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LOW-TEMPERATURE GROWTH OF CARBON NANOTUBES USING NICKEL CATALYST
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This study presents the results of a comprehensive investigation into the fabrication of single-walled carbon nanotubes (SWCNTSs)
employing chemical vapor deposition (CVD) technique, with nickel nanoparticles serving as crucial catalysts. These nanoparticles are
synthesized via the reduction of oxide precursors using hydrogen and are strategically incorporated with ethanol vapor as the primary
carbon source. The effectiveness and reproducibility of this synthesis method are thoroughly validated using advanced analytical
techniques. Particularly noteworthy is the demonstrated ability to conduct the process at relatively low temperatures, not exceeding
500°C, which is of significant importance. Such precise control over synthesis conditions not only augurs well for the scalability of
SWCNT production but also carries substantial implications for the advancement of nanomaterial synthesis methodologies.
Keywords: Catalysts, Single-walled carbon nanotubes, Multi-walled carbon nanotubes, X-ray phase analysis, Light scattering
spectroscopy, Scanning electron microscopy
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INTRODUCTION

Carbon nanotubes (CNTs) possess exceptional electrical and thermal conductivity alongside remarkable strength
and durability [1]. These properties render them valuable across various fields such as energy storage [2-3], construction
materials [4], chip technology [5], biomedical applications [6], and increasingly, electronic microcircuits due to their high
electrical conductivity [7]. CNTs, essentially seamless cylinders comprised of rolled-up graphene sheets, exist in two
primary forms: single-walled and multi-walled. Single-walled CNTs have diameters ranging from 0.4 to 4 nm, while
multi-walled CNTs consist of several concentric shells of single-walled tubes with diameters ranging from 1.4 to 100 nm
and a wall-to-wall distance of 0.34 nm [8].

Since their discovery, methods for synthesizing CNTs have garnered increasing interest [9], including arc discharge,
laser ablation, chemical vapor deposition (CVD), and plasma-enhanced chemical vapor deposition (PECVD). Among
these methods, CVD stands out for its cost-effectiveness, scalability, and widespread adoption. The quality of CNTs
synthesized via CVD depends on various parameters such as catalyst type, substrate, carbon source, reaction conditions
(time and temperature), gas flow rate, and specific surface area of the resulting powder [10]. Additionally, the diameter
of CNTs obtained via CVD is influenced by the catalyst type, with commonly used catalysts including Fe, Ni, Co, and
their alloys. Studies have shown that pure nickel and cobalt exhibit higher catalytic activity compared to iron [11].

For instance, in [12], CNTs were synthesized from ethanol at 1150°C using catalysts from the VIII group
(Fe, Co, Ni) based on corresponding metallocenes. Employment of trimetallic catalysts notably enhanced CNT yield,
although mixtures of two or three metallocenes as catalysts led to increased structural defects in CNTs. In another
study [13], multi-walled CNTs were synthesized on a silicon substrate via CVD using ethanol at 800°C with three
different metallic catalysts (iron, copper, and nickel). Moreover, [14] observed improved CNT quality with a gradual
temperature increase from 500°C to 650°C, but further temperature elevation hindered CNT formation, attributed to nickel
particle enlargement at higher temperatures.

In summary, relatively few studies have investigated CVD synthesis of CNTs using nickel as a catalyst at low
temperatures. Our work addresses this gap, presenting results from CVD synthesis of single-walled CNTs utilizing a
nickel catalyst at relatively low process temperatures.

The CVD method is widely employed for synthesizing CNTs. In this process, a gas mixture containing carbon source
materials (such as methane, ethylene, or acetylene) is introduced into a reactor, where it reacts with a heated substrate
coated with a catalyst. Carbon atoms then condense on the substrate's surface, sequentially adding to the growing
nanotube, thereby controlling its structure and properties, including length, diameter, orientation, and efficiency.

EXPERIMENTAL PROCEDURE
In our experiments, pairs of ethanol vapor with a purity of 96.5% served as the hydrocarbon source. Nickel
nanoparticles, obtained through the hydrogen reduction of nickel oxide synthesized via the sol-gel method, were utilized
as the catalyst. Upon obtaining nickel nanoparticles, hydrogen supply to the reactor was halted, and the temperature was
elevated to 500°C to initiate the synthesis of carbon nanotubes (CNTs). Ethanol vapor was introduced into the reactor
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using Ar as the carrier gas at a flow rate of 5 I/min. The CNT synthesis process lasted approximately 30 minutes, during
which side products resulting from pyrolysis were eliminated through combustion. The characteristics of the synthesized
CNTs were examined utilizing scanning electron microscopy (SEM), X-ray structural analysis (XRD), and energy-
dispersive X-ray spectroscopy (EDX) techniques employing state-of-the-art, metrologically certified equipment.

RESULTS AND DISCUSSION
Figure 1 displays an image acquired through scanning electron microscopy, illustrating a cluster of single-walled
carbon nanotubes synthesized under the described conditions. The resultant product manifested as spiderweb-like fibers,
predominantly aggregating at the bottom of the reactor. Analysis of the product revealed its composition to comprise
fibrous carbon with traces of nickel and oxygen, devoid of any other impurities.

Figure 1. SEM image of a group of carbon nanotubes.

Additionally, a portion of the product deposited as wall-like formations exhibiting similar morphology and purity.
The elemental composition of the nanotubes was determined through EDX analysis, with the results depicted in Figure 2.
The analysis revealed that over 94% of the carbon nanotubes are composed of carbon.
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Figure 2. Results of energy-dispersive X-ray (EDX) analysis illustrating the composition of carbon nanotubes synthesized via the
chemical vapor deposition (CVD) method

The elemental composition of the nanotubes was determined by EDX analysis (Bruker, SDD, XFlash 6/60, Berlin,
Germany), the results of which are presented. It can be seen that more than 94% of the CNTs consist of carbon.

Raman spectroscopy studies were performed using equipment produced by "Renishaw", United Kingdom. A "green"
laser with a wavelength of 532 nm and a nominal power of 100 mW was selected for measurement. Measurements were
carried out in the wavenumber range from 100 to 3200 cm™'. The signal acquisition time was 10 seconds. The results are
shown in Figure 3.

The radial breathing mode (RBM) peak exclusively manifests in single-walled carbon nanotubes (SWCNTs), within
the frequency spectrum ranging from 100 to 500 cm™. This peak's position is inversely correlated with the diameter of
the nanotube and can be determined by the following Equation (1).

wgppy = A/(dt) + B, (D

where, orpm represents the oscillation frequency, while A and B are constants, and dt denotes the diameter of the carbon
nanotube (CNT).

The observation of the characteristic peak, namely the radial breathing mode (RBM) peak, at a frequency of 121 cm’!
indicates the successful synthesis of single-walled CNTs using nickel as a catalyst via the chemical vapor deposition
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(CVD) method. Based on this result, it can be inferred that the diameter of the single-walled CNTs synthesized, as
determined by Equation (1), is approximately ~2 nm.

Furthermore, the D peak, indicative of defects in the CNTs, as shown in Figure 3, is measured at 1341 cm™.
Additionally, the G peak, primarily describing the C-C bond and deformation in CNTs, registers at 1568 cm’'. The G'
peak, which characterizes doping and isotopic features in CNTs, corresponds to 2683 cm!. The quality assessment of
synthesized CNTs is commonly evaluated by the ratio of the intensity of the D peak (Ip) to the intensity of the G peak
(Ig), denoted as (In/Ig). In this case, the calculated ratio is 0.5, indicating qualitative adherence to the definition of this
parameter.
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Figure 3. Raman spectra of carbon nanotubes synthesized by the CVD method

Figure 4 presents X-ray diffraction (XRD) patterns of carbon nanotubes. XRD, a rapid analysis technique, is utilized
for material identification, notable for its capacity to evaluate both local and overall material characteristics, encompassing
lattice structure with phase morphology [15], interlayer distances, among others.
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Figure 4. X-ray diffraction (XRD) patterns of carbon nanotubes synthesized by the CVD method

Figure 4 presents X-ray diffraction (XRD) patterns of carbon nanotubes. XRD, a rapid analysis technique, is utilized
for material identification, notable for its capacity to evaluate both local and overall material characteristics, encompassing
lattice structure with phase morphology [15], interlayer distances, among others.

The X-ray diffraction (XRD) analysis was conducted using the XRD-6100 Shimadzu X-ray diffractometer,
employing Cu-Ka radiation with a wavelength (L) of 1.541874 A. The angular range of 20 spanned from 5° to 80°, with
a step size of 0.05°.

It is well-established that the intensity of diffraction peaks in carbon nanotubes (CNTs) is contingent upon the
morphological orientation of the nanotubes. Specifically, when X-rays interact with a single wall of the CNT, they
generate peaks (002) along with some parallel (h k 1) reflections. As the X-rays traverse through the hollow central core
of the CNT, supplementary arrays of hexagonal peaks (h k 0) are produced.

The CNTs synthesized in our experiment exhibited two characteristic peaks at 20 = 25.5° and 43.3°, corresponding
to the diffraction from the C(002) and C(100) planes of carbon nanotubes, respectively [16]. Furthermore, literature [17]
suggests that in addition to C(100) and C(002), peaks such as C(004) and C(110) may be observable at 20 = 54.8° and
79.2°. In Figure 3, it is evident that the CNTs possess four characteristic peaks at 20 = 25.8°, 43.3°, 58.4°, and 78.1°,
attributable to the diffraction from the planes C(100), C(002), C(013), and C(016) of the synthesized carbon nanotubes.

