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Since the discovery of graphene, many different exfoliation processes of graphite oxide have been 
reported. Thermal reduction is the most often used method for graphene synthesis. It is a general 
assumption that during the exfoliation water vapor and carbon mono and dioxide are produced. In 
this paper it is shown that more complex products are formed during this process. Graphite oxides, 10 

prepared according to Hofmann, Hummers, Staudenmaier and Brodie methods, having different 
C/O ratios, were exposed to thermal shock. Resulting fragments detected by time-of-flight 
spectrometer exhibit the fragment fingerprints are very similar for all graphite oxides. Our finding 
challenge general assumption that only basic gasses are formed during thermal exfoliation of 
graphite oxide. The full understanding of the exfoliation mechanism and products is crucial for 15 

reproducible scalable synthesis of reduced graphenes on large scale. 

Introduction  

Graphene has been intensively studied since the discovery of 
graphene in 2004 for remarkable electrical, optical and 
mechanical properties.1 Thanks to these properties graphene and 20 

graphene based materials can be used for energy production and 
storage,2 catalysis,3 photovoltaics4 electrochemical sensing5 and 
biosensing,6 etc. Graphene can be synthetized by the down to top 
method which is based on principle of CVD techniques.7 The 
second possibility, top to down method, is based on exfoliation of 25 

graphite oxide by the chemical reduction or thermal 
reduction/exfoliation.8  
 Graphite oxide undergoes thermal reduction and exfoliation 
during thermal heating shock. Oxygen containing groups of 
graphite oxide are during this process vaporized and cause 30 

extreme increase of interlayer pressure which leads to the 
exfoliation of individual graphite oxide layers.9-10 It was 
suggested that exfoliation products compose of CO, CO2 and 
H2O. The CO2/H2O ratio is dependent on the C/O/H ratio of 
graphite oxide precursor.11 It is well known that product of 35 

exfoliation are highly defective: they contains holes (areas where 
carbon atoms are missing in honeycomb structure) or 
heptagon/pentagon defects in structure.12 Such structure may 
suggest that also larger fragments of carbon atoms are ripped off 
from graphene sheet.  40 

 Here we wish to challenge the simplistic view that only simple 
gasses as CO, CO2 or H2O are being released as exfoliation 
products from graphite oxide. We show that much more complex 
molecules are released from graphite oxide during its exfoliation.  
  45 

Experimental section 

We prepared four different graphite oxides from pure graphite 
microparticles (2–15 µm, 99.9995%, from Alfa Aesar). Sulfuric 
acid (98%), nitric acid (68%), fuming nitric acid (>98%), 
potassium chlorate (99%), potassium permanganate (99.5%), 50 

sodium nitrate (99.5%), hydrogen peroxide (30%), hydrochloric 
acid (37%), silver nitrate (99.5%), barium nitrate (99.5%) and 
N,N-dimethylformamide (DMF) were obtained from Penta, 
Czech Republic.  
 Graphite oxide prepared by the Staudenmaier method13 was 55 

termed ST-GO. Sulphuric acid (98 %, 87.5 mL) and fuming nitric 
acid (>98 %, 27 mL) were added to a reaction flask containing a 
magnetic stir bar. Subsequently, the mixture was cooled to 0 °C 
and graphite (5 g) was added. The mixture was vigorously stirred 
to avoid agglomeration and to obtain a homogeneous dispersion. 60 

While keeping the reaction flask at 0 °C, potassium chlorate (55 
g) was slowly added. Upon the complete dissolution of potassium 
chlorate, the reaction flask was loosely capped to allow the 
escape of the gas evolved. Then the mixture was continuously 
stirred for 96 h at room temperature. The mixture was then 65 

poured into deionized water (3 L) and decanted. Graphite oxide 
was redispersed in HCl solution (5 %, 3 L) to remove sulphate 
ions and repeatedly centrifuged and redispersed in deionized 
water until a negative reaction on chloride and sulphate ions was 
achieved. Graphite oxide slurry was then dried in a vacuum oven. 70 

