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Abstract—Derivatives of graphene have become important 

materials due to their excellent properties. Graphene oxide and reduced 

graphene oxide are especially interesting because they are relatively 
easy, cheap and quick to produce. Among many possible applications, 

reduced graphene oxide is a good candidate for sensor applications. Its 
properties can be controlled at the production stage. The precursor used 

and the method of oxidation have a significant influence on its 
properties. Therefore, it is worth taking a closer look at them. In this 

paper we analyse the influence of the oxidation method on the size of 
the reduced graphene stock, which determines the sensitivity of the rGO 

layer. We used AFM microscopy for this purpose.  
 

 

Graphene and derivatives of graphene are of great interest 

due to their unique chemical and physical properties [1–
4]. However, derivatives of graphene such a s gra phene 
oxide (GO) or reduced graphene oxide (rGO) are more 

suitable for sensor applications. It is because, pristine 
graphene has not dangling bonds, defects and add itional 
functional groups which have a significant in f luence on 

gas adsorption [1]. High cost of graphene fabrication and  
low capacity of production are an additional problem [1 ]. 

Considering GO and rGO, rGO is more suitable for 
sensor applications due to its much higher conductiv ity 
(GO shows insulating or semi-conducting behavior 

whereas rGO has electrical conductivity of ~6300 S cm -1) 
and richer sorption sites (specific surface a rea o f  GO is 
890 m2g-1 whereas rGO is ~2600 m2g-1) [5–6]. 

 

 
Fig. 1. Exemplary AFM image of rGO stacks. 
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Reduced graphene oxide (Fig. 1) is a  p-type 
semiconductor that is obtained from the graphite by 

oxidation and further reduction (chemical, thermal, 
electromechanical, or other method). This process, 
generally, reduced the GO oxygen content, removed 

functional groups and defects in atomic-scale latt ice [7–
8]. Thus, it allows to obtain a material similar in structure 

to pristine graphene but much cheaper. The choice of 
oxidation and reduction method is important because it s 
significantly affects the properties of the reduced 

graphene oxide [9]. For example, it determines the 
number and type of functional groups as well as the size 
of rGO affecting the sensitivity of the sensor [10–12]. So, 

rGO produced by various methods will have various 
chemical and physical properties. 

In this paper we analyze the influence o f the oxidat ion 
method on the size of the rGO stack. To  m easure these 
parameters, we used the atomic force microscopy 

(NT-MDT, NTEGRA Prima platform). 
AFM is a powerful tool for the acquisition of topographic 
data of the surface of various materials and their analysis. 

The basic parameters that can be determined f rom AFM 
measurements are max and min h eigh t  o f the surface, 

roughness, average roughness, x and y dimensions of the 
selected area, root-mean-square coefficient (RMS), a nd 
etc. The principle of the AFM operation is p resen ted in  

[13]. Generally, AFM can operate in three modes: 
contact, non-contact and intermittent contact m ode. We 
used in our investigation the intermittent-contact m ode, 

which eliminates the disadvantages of those p reviously  
mentioned. The measurements were performed  with  the 

following parameters: frequency: 1 Hz, number of poin ts 
per line: 256. The obtained data (AFM images) were 
analyzed using Nova Software.  

 
To investigate how different oxidation methods affect the 
size of the reduced graphene oxide, we fabricated a f ew 

samples.  
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Fig. 2. Scheme of samples preparation. 

Firstly, we took 3 samples (1 g) of flake graphite (F). 

Secondly, we oxidized each of them using one of the tree 
methods (C, E, M). Methods C is the modification of the 

Hummers’ method while methods E and M are the 
modification of the Tour’s method. The parameters of the 
oxidation process were selected in such a way that the 

obtained graphite oxide was characterized by the highest  
possible degree of oxidation. The parameters of the 
oxidation process are shown in Table 1. 

 

Table 1: The parameters of the oxidation process 

 
Method 

C E M 

acid base H2SO4 H2SO4 
H2SO4 

H3PO4 

oxidizing 

mixture 

HNO3 

KMnO4 

NaNO3, 

KMnO4 

KMnO4, 

KNO3 

time 24h 2h 5h 

 
In that way, we obtained 3 samples of graphite oxide 

(GOF-C, GOF-E and GOF-M, depending on the oxidation 
method). Further processes were exactly the same f or a ll 
graphite oxides: we performed thermally reduction 

(900˚C, 0.5h) and sonic exfoliation. We called the 
obtained samples as: rGOF-C, rGOF-E and rGOF-M. The 
general scheme of preparation of reduced graphene oxide 

is shown in Fig. 2. The obtained materials were no single- 
layered, they contained a few layers arranged in a  stack. 

For such materials, we performed the AFM measurements 
and compared the sizes of reduced graphene oxide stacks. 
The summary of the results is shown in Fig. 3. Finally, 

based on this data, we drew the conclusions. To check 
whether our conclusions were reproducible f or reduced 
graphite oxides obtained from the other graphite 

precursors (scaled, synthetic), we repeated the entire 
preparation process for other precursors (scaled and 

synthetic). The samples obtained in this way were called : 
rGOS-C, rGOS-E, rGOS-M for a scaled precursor and 
rGOE-C, rGOE-E, rGOE-M for a synthetic precursor. 

 

 
Fig. 3. The size of reduced graphene oxides obtained using flake 

graphite and various oxidation method. 

