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Abstract
Reduced graphene oxide and graphene oxide (rGO, GO) were synthesised from carbon nanofibers, which were formed in 
catalytic thermal decomposition of methane (CDM) and biogas with different catalysts used in the process. The aim of the 
work was valorization of CDM carbon nanofiber products. The samples were characterized using Raman spectra, a scanning 
electron microscope and a transmission electron microscope. As a result, we observe exfoliation and the sample surface to 
obtain the best samples of rGO and GO. These valuable products will be useful in improving the methane/biogas thermal 
decomposition process. The samples have been compared and a single layer of reduced graphene oxide can be seen on 
images. In addition, the influence of various catalysts (especially for Fe/Al2O3 and Ni/Al2O3) used in CDM on quality of 
samples was compared.
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Introduction

Carbon nanofibers were discovered during tests with 
fullerene materials using the arc technique (Iijima 1991; 
Martin 1994) and since then numerous applications of car‑
bon nanofibers and nanotubes have become available, such 
as hydrogen storage (Benard and Chahine 2007), chemi‑
cal sensors (Chambers et al. 1998), nanoscale electronic 
devices (Dillon et al. 1997), and catalytic support (Mira‑
bile Gattia et al. 2009). In addition, various methods of 
generation of carbon nanofilaments are described, such as 
electrolysis of carbon dioxide, heat treatment of a poly‑
mer, low‑temperature solid pyrolysis or in situ catalysis 
(Journet and Bernier 1998; Ren et al. 2015). The most 
used techniques for carbon nanotubes and nanofibers prep‑
aration include laser ablation, electric arc discharge, and 
chemical vapor deposition (Bayat et al. 2016; Fan et al. 
2015; Journet and Bernier 1998). Another popular method 
is the thermal decomposition process, which is used in the 
Institute of Carbon in Zaragoza. This method has the best 
efficiency of product formation and allows control of the 
structure and morphology of carbon nanotubes through 
modification of the catalyst composition and reaction 
parameters (Rostrup‑Nielsen et al. 1998; Zou et al. 2006). 
It is critical in the process to control the high tempera‑
ture in the furnace and the selection of catalyst. Catalytic 
thermal decomposition of methane (CDM), which is a 
technique for hydrogen generation and additionally fila‑
mentous carbon formation, was used in this investigation 
(Ayabe et al. 2003; Ermakova et al. 2001; Fan et al. 2015; 
Moliner et al. 2006; Oberlin et al. 1976). Moreover, this 
method is an alternative way of hydrogen production from 
natural gas, biogas, syngas and other hydrocarbons (Bjorn 
Gaudernack 1998; Benard and Chahine 2007; Goodman 
et al. 2006; Rostrup‑Nielsen et al. 1998). Biogas mainly 
composed of  CH4 and  CO2 generally is used for the gener‑
ation of heat, electricity, combined heat and power, differ‑
ent alternatives for utilization, in the production of syngas 
 (H2 and CO) or hydrogen (Pinilla et al. 2017). Different 
parameters used in the catalyst thermal decomposition pro‑
cess, such as temperature, various catalysts, and gasses, 
form carbon nanofilaments such as single‑wall nanotubes, 
multi‑wall nanotubes, a platelet, fishbone solid, fishbone 
hollow core, ribbon, and stacked cup (Martin‑Gullon 
et al. 2006). Conventional catalysts used in the methane 
decomposition process are iron, nickel, copper supported 
on different metal oxides such as alumina, silica, magne‑
sia, titania, and others (Bayat et al. 2016; Horváth et al. 
2011). Various carbon forms such as graphite layers with 
metal particles, filaments of amorphous carbon, multi‑
walled nanotubes, amorphous carbon layers on catalysts 
can be generated in the thermal catalytic decomposition 

process (Journet and Bernier 1998). Multiwalled carbon 
nanofibers are composed of graphene sheets oriented at an 
angle to the nanotube axis, in bamboo structure graphene 
sheets are curled inwards (Bayat et al. 2016). In this work, 
those nanofilaments were used in the graphene synthesis 
process. The aim of the work was to prepare reduced gra‑
phene oxide (rGO) and graphene oxide (GO) samples from 
different nanofibers, which were obtained in catalytic ther‑
mal degradation of methane or biogas. The efficiency of 
this synthesis was assessed by comparison of the surface 
of rGO and GO which was obtained from nanofibers. rGO 
materials were synthesised by chemically reducing exfoli‑
ated GO. Nanofiber samples were prepared using catalytic 
methane or biogas decomposition with different catalysts 
and temperatures.