 The second graphite oxide was synthesized similarly to the 
Hummers method and was termed as HU-GO.14 Graphite (5 g) 
and sodium nitrate (2.5 g) were stirred with sulphuric acid (98 %, 
115 mL). The mixture was then cooled to 0 °C. Potassium 
permanganate (15 g) was then added over a period of two hours. 75 
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During next four hours, the reaction mixture was allowed to reach 
room temperature before being heated to 35 °C for 30 min. The 
reaction mixture was then poured into a flask containing 
deionized water (250 mL) and heated to 70 °C for 15 minutes. 
The mixture was then poured into deionized water (1 L). The 5 

unreacted potassium permanganate and manganese dioxide were 
removed by the addition of 3% hydrogen peroxide. The reaction 
mixture was then allowed to settle and decant. The obtained 
graphite oxide was then purified by repeated centrifugation and 
redispersing in deionized water until a negative reaction on 10 

sulphate ions was achieved. Graphite oxide slurry was then dried 
in a vacuum oven. 
 Graphite oxide prepared according to the Hofmann method 
was termed HO-GO.15 Sulfuric acid (98 %, 87.5 mL) and nitric 
acid (68 %, 27 mL) were added to a reaction flask (Pyrex beaker 15 

with thermometer) containing a magnetic stir bar. The mixture 
was then cooled by immersion in an ice bath for 30 min. Graphite 
(5 g) was then added to the mixture with vigorous stirring motion. 
While keeping the reaction flask in the ice bath, potassium 
chlorate (55 g) was slowly added to the mixture. Upon the 20 

complete dissolution of potassium chlorate, the reaction flask was 
then loosely capped to allow the escape of the gas evolved and 
the mixture was continuously stirred for 96 hours at room 
temperature. The mixture was poured into 3 L of deionized water 
and decanted. Graphite oxide was then redispersed in HCl 25 

solution (5 %, 3 L) to remove sulfate ions and repeatedly 
centrifuged and redispersed in deionized water until a negative 
reaction on chloride and sulfate ions was achieved. Graphite 
oxide slurry was then dried in a vacuum oven. 
 Graphite oxide prepared by the Brodie method16 was termed 30 

BR-GO. Fuming nitric acid (>98 %, 62.5 mL) was added to a 
reaction flask containing a magnetic stir bar. The mixture was 
then subsequently cooled to 0 °C and graphite (5 g) was added. 
The mixture was stirred to obtain a homogeneous dispersion. 
While keeping the reaction flask at 0 °C, potassium chlorate (25 35 

g) was slowly added to the mixture. Upon the complete 
dissolution of potassium chlorate, the reaction flask was loosely 
capped to allow the escape of the gas evolved and the mixture 
was stirred for 20 h at 40 °C. Upon completion of the reaction, 
the mixture was poured into 3 L of deionized water and decanted. 40 

Graphite oxide was then redispersed in HCl solution (5 %, 3 L) to 
remove sulphate ions and repeatedly centrifuged and redispersed 
in deionized water until a negative reaction on chloride ions was 
achieved. Graphite oxide slurry was then dried in a vacuum oven. 
 Combustible elemental analysis (CHNS-O) was performed 45 

with a PE 2400 Series II CHNS/O Analyzer (Perkin Elmer, 
USA). In CHN operating mode (the most robust and interference 
free mode), the instrument employs a classical combustion 
principle to convert the sample elements to simple gases (CO2, 
H2O and N2). The PE 2400 analyzer performs automatically 50 

combustion and reduction, homogenization of product gases, 
separation and detection.  
 SEM microscope Lyra (Tescan) with FEG electron source was 
used for the observation of samples. For SEM measurements the 
original plate used for laser assisted exfoliation in LDI-TOF was 55 

used. Elemental composition and mapping were performed using 
an energy dispersive spectroscopy (SEM-EDS) analyzer (X-
MaxN) with a 20 mm2 SDD detector (Oxford instruments) and 

AZtecEnergy software. SEM and SEM-EDS measurements were 
carried out using a 10 kV electron beam and a working distance 60 

8mm.  
 inVia Raman microscope (Renishaw, England) in 
backscattering geometry with CCD detector was used for Raman 
spectroscopy. DPSS laser (532 nm, 50 mW) with 100x 
magnification objective was used for the measurement. 65 

Instrument calibration was achieved with a silicon reference 
which gives a peak position at 520 cm−1 and a resolution of less 
than 1 cm-1. The measurement was performed directly on the 
holder used for laser assisted exfoliation in LDI-TOF. In order to 
avoid damage of the measured sample the laser power of 0.5 mW 70 

was used. 
 Samples for laser desorption/ionization with time of flight 
detector mass spectrometry (LDI-TOF MS) were prepared 
similarly as described by Kuckova et al.17 1 µL of graphite oxide 
dispersed in DMF (1 mg/mL, 10 min/15 W ultrasonication) were 75 

directly dropped on the steel sample plate and air dried. The mass 
spectra were acquired in positive reflector (for masses in range of 
0 - 2000 Da) with mass accuracy 0.4 Da on the mass 
spectrometer Bruker-Daltonics Biflex IV fitted with a standard 
nitrogen laser (337 nm, 120 µJ). The spectra were analyzed using 80 

the XMASS (Bruker) and mMass software.18 Each mass 
spectrum was the result of at least 100 laser pulses. The spectra 
were calibrated by Pepmix (Bruker Daltonics, Germany). For the 
graphite oxide exfoliation various laser intensities (20 %, 40 %, 
60 %, 80 % and 100 %) were used. 85 

