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The aim of the experimental research studies was to determine some electrical properties of graphite oxide and 
thermally exfoliated/reduced graphene oxide. The authors tried  to interpret the obtained physicochemical results. 
For that purpose, both resistance measurements and investigation studies were carried out in order to character-
ize the samples. The resistance was measured at various temperatures in the course of composition changes of 
gas atmospheres (which surround the samples). The studies were also supported by such methods as: scanning 
electron microscopy (SEM), Raman spectroscopy (RS), atomic force microscopy (AFM) and thermogravimetry 
(TG). Moreover, during the experiments also the elemental analyses (EA) of the tested samples (graphite oxide 
and thermally exfoliated/reduced graphene oxide) were performed.
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INTRODUCTION

     The history involving the fabrication of graphite oxide 
dates back more than 150 years ago when B. C Brodie 
prepared graphite oxide for the fi rst time. For that 
purpose he treated graphite with nitric acid and potas-
sium chlorate1. Nowadays, the methods developed by 
Hummer, Staudenmaier2, Hoffmann3 and obviously B. C 
Brodie are basic preparation methods of graphite oxide. 
Scientists in many research centers have been working 
on the fabrication of materials by oxidizing graphite and 
its further reduction4, 5. Researchers from the “Institute 
of Electronic Materials Technology - ITME” in Warsaw 
(Poland) and from “Grupa Azoty”, Tarnow (Poland) are 
trying to improve the production methods of graphene 
from the chemically reduced graphene oxide. Moreover, 
they started research studies aiming at the exfoliation 
of graphite, using organic solvents. Both methods are 
used in the production of highly defected graphene 
fl ake, suitable for application in the areas of optics 
and medicine, as well as in the automotive, aircraft and 
chemical industries6.

Currently, many research studies are focused on the 
application of graphite oxide and on the materials obta-
ined by its modifi cation (e.g. thermally reduced graphene 
oxide). Expanded graphene oxide has been applied as 
molecular membranes7 and also for the production of 
hydrogels (which can be used in biotechnology8). One of 
the most important branches of industry which applies 
materials obtained by the modifi cation of graphite is 
sensor technology9, especially gas sensor technology10–12. 
The materials obtained by the modifi cation of graphite 
seem to be as good as other (commonly applied) materials 
like TiO2, ZnO13, graphene14 or carbon nanotubes15–16.

Basing on their own experience4, 11, 17–18, the authors 
observed that various acquisition methods of graphite 
oxide and their modifi cations (e.g. thermally exfoliated/
reduced graphene oxide) affect their properties. It should 
be noted that further treatment affects the properties of 
the analyzed materials. Graphite oxide displays very poor 
electrical properties, so the modifi cations are necessary to 
dissect and remove  oxygen from the structure19. It has 

been observed that a longer heat treatment of graphite 
oxide increases its thermal and electrical conductivity20. 
Therefore, it seems to be reasonable to carry out basic 
research studies  in order to get to know and to un-
derstand the properties of carbon-based materials. The 
authors of this paper are working on the properties of 
graphite oxide and exfoliated/reduced graphene oxide in 
terms of their application as a sensitive layer in sensor 
systems.

  EXPERIMENTAL

Preparation of the samples
   The basic material in our experiments was graphite 

oxide and thermally exfoliated/reduced graphene oxide. 
The graphite oxide was prepared with the application 
of the modifi ed Hummer’s method21. In that process, 
commercial natural graphite powder (90 μm), sup-
plied by Graphit Kropfmühl AG (La-58 nm, Lc-29 nm, 
d002-0.338 nm and Cdaf99.5%) was used. Concentrated 
H2SO4 (95–97%) was used as an acid and KMnO4 and 
NaNO3 as oxidants. A graphite sample (1 g) with a < 
20 μm particle size (ground in a planetary ball mill, 
PM100) was mixed with the acid and placed in a bath 
of water and ice. The oxidizing agent was partially added 
in the course of continuous mixing until  a homogeneous 
paste had been achieved. The reaction temperature was 
within the range 5÷25oC. In such a method, the follow-
ing amounts of reagents were used: 30 ml of H2SO4, 
3 g NaNO3. After 2-hour mixing, oxidized products 
were obtained. In the next step, the obtained oxidized 
mixtures were diluted in 100 ml of mili-Q water and 3% 
H2O2 was slowly added. As the next step, the mixture 
was stirred for 30 min and then centrifuged (5000 rpm, 
15 min). As the next step, the supernatant began to decant 
away and the received solid material was washed with 
water mixture and centrifuged again. Such a process was 
repeated until pH became neutral. Finally, the graphite 
oxide was dried overnight under vacuum at 50oC and 
stored in the presence of P2O5 as desiccant.
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1000oC, with a heating rate of 10 K min–1 under an 
argon flow 25 ml min–1.