Moreover, the XRD pattern suggests the formation of hybrid CNTs in our case. This inference is supported by the
most intense diffraction peak observed at 26 = 24.31, corresponding to the (002) reflection, indicative of a crystalline and
cylindrical structure [18]. Additionally, traces of nickel oxide are discernible only in two peaks, specifically at angles
37.9° and 71.8°, with low intensity.

CONCLUSIONS
Utilizing the chemical vapor deposition (CVD) technique at relatively moderate temperatures, employing ethanol
vapor as the precursor and hydrogen-reduced nickel oxide nanoparticles as catalysts, a successful synthesis of carbon
nanotubes (CNTs) was achieved under controlled environmental conditions. Scanning electron microscopy (SEM)
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analysis revealed the formation of fibrous carbon structures, suggestive of hybrid CNTs, indicative of a complex and
intertwined nanotube network. Elemental analysis via energy-dispersive X-ray (EDX) spectroscopy exhibited a
substantial carbon content, constituting 88% by mass and 94% by atomic number, affirming the predominantly
carbonaceous nature of the synthesized material. Furthermore, X-ray diffraction (XRD) investigations demonstrated the
presence of four discernible peaks characteristic of carbon nanotubes, emanating from diffraction events associated with
the lattice planes C(100), C(002), C(013), and C(016).

The amalgamated findings from these analytical methodologies collectively underscore the successful production
of single-walled carbon nanotubes (SWCNTs) under controlled and mild temperature conditions, not surpassing 500°C.
This synthesis approach, facilitated by the judicious selection of precursor and catalyst materials, underscores the
feasibility of achieving high-quality SWCNTs while mitigating the energy demands associated with traditional high-
temperature synthesis methods. The observed structural, elemental, and crystalline characteristics align closely with the
anticipated attributes of SWCNTs, further corroborating the efficacy of the employed synthesis strategy. These findings
not only contribute to advancing our understanding of CNT synthesis methodologies but also hold promise for various
applications in nanotechnology, materials science, and beyond.
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HU3BKOTEMIIEPATYPHE BUPOLLIYBAHHS BYTVIEHEBUX HAHOTPYBOK 3 BUKOPUCTAHHSIM
HIKEJIEBOI'O KATAJII3BATOPA
Liboc J:x. Adaicainos, CeBapa I'. I'yiomikanosa, Lnboc X. Xynaiikynos, Xaram b. Amypos
Incmumym ionno-nnasmosux i nazephux mexuonozii imeni Y. A. Apighosa, Axademis nayx Pecnybnixu Y3b6exucman,
100125, [Iypmon iiyni eyn. 33, Tawxenm, Y3bexucman

Le mocmimKeHHs IPEACTABIAE Pe3yIbTaTH BCEOITHOTO JOCTIPKCHHS BUTOTOBICHHS OXHOCTIHHUX BYTJIelleBUX HaHOTPYOoK (SWCNT)
i3 3aCTOCYBaHHSIM TEXHIKHM XIMIYHOTO ocajukeHHs 3 mapoBoi ¢azu (CVD), nmpudoMy HAaHOYACTHHKY HIKENIO BHCTYIAIOTh B SKOCTL
KIIFOYOBUX Karaji3aTopiB. Lli HAHOYACTHHKM CHHTE3YIOThCS IIUIIXOM BiIHOBIICHHS NPEKYPCOPIB OKCHAIB 3a JONOMOT'OIO0 BOJHIO Ta
CTpATETivHO 00’ €THYIOTHCS 3 MapaMU €TaHOJy SIK OCHOBHHM JKEPENIoM BYTIIeIio. EQeKkTHBHICTh i BIITBOPIOBAHICT IIbOTO METOLY
CHHTE3y PETENFHO IMEPEeBipeHi 3a JOMOMOTO0 MEPENIOBHX aHATITUYHUX MeToAiB. OcoONMBO CIi BIA3HAYHTH MPOAEMOHCTPOBAHY
3IATHICTh MIPOBOAMTH IMPOIIEC MPH BiJHOCHO HU3BKUX Temmeparypax, He Bumie 500°C, mo Mae BaxkiuBe 3HaUeHHA. Takuil TOUYHHI
KOHTPOJIb HaJ YMOBaMH CHHTE3Y HE TUTbKH crpusie MacmraboBanocTi BupoOHuITBa SWCNT, ane Takoxk Mae CyTTEBI HACTIAKH UL
BIOCKOHAJICHHS METOOJIOTiH CHHTE3y HaHOMAaTepialiB.
KurouoBi cioBa: xamanizamopu; 0OHOCMIHHI @yeneyedi HaHOmMpyOKu, bazamowaposi eyeneyedi HAaHOMpyOKi, penmeeHodazo8uil
aHaniz; CneKmpoCKonis po3CitO6anHs C6IMIA,; CKAHYI0Ya eleKMPOHHA MIKPOCKONIA