The main reasons for graphene synthesis are their physi‑
cal, mechanical and optical properties, such as high electri‑
cal and thermal conductivity, strength, elasticity, mechani‑
cal hardness, excellent electron transport, nano‑dimensions 
which allow reducing the size of devices, and others (Kim 
et al. 2010). It is of interest for industrial application and prac‑
tical uses in many fields, such as electronics, transistors, solar 
cells, supercapacitors, hydrogen storage, sensors, and memory 
devices. The quality of graphene and reduced graphene oxide 
samples depends on the synthesis method, such as chemical 
vapor deposition, arc discharge, reduction of CO, unzipping 
carbon nanotubes, chemical conversion, and self‑assembly of 
surfactants (Kim et al. 2010). The process usually starts from 
graphite and graphene oxide, which is formed in the aque‑
ous or organic medium by exfoliation methods. Exfoliation 
dispersion is reduced using different methods. In this inves‑
tigation, graphene oxide was prepared using the Hummers’ 
method (Hummers and Offeman 1958), then samples were 
reduced using hydrazine hydrate and exfoliated by ultrasonica‑
tion. GO has application in many fields, an example is prepar‑
ing composite materials with NBR (nitrile‑butadiene rubber) 
modifying exfoliated GO (Zhang and Cho 2017). Graphene 
oxide reduction using hydrazine was carried out without sur‑
factants, what is more, this method could be easily realized 
in large‑scale production of the aqueous graphene dispersion 
(Kim et al. 2005). This is a promising method for industrial 
graphene production, in this study, we used products of ther‑
mal degradation of methane or biogas. These materials were 
characterized by a scanning electron microscope—SEM, a 
transmission electron microscope—TEM and Raman spec‑
troscopy. Moreover, catalytic thermal degradation of methane 
or biogas will be more profitable.
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Experimental

Materials

Carbon nanofiber synthesis

In this work, carbon materials were obtained in two differ‑
ent processes: catalytic degradation of methane or biogas. 
Catalysts traditionally used in CDM consist of transition 
metals belonging to group VIII supported on various metal 
oxides (Abbas and Wan Daud 2010). CDM was carried 
out at 800 °C with three different catalysts, such as  Fe2O3/
Al2O3 (molar ratio 1:1);  Fe2O3/Mo/MgO and  NiCuAl2O3. 
The preparation of catalysts was described elsewhere 
(Lázaro et al. 2015), briefly—catalysts were prepared by 
fusing the nitric salt of nickel (or copper, iron) with the 
nitric salt of aluminum, then these were decomposed at 
350 °C and calcination performed at 450 °C. Different 
temperatures of reduction were used to evaluate the purity 
of hydrogen production and influence of the pre‑reduction 
treatment of catalyst. In this investigation, the influence 
of temperature treatment on graphene layers was tested: 
carbon nanotubes were subjected a various temperatures 
in oven: 800, 1500 and 2800 °C with  Fe2O3/Al2O3 (molar 
ratio 1:1) as catalysts.

Nanofibers were also prepared during catalytic biogas 
degradation. Biogas is mainly composed of methane and 
carbon dioxide and in experiments mixtures of gasses 
containing  CH4 and  CO2 (50%:50%) were used, there was 
no  H2S which could cause corrosion problems. The pro‑
cess was carried out in a rotary‑bed reactor heated by an 
electric furnace at 700 °C for the reaction with the cata‑
lyst Ni/Al2O3 (Ni:Al molar ratio 2:1) (Pinilla et al. 2011). 