Results and discussion 

 We prepared four different graphite oxides (GOs) using 
traditional methods, according to Staudenmaier (ST-GO),13 
Hofmann (HO-GO),14 Hummers (HU-GO)15 and Brodie (BR-
GO)16 and exposed them to rapid heating with consequent 90 

analysis of the products by mass spectrometer using time-of-
flight detector (TOF). The process is shown in Scheme 1. 

 
Scheme 1 The process of oxidation and subsequent thermal reduction 

 95 

  The morphology of the graphite oxides was investigated by 
SEM (Fig. 1). GOs exhibited the typical structure formed by the 
layers of stacked graphite oxide. The micrographs in Figure 2 
show the products of thermal exfoliation. Graphene prepared by 
the laser assisted exfoliation procedure (rapid heating in a 100 

vacuum) exhibited a lamellar structure typical for thermally 
reduced graphite oxide. 
 During the thermal reduction of the GOs extremely high 
temperatures with high heating rates are reached locally at the 
area of the laser beam impact. Such process leads to a 105 

decomposition of oxygen containing functional groups which  
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Fig. 1 SEM images of (A) ST-GO, (B) HU-GO, (C) HO-GO and (D) BR-

GO. 

 
Fig. 2 SEM images after the exfoliation (A) ST-GO EXF, (B) HU-GO 5 

EXF, (C) HO-GO EXF and (D) BR-GO EXF. 

 
increases the interlayer pressure causing the exfoliation. During 
thermal shock temperatures over 1000 °C are locally obtained 
within the material, however, precise measurements of neither 10 

temperature nor heating rate are possible. 
 The composition (wt.%) of the GOs was determined by the 
combustible elemental analysis (CHNS-O). ST-GO contained 
73.7 wt.% of C, 1.0 wt.% of H and 0.3 wt.% of N and 25.0 wt.% 
of O; this implies the C/O ratio of ~2.95. Composition of HU-GO 15 

was 47.6 wt.% of C, 2.4 wt.% of H, 0.1 wt.% of  N and 49.9 wt.% 
of O, with resulting C/O ratio of ~0.95. HO-GO contained 54.7 
wt.% of C, 2.1 wt.% of H, 0.1 wt.% of N and 43.1 wt.% of O 
with the resulting C/O ratio of ~1.27. BR-GO contained 66.9 
wt.% of C, 1.4 wt.% of H, 0.4 wt.% of N and 31.3 wt.% of O 20 

with the resulting C/O ratio ~2.14.  It is apparent that the different 
routes of synthesis led to a different degree of oxidation of 
graphite. Results confirmed a successful synthesis of pure GOs 
with very low amounts of nitrogen, no sulphur was detected by 
the elemental analysis. 25 

 To confirm results obtained by combustible elemental analysis, 
we analyzed GOs by SEM-EDS. The composition and obtained 
C/O ratios are summarized in Table 1. Except for C and O, only 
trace amount of S (up to 0.3 wt.%) was detected. In comparison 
with combustible elemental analysis, different result were 30 

obtained for the C/O ratios. This fact can be explained by the 
indirect determination of oxygen in case of combustible 
elemental analysis. Elemental distribution maps are shown in 
Figure 3. Very uniform distribution was found in all GOs. 

 35 

Fig 3 EDS spectra (A) and corresponding elemental maps (B) of graphite 

oxides. 

 
Table 1 Elemental composition of graphite oxides and corresponding C/O 

ratios as determined by EDS. 40 

Sample C (wt.%) O (wt.%) S (wt.%) C/O ratio 

ST-GO 86.8 13.1 0.1 6.63 

HU-GO 74.1 25.6 0.3 2.89 

HO-GO 73.1 26.7 0.2 2.74 

BR-GO 77.8 22.2 0 3.50 

 

 

Fig. 4 Raman spectra (A) ST-GO, (B) HU-GO, (C) HO-GO and (D) BR-
GO. EXF signs after the thermal reduction (exfoliation).  
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Fig. 5 Mass spectrum of all graphite oxides obtained by (A) 40% 

of maximum laser energy, (B) 60% of maximum laser energy. 