It can be seen in Fig. 3 that the size of rGOF-E and 

rGOF-C is the smallest and does not exceed  the size o f  
(2×1) µm. The rGOF-M stack is bigger than the others 

(average 3×1 micrometers). The similarly situation is 
observed for reduced graphene oxides obtained from 
scalar graphite (Fig. 4). The biggest size is registered  f o r 

rGOS-M stack. For rGO obtained from scalar precursor, 
the sizes of rGOS-E stack are the most homogeneous and 
the smallest (max. 0.8×0.5 µm) while the sizes of 

rGOS-M and rGOS-C stacks are more varied. Their sizes 
do not exceed a few by a few micrometres. 

 

 
Fig. 4. The size of reduced graphene oxides obtained using scalar 

graphite and various oxidation method. 
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Fig. 5. The size of reduced graphene oxides obtained using synthetic 

graphite and various oxidation method. 

Figure 5 presents the size of the rGO stack obtained from 

synthetic graphite and oxidized using various (C, E, M) 
methods. All stacks (independent from the type of 

oxidation method) are small in size and mostly do not 
exceed (1×0.5) µm. It allows us to conclude that  f or the 
samples obtained from synthetic graphite, the oxidation 

method does not have much influence on the  rGO sta ck 
size.  
 

Summarizing, the reduced graphite oxides obtained using 
the E oxidation method are the smallest, while those 

obtained by the M method are the most heterogeneous. In  
our opinion, among the analyzed materials, the most 
suitable for sensor purposes seem to be those oxidized 

using the E method (based on [14–17], the size of  rGO’s 
grains used as a sensing layer are about 1 or a few 
micrometers). However, this requires additional research 

including FT-IR measurements, gas and response testing. 
Such investigations are currently in progress. 

 
 

References 
 

[1] S.M. Majhi, A. Mirzaei, H.W. Kim, S.S. Kim, Sensors 21, 4 (2021).  

[2] M. Pumera, Energy Environ. Sci. 4, 3 (2011). 
[3] X. Yu, H. Cheng, M. Zhang, Y. Zhao, L. Qu, G. Shi, Nat. Rev. Mater. 

2,  9 (2017). 
[4] M.Y. Xia, Y. Xie, C.H. Yu, G.Y. Chen, Y.H. Li, T., Zhang, Q. Peng, J.  

Control. Release 10, 111009 (2019). 
[5] X. Zhu, Y. Zhou, Y. Guo, H. Ren, C. Gao, Nanotechnology 30, 45 

(2019). 
[6] Z. Wu, Y. Wang, S. Ying, M. Huang, C. Peng, IOP Conf. Ser.: Earth 

Environ. Sci. 706, 1 (2021). 
[7] S. Pei, H.M. Cheng, Carbon 50, 9 (2012). 

[8] K. Spilarewicz-Stanek, A. Kisielewska, J. Ginter, K. B ałuszyńska,  
I. Piwoński, RSC Adv. 6, 65 (2016). 

[9] R. Muzyka, S. Drewniak, T. Pustelny, M. Sajdak, Ł. Drewniak, 
Materials 14, 4 (2021). 

[10] B. Lesiak, G. Trykowski, J. Tóth, et al. J Mater. Sci. 56(5), 3738 

(2021). 
[11] A.T.Smith, A.M. LaChance, S. Zeng, B. Liu, L. Sun, Nano Materi al s 

Science 1, 1 (2019). 
[12] N. Yi, Z. Cheng, H. Li, L. Yang, J. Zhu, X. Zheng, Y. Chen, Z. Liu, H. 

Zhu, H. Cheng, Materials Today Physics 15, 100265 (2020). 
[13] https://www.nanoandmore.com/what-is-atomic-force-

microscopy?gclid=Cj0KCQjw1ZeUBhDyARIsAOzAqQKAhWvH0H
hpH9011DNJ5LYIIvWOL4HNlddnwxXMg_F1gBHw5M0eIA0aAot

LEALw_wcB  
[14] M. Donarelli, L. Ottaviano, Sensors 18, 11 (2018). 

[15] Y.L.T. Ngo, S.H. Hur, Materials Research Bulletin 84, 168 (2016). 
[16] Y.-S. Chang, F.-K. Chen, D.-C. Tsai, B.-H. Kuo, F.-S. Shieu, Scientific 

Reports 11, 1 (2021). 
[17] R. Sivakumar, K. Krishnamoorthi, S. Vadivel, S. Govindasamy, 

Diamond and Related Materials 116, 108418 (2021). 
 

https://www.sciencedirect.com/science/article/pii/S2589965119300042#!
https://www.sciencedirect.com/science/article/pii/S2589965119300042#!
https://www.sciencedirect.com/science/article/pii/S2589965119300042#!
https://www.sciencedirect.com/science/article/pii/S2589965119300042#!
https://www.sciencedirect.com/science/article/pii/S2589965119300042#!
https://www.scopus.com/sourceid/21101048264?origin=resultslist
https://www.scopus.com/sourceid/21101048264?origin=resultslist
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.sciencedirect.com/science/article/pii/S2542529320300894#!
https://www.scopus.com/sourceid/21100901468?origin=resultslist
https://www.scopus.com/sourceid/21100200805?origin=resultslist
https://www.scopus.com/sourceid/21100200805?origin=resultslist