Additional information on experimental apparatus can be 
found in Ref. (Sebastián et al. 2009).

The aim of the work was to synthesize graphene‑like 
structures in a two‑step process from different carbona‑
ceous nanomaterials. The samples of nanofilament carbon 
were from catalytic methane or biogas decomposition with 
three catalysts and from CDM at various temperatures of 
the process.

Syntheses of GO and rGO

The synthesis of rGO takes place in two steps: graphene 
oxide preparation and reduction (Fig. 1). Carbon nanofibers 
and nanotubes from catalytic methane or biogas degrada‑
tion were used as substrates for the synthesis of graphene 
oxide. The synthesis was carried out using the Hummers’ 
method (Hummers and Offeman 1958). Carbon nanotubes 
or nanofibers (1 g) and  NaNO3 (0.5 g) were mixed, then sul‑
furic acid (50 mL; 98%) was added. The solution was mixed 
in a beaker with an ice bath, then  KMnO4 (3 g) was added 
slowly, the temperature of the solution must be below 20 °C. 
After 2 h of stirring, the ice bath was removed and the tem‑
perature of the mixture was brought to 35 °C, and then was 
stirred for 18 h and the color of the solution became brown. 
Distilled water (75 mL) was slowly added and the tempera‑
ture of the solution needed to be below 50 °C. Then water 
(120 mL, 50 °C) with  H2O2 (2.5 mL; 30 wt %) was added 
and stirring continued for 2 h. The suspension was filtrated, 
washed with 250 mL of HCl (10%), water and ethanol, and 
dried all night in a vacuum oven at 70 °C.

The second step starts with 100 mL of distilled water 
added to 250 mg of graphene oxide (GO) and the solution 
was stirred with a magnetic bar until the solution became 
homogeneous and with a black color. Hydrazine hydrate 
(250 µL) was used for reduction and the solution was 

Fig. 1  Schematic of preparation of reduced graphene oxide
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sonicated to exfoliation for 30 min. Then, the sample was 
dried at 100 °C all night.

Results and discussion

Raman spectroscopy measurements were conducted to 
investigate the structure of the synthesized GO and rGO 
samples. Raman spectroscopy is one of the most versatile 
tools to study the structure of carbonaceous materials. The 
structural changes of the carbon lattice that arose during 
chemical processing of graphene oxide to reduced gra‑
phene oxide are reflected in the presented Raman spec‑
tra (Fig. 2). The Raman spectrometer is a nondestructive 
device useful to characterize the degree of structural order, 
crystallization and defects in carbon material (Cao et al. 
2015; Cuesta et al. 1994). There are several methods for 
deconvolution of Raman spectra, including 3‑, 4‑ or 5‑peak 

models of the first‑order spectra. In this work, we used the 
4‑peak model to fit first‑order spectra due to achieving 
the best fitting accuracy for this model. The curve fitting 
results obtained in the present study utilize a Lorentzian‑
type peak for all the spectra. The results of the fitting pro‑
cedure of the graphene oxide and reduced graphene oxide 
spectra are presented in Table 1. The first‑order spectra of 
both samples include: the D‑band at ~ 1343 ± 4 cm−1, the 
G‑band at ~ 1576 ± 5 cm−1, the Dʹ‑band at 1607 ± 4 cm−1 
and the Dʺ‑band at 1502 ± 11 cm−1. As known from the 
literature, in the Raman spectra of disordered carbona‑
ceous materials, a small I‑peak can be observed at about 
900–1200 cm−1, that can be ascribed to the disordered 
graphitic lattice (Dettlaff et al. 2017). The I‑band is very 
often treated as a shoulder of the D‑band. Due to its low 
intensity, we did not take the I‑band into account in Raman 
spectra analyses. The D‑band arises as a consequence of 
a lattice disturbance like the edge of the graphene layer or 