 
Fig. 6 Detailed mass spectrum in the range of 100 to 150 m/z for HU-GO 5 

 We further characterized the materials using Raman 
spectroscopy. In Figure 4, two major bands were found for all 
samples. Samples after the thermal reduction are termed EXF 
(exfoliated). The first band, the D-band associated with sp3 
defects in the sp2 lattice, gives a signal at ~1350 cm-1. The second 10 

band, the G-band associated with a pristine sp2 graphene lattice, 
gives a signal at ~1560 cm-1.19 Also 2D and D“ bands were 
detected.20 The different intensity of backgrounds is noticeable 
before and after the exfoliation. Much higher background of 
sample before the exfoliation is caused by its florescence.21 From 15 

D and G peak intensity ratio it is possible to calculate the 
crystallite size in the material using equation:22 
La = 2.4 × 10-10 × λlaser

4 × IG/ID 
where IG/ID is the ratio of the intensities of the D and G bands 
respectively and λlaser refers to the laser wavelength (nm).   20 

   The D/G ratios and calculated crystallite sizes are 
summarized in Table 2. Only small changes in the structure of 
GOs before and after exfoliation were observed. These changes 
originated from the differences in composition of starting GOs 
(various concentrations of different oxygen functional groups). 25 

HO-GO and BR-GO contain high concentration of epoxide 
functional groups whose decomposition can form defects within 
graphene layers which leads to slight decrease of the D/G ratio. 
On the other hand, exfoliation of ST-GO is accompanied with 
relatively high increase of D/G ratio. This can originate from 30 

decomposition of hydroxyls and other oxygen functional groups 
presented on graphite oxide surface. HU-GO contains hydroxyl a 
carboxyl functional groups. Decomposition of carboxyl 
functional groups does not lead to higher defects concentration on 
graphene sheets resulting in significant change of the D/G ratio.  35 

 
Fig. 7 Detailed mass spectrum in the range of 355 to 455 m/z for all 

graphite oxides. 

 

Table 2 D/G ratios obtained from Raman spectroscopy and 40 

corresponding crystallite sizes of graphite oxides and reduced 
graphenes (EXF).  

Sample 

ST-GO 
ST-GO EXF 

HO-GO 
HO-GO EX 

HU-GO 
HU-GO EXF 

BR-GO 
BR-GO EXF 

D/G ratio 

0.72 
0.93 
1.01 
0.94 
0.97 
1.06 
0.99 
0.96 

La (nm) 

26.70 
20.67 
19.03 
20.45 
19.82 
18.13 
19.40 
20.01 

 

 
 45 

 To investigate the products of thermal reduction, time of flight 
mass spectrometry was performed for 20, 40, 60, 80 and 100 % 
of laser power output (120 µJ). At high energies (80 and 100 %) 
only small carbon clusters with m/z lower than 100 were 
generated. Spectra obtained from 40 % and 60 % of laser output 50 

were the most suitable for further analysis to investigate thermal 
reduction process (Fig. 5). All GOs generated almost similar 
mass spectra, they differed mostly in amounts of generated ions.  
At 40 % of laser energy higher yield of heavier ions was 
observed, while at 60 % of laser output more ions with m/z lower 55 

than 300 were formed. H2O, CO2, Na+, K+ and various organic 
compounds with different C/O/H ratios were detected at m/z 
lower than 70 in all samples. At higher m/z the presence of 
carbon clusters C6

+, C7
+, C8

+, etc. was evident in all GOs.  
 A detail of HU-GO spectrum with C9

+, C10
+, C11

+ and C12
+ is 60 

presented in Figure 6. Also the presence of carbon clusters C18
2+, 

C20
2+, C21

2+, C22
2+ and C23

2+ was proved from m/z values 108.5, 
120.5, 126, 132.5 and 138, respectively. Similar results were 
obtained previously,21 where series of carbon clusters were also 
obtained from graphitic matrix. 65 
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Fig. 8 The detail of mass spectra for the clusters with m/z 360, 376, 393, 409 and 449 for various graphite oxides. The ratios of peak areas were calculated 

for each cluster.