In order to measure the resistance of the sample, 
the structures were placed in the measuring chamber 
(a strictly controlled gas atmosphere was dosed to that 
chamber). All structures were connected in a parallel way 
to eliminate any differences of the temperature of the 
substrate, the dosed gas atmosphere or the composition 
of the gas. The resistance was measured in regular time 
intervals, enabling the determination of the difference 
between the resistance during the dosing of the synthetic 
air and the stabilized resistance during the dosing of hy-
drogen with the concentration of 4% in the synthetic air.

RESULTS AND DISCUSSION

Table 1 shows the qualitative and quantitative com-
position of the selected elements. The obtained results 
show that all the analyzed materials consisted principally 
of carbon. Graphite contains trace amounts of other 
elements. Graphite oxide is rich in additional functional 
groups, which consist mainly of oxygen and hydrogen. It 
is possible that such additional groups also contain carbon 
(eg. carbonyl groups). In graphite oxide the amount of 
other elements (sulphur and nitrogen) is very low. After 
the reduction process, the percentage content of carbon 
is higher than that in the case of graphite oxide. It may 
be concluded that the percentage contents of hydrogen, 
sulphur and oxygen were decreased It means that the 
additional groups must be released from the analyzed 
materials. The content of nitrogen was still very low.

Such signifi cant changes in the content of the respec-
tive elements suggest that graphite oxide and reduced 
graphene oxide display a different topography and dif-
ferent chemical and physical properties. Figure 1 shows 

Thermally exfoliated/reduced graphene oxide (further 
on referred to as reduced graphene oxide) was the second 
material  used in our experiments. The reduced graphene 
oxide was prepared from  graphite oxide (the preparation 
of which has been described above). The graphite oxide 
was reduced by annealing under a nitrogen atmosphere 
(5 min) at a temperature of 900oC.

Both graphite oxide and the reduced graphene oxide 
were imposed on the resistive structure in the same way. 
The sensing layers (graphite oxide and reduced graphene 
oxide) were mixed with a small amount of anhydrous 
ethanol and then applied onto the structure and left for 
48 hours to dry.

Characterization of the structures
All the experiments with the application of graphite 

oxide and the reduced graphene oxide were performed 
in parallel and will be described in the following sections 
of this work.

The qualitative and quantitative composition of the 
selected elements was determined using an elemental 
analyser, viz. Vario Macro Cube – Elementar Analysen-
systeme GmbH. Such equipment allows us to determine 
the content of oxygen, carbon, hydrogen, sulphur and 
nitrogen.

The differences in topography were confi rmed by me-
asurements using scanning electron microscopy (SEM) 
and atomic force microscopy (AFM). The SEM images 
were obtained using the Inspect S50 (FEI) system (me-
asurement parameters: HV: 2.0 kV, spot: 2.0, detector 
type: ETD).

The AFM measurements were carried out in complian-
ce with the NTEGRA Prima system (the NTMDT com-
pany) with HA_NC tip. The images were obtained using 
the intermittent contact mode (the resonant frequency 
was 255.965 kHz for the measurement of graphite oxide 
and 255.986 kHz for the measurement of the thermally 
exfoliated/reduced graphene oxide).

Raman spectra were obtained using the  N-TEGRA 
Spectra system (NT-MDT). The wavelength of the used 
laser was equal to 532 nm.

