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Abstract 

Synthesis of nanofibrous carbon (multi-wall carbon nanotubes, MWCNTs) 

by means of n-hexane pyrolysis is reported. The structure of the obtained 
MWCNTs was studied using scanning electron microscopy, and the diam-

eters of 20–85 nm and lengths of 500–600 nm for these nanotubes were 
observed. By using the above mentioned MWCNTs field-effect transistors 
were fabricated on ITO glass substrates with a gate dielectric made of 

390 nm thick Al2O3 foil and the drain-source contacts made of 300 nm 
thick aluminum foil. The Nano-C film 200 nm thick was deposited by ther-
mal evaporation in vacuum. The properties of the obtained field-effect 

transistors were studied. The current-voltage characteristics of the OFET 
show an increase in currents with a positive voltage on the gate, which 

corresponds to the electron conductivity of the transport channel. The de-
pendences are nonlinear, and there are no saturation regions in the output 
characteristics. The Raman spectra indicate the presence of nickel and 

show characteristic peaks for C=C and CH bonds. 
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Key findings 

● An effective method for the preparation of nanofibrous carbon (multi-wall carbon nanotubes, MWCNTs) is reported; 

the structure of the obtained MWCNTs was confirmed by means of physical methods. 

● According to the SEM data, the diameter of the nanotubes is 20–85 nm and the length is 500–600 nm. 

● By using the obtained MWCNTs, the samples of field-effect transistors were created, and charge carrier mobility as 

high as 0.008 cm2 V–1 s–1 was observed. 

© 2024, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 

1. Introduction 

In recent decades, there has been a dramatic increase in the 

number of scientific works on the development of synthesis 

methods for the preparation of carbon materials (CMs) and 

studies of their properties. This is mainly due to the creation 

of various porous materials formed by mixed (transition) 

forms of carbon. These substances are of practical im-

portance as adsorbents, catalysts, catalyst carriers, electrode 

components, paints, etc. [1]. Also, carbon materials, in par-

ticular carbon fibers (CFs), can replace traditional materials 

(for example, metals) in the form of composites [2]. Cur-

rently, new approaches are being developed to analyze the 

chemical state and reactivity of the carbon surface [3, 4]. In 
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[5–10], various industrial fibrous carbons were sorted, and 

their morphological, physical and structural properties were 

carefully characterized.  

Synthesis of CMs is a rather complex technological pro-

cess, which involves using special equipment, high temper-

atures and expensive catalysts. In most cases, low molecu-

lar weight hydrocarbons are used as starting materials. And 

their pyrolysis at temperatures of 750–1200 °C at an atmos-

pheric pressure produces molecular hydrogen and pyrolysis 

coke [11] according to the equation below:  

2CnHm → mH2 + 2nC (1) 

In the presence of catalysts [12–19] the same transfor-

mation takes place at much lower temperatures (500–

800 °C). In addition, depending on the nature of the cata-

lyst, nanofibrous carbon (NFC)/carbon nanotubes (CNTs) 

are formed during the reaction.  

In this process, the catalysts consist of small-sized par-

ticles of transition metals, such as nickel, iron, cobalt etc., 

which are formed in situ from the corresponding inorganic 

salts under the magnetron, electrobeam and cathode evap-

oration, chemical deposition from solutions or by chemical 

reduction of the corresponding metal salts. The studies of 

the mechanism of nanotube formation, as well as reaction 

conditions affecting the structure of materials were re-

ported in several articles [20–23]. Obviously, to make the 

process of nanotube formation efficient and inexpensive, 

low-cost catalysts need to be used. It has been established 

that the temperatures of the process may vary significantly 

depending on the nature/composition of the catalyst. Some 

typical examples are presented below (Table 1). 

It should be noted that the catalyst preparation procedure 

is quite complex. In this regard, the purpose of this work is to 

develop an effective method for producing carbon materials by 

using nickel (II) organic salts and to study the properties of the 

obtained materials. To accomplish this goal, instead of a pre-

prepared nickel catalyst, we use a precursor of such catalyst, 

namely, readily accessible and cheap nickel 2-ethylhexanoate 

(2-EGN), which decomposes in a hydrocarbon media upon 

heating to form nanosized nickel particles [32]. These in situ 

formed nickel nanoparticles effectively catalyzed the for-

mation of carbon nanotubes and allowed the reaction to be 

carried out at T = 500 °C. It worth to mention that the af-

fordable method for obtaining 2-EGN was developed by us 

previously [33]. 