 Spectra of all four GOs with m/z from 355 to 455 are shown in 
Figure 7 and high resolution details of individual detected peaks 5 

are illustrated in Figure 8. While standard FWHM analysis is not 
suitable for 12C/13C isotopic ratio investigation, the ratios of (m/z) 
: (m/z)+1 were calculated from peak areas (Figure 8). Let as note 
that LDI-TOF spectroscopy is not accurate compared to other 
mass spectroscopy techniques.. 10 

 Detected peak at 360 m/z in ST-GO, HO-GO and BR-GO most 
corresponded to 12C30

+ ion. The peak at m/z = 361 was formed 
due to the presence of 13C in the form 12C29

13C1
 +. Also a weak 

peak at m/z = 362 was found corresponding to the 12C28
13C2

 + The 
ratio of m/z 360 and 361 indicates the presence of pure C30

+ ion. 15 

Such carbon cluster was already reported in the literature.23 Also 
Bowers et al. reported formation of stable planar bi-, tri- and 
tetra-cyclic rings for C20, C30 and C40.

 24  
 At 376 m/z there is another peak present in ST-GO, HO-GO 
and BR-GO, which is connected to the former one at 360. It can 20 

be explained by the presence of ion C30O
+. The formation of C30

+ 
and C30O

+ was not observed for HU-GO. The formation of 
heteroatom molecular clusters is strongly related to the chemical 
composition of graphite oxide. Presence of such peak can be also 
used as a fingerprint to distinguish between graphite oxide 25 

prepared by methods using chlorate and permanganate oxidation 
agents.  
 Also two major peaks at 393 and 409 m/z were detected 
differing by one oxygen atom. The molecular cluster with 393 
m/z had most probably the composition of C30O2H1

+. The larger 30 

cluster with 409 m/z had a composition with one more oxygen 
atom and corresponded to the C30O3H1

+.  

 The last peak at 449 m/z corresponded to a composition of 
C36O1H1

+ with the highest intensity for BR-GO and ST-GO. This 
is related to the differences in graphite oxide composition where 35 

BR-GO and ST-GO contain only negligible concentration of 
carboxylic acid functionalities and dominantly contain hydroxyl 
and epoxide groups. The oxygen and hydrogen containing 
clusters can be formed in the gas phase by charge transfer 
reactions with dominant product of graphite oxide exfoliation 40 

(CO2, CO and H2O). The formation of such clusters in the 
presence of carbon dioxide and water vapor was reported in the 
case of graphite interaction with laser beam.25  
 The detailed analysis of peak areas of m/z and m/z+1 peaks 
showed different behavior for HU-GO compared to other GOs 45 

(Fig. 8). The ratio of m/z to m/z+1 was in the range of about 4:1 
up to 8:1 for ST-GO, HO-GO and BR-GO, while in the case of 
HU-GO the ratio was much higher. This can indicate the 
deviation of the cluster composition. Due to the different 
composition of HU-GO (HU-GO was prepared by permanganate 50 

based oxidation method) the reduction of 394 m/z, 410 m/z and 
450 m/z intensities can be assigned to the higher concentration of 
oxygen with in the cluster where each four 12C atoms can be 
substituted with three 16O atoms; however the precise explanation 
of such results is challenging.  55 

 In the region 450 – 2000 m/z no ions were detected. This is a 
significantly different behavior compared to mass spectra 
obtained by laser ablation of graphite. We can conclude that the 
presence of oxygen functionalities in graphite oxide prevents the 
formation of higher carbon clusters or fullerenes.  60 
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Fig. 9 Relative abundance of individual carbon clusters for various laser 
energies. 

 
 We also studied the relationship between the intensity of laser 5 

and the amount of large carbon clusters formed. Relatively low 
values of the maximal laser energy (~40%) were the most 
suitable to reach the highest yield of large clusters. While 20% 
energy (24 µJ) was not sufficient for the exfoliation, energies 80 
and 100% led dominantly to the formation of small carbon 10 

clusters. Comparison of the obtained results is shown in Figure 9. 
The relative yield of four clusters with the highest abundance 
(m/z =360, 376, 409 and 449) was related to the total amount of 
carbon cluster C7+ which was present in all GOs for 40, 60, 80 
and 100% of laser power outputs. 15 

 

Conclusions 

We demonstrated that during rapid heating of graphite oxide, 
large amount of complex ions was generated. The mass spectra of 
exfoliation products of all investigated graphite oxides prepared 20 

by various methods show almost identical fingerprint with carbon 
cluster containing up to 36 carbon atoms. Only small differences 
in mass spectra of exfoliation products were observed between 
the graphite oxide prepared by chlorate based methods and 
permanganate methods. In the case of graphite oxide prepared by 25 

Hummers method molecular clusters C30O
+ and C30

+ were not 
detected. LDI-TOF MS can be used for the fast identification of 
method used for graphite oxide synthesis. Characteristic mass 
spectra of all graphite oxides allowed applications of such 
materials like matrix for characterization of various bio-30 

macromolecules. 
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