Thermogravimetric (TG) and differential TG (DTG) 
curves were obtained using a Netsch TGSTA209LUXX. 
The samples were tested within the range from 40 to 

Figure 1. SEM image of graphite oxide

Table 1. Content of carbon, hydrogen, nitrogen, sulphur and 
oxygen in analyzed materials (*the contents of individual 
elements for graphite was converted to a dafstate, which 
is understood as anhydrous and ash-free)
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the topography of the analyzed graphite oxide sample. 
The surface of this material is not homogenous – the 
grains differ in size (there are grains within the range 
from a few to 40 micrometers). The size of the gains 
of the reduced graphene oxide is more homogeneous, 
averaging approximately from 10 to 20 μm. Figure 2 
shows the topography of the thermally exfoliated/reduced 
graphene oxide. The surface of the reduced graphene 
oxide is signifi cantly better developed – the layers of that 

material were delaminated, forming a porous structure. 
Moreover, it can be noticed that the surface of the grains 
of graphite oxide is relatively smoother in comparison 
with the surface of the grains of the reduced graphene 
oxide. The topography of graphite oxide can be also seen 
in Figure 3 and the topography of the thermally reduced/
exfoliated graphene oxide in Figure 4. Such images were 
obtained by means of    atomic force microscopy (AFM).

Figure 2. SEM image of thermally exfoliated/reduced graphene oxide

Figure 3. AFM image of graphite oxide

Figure 4. AFM image of thermally exfoliated/reduced graphene
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to the surface despite thermal exfoliation/reduction of 
graphite oxide.

Analyzing the information quoted above, it can be seen 
that the pyrolysis occurs in several steps. In the fi rst step 
(from 40oC to 115oC), the maximum DTG temperature 
amounts to 880oC (the change in the weight is then equal 
to 4.0%) The weight change is (in this case) associated 
with the loss of moisture from the samples. The second 
pyrolysis step occurs within the range of temperature 
from 115oC to 205oC and from 205oC to 1000oC. In the 
temperature range from 115oC to 205oC, the maximum 
DTG temperature is equal to 172oC with a loss of we-
ight: 25.9%, while in the temperature range from 205oC 
to 1000oC, the maximum DTG temperature amounts 
to 246oC with a loss of weight: 25.7%. The second step 
of pyrolysis is associated with the disconnection of the 
functional groups from the surface (from the oxidized 
graphene planes)23.

The SEM image of the resistance structure with the 
reduced graphene oxide was presented in Figure 7. Fi-
gure 8 presents the differences between the resistances 
in the above mentioned gas atmospheres as a function of 
temperature for the structure with graphite oxide. Similar 
characteristics are shown in Figure 9 (for the structure 

The obtained measurement results using the Raman 
spectroscopy (RS) confirm the hypothesis that the 
structure of the reduced graphene oxide was delami-
nated. A typical Raman spectrum of graphite oxide 
and reduced graphene oxide is characterized by two 
characteristic peaks: ~ 1300 cm–1 (peak “D”) and ~ 
1580 cm–1 (peak “G”). The fi rst one („D”) originates 
from the breathing modes of six-membered rings that 
are activated by defects. The second one (“G”) is due 
to the E2g phonon in the Brillouin zone center22. The 
differences in defects (degree) can be determined by 
analyzing the value of the aforementioned peaks. The 
results of the calculations (ID/IG) for graphite oxide and 
thermally exfoliated/reduced graphene oxide are equal to 
1.09 and 1.13, respectively. Exemplary spectra are shown 
in Figure 5. The received differences prove that the 
number of defects in the structure increased considerably 
after the reduction process. This may be caused by the 
disconnection of a part of the functional groups and/or 
by the damage of the existing crystallographic structure.

The fact that the additional functional groups are 
removed from the analyzed structure can be confi rmed 
by the thermogravimetric technique (TG). Figure 6 pre-
sents the weight loss of graphite oxide as a function of 
temperature (blue line) and the weight loss of graphite 
oxide per minute, presented as a function of tempera-
ture (red line). It can be seen that the most signifi cant 
changes are taking place at a temperature of~ 200oC 
– above this temperature, the changes in weight of this 
material are taking place to a limited extent, due to the 
fact that the residual functional groups (hydroxyl –OH, 
epoxy – C-O-C and carbonyl – C=O) are still attached 

Figure 5. Raman spectra of graphite oxide and reduced graphene 
oxide

Figure 6. Weight loss as a function of temperature

Figure 8. Changes of resistance of structure with graphite oxide 
resulting from changes in surrounding atmosphere 
(synthetic air/4% hydrogen in synthetic air) – the fi rst 
attempt

