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In this study, carbon nanotubes (CNTs) were synthesized on Ni-coated sapphire substrates using conventional and water-assisted
chemical vapor deposition (CVD and WA-CVD) methods to evaluate the effect of water vapor on amorphous carbon removal and
catalyst activity at low temperatures. Reduced nickel nanocatalysts were prepared by the sol-gel method and activated in a hydrogen
atmosphere. Raman spectroscopy confirmed that CNTs synthesized by WA-CVD exhibited a higher degree of graphitization
(ID/IG = 1.18) and the absence of amorphous carbon peaks around 794 cm™, indicating improved purity. X-ray diffraction (XRD)
analysis revealed the formation of graphitic carbon (002) and NisC crystalline phases, as well as a rightward shift of the (002) peak to
20 = 26.2°, suggesting lattice contraction caused by water-vapor-induced stress. Transmission electron microscopy (TEM) images
showed that CNTs synthesized under WA-CVD conditions were thinner (17-25 nm), longer (> 1 pm), and cleaner than those obtained
by conventional CVD, which exhibited thick amorphous carbon coatings. These results demonstrate that the controlled addition of
water vapor during CVD suppresses amorphous carbon formation, regenerates catalyst active sites, and significantly enhances CNT
crystallinity and morphological uniformity. The findings provide an efficient approach for synthesizing high-purity, well-aligned CNTs
suitable for thermal interface materials, nanocomposites, and electronic device applications.
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INTRODUCTION

Since their discovery by Iijima in 1991 [1], carbon nanotubes (CNTs) have been among the most promising
nanomaterials investigated to date. Their exceptional mechanical strength, electrical and thermal conductivity, as well as
chemical stability, make CNTs suitable for a wide range of applications, including electronics, catalysis, composite
materials, energy storage systems, and thermal interface materials (TIMs) [2—4].

The quality, morphology, and properties of CNTs mainly depend on the synthesis parameters—particularly the type
of catalyst, growth temperature, carbon source, and reaction atmosphere [5]. The most widely used synthesis technique
is Chemical Vapor Deposition (CVD), which offers several advantages such as simple technological requirements, low
cost, and controllable growth conditions [6,7]. However, the formation of amorphous carbon (a-C) during the CVD
process significantly reduces the structural and functional quality of CNTs.

Deposited carbon on the catalyst surface can generally be classified into amorphous carbon and graphitic carbon.
Amorphous carbon is formed through the adsorption of carbon species on active nickel sites; it is highly reactive and can
be removed at relatively low temperatures [8]. In heterogeneous catalysis, carbon deposits of different structural order
can form on catalyst surfaces, and their nature strongly affects catalyst stability and activity. Amorphous carbon species
are generally less ordered and more reactive, whereas graphitic carbon exhibits a more ordered sp bonded lattice that is
thermodynamically stable and harder to remove by simple low-temperature treatments [9]. Such graphitic deposits tend
to form at higher reaction temperatures and, once present, require significantly higher temperatures or aggressive
regeneration procedures for elimination. As carbon continues to accumulate, these graphitic coke species block active
sites or pores and physically limit the access of reactant gases to catalytic centers, which leads to a gradual decline in
catalytic activity and, in severe cases, complete catalyst deactivation [10].

As a result, the growth rate of CNTs decreases, their length shortens, graphitization becomes limited, and both
electrical and thermal properties deteriorate [11]. Therefore, the controlled removal or prevention of amorphous carbon
formation during synthesis is one of the most effective strategies for improving CNT quality.

Several approaches have been explored for the elimination of amorphous carbon. One of the most widely studied
techniques involves oxidative acid treatments, using mixtures of nitric acid (HNOs), sulfuric acid (H2SO4), or hydrogen
peroxide (H20:) [12—14]. By functionalization, chemical groups such as carboxyl (—COOH), carbonyl (—CO), and hydroxyl
(-OH) are formed on the CNT surfaces, which exfoliate the CNT bundles, improve their wettability and enable their
dispersion in polar media. In the presence of metal precursors, these surface groups help the diffusion and nucleation of
metals on the CNT sidewalls for the synthesis of ideal CNT composites [15]. The acidic treatment tends to damage the
external graphitic lattice structure of CNTs[16]. Thus, optimizing the concentration and duration of oxidation is crucial [17].
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An alternative approach is the Water-Assisted Chemical Vapor Deposition (WA-CVD) method, where water vapor
(H20) is introduced into the synthesis environment. Adding water vapor to the CVD process can improve the CNT purity,
alignment, and growth height by removing amorphous carbon on the (typically Fe) catalyst particles owing to the partial
oxidation of the metallic catalyst. [18,19]. This method enables the formation of vertically aligned, dense, and highly
ordered CNT arrays [20]. Studies have shown that samples synthesized at higher temperatures (600—800°C) exhibit a
higher degree of graphitization, whereas lower temperatures favor amorphous carbon formation [21].

Moreover, the choice of metal catalyst significantly influences amorphous carbon formation. Transition metals such
as Fe, Co, and Ni effectively decompose carbon and promote diffusion; however, at lower growth temperatures,
amorphous carbon deposition becomes more likely [22]. Therefore, the activation and cleanliness of the catalyst surface
play a crucial role in CNT growth [23].

Recent research demonstrates that the in-situ removal of amorphous carbon—during rather than after synthesis—
enhances the morphology, graphitization, and functional performance of CNTs [24,25]. This not only simplifies the
synthesis process but also minimizes subsequent chemical treatments, preserving the structural integrity of the nanotubes.

In this study, the conventional CVD and water-assisted CVD (WA-CVD) methods are compared to evaluate the
influence of water vapor on amorphous carbon formation at low temperatures. The presence of water vapor facilitates the
decomposition of excess amorphous carbon on the catalyst surface in real time, keeping active sites exposed.
Consequently, CNT growth yield increases, catalyst lifetime extends, and graphitization improves. Understanding the
mechanism of amorphous carbon formation and its suppression via WA-CVD or oxidative environments provides a
pathway for producing low-defect, highly crystalline CNTs at relatively low temperatures.

This approach establishes an important scientific foundation for the development of efficient, stable, and thermally
conductive nanotubes for thermal interface materials (TIMs) [26], nanocomposites [27], and electronic devices [28].

In this study, reduced nickel nanocatalysts synthesized via the sol-gel method were employed for the growth of
carbon nanotubes (CNTs). Nickel(II) nitrate hexahydrate [Ni(NOs).'6H.O] was dissolved in distilled water, and
ammonium hydroxide (NH«OH) was gradually added until the pH reached 11. The resulting solution was slowly heated
to 85 °C, leading to the formation of a gel. The obtained gel was deposited onto sapphire substrates using the spin-coating
technique and subsequently dried at 400 °C. The nickel nanocatalysts were produced by reducing nickel oxide (NiO) at
elevated temperatures in a hydrogen atmosphere, which converted NiO into metallic nickel and enhanced its catalytic
activity.

EXPERIMENT

Carbon nanotubes were synthesized on Ni-coated sapphire substrates using a super-growth chemical vapor
deposition (CVD) technique that selectively removes amorphous carbon without damaging the nanotube structure at the
growth temperature. The schematic diagram of the experimental setup developed for CNT synthesis using the super-
growth CVD method is shown in Figure 1.

Figure 1. Schematic diagram of the designed CVD system: 1— quartz reactor (1 m length); 2, 3 — flanges; 4 — laboratory furnace;
5 — molybdenum plate with thermocouple; 6 — sample

All experiments were conducted under identical reaction conditions, with the only difference being the presence or
absence of water vapor during the growth stage. The substrates were placed inside a quartz-tube furnace, and when the
reaction temperature reached 550 °C, ethanol (C.HsOH) was introduced into the reactor together with argon gas,
maintaining a total gas flow rate of 3.0 L/min. The reaction time was fixed at 45 minutes. CNT growth was performed
under two different conditions:

-Dry growth (without water vapor): Ar (2900 sccm) + C:HsOH (100 sccm).

-Water-assisted growth (WA-CVD): H20 + Ar (2900 sccm) + C2HsOH (100 sccm).

In the WA-CVD process, deionized water at room temperature was passed through a bubbler to generate water
vapor, which was continuously monitored and controlled. The controlled addition of water vapor served to maintain the
catalyst activity and enhance the growth rate of carbon nanotubes.
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After 45 minutes of growth, the flow of C:HsOH and Ar was stopped, and the samples were allowed to cool naturally
to room temperature.

To evaluate the structural, crystallographic, and morphological properties of the synthesized carbon nanotubes
(CNTs), several advanced characterization techniques were employed.

Raman spectroscopy was carried out using a Renishaw Raman spectrometer equipped with a 532 nm laser source
operating at 100% power (approximately 10 mW). The spectra were recorded over the range of 100-3500 cm™. This
analysis provided insights into the degree of graphitization, the presence of amorphous carbon, and defects within the
CNT structure.

The crystalline structure and phase composition of the CNTs were analyzed using Rigaku SmartLab SE X-ray
Diffractometer with Guidance Software. Measurements were conducted with Cu Ka radiation (A = 1.5406 A) at an
operating voltage of 40 kV and current of 50 mA. Scans were performed in 1D mode, with a step size of 0.01° and a scan
rate of 3.00° min!, covering the 26 range of 10°-100°.

To further investigate the morphology and internal structure, Transmission Electron Microscopy (TEM) analysis
was performed using a Thermo Scientific Talos F200i (S) field-emission scanning TEM operating at 20-200 kV.

RESULTS AND DISCUSSION
The Raman spectra of the synthesized carbon nanotubes (CNTs) exhibited three characteristic peaks typical of
carbon nanomaterials — the D, G, and 2D bands — as shown in Figure 2. These peaks correspond to the vibrational
modes of sp>-hybridized carbon atoms within the graphitic lattice, confirming that the nanotubes possess a graphitic
structure.
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Figure 2. Raman spectra and TEM image of carbon nanotubes synthesized by: (a) conventional CVD and (b) water-assisted CVD
(WA-CVD) methods

In the Raman spectra, the G band observed in the range of 1575-1586 cm™ corresponds to the in-plane stretching
vibrations of sp®-bonded carbon atoms, confirming the presence of a crystalline graphitic structure. The
D band (~1343-1349 cm™) is associated with lattice imperfections and amorphous phases, and its intensity reflects the
degree of structural disorder in the sample.

For the CNTs grown by the conventional CVD method, the D, G, and 2D peaks were observed at 1343, 1575, and
2685 cm™, respectively, with an Ip/Ig ratio of approximately 1.19, indicating the presence of defects and amorphous
carbon. Additionally, a low-frequency radial breathing mode (RBM) in the range of 126—139 cm™ confirmed the existence
of single-walled carbon nanotube (SWCNT) fractions.

In contrast, for the CNTs synthesized using the WA-CVD method, the D, G, and 2D peaks appeared at 1349, 1586,
and 2686 cm™', respectively, while the characteristic amorphous carbon signal around ~794 cm™ was absent, indicating
higher purity of the sample. The Ip/Ig = 1.18 value suggests improved crystallinity. The rightward shift of the G-band to
1586 cm™ can be attributed to mechanical compression or doping-induced stress within the carbon lattice.

The X-ray diffraction (XRD) patterns of the CNTs synthesized under both conditions are shown in Figure 3. The
diffractograms exhibited several distinct peaks in the 20 range of 10°-100°, confirming the crystalline nature of the
obtained samples.
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Figure 3. XRD diffractograms of carbon nanotubes synthesized by conventional CVD (red) and WA-CVD (black) methods

In the diffractogram of the CNTs synthesized by the conventional CVD process, the main diffraction peaks appeared
at 20 =~ 25.8°, 42.8°, 44.4°, 51.7°, 76.2°, 92.8°, and 98.3°, corresponding respectively to the (002) and (020) planes of
graphitic carbon and to the (111), (200), (220), (311), and higher-order reflections of metallic Ni phases (JCPDS Ne. 04-
0850). The strong peak near 20 = 25.8° confirms the presence of graphitic carbon layers, indicating the formation of
carbon nanostructures.

