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Abstract
In the field of material synthesis using chemically-derived technique, nanostructuring metal catalyst particles towards high
quality production of carbon nanotubes (CNTs) has been very attractive. In this work, cobalt (Co) which used as catalyst for
vertical growth of CNTs were studied by means of transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS). Aluminum (Al) films (20 nm) were thermally-oxidized to form aluminum
oxide (Al-O) to support 0.5 nm Co catalyst during CNT growth. In growing CNTs by using chemical vapor deposition (CVD)
technique, the role and characters of all involving materials are crucial to the growth result. From the Co/Al-O substrate and at
650 oC of CVD temperature, 33-Pm thick of vertically aligned single-walled CNT (VA-SWCNT) forest has been grown. TEM
particle analysis revealed that the Co particles have an average of 3.50 nm experimentally and in principle favored the growth of
highly demanded VA-SWCNTs. The as-prepared Co particles are suggested chemically active for the CNT growth. In addition,
XPS analysis confirmed the surface chemical state of Co particles prior to the VA-SWCNT growth using ethanol based CVD
system.
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1. Introduction
Single-walled carbon nanotube (SWCNT) is a promising next-generation material because of their novel
electronic, mechanical and chemical properties. In particular, vertically aligned SWCNTs (VA-SWCNTs) has been
expected to be greatly applicable to energy storage devices because of its large surface area [1, 2]. An
electrochemical capacitor using a symmetric VA-SWCNT electrode was successfully fabricated, and importantly
the performance was a world-top class level, with a 584 F g-1 specific capacitance value [3]. In energy storage
application, the distance between CNTs and the spatial distribution of CNTs are important because the capacitor
performance is believed to be improved by increasing the total number of electrolyte ions (electrical charge)
adsorbed onto CNT surfaces.
For SWCNT growth using ethanol based chemical vapor deposition (CVD) system, Co catalyst plays a major
role towards the production of high density and high quality nanotubes. Regardless of the growth method, CNT
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formation strongly depends on catalytic activity and catalyst lifetime [4, 5]. Specifically, it is assumed that the
morphology of the Co catalyst particles might strongly affects the spacing between the CNTs as well as the CNT
diameter distribution and thus the device performances. However, study on the Co catalyst particles themselves has
not progressed far enough. For example, the crystal structure and the oxidation state of the Co catalyst particles have
not been clearly figured out yet. Regardless of the desired CNT structures (alignment, dimension etc.), the
fundamental understanding of Co catalyst particle in actively nucleating CNT is very crucial and can still be
considered as the missing piece of the puzzle inside SWCNT growth. In this work, the morphology and surface
chemical state of the Co particles were studied as to explore any possibilities of its direct relation to desired CNT
structure for multi-scale applications.
2. Materials and Method
First, a heavily doped n-type silicon wafer (10 x 10 x 0.5 mm3) with a 400-nm-thick thermally oxidized SiO2
layer on its surface was used as the substrate. The substrates were rinsed with acetone, then sonicated in ethanol for
10 min cleaning using ultrasonic bath, and finally exposed to UV-O3 for 10 min for the cleaning process. The Al
thin films of 20 nm nominal thickness were deposited using electron beam physical vapor deposition (EBPVD) at
10-4 Pa. The deposition rate was monitored by a quartz resonator and was kept constant at 0.1 nm sec-1. For the
formation of Al-O catalyst-support layer for vertical CNT growth, deposited Al was first naturally-oxidized at room
temperature for 2 hours. Then, the substrate was subsequently transferred to CVD reactor used for CNT growth, and
thermally oxidized at 400 oC in static air for 10 min.
For CNT growth, Co catalyst (0.5 nm nominal thickness) was consequently deposited on top of Al films using
the same EBPVD, and then followed by the oxidation process of Al films. It is important to note that Co deposition
on Al films before or after oxidation process of Al-O support layer produced qualitatively the same results, within
experimental error of CNT growth results. As illustrated in Fig. 1, electric furnace (MILA-3000) was employed as
the CVD reactor, and ethanol (EL grade, 99.9%; Kanto Chemical) was used as the carbon source (feedstock) [5 – 7].
Ar/H2 (3% H2) as the pretreatment gas was supplied into the reactor at a pressure of 0.4 KPa concurrently with 4
min rapid ramping of the furnace. The Ar/H2 gas continuously flowed after the furnace temperature reached the
CVD temperature (TCVD) of 600 – 800 oC for further 5 min annealing process. Then, the mixed gas flow was stopped,
and then ethanol vapor was immediately introduced into the furnace at flow rates of 110 – 130 sccm. The annealing
and CNT growth were carried out at the same temperature (50 oC interval). The internal pressure and CVD
processing time were fixed at 3 KPa and 10 min, respectively.
The Co particles and CNTs grown from the Co/Al-O substrate were characterized by high-resolution scanning
electron microscopy (HR-SEM; Hitachi S-5200) and high-resolution transmission electron microscopy (HR-TEM;
Hitachi H-7650, 100 KV). The morphology, density, and average diameter of the Co particles on Al-O were
confirmed from HR-TEM images. XPS (Fison Instruments S-PROBE ESCA) measurements were performed with
Al KĮ (1486.6 eV) as the X-ray source and the samples were analyzed at 90 o take-off angle to the surface. The Xray beam spot size was 250 x 1000 Pm2. The photoelectron binding energy (BE) was calibrated using C 1s narrow
spectrum, at 284.6 eV, and chamber pressure during the measurement was 10-7 Pa.
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Fig. 1. Schematic illustration of ACCVD system used for VA-SWCNT growth in the laboratory.

3. Results and Discussion
First, the VA-SWCNT growth result will be discussed (Table 1). Upon extensive analysis of VA-SWCNT
growth, it was found that the CNTs grown at 650 oC (annealing and CVD temperatures) resulted in the highest
thickness (CNT vertical length) of 33-Pm. From the very thin Co catalyst film, SWCNTs grown from the Co
particles are expected to be very thin in the diameter. Thus, at higher temperature, CNT growth dynamic might be
thermally affected by the burning of the CNTs during the CVD process [8]. The high-resolution SEM image in Fig.
2 shows the vertical alignment of CNT forest perpendicular to the substrate, where most of the area of the substrate
was covered by VA-CNTs. On the other hand, in the previous studies, the peaks at the radial breathing mode (RBM)
region in the Raman spectrum verified the presence of single-walled (SW-) CNTs [8 – 10]. Thus, it is crucial to
investigate the physical condition of Co particles that annealed and grown at this temperature. For such temperature
dependence analysis, appropriate CVD temperature will directly affect not only the Co particle size and shape, but
importantly the Co catalytic activity; the more active particles being prepared, the CNT amount (and/or density)
grown on the substrate will be higher.
Table 1. VA-SWCNT growth results based on VA-SWCNT height depending on different CVD temperatures.
CVD temperature, TCVD

SWCNT forest thickness, tCNT

(oC)

(Pm)

600

8

650

33

700

16

750

14

800

7
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Fig. 2