Figure 7. SEM image of the resistance structure with thermally 
exfoliated/reduced graphene oxide nanoelements
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with the reduced graphene oxide). It should be noted 
that Fig. 8 and Fig. 9 present the results of the previous 
experiment. In the case of both structures, the optimal 
temperature for which the changes of resistance reach 
their maximum can be determined. In the structure with 
graphite oxide, the optimal temperature was ~ 100oC, 
while in the structure with the reduced graphene oxide, 
the optimal temperature was ~ 130oC. None of the 
structures showed any sensitivity (the resistances did 

not change during the changes in the composition of 
the dosing atmosphere) below 70oC. Moreover, it can 
be seen that the structure with graphite oxide did not 
react also above 120oC.

Further on, a few series of similar measurements were 
performed in order to check the stability of the struc-
tures. Unfortunately, the structure with graphite oxide 
stops reacting to the changes of the composition in the 
dosing atmosphere after its fi rst annealing (Fig. 10). The 
structure with the reduced graphene oxide still reacts 
distinctly (Fig. 11).

Fig. 12 shows the analogous characteristics to those 
shown in Fig. 9 (the structure with the reduced graphe-
ne oxide as a sensitive layer). The measurements were 
carried out several months after the fi rst experiment. 
It can be seen that the maximum changes of resistance 
take place in the range of temperature between 140oC 
and 160oC, which is slightly larger as compared to the 
one determined during the fi rst experiment. The chan-
ges of the resistance are also smaller than the changes 
determined after the fi rst experiment. The described 
behavior may have been caused by the fact that in 
the previous test the structures were very sensitive to 
temperature. It should be noted that the sensitive layer 
may contain trace amounts of ethanol. After the fi rst 
annealing (fi rst experiment), the additional functional 
groups, originating from ethanol, are removed from the 
sensitive layer. The absence of ethanol may also cause 
a lack of sensitivity of the structure of graphite oxide in 
subsequent experimental trials. In that case, the sensing 
layer of graphite oxide was not modifi ed enough ( too 
low temperature of annealing, different composition 
of the environment) to obtain a layer which is similar 
(with similar electrical properties) to the layer of the 
thermally exfoliated / reduced graphene oxide. Lower 
sensitivity of the sample with reduced graphene oxide, 
which was observed in further experiments, may have 
also been caused by the absence of ethanol. Moreover, 
it can be concluded that the delamination of the surface 
also affects the sensitivity (larger area of interaction).

Figure 9. Changes of resistance of structure with thermally exfoli-
ated/reduced graphene oxide resulting from changes in 
surrounding atmosphere (synthetic air/4% hydrogen in 
synthetic air) – the fi rst attempt

Figure 10. Changes of resistance of the structure with graphite ox-
ide as a function of time during dosing the various gas 
atmospheres (synthetic air/4% hydrogen in synthetic air)

Figure 12. Changes of resistance of structure with thermally exfoli-
ated/reduced graphene oxide resulting from changes in 
surrounding atmosphere (synthetic air/4% hydrogen in 
synthetic air) – the another attempt

Figure 11. The changes of resistance of the structure with reduced 
graphene oxide as a function of time during dosing the 
various gas atmospheres (synthetic air/4% hydrogen in 
synthetic air)
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CONCLUSIONS

The investigation studies allowed us to get a better 
knowledge of  physical and chemical properties of ma-
terials based on graphite oxide. The presented studies 
suggest that after the reduction and exfoliation process, 
the structures are characterized by stable properties. In 
such structures a part of the functional groups (which 
were present in graphite oxide) was removed. Conse-
quently, the remaining bonds of    thermally exfoliated/
reduced graphene oxide can interact with the surroun-
ding atmosphere. Thermally exfoliated/reduced graphene 
oxide can be used as a sensing layer for the detection 
of selected gases. Our current investigation studies show 
that the reduced graphene oxide is also sensitive to other 
gaseous environments. Moreover, it is also sensitive to 
the changes of temperature. Our future research studies 
will be focused on the examination of the sensitivity of 
the reduced graphene oxide to other gases (eg. NO2, 
CO, CO2, NH3, CH4, alcohol vapor and water vapor).
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