas evolved, simultaneous IR measurements were 

carried out. The absorbance data obtained were presented in Fig.5(a) and (b) as 3D plots with 

respect to wavenumber and temperature for GO3 and GO4. Fig.5(c) and 5(d) show the 

extracted IR spectra from the above 3D plots for GO3 and GO4 respectively (see Online 

Resources 2 for extracted IR spectra for GO1 and GO2), at temperatures 200 
o
C and 600 

o
C 

where the rate of mass loss is maximum in region one, and in region three. The obtained IR 

spectra of gas desorbed was similar for GO1-3, thus only the IR absorbance spectra of GO3 is 

shown in Fig.5(a). The most dominant feature of these 3D IR-absorbance plots is the peak at 

2358 cm
-1

, which appears in the temperature regions 150-250 
o
C in all GOs and in region 3 

for GO4 (Fig.5(b)) only. Less intense absorbance peaks that follow the same temperature 

profile were observed at 670 cm
-1

 and in the region 3500-3760 cm
-1

. The temperatures at 

which the above absorbance peaks appear correspond to the onset temperatures where 

significant mass losses were observed in TGA. The peaks at 2358 cm
-1

 and 670 cm
-1

 

corresponds to the asymmetric stretching and bending modes of CO2 respectively [48]. The 

observed IR absorbance in the region 3500-3760 cm
-1

 is attributed to the evolved water vapor 

from the sample during the TGA experiment. Thus the evolution of CO2 and H2O gasses at 

specific temperatures as reported above indicate significant thermal reduction of oxygen 

functionalities in GO at these temperatures [64, 67-69].  

It can also be observed that the intensity variation in the CO2 and H2O IR-absorbance peaks 

are similar for all GOs in the temperature range 150-250 
o
C. These results are compatible with 

the approximately equal percentage weight losses recorded in TGA at the same temperature 

range. This indicates that decomposition of similar oxygen functional groups may be 

responsible for the observed mass loss in TGA and the corresponding IR absorbance observed.  
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The intensities of the IR absorbance spectra that correspond to the CO2 and H2O gases 

evolved in the temperature range 500-900 
o 

C during the TGA experiments on GO4 were 

stronger than the intensities observed for the same gasses in the temperature range 150-250 
o
C. 

This is in agreement with the TGA data that show a greater percentage of mass loss in this 

region compared to that in the region 1.  

Interestingly, the FTIR spectra taken of GO samples after heating to 250 
o
C under flow of 

argon as well as under vacuum conditions have shown significant reduction in IR absorbance  

for C-OH, C-O-C, and C=O functionalities (Online Resource 3). However IR absorbance was 

observed in the regions corresponding to COOH, C-H, and C=C. This indicate that the weight 

loss observed in region one at the temperature range 150 – 250 
o
C are mostly due to the 

reduction of C-OH and C-O-C functionalities out of which C-OH being the predominant 

species to reduce as it requires less energy [56]. On the other hand the presence of edge 

functionalized COOH indicated that these groups are much tightly bound to the graphene 

skeleton.    

 

 

 

        

        

 

(a) (b) 

(c) (d) 
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Fig. 5 IR spectra of gas evolved during TGA for (a) GO3 and (b) GO4 for temperature range 

30 to 950 
0
C. Also shown are the corresponding IR spectra at maximum rate of weight loss 

temperatures for (c) GO3 and (d) GO4 

 

In many literature the reduction of GO has been considered independently in developing 

control protocols for product constancy. The results from the above TGA and TGA-FTIR 

analysis provide an insight into the effect that graphite oxidation time would have in the 

thermal reduction process of GO and the properties of rGO. Thus the information could 

essentially be used in developing a process protocol for the synthesis of graphene via 

chemical routes that would generate high yields and consistent quality.   

 

3.6 Atomic force microscopy analysis. 

To gain insight into the exfoliability of the synthesized GO to single layers and their 

morphology, aqueous solution of GO 1mg/ml was sonicated for 10 min and then drop cast on 

a Si-wafer. The sample was allowed to dry and then imaged using AFM. Fig.6 (a) is an AFM 

image of exfoliated GO4 with lateral dimension in micron range. Similarly large flake sizes 

were observed in most of the GO4 samples studied.  A topographic line scan along the flake is 

shown in Fig.6 (b) and is used to calculate the flake thickness, which is ~ 1 nm and 

corresponds to thickness of a single layer of GO [17, 30, 70]. While we were able to exfoliate 

GO3 and GO4 to obtain single layer GO with large lateral size distributions, similar 

exfoliation into single layers were less observed on most GO1 and GO2 samples. Thus the 

exfoliability of GO3 and GO4, under the mild conditions reported here, can be attributed to 

the reduction in Van der Waals interaction between the adjoining layers as a result of c-axis 

expansion observed in XRD measurements.  
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Fig. 6 (a) AFM image of a GO flake drop casted on to a Si-wafer from a solution of GO4. (b) 

The thickness of the GO4 sheet was measured to be around 1 nm, as shown in the line scan 

 

The information on ability to exfoliate GO to single layers with large surface area and also 

within a fraction of time than reported in the improved Hummer’s synthesis is significant both 

in the production of GO and its use in applications. It reduces the cost of synthesis of GO and 

make it a more attractive choice in large surface area applications, such as in sensors, water 

purification, and in the development of nanocomposite materials.  

  

The analysis of the results from both spectroscopic measurements and the microscopy above 

indicate the presence of structural evolution beyond edge-to-center propergation mechanisms 

proposed by Tour et. al. [37], Shao et. al. [17], and Chen et. al. [41], and cross-planer 

oxidation proposed Aksay et. al. [42]. This highlights the effect of a single parameter, 

oxidation time, on the resulting GO structure. Therefore, the study provides important 

information for the synthesis of GO with controlled oxygen functionalities and structure that 

can be specific for the type of applications.   

 

4. CONCLUSIONS 

The research reports for the first time the evolution of oxygen functionalities in graphene 

oxide with oxidation time. The oxidation of graphite was carried out using improved 

hummer’s method for times 1, 2, 3, and 4 hours respectively. Combined XRD, FTIR, and 

XPS analysis indicated complete oxidation in all graphite samples with a constant percentage 

of oxygen-bound carbon to that of graphitic carbon. However, the percentage contribution 

from each type of functional group differs within the total oxygen percentage in these samples. 

The above differences indicate a complex structural variation in the GO basal plane that has 

been attributed to initial hole formation at the early stage of oxidation and subsequent 

inhibition in the hole growth due to the intervention of the H3PO4 protective group. The 

results also indicate an evolution in the spatial distribution of oxygen functionalities as 

oxidation progress.  

 

The research presented is significant as it provides details in the understanding of the 

evolution in graphene oxide structure and oxygen functionalities as a result of oxidation time.  

This would lead to synthesis of GO with controlled oxygen functionalities with 
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reproducibility. Also it show that the observed changes in the structure have a direct impact 

on the exfoliability of GO to single layers as well as on the reduction process to produce 

reduced graphene oxide (rGO). Further the ability to obtain lager lateral area single layer GO 

flakes at fraction of oxidation time than reported in improved hummer’s synthesis would lead 

to significant economic benefits in the production of GO and its use in applications. 
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