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Abstract

In this study, VA-CNTs were synthesized homogeneously on Al foil at 610 °C temperature by Floating
Catalyst Chemical Vapor Deposition (FCCVD) method in a tube furnace. While ethanol was used as the
carbon source, ferrocene was used as the catalyst. VA-CNTSs with diameters in the range of ~10-15 nm and
lengths in the range of ~30-35 um were obtained. Structural and morphological analyzes of VA-CNTs were
determined using X-Ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), Energy
Dispersion X-Ray Spectroscopy (EDS), Raman Spectroscopy and X-Ray Photoelectron Spectroscopy (XPS).
These VA-CNTSs, synthesized by the FCCVD method on an Al foil in a large area, have the potential
applications to be used especially in energy storage, optoelectronic, and sensor.
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FCCVD yontemi ile aliiminyum folyo iizerinde dikey olarak hizalanmis karbon nanotiip biiyiimesinin
genis alan sentezi.

Oz

Bu ¢alismada, yatay bir tiip firnda FCCVD yontemiyle 610 °C sicaklikta Al folyo iizerine VA-CNT’ler
homojen bir sekilde sentezlenmistir. Karbon kaynagi olarak etanol kullanilirken katalizor olarak da ferrosen
kullamilmstir. Caplar1 ~10-15 nm araliginda, uzunluklari ise ~30-35 um araliginda degisen VA-CNT 'ler elde
edilmigtir. VA-CNT'lerin yapisal ve morfolojik analizleri, X-Isin1 Kirtmim (XRD), Alan Emisyon Taramali
Elektron Mikroskobu (FESEM), Enerji Dagilim X-Isin1 Spektroskopisi (EDS), Raman Spektroskopisi ve X-
Istm1 Fotoelektron Spektroskopisi (XPS) kullanilarak belirlenmistir. Genis bir alanda Al folyo {izerinde
FCCVD yontemiyle sentezlenen bu VA-CNT'ler, ozellikle enerji depolama, optoelektronik ve sensor
uygulamalarinda kullanilabilme potansiyeline sahiptir.

Anahtar Kelimeler: VA-CNTs, FCCVD, aliiminyum folyo

*Corresponding Author: oyesilbag@erzincan.edu.tr 296


https://orcid.org/0000-0002-2519-3078
https://orcid.org/0000-0003-4383-2432
https://orcid.org/0000-0002-2260-2593
https://orcid.org/0000-0002-1760-5423
https://orcid.org/0000-0003-4757-9999

Large-area synthesis of vertically aligned carbon nanotubes growth on the aluminum foil via FCCVD method

1. Introduction

Carbon nanotubes (CNTSs) are one-dimensional (1D) nanomaterials with a unique structure,
varying in length in micrometers and diameters in nanometers. CNTs are formed by wrapping
one or more layers of graphite and have sp? bonding in a cylindrical hexagonal network
structure. (Rafique et al., 2016; Shi and Plata 2018). CNTs are classified as single-walled
(SWCNT), double-walled (DWCNT), or multi-walled (MWCNT) (Rafique et al., 2016).
Besides its light weight and high specific surface area, CNTs have superior mechanical,
thermal, chemical, and electrical properties, thus attracting attention for many applications in
many fields (Yilmaz et al., 2017; Yesilbag et al., 2021). CNTs most important applications are
in electronics, optoelectronics, and energy storage applications such as solar cells, sensors,
transistors, and batteries, field emission characteristics (Bondavalli et al., 2009; Chachuli et
al., 2021; Jo et al., 2003; Jeon et al., 2019; Wang et al., 2003).

There are three main methods for synthesizing CNTs using arc discharge, laser ablation and
chemical vapor deposition (CVD) (Manawi et al., 2018). The CVD method is the most widely
used among these methods (Chen et al., 2014). CVD system is further divided into two types,
the first is substrate-based CVD, in which the catalyst is deposited on the support layer
previously deposited on the substrate (Yaglioglu et al., 2012), the second is called the Floating
Catalyst CVD (FCCVD), where the catalyst is injected into the gas phase with the carbon
source to the system (Chen et al., 2019). This FCCVD method is suitable for continuous
production of CNTs and contributes to the reduction of costs (lonescu et al., 2011). FCCVD
method can also be used by dividing it into two stages, in which the catalyst is preheated and
then transferred to the reaction area by the carrier gas, and hydrocarbon gas is released in the
second stage (Kinoshita et al., 2019). CNTs can be grown on a variety of substrates such as
silicon, quartz, aluminum, stainless steel, and copper (Yilmaz et al., 2017). Aluminum (Al) is
the most widely used substrate due to its low bulk density, good electrical conductivity, and
high flexibility. Direct growth of VA-CNTs (Vertical Aligned Carbon Nanotubes) in CVD
system on Al foil is limited by the melting point of Aluminum (640 to 660°C). Synthesis of
VA-CNTs on Al foil at a competitive growth rate paves the way for its industrial progress.
These new progresses are the result of careful control of the tuning parameters, especially the
Fe/C ratio in the source flow. Lowering the growth temperature allows the formation of many
small iron-based nanoparticles, so that the VA-CNT forest has a density of about (1011
CNTlcmZ) at 615 °C with an outer diameter of CNT of about 10 nm and a narrow distribution
(Nassoy et al., 2019).
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2. Materials and Methods

VA-CNTs on Al foil (15x10 cm) were synthesized by the FCCVD method in a horizontal
tube furnace shown in Figure 1a. Since it is important to prevent aggregation of Fe catalyst
nanodroplet on the substrate, the natural Al,O3; layer on the Al foil surface provides this
aggregation (Raji et al., 2017). In the experiment, ethanol (C,HsOH) was used as the carbon
source and Fe(CsHs), was used as the catalyst. Argon and hydrogen gases were used in the
experiment. Argon was used as carrier gas. While argon is used as a carrier gas, H, is used to
reduce and remove the amorphous carbon formed in the environment. H; plays an important
role in CNT growth. Because the H, in the environment adjusts the reaction rate and
optimizes the activity of catalyst particles and CNT growth (Behr et al., 2010). First, 1% wt of
ferrocene was dissolved in 10 ml of ethanol on a magnetic stirrer. Ar (100 sccm) and H, (60
sccm) gases were introduced into the system until the temperature reached 610 °C. When the
temperature reached 610 °C, the Ar and H; gas flow rates were changed to 500 sccm and 300
sccm, respectively, while the source solution was sent to the system with a carrier gas with an
injection rate of 10 ml/h using a syringe pump and the growth period was started. After 20
minutes, the solution flow was stopped, and the sample was cooled to room temperature in the
presence of Ar and H; gases. A photograph of the Al foil on which the VA-CNTs grew after
the experiment is given in Figure 1b.

(a) Ethanol ; Ferrocene (b)
Syringe i -
pump

.,

controller

Figure 1. (a) Schematically illustration of the experimental system, (b) A picture of the VA-
CNTs growing on aluminum foil.

3. Results and Discussion
FESEM (FEI Quanta 450 FEG) images of VA-CNTs grown on the Al foil surface are shown
in Figure 2a-d. As seen from the FESEM results, VA-CNTs grew densely and homogeneously

on the Al substrate. The diameters of CNTs vary between ~10-15 nm and their lengths vary

between ~30-35 um (Figure 2c). Besides as seen in Figure 2d, VA-CNTSs adhere well to the
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Al foil surface. In Figure 2e, the EDS analysis taken over the entire surface, the atomic

concentrations of C, O, Al, and Fe elements in the structure are 89.7, 1.67, 8.42, and 0.15,
respectively.
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Element, Weight % Atomic %
CK 80.45 89.77
OK 1.99 1.67
AlK 16.96 8.42
Fe La - Fe K 0.61 0.15
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Figure 2. (a-d) FESEM images of VA-CNTSs on Al foil and (e) EDS analysis.

Figure 3 shows the Raman (WITec alpha300R, A=532 nm) spectrum of the sample. In the
Raman spectrum D, G and 2D bands can be seen around 1335 cm™, 2574 cm™ and 2665 cm™,
respectively. The D band around 1335 cm™ is generally called the defect band, and the
intensity of the G band is generally used as a measure of the quality of CNTs. The Ip/lg
intensity ratio in the Raman spectrum is 1.13. This indicates that there are defects in the
structure of CNTs as well as more intense growth of CNTSs.
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Figure 3. Raman analysis of the VA-CNTSs.

The XRD (PANalytical Empyrean, Cu-Ka, A=1.54060 A) pattern of the VA-CNT structure
taken in the range of 10°-80° (20) is given in Figure 4. According to JCPDS Card No: 26-
1079, the XRD peak in 26.6 of VA-CNTSs corresponds to the (002) plane of graphitic carbon
at high temperature. The good intensity of this peak indicates that VA-CNTs have a good

crystalline structure.
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Figure 4. XRD analysis of the VA-CNTSs.

XPS (SPECS-Flex, Al-K,) analysis of VA-CNTSs is given in Figure 5. As seen in Figure 5,
there are C and O elements in the full spectrum. The high-resolution C 1s peak in Figure 5b
has four peaks at 284.5 eV, 285.4 287.8 eV and 290.6 eV, corresponding to C-C, C=C, C=0
and O=C-OH binding energies, respectively (Jerng et al., 2011; Yesilbag et al., 2021). In
addition, the O 1s peak is also due to oxygen adsorbed on the carbon surface (Figure 5c).
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Figure 5. (a) Full spectrum XPS analysis (b) C1s, (c) O1s high resolution XPS spectra of
VA-CNTSs.

4. Conclusion

VA-CNTs were grown on Al foil in a tube furnace. Ethanol and ferrocene were used as
carbon source and catalyst, respectively. VA-CNTs with diameters in the range of ~10-15 nm
and lengths in the range of ~30-35 um were obtained. The fact that it is inexpensive, flexible,
readily available, and has a natural oxide layer has made Al foil a good substrate material for
the growth of CNTSs. In addition, VA-CNTs grown by this method can be used in applications

with large surface areas.
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