Fig. 2  Curve fit with first‑order band combination for GO and rGO. a GO with Fe/Al2O3 catalyst, b rGO‑ Fe/Al2O3, c GO‑ Fe/Mo/MgO, d rGO‑ 
Fe/Mo/MgO, e GO‑ Ni/Al2O3, f rGO‑ Ni/Al2O3
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heteroatoms present in the carbon lattice (Sadezky et al. 
2005). In general, Raman spectra of pure and high‑quality 
graphene do not show the D‑band. However, in the case of 
reduced graphene oxide, the D‑band always appears in the 
spectrum, indicating disorder of the carbonaceous layers. 
In the case of the Raman spectra of the investigated GO 
and rGO samples, a quite broad D‑band is observed. One 
should bear in mind that the samples used in this experi‑
mental work might be inhomogeneous and the presence 
of amorphous carbon or graphite could give such a shape 
of the D‑band and additional presence of Dʺ‑band. These 
D and Dʺ bands are attributed to a disordered symmetry 
of  sp2 carbon, which might be caused by many effects: 
amorphous carbon (Dʺ peak presence), incorporated het‑
eroatoms (in the case of the investigated samples, the het‑
eroatoms such as Ni, Fe, and Mo might be present in the 
carbon lattice as a catalyst residue from the CDM process), 
functional groups, defects of the tube, etc. (Cuesta et al. 
1994; Ferrari et al. 2006; Ferrari and Robertson 2000; 
Sadezky et al. 2005). Changes in shape and intensity of 
the G peak of reduced graphene oxide compared to gra‑
phene oxide samples are shown in Fig. 2. Earlier studies 
have reported that an increasing degree of graphitization 
is involved with the decreasing G‑ and D‑band (Sadezky 
et al. 2005). According to the literature reports, the num‑
ber of defects in the carbon material may be quantified by 
the peak area ratio of D‑ and G‑bands and also Dʹ and G. 
As shown in Table 1, the reduction of GO caused, in most 
of the samples, a slight decrease of the AD/AG and ADʹ/AG 
ratio. In addition, the height and area of the Dʹ‑bands are 
smaller in the case of GO samples than in the case of 
rGO. Samples where Ni/Al2O3 was the catalyst were an 
exception. When analysing the G bands of Raman spectra 
(peak at ~ 1576 cm−1) one may observe that the peak area 
decreases with progression of the reduction process.

The second‑order Raman spectra of GO and rGO sam‑
ples are presented in Fig. 3. They consist of two broad 
peaks, namely 2D‑band that appear at around 2700 cm−1 
and the D + G‑ band at approx. 2900 cm−1. The 2D‑band 
corresponds to the overtones of the first‑order D‑band, 
whereas the D + G appears due to the combination of 
the G and D mode characteristics for disturbed graphitic 
structures (Cuesta et al. 1994; Sadezky et al. 2005). Quan‑
titative analysis of these spectra was not done because the 
evaluation would be ambiguous due to a lot of interfer‑
ences. However, the second‑order spectra of reduced gra‑
phene oxide samples (rGO–Fe/Al2O3, and rGO–Fe/Mo/
MgO) (Fig. 3b, d) exhibit a higher intensity of D + G 
band.

The presented results of Raman measurements indi‑
cate that the reduction process of graphene oxide samples 
is not complete and the rGO samples present disordered 
structure.Ta
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SEM and TEM analysis

Scanning and transmission electron microscopes were used 
to study the morphology and homogeneity of the samples. 
The SEM and TEM images were used to identify carbo‑
naceous structures of the investigated materials. Different 
carbon nanostructures are presented in Fig. 4: carbon fish‑
bone structure is formed when Ni/Al2O3 and Ni/Cu/Al2O3 
were used as catalysts and the nanotube structure received 
when applying Fe/Al2O3 as catalyst during CDM (Fig. 4a) 
GO‑ with Fe/Al2O3 catalyst, (e) GO‑ Fe/Al2O3, (i) rGO‑ 
Fe/Al2O3, (b) GO‑ Fe/Mo/MgO, (f) rGO‑ Fe/Mo/MgO, (j) 
rGO‑ Fe/Mo/MgO, c) GO‑ Ni/Al2O3, (g) rGO‑ Ni/Al2O3, 
(k) rGO‑ Ni/Al2O3, (d) GO‑ Ni/Cu/Al2O3, (h) GO‑ Ni/Cu/
Al2O3, (l) GO‑ Ni/Cu/Al2O3). The SEM and TEM images 
present a wrinkled layered texture, which is associated with 

the presence of ultrathin GO and rGO sheets. Layers of 
reduced graphene oxide can be seen in the presented images, 
especially in the samples where Fe/Al2O3 and Ni/Al2O3 cata‑
lysts were used for the carbon nanofiber production. On the 
other hand, the images of a few samples show places with 
large agglomeration of nanocarbons (Fig. 4d, h, l—Ni/Cu/
Al2O3—GO), which affected the smaller efficiency of syn‑
thesis. The results confirm inhomogeneity of some samples.

SEM and TEM analyses were also used for investigation 
of the potential influence of heat treatment (pyrolysis at 700, 
1500 °C and 2800°) on the structure of graphene oxide and 
reduced graphene oxide (Fig. 5.). The images of the synthe‑
sised samples with various heating treatment revealed that the 
GO and rGO material at 700 °C consists of randomly crum‑
pled, aggregated, thin sheets (Fig. 5a–c). The higher tempera‑
tures of the CDM process influences more GO and rGO layers. 

Fig. 3  The second‑order spectra of GO and rGO samples: a GO with Fe/Al2O3 catalyst, b rGO‑ Fe/Al2O3, c GO‑ Fe/Mo/MgO, d rGO‑ Fe/Mo/
MgO, e GO‑ Ni/Al2O3, f rGO‑ Ni/Al2O3
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The nanotubes were better opened, thus there were more indi‑
vidual sheets. Less agglomeration of nanofibers in the samples 
with a higher temperature of the CDM process causes better 
exfoliation and efficiency of synthesis of graphene‑like struc‑
tures. In the comparison of graphitization effects, it is observed 
that the sample synthesised using a higher temperature in the 
CDM process had better efficiency and the layers of graphene 
were better formed.

The results of experiments show that the material from 
methane and biogas decomposition could be used with success 
in reduced graphene oxide synthesis. It needs to improve the 
efficiency of the process and also homogeneity of the samples. 
In future work, there is a possibility to check the influence 
of other catalysts and heat treatment, also the various com‑
positions of gasses used in the degradation process. Results 
obtained in the present investigations will be helpful in future 
experiments.

Conclusions

Preliminary results indicate that different nanofilaments 
of carbon such as a fishbone, tubes etc. as a waste product 
of the catalytic methane or biogas decomposition process 
can be a good starting material for producing reduced 
graphene oxide sheets. These results should be improved 
in future experiments, especially efficiency and sample 
homogeneity. Analyzing the potential influence of heat 
treatment on the structure of graphene oxide and reduced 
graphene oxide, it was confirmed that the highest tempera‑
ture of treatment on carbon nanotubes improves the area 
and surface of thin layers of nanofilaments. The aim of this 
work was to improve waste products from the CDM and 
biogas process. The research was an attempt to valorise 
the carbon nanofibers. CNF were obtained in a different 
process and in the presence of different catalysts.

Fig. 4  TEM and SEM micrographs of rGO and GO synthesised 
from carbon nanofibers with various catalysts: a GO‑ with Fe/Al2O3 
catalyst, b GO‑ Fe/Mo/MgO, c GO‑ Ni/Al2O3, d GO‑ Ni/Cu/Al2O3, 

e GO‑ Fe/Al2O3, f rGO‑ Fe/Mo/MgO, g rGO‑ Ni/Al2O3, h GO‑ Ni/
Cu/Al2O3, i rGO‑ Fe/Al2O3, j rGO‑ Fe/Mo/MgO, k rGO‑ Ni/Al2O3, l 
GO‑ Ni/Cu/Al2O3
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