Table 1 Most common catalysts and process temperatures for the 

nanotube formation. 

Raw 
materials 

Condi-
tions 

Ref. 
Raw 

materials 
Condi-
tions 

Ref. 

15% Fe/SiO2 800 °С [24] 40% Ni/SiO2 500 °С [28] 

75% Co/Al2O3 500 °С [25] 5% Ni/Al2O3 500 °С [29] 

62% Fe+8% 
Co/Al2O3 

625 °С [26] 
75% Ni-15% 

Cu/Al2O3 
675 °С [30] 

90% Ni/SiO2 600 °С [27] 37% Pd/Ni 725 °С [31] 

2. Experimental part 

Elemental analysis was performed on a Sundy SDCHN636 

CHN analyzer (China). SEM energy-dispersive X-ray spec-

tra were collected using a TESCAN MIRA Scanning Electron 

Microscope (Chech Republic) with an energy dispersive mi-

croanalysis system AZteclive Lite Xplore 30 installed. The 

thickness of the layers in the field effect transistor was de-

termined with a scanning probe microscope Nanoeducator 

II. Raman spectra were obtained using a М532/785 Raman 

microscope at 300 К (532 nm). The composition of the ex-

haust gases and unreacted carbon material (hexane part) 

was analyzed using a hardware-software complex “Chro-

matek Crystal 500” (JSC SKB Chromatek, Russia) and a gas 

chromatography-mass spectrometer Shimadzu GCMS-

QP2020 (Japan). For the fabrication of electrodes a thermal 

vacuum deposition approach was used with an universal 

vacuum post UVP-250. The current-voltage characteristics 

of the obtained transistors were measured on a test stand 

consisting of a DC power supply HY3005D-2 and a 

DMM4020 multimeter as an ammeter. For the fabrication 

of films from solutions a CM-6M centrifuge was used.  

2.1. Laboratory method for obtaining carbon  

materials (MWCNTs)  

Experiments on obtaining MWCNs were carried out on a la-

boratory setup presented below (Figures 1 and S1 (en-

larged)). The laboratory setup is made of heat-resistant 

glass P-15 «Pyrex». The process was carried out at a tem-

perature of 500 °C; the feed rate of raw material, such as a 

reagent grade hexane (supplier JSC «EKOS» (Russia)), dur-

ing the entire process was 50 mL/h. And 40% solution of 2-

EGN in hexane obtained as described in literature [33] was 

used as a catalyst precursor. The catalyst for the process 

was prepared in situ in the amount equal to the 0.1 g of Ni. 

In a typical procedure the catalyst precursor in a given 

amount is introduced into pre-weighed reactor 1. The raw 

material is poured into raw material burette 4. The reactor 

is located inside furnace 2. The heating voltage is set using 

LATR 9, and two thermocouples 10, 10a, installed in the fur-

nace and the reactor, are connected to the temperature reg-

ulators. The required temperature values of the process are 

set on the regulators. After the reactor heats up to a given 

temperature, the supply of raw materials through pump 3 

is turned on. The raw materials from the burette enter the 

reactor, where, when interacting with the catalyst, the for-

mation reactions of hydrogen-containing gas (а mixture of 

gases consisting of hydrogen (mainly), methane and 

ethane) and “non-hydrogen-containing” gas (a mixture of 

hydrogen gas free hydrocarbons, namely, non-reacting hex-

ane and unsaturated hydrocarbons – hexenes and pentenes 

with different structure) occur. The obtained mixture of 

gases and unreacted raw materials after reactor 1 passes 

through condenser 5, in which the unreacted raw materials 

are condensed and transferred into pre-weighed receiving 

flasks 6, 7. Uncondensed gases are sent to gas valve 8 and 
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then collected in a special vessel. After turning off the heat-

ing of the furnace, the supply of raw materials is stopped. 

Based on the weight gain of the receiving flasks, the yield 

of the liquid product is determined, and the composition of 

this product is established by means of chromatography. 

Based on the readings of the gas meter and density, the out-

put of the gas component is calculated. After cooling, the 

reactor with carbon material was unloaded, the obtained 

product was collected, weighed and its yield was calculated. 

The total amount of n-hexane used in this reaction was 

400 ml or 264 g, and the reaction time was 8 h. The mate-

rial balance of the process of thermal catalytic decomposi-

tion of n-hexane was determined: the amount of released 

gases was of 86.34 g (32.6%), liquid products – 162.62 g 

(61.6%) and carbon material – 15.04 g (5.7%). 

3. Results and discussion  

3.1. Studies of carbon materials composition and 

their physicochemical properties 

As a first step, the elemental composition of the resulting 

CMs was established (Table 2). The high percentage of car-

bon (96.64%), as well as the rather low percentage of hy-

drogen (0.55%) in the obtained carbon material indicates a 

high content of carbon nanotubes in the resulting material.  

To determine the fine structure of the resulting mate-

rial, scanning electron microscopy (SEM) studies were car-

ried out (Figure 2A, B, S2–S4). The most representative 

SEM images of the abovementioned carbon material at  

different magnifications are presented in Figure 2A, B. Ac-

cording to the obtained data, a fibrous structure of the sur-

face of the film of the resulting carbon material can be 

clearly seen. In addition, based on the SEM data one may 

conclude that the obtained carbon materials consist mainly 

of multi-walled carbon nanotubes (MWCNTs) with diame-

ters of 20–85 nm and lengths varying from 500 nm to 

600 nm.  

The results of energy-dispersive X-ray spectroscopy of 

the obtained carbon material (Figures 3A-C) indicate the 

presence of as high as 99.9% carbon in (Figures 3A, C), as 

well as the presence a small amount (0.1%) of nickel (Fig-

ure 3B, C), which was consistent with the data obtained by 

means of Raman spectroscopy (Figure 4). Most probably, 

the presence of nickel is due to the use of its salt as a cata-

lyst in the obtaining of the abovementioned carbon mate-

rial. 

Figure 4 shows the Raman spectrum of the resulting CM. 

The presence of an absorption band of nickel in a region of 

1100 cm–1 was observed, and this result corresponded well 

to the Raman microscopy database. In addition, character-

istic peaks of the absorption of C=C bonds in the region of 

1500 cm–1 and characteristic peaks of the absorption of CH 

bonds in the region of 2400 cm–1 were observed. 

3.2. Electrochemical studies by using field-effect 

transistor setup 

The most promising application of carbon materials is mo-

lecular electronics [34]. Therefore, as a last step, in order 

to study the applicability of the investigated materials, a 

field-effect transistor setup was fabricated.  

Table 2 Elemental composition of the obtained carbon material. 

Raw 
material 

Conditions 

Elemental analysis data 

С, % 
H, %  

N% 
Ni, % 

n-hexane 
50 mL/h, 

500 °С 
96.64 0.55  0.16 0.1 

  
Figure 1 Laboratory setup for obtaining nanofibrous carbon/MWCNTs: 1 – reactor; 2 – oven; 3 – pump; 4 – raw burette; 5 – condenser; 
6 – receiving flask; 7 – intermediate flask; 8 – gas valve; 9 – laboratory transformer (LATR); 10, 10a – thermocouples; 11 – pycnometer; 

12 – middle clamp; 13, 13a – extreme clamps; 14, 14a – pycnometer taps. 
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Figure 2 SEM images of the obtained carbon material: 500 µn in-
crement (a); 5 μm increment (b). 

The transistor (Figure 5) was fabricated on a glass sub-

strate, with a ready-made ITO film as a gate contact. The 

gate dielectric was made in the form of a thin film of alu-

minum oxide with a thickness of 390 nm by centrifugation 

from a solution at 1900 rpm and annealing in an oven for 

130 min at a temperature of 320 °C. The aluminum oxide 

solution was created as in the works [35–36]. Drain-source 

contacts were made of aluminum foil with a thickness of 

300 nm and deposited on top of the dielectric.  

In the gap area W = 2 mm and L = 50 μm, a MWCNTs 

film with a thickness of 200 nm was deposited by means of 

thermal spraying in vacuum. The thickness of the aluminum 

oxide layer and MWCNTs was determined using a Nanoed-

ucator II scanning probe microscope. 

Current-voltage characteristics of OFET (Figure 6) were 

measured at room temperature under air atmosphere. From 

the figures of the current-voltage characteristics it is clear 

that with a positive voltage at the gate, an increase in cur-

rents of all types of transistors is observed, which corre-

sponds to the electronic type of conductivity of the OFET 

transport channel. In this case, the dependences are nonlin-

ear; there are practically no saturation areas in the output 

characteristics of the devices. The lack of a saturation in the 

output characteristics may be due to the presence of leak-

age currents. 

 
Figure 3 Elemental mapping of MWCNTs: C (A), Ni (B). Chemical com-

position of the sample by means of energy-dispersive X-ray spec-

troscopy (C). 

Based on the current-voltage characteristics, the mobil-

ity of charge carriers was calculated using formula (2), 

equal to μ = 0.008 cm2·В–1·с–1 [37–38]: 

𝜇 =
𝐼DS

𝑊
𝐿 ∙ 𝐶 ∙ (𝑉G − 𝑉th −

𝑉DS
2 ) ∙ 𝑉DS

, (2) 

where W is the channel width, L is the channel length, μ is 

the mobility, C is the capacitance per square area of the AlOx 

gate dielectric (for a thickness of 400 nm C = 8.9 nF/cm2), 

UG is the gate voltage, UDS is the voltage between drain and 

source, Uth – threshold voltage. The threshold voltage Uth 

was found from graphs of the dependence of the root of the 

current IDS 1/2 on the voltage UDS at UG = const [39]. 

W = 2mm is the channel width, L = 50 µm is the channel 

length VG = 30 V is the gate voltage, VDS = 20 V is the voltage 

between drain and source, Vth = –12 V – threshold voltage. 

The obtained values are comparable with similar data [40–

41] for transistors based on C60 fullerene and PCBM. 

Based on the given values of charge carrier mobility, the 

maximum switching frequency for the developed transistor 

structures can be calculated using the formula [42]: 

𝑓 =
1

2𝜋

𝜇VDS
𝐿2

, (3) 
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where L is the length of the transport channel, VDS is the 

drain-source voltage, m is the carrier mobility. The maxi-

mum switching frequency available for this type of transis-

tor was found to be equal to 1018 Hz at VDS = 20 V. 

4. Limitations 

Carrying out the process at temperatures below 450 °C re-

sults in the formation of carbon nanotubes in low yields. 

The reaction temperature of 500 °C and above was found 

optimal for obtaining carbon nanotubes in good yields. 

5. Conclusions 

In summary, an effective and affordable method for produc-

ing nanofibrous carbon (multi-wall carbon nanotubes, 

MWCNTs) by means of thermolysis of n-hexane in the pres-

ence of formed in situ nano-sized Ni catalyst. To obtain such 

catalyst its precursor, nickel 2-ethylhexanoate, was used. 

Upon heating in hydrocarbon media this precursor decom-

poses to form Ni nanoparticles, and these nanoparticles 

were found to catalyze efficiently the process of the for-

mation of carbon nanotubes upon relatively mild conditions 

(T = 500 °C). The properties of thus obtained MWCNTs 

were studied by SEM, energy-dispersive X-ray spectroscopy 

and Raman microscopy. Based on the SEM results the diam-

eters of MWCNTs were found to be 20–67 nm and their 

lengths were found to be 500–600 nm. These results confirm 

the efficiency of the above-mentioned simple and affordable 

approach for synthesizing MWCNTs by using readily afford-

able carbon sources and catalysts at relatively mild reaction 

conditions.   

By using the abovementioned MWCNTs samples, field-

effect transistors were fabricated and their current-voltage 

characteristics were measured. The charge carrier mobility 

of 0.008 sm2 V–1 s–1 was observed. Based on results of elec-

trochemical studies, the herein reported MWCNTs were 

confirmed to be promising materials for the molecular elec-

tronics.  
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Figure 4 Raman spectrum of Nanofibrous carbon/MWCNTs at 

300 K (excitation wavelength 532 nm). 

 
Figure 5 Structure of the fabricated field-effect transistor. 

 
Figure 6 Current-voltage characteristics of OFET with a transport 

layer made of Nano-S: Output (a) transfer current-voltage charac-

teristics of a transistor (b).  
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