The XRD pattern of CNTs synthesized via the WA-CVD method exhibited the same major peaks (20 = 26.27°,
44.4°, 76.2°, 92.8°, and 98.3°) along with several additional reflections at 20 = 39.3°, 41.6°, 58.62°, 71.20°, 78.11°,
86.05°, 88.09°, and 97.49°. These additional peaks correspond to the hexagonal NisC phase (PDF No. 77-0194), indexed
to the(110), (006), (116), (300), and (119) planes [29].

The (002) peak of CNTs grown under standard CVD conditions appeared at 20 = 26°, typical for graphitic carbon
structures. In contrast, for CNTs synthesized under WA-CVD conditions, a slight rightward shift of the (002) peak to 20
~ 26.2° was observed, which is attributed to lattice parameter contraction. The primary causes of this shift are the
compressive stresses induced on the catalyst surface by the water vapor, a reduction in nanocrystallite size, and possible
atomic rearrangements caused by oxidation or doping processes, leading to a decrease in interatomic spacing and,
consequently, an increase in the Bragg angle (20) [30].

The morphological characteristics of the synthesized CNTs were further investigated using Transmission Electron
Microscopy (TEM), as shown in Figure 2 and Figure 4.
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Figure 4. TEM images of carbon nanotubes: (a) CNTs synthesized by the conventional CVD method; (b) CNTs synthesized by
the water-assisted CVD (WA-CVD) method

The TEM image of the sample grown under dry CVD conditions (Fig. 2a) shows nanotubes covered with a thick
layer of amorphous carbon and agglomerated clusters. The nanotubes have diameters of approximately 23—40 nm (Fig.
4a) and lengths typically limited to 200—500 nm. The presence of numerous irregular and fragmented segments indicates
uncontrolled carbon deposition on the catalyst surface, leading to the accumulation of amorphous carbon and
consequently to CNTs of poor structural quality with disordered morphology.

In contrast, the TEM image of the sample synthesized under WA-CVD conditions (Figure 2b) shows much cleaner
and more ordered nanotubes. The CNTs are thinner and longer, with diameters ranging from 17-25 nm (Fig. 4b) and
lengths exceeding several micrometers (>1 pm). The amorphous carbon layer is almost absent, and the CNTs are well-
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separated from one another. This demonstrates that water vapor regenerates the catalyst surface, suppresses excessive
carbon deposition, and stabilizes the growth process.

From the TEM images (Figures 4a and 4b), it can be concluded that CNTs synthesized by both the CVD and WA-
CVD methods grew via the tip-growth mechanism. In both cases, Ni nanoparticles served as active catalytic centers,
decomposing the carbon precursor and promoting tubular carbon formation.

Overall, the comparative analysis indicates that synthesis performed in the presence of water vapor results in higher-
quality, longer, and purer carbon nanotubes than those obtained under dry conditions. Water vapor not only extends the
catalyst lifetime but also produces CNTs with smaller diameters and more uniform distributions.

CONCLUSIONS

The conducted research demonstrated that the water-assisted chemical vapor deposition (WA-CVD) method is
significantly more efficient than the conventional CVD process for synthesizing carbon nanotubes (CNTs). The Raman
analysis showed that CNTs synthesized under WA-CVD conditions exhibited no amorphous carbon components and
displayed a higher degree of graphitic ordering (In/Ig= 1.18). The XRD results revealed a shift of the (002) peak to 20 =
26.2° and the formation of the Ni,C phase, confirming the stabilizing effect of water vapor on catalyst activity. The TEM
observations demonstrated that CNTs grown by the WA-CVD method were thin (5-12 nm), long (=1 pm), and well-
separated, whereas those grown under conventional CVD conditions were short, irregular, and coated with amorphous
carbon. Overall, water vapor regenerates the catalyst surface, suppresses amorphous carbon formation, and improves both
graphitization and growth efficiency. Therefore, the WA-CVD method has been proven to be an optimal approach for
synthesizing thin, long, and well-aligned carbon nanotubes with high crystallinity and purity.
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MNOKPAIIEHHSA CUHTE3Y BYITIELEBUX HAHOTPYBOK IIVIAXOM BHJIAJIEHHA AMOP®HOI'O BYTJIEIIO
Cesapa I. I'yiiomaxanoBa, lusoc X. Xynaiikynos, liboc Ixx. Adgicainos, Xaram b. Aurypos
Incmumym ionno-naazmosux ma aazepuux mexuonozitl im. Apigposa Axademii nayx Y3bexucmany
100125, eéyn. /lypmon tiyni, 33, Tawkenm, Y30exucman

VY mpoMy pocmimkeHHi ByrieneBi HaHOTpYOku (BHT) Oynmm cuaTe30Bani Ha camndipoBHX MIAKJIAAKAX 3 HIKEJIEBUM MOKPHUTTAM 3a
JIOTIOMOTOIO TPaJHIIIfHIX METOMIB Ta METOMIB XIMITHOTO OCaKEHHS 3 TapoBoi (a3u 3 BukopuctanHsM Boau (CVD ta WA-CVD) nis
OLIIHKY BIUIMBY BOJSHOI NMapy Ha BUJAJICHHS aMOP(HOTO BYIVIEIIO Ta aKTUBHICTH KaTali3aTopa 3a HU3BbKUX TeMueparyp. BigHosieni
HiKeJIeBI HaHOKAaTaJi3aTopH OyJaM OTPHMaHi 30Jb-TelIb METOIOM Ta aKTHBOBaHI B arMocdepi BoxHi0. PamMaHIBChbKa CIIEKTPOCKOIIIS
MiATBEp/KIa, 10 ByIICHEBl HAHOTPYOKH, cuHTe30BaHi MeTogoM WA-CVD, neMoHCTpyroTh BUIMIA cTymiHb rpaditusarnii (ID/IG =
1,18) Ta BimcyTHicTh mikiB amopdHOro Byriewmro Onu3bko 794 cM™!, 1m0 CBIAYMTH MPO MOKPAILEHY YHUCTOTY. PeHTreHiBChKuMit
nudpakuiiauii ananiz (XRD) BusiBuB yrBopenus rpadiroux Bynienesux (002) ta kpucraniynux a3 NisC, a Takox 3cys miky (002)
mpaBopyd 10 20 = 26,2°, u10 cBiqUUTh PO CTUCHEHHS KPUCTAIIYHOI PEUITKH, COPUYMHEHE HANPYKEHHSIM, 1HIYKOBAaHUM BOISHOIO
naporo. 300pakeHHs MPOCBIdyBaIBHOI e1eKTpoHHOI Mikpockomii (TEM) noka3zanm, mo Bymienesi HaHOTpyOKH, CHHTE30BaHi B yMOBax
WA-CVD, 6ymn tonmumu (17-25 HM), noBmuMu (> 1 MKM) Ta YHCTIMIMMHM, HDK Ti, mo Oynu orpuMani 3BudaiiHmM CVD, sxi
JIEMOHCTpPYBAJIN TOBCTI HOKPUTTS 3 aMop¢HOTO Byrtemnto. Lli pe3ynsTaTu 1eMOHCTPYIOTh, III0 KOHTPOJILOBAHE IOAABAHHS BOJSIHOT TApH
nix wac CVD mnpurniuye yTBOpeHHs aMOp(HOro ByIJIEL0, pereHepye aKTHBHI IEHTPH Karaji3aropa Ta 3HAYHO IIOKpAILye
KPHUCTAIIYHICTh Ta MOP(OJIOTiYHY OJJHOPIIHICTH ByIVIELIeBUX HAHOTPYOOK. OTpHMaHi pe3ysibTaTi NIPOIOHYIOTh e(EKTHBHHUH MiAXi 10
CHHTE3Y BHCOKOYMCTHX, A0Ope BHPIBHAHHMX BYDJICLICBUX HAHOTPYOOK, NPUAATHHUX [UISI BHKOPHCTaHHA B TepMOiHTepdeiicHnx
Marepiajiax, HiHOKOMIIO3UTAX Ta €IEKTPOHHUX MPHCTPOSIX.

KurouoBi cioBa: syeneyesi nanompyoku,; sudanenna amopgrozo gyeneyro;, CVD 3 gukopucmanHam 600u, Hikeregull Kamanizamop;
3071b-2€eb CUHME3, PAMAHIBCLKA CHEKMPOCKONIs, peHmeeHiecvka oudparyis, mopgonocia TEM,; cmynins epaghimusayii; pecenepayis
xamanizamopa



