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In this study, the effect of the nanocatalyst/substrate interface on the yield and quality of carbon nanotubes (CNTs) synthesized by
chemical vapor deposition (CVD) was investigated. Nickel oxide (NiO) nanoparticles were prepared using the sol-gel spin-coating
method and deposited as thin films with different masses (66 mg, 99 mg, and 132 mg) on SiO2/Si substrates with an identical surface
area of 12,56 cm?. The NiO nanoparticle thin films on the substrate surface were then placed into a CVD reactor and reduced in a
hydrogen atmosphere, resulting in the formation of nickel nanoparticles that acted as active catalysts during CNTs synthesis. Ethanol
vapor was used as the sole carbon source without any carrier gas, which enabled precise and comparative evaluation of the CNTs yield.
X-ray diffraction (XRD) and Raman spectroscopy were employed to characterize the obtained CNTs. XRD results showed that CNTs
with high crystallinity were produced when a 51,7 mg catalyst thin film was used. Raman spectroscopy confirmed the presence of
RBM, G, D, and G’ peaks characteristic of CNTs structures. Increasing the catalyst mass led to a rise in RBM frequency and a decrease
in CNTs diameter. However, an increase in catalyst mass also caused a reduction in CNTs yield. The highest yield (445%) was observed
for Ni nanocatalysts with a mass of 51,7 mg. These findings demonstrate that the thickness of the catalyst layer and its surface
distribution density on the substrate play a crucial role in determining the growth efficiency and structural quality of CNTs.
Keywords: Carbon nanotubes; NiO catalyst; Sol-gel method; CVD; Substrate—nanocatalyst interface; RBM; Yield
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INTRODUCTION

CNTs are nanoscale materials characterized by high strength, light weight, and unique electronic, thermal, and optical
properties. They possess significant potential for application in future technologies, particularly in nanoelectronics, sensing,
energy storage devices, hydrogen energy, biomedicine, and nanocomposites [1-3]. The synthesis of CNTs has attracted
considerable attention from researchers, especially vertically aligned nanotubes, which offer major technological advantages.
However, achieving high-quality growth and high productivity requires the synergistic interaction of multiple factors,
notably the nature of the catalyst, the substrate material, synthesis conditions, and the properties of the interface [4, 5].

The growth of CNTs is typically carried out using the CVD method, in which nanoparticles of the nanocatalyst play
an active role on the substrate surface. The nanocatalyst-substrate interface (i.e., the interaction between them, contact
angle, surface energy, and structural stability) determines the growth mechanism and type of CNTs (single-walled or
multi-walled) [6,7].

Several studies have shown that the smaller the contact angle at the interface, the better the spreading of catalyst
particles on the substrate, which ensures their superior thermal stability [8]. This is a critical condition for the aligned and
continuous growth of nanotubes. For example, in CNTs synthesized on SiO,/Si substrates using Ni or Fe catalysts,
interfacial forces and excess charge distribution in the substrate directly influenced growth efficiency [9-11].

Additionally, the presence of an intermediate oxide layer (e.g., Al,O3, MgO, and TiO;) on the substrate can prevent
catalyst agglomeration and maintain its activity over an extended period [12]. In such cases, the interface between the
substrate surface and the catalyst acts as an active site. Certain studies have also revealed that the presence of Na* or Mg?*
ions in the substrate composition can affect the catalytic process, as these ions participate in diffusion processes and alter
the electronic structure of the interface [13].

The size, distribution, and isolated positioning of catalyst particles on the substrate surface are also of critical
importance. Their activity depends not only on chemical composition but also on the binding forces with the substrate
and the interface energy [14]. Therefore, engineering the nanocatalyst-substrate interface becomes essential for
controlling the synthesis process. Recent research has demonstrated that improving the interface can significantly enhance
the yield of carbon nanotubes [15].

This study focuses specifically on analyzing the properties of the nanocatalyst—substrate interface to improve the
growth and efficiency of carbon nanotubes.

EXPERIMENTAL PROCEDURE
a) Catalyst preparation.
The synthesis of NiO nanoparticles was carried out using the sol-gel spin coating method, a schematic of the
synthesis process is shown in Figure 1.
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Figure 1. Schematic illustration of the formation of thin NiO layers with varying masses on the substrate surface

As seen in Figure 1, the formation of the NiO layer on the substrate surface consists of two steps:

a) preparation of a metal hydroxide sol using the sol-gel method [16];

b) formation of a thin metal hydroxide film on the substrate surface during the spin-coating process.

Initially, nickel nitrate [Ni(NOj3),-6H,0], ammonium hydroxide (NH4OH), and deionized water were used as the
starting reagents. An aqueous solution containing Ni(NOs),"6H>O and ammonium hydroxide in a 1:2 molar ratio was
prepared and placed in a glass flask. The mixture was continuously stirred for 2 hours at a temperature of 85°C using a
magnetic stirrer. After stirring, the resulting suspension was cooled to room temperature and allowed to age for 20 hours.
The resultant Ni(OH), was then used for the synthesis of carbon nanotubes. Ni(OH), was applied onto three SiO,/Si
substrates with identical surface areas (12,56 cm?) in different masses, and subsequently calcined in a SNOL laboratory
furnace at 400°C for 2 hours. This thermal treatment resulted in the formation of a thin NiO layer on the surface of the
substrates.

b) Synthesis of carbon nanotubes.

CNTs were synthesized using the CVD method. Ethanol vapor was employed as the hydrocarbon source, and no
carrier gas was used to ensure accurate assessment of the ethanol vaporization efficiency and conversion. Nickel (Ni)
nanoparticles, which were obtained by hydrogen reduction of the NiO synthesized through the sol-gel spin coating
method, served as the catalyst for the CNTs growth. This process was carried out in the temperature range of 200+400°C
at a heating rate of 5°C/min. As a result, thin Ni nanocatalyst layers with different masses (51,7 mg, 77,6 mg, and 103 mg)
were formed on the substrate surfaces. The synthesis process was then conducted at 500°C for 0,5 hours.

RESULTS AND DISCUSSION

In this study, the characterization of single-walled carbon nanotube (SWCNTs) samples was performed using XRD
in order to acquire indirect information regarding the properties of the catalyst used. The XRD patterns, as shown in
Figure 2, were obtained utilizing a Rigaku Smartlab X-ray diffractometer, employing CuKa radiation with a wavelength
of 0.15405 nm, along with a K filter to ensure accurate measurements. The experimental setup included a tube current
of 50 mA and a tube voltage of 40 kV, optimizing the diffraction process. A range of angular 26 values between 5° and
100° was explored, with the scanning rate set at 3° per minute. To ensure high precision in the analysis, the resolution of
the 20 scan was consistently maintained at 0.01°, providing a detailed and reliable dataset for subsequent analysis.
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Figure 2. XRD diffractograms of the synthesized CNTs

Figure 2 presents the XRD spectra of CNTs synthesized via the CVD method on SiO,/Si substrates of identical
size, using a Ni nanocatalyst with varying thicknesses. It is important to note that the use of SiO,/Si substrates -
specifically the presence of a natural SiO; layer (~360 nm) on the Si surface prevents stress formation on the Si substrate
at elevated temperatures and inhibits the formation of nickel silicide [17, 18]. The XRD analysis revealed several peaks
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corresponding to the carbon structure, specifically the (002), (101), (201), (020), (222), and (112) planes. Of these, the
(002) peak is considered the most significant, while the other peaks are less relevant [19]. This prominent (002) peak is
located at approximately 26 = 25,89°, and its intensity can be used as an indicator of the crystallinity of the CNTs. In
addition to the CNTs related peaks, the XRD spectrum also revealed the presence of Ni and NiO phases associated with
the catalyst material. At temperatures above 400°C, nickel reacts with oxygen to form NiO, resulting in low-intensity
NiO traces appearing in the diffraction spectrum [20]. According to the XRD analysis, a catalyst mass of 51,7 mg
corresponding to a specific catalyst layer thickness leads to the formation of CNTs with higher crystallinity.

The samples were analyzed using Raman spectroscopy, produced by Renishaw, UK. Excitation was provided by a
RL532 Class 3B laser, with a radiation wavelength of 532 nm. For the measurements, a diffraction grating with a period
of 1200 lines/mm was employed to achieve high-resolution spectral data. A standard Renishaw CCD camera detector was
utilized to record the Raman spectra, ensuring precise detection of the Raman shifts and providing reliable results for
further analysis. Raman spectra were recorded over the range of 1003000 cm™' (Figure 3).
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Figure 3. Raman spectrum of carbon nanotubes

From Figure 3, it is established that, with the same process of carbon nanotube growth, the mass of the catalyst does
not affect the formation of carbon nanotubes. The peaks that characterize the most important properties of the Raman
spectra of SWCNTs are: the RBM, observed in the range of 100300 cm™!, the tangential G-band (characterizing the C-
C bond) near the frequency of ~1572 cm™! and the D-band caused by defects and disorder near the frequency of ~1300
cm! and its second-order harmonic (G'-band) in the frequency range of 2600-2800 cm™' [21]. As can be seen from Figure
3, the peaks characterizing SWCNTSs are observed in the frequency ranges indicated above. Of these four properties, RBM
is the property that is inversely proportional to the nanotube diameter, according to expression [22].

wgrpy = A/(dt) + B (1

Where: wrpwm is the oscillation frequency, A and B are constants, and dt is the diameter of the carbon nanotube.

In addition, the quality of CNTs is evaluated by the ratio of the intensity of peak D to the intensity of peak G (I /I;;)
[23]. If I, /I; = 1, it indicates the presence of more defects and low quality, and if I, /1;< 1, it indicates good quality of
the synthesized CNTs. The influence of the catalyst layer, i.e. the mass of the catalyst, on the yield of the CNTs during
the synthesis was also studied. The yield of the CNTs is calculated using formula (2) [24].

Cyield = (mtot — Mgt )/mcat *100% 2)

Where: my,.is the total mass, mc,; is the mass of the catalyst, Cy; 4 is the yield of the CNTs.
In addition, the effect of catalyst layers on the masses of grown CNTs was studied (table 1).

Table 1. Effect of catalyst content on the yield of grown CNTs

Weight of Weight of Weight of CNTs
NiO, Ni, Substrate ORBM In/Ig de CNTs, yield
(mg) (mg) (e (om) (@) (%)

66 51.7 123 1.04 2.11 0.23 445
99 77.6 Si0; /Si 125 1.13 2.07 0.16 216
132 103 125 1.01 2.07 0.13 126

The analysis of the data in the table allows us to draw the following conclusions. When using the Ni catalyst mass
of 51.7 mg, the RBM peak frequency was 123 cm!, the peak D intensity ratio was 1,04, and carbon nanotubes with a
diameter of 2.11 nm and a mass of 0.23 were synthesized. With an increase in the catalyst mass to 77.6 mg, the RBM
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peak frequency was 125 cm™!, the peak D intensity ratio was 1.13, the diameter was reduced to 2,07 nm and the mass of
the synthesized carbon nanotube was 0,16 grams. With a further increase in the catalyst mass to 103 mg, the RBM peak
frequency was 125 cm’!, the peak D intensity ratio was 1.01, the diameter of the carbon nanotubes was reduced to 2.07 nm,
and the mass of the synthesized carbon nanotube was 0.13 grams.

The study shows that the catalyst layers affect the properties of the synthesized carbon nanotubes. A large number
of catalyst layers increases the RBM peak frequency and decreases the diameter of carbon nanotubes. At the same time,
a decrease in the catalyst layers leads to an increase in the mass of the synthesized carbon nanotubes. This conclusion is
confirmed by the fact that the yield of CNTs according to formula (2) was also 445%, 216% and 126%, respectively.

CONCLUSIONS

In this study, the influence of the nanocatalyst/substrate interface on the yield and phase quality of CNTs synthesized
by the CVD method was determined. During the reduction of NiO nanoparticles — prepared via the sol-gel spin-coating
technique and deposited on the substrate surface in different masses - active nickel catalytic centers were formed, which
subsequently governed the growth efficiency of the CNTs.

Analyses revealed that increasing the catalyst mass reduces the diameter of single-walled CNTs and increases the
RBM frequency, while the overall yield decreases. The highest yield, 445%, was obtained using 51,7 mg of catalyst. XRD
and Raman spectroscopy results confirmed that the synthesized nanotubes possessed a crystalline structure and exhibited
characteristic vibrational bands. Furthermore, it was demonstrated that, within the substrate/oxide layer/catalyst triple
interface, stress relaxation occurred and nickel silicidation was effectively suppressed.

Overall, the findings indicate that the catalyst coating thickness, the thickness of the native oxide layer, and its
uniform distribution across the substrate surface play a decisive role in controlling CNTs growth efficiency, diameter,
and phase quality.
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HIABUILEHHS BUXOY BYTJELHEBUX HAHOTPYBOK YEPE3 IHTEP®ENC HAHOKATAJIIBATOP-CYBCTPAT
Liboc [Ixx. Abaicainos, Cesapa I'. I'ynomaxanosa, lusoc X. Xynaiikyiios, Xaram b. Amypos
Inemumym ionno-nnasmosux ma nazepuux mexnonoziu imeni Y.A. Apighosa, Axademisa nayx Pecnybniku Y30exucman,
100125, eyn. [ypmon viyni, 33, Tawxenm, Y3b6exucman

Y 1poMy IOCIiIKEHH] JOCITiIKYBaBCs BIUTUB MEXI1 pO3ILTy HaHOKaTali3aTop/cyOcTpar Ha BUXiJ Ta SKICTh BYTJICLEBIUX HAHOTPYOOK
(CNTs), cuHTe30BaHUX METOIOM XiMIYHOT0 OcaKeHHs 3 mapoBoi (asu (CVD). Hanouacturku okcuny Hikernto (NiO) Oynu otpuMani
METOJIOM 30JIb-TeJIb CIIH-IOKPUTTS Ta HAaHECEH] Y BUIIISAI TOHKHUX IUTIBOK 3 pi3HOIO Macoro (66 mr, 99 mr ta 132 Mr) Ha migKiIagka
Si02/Si 3 ogHakoBOO TWIOMIEO MoBepxHi 12,56 cm?. Touki muiBku HaHO4acTUHOK NiO Ha MOBEpXHI MiAKIAAKH MOTIM MOMIIIAH B
CVD-peaktop Ta BIIHOBIIOBAIN B aTMOC(epi BOIHIO, 110 MPU3BOIIO IO YTBOPCHHS HAHOYACTUHOK HIKEIO, SIKi JISUTH SK aKTHBHI
KaTaJli3aTOPH MiJl 4ac CHHTE3Y BYIVICLEBUX HAHOTPYOOK. [Tapu etaHoy BUKOPHCTOBYBAIIUCS K €JMHE JUKEPEIIo ByrJewto 6e3 Oy ib-
SIKOTO Ta3y-HOCis, 10 J03BOJIMIIO TOYHO Ta NOPIBHSAIBHO OLIIHUTH BUXiJ| ByIJIELEBUX HAHOTPYOOK. JIJIst XapaKTepHCTUKH OTPUMAaHHUX
BYTJICLIEBIX HAHOTPYOOK BHKOPHUCTOBYBAJIH PEHTTCHIBCHKY mudpakmiro (XRD) Ta pamaHiBCbKy crekTpockomiro. Pesymsratn XRD
MOKa3ajiy, M0 BYTJIENeBi HAHOTPYOKH 3 BHCOKOIO KPHUCTAJIUHICTIO YTBOPIOBAIUCS MPH BUKOPHCTaHHI TOHKOI ILUTIBKH KaTalizaTopa
Macoro 51,7 mr. PamaHiBCchKa CIIEKTPOCKOIS MiATBepAMIa HassBHICTS MikiB RBM, G, D Ta G', XapakTepHHUX JUIst CTPYKTYP BYTJICIIEBUX
HaHOTpYOOK. 30IMbIIEHHS MacH KaTaji3aTopa MHpHU3BENIO A0 3pocTaHHS dacToTH RBM Ta 3MeHmIeHHS iaMeTpa BYTJICIEBHX
HaHOTpyOOK. OnHak 30UIBIIEHHS MacH KaTajli3aTopa TaKoX HMPHU3BEIO O 3HKEHHS BHXOJIY BYIJIELICBUX HaHOTpyOok. HaiiBummit
Buxin (445%) cnoctepiraBcst 1 HaHokatamizaTopiB Ni macoro 51,7 wmr. Li pe3ynbraTd JAEMOHCTPYIOTh, II0 TOBIIMHA IIapy
KaTaji3aropa Ta Horo moBepxHeBa IMUIBHICTh PO3MOAUTY Ha MiAKIAALI BiAIirparoTh BUPIMIAIbHY POJb Y BH3HAYCHHI e()eKTUBHOCTI
POCTY Ta CTPYKTYPHOT SIKOCTI BYIJICLIEBUX HAHOTPYOOK.

KuawuoBi caoBa: gyereyesi nanompyoxu, NiO-kxamanizamop, 301b-2eib  memoo, CVD; wmeoca mixc niokiaoxkown ma
Hanoxamanizamopom, RBM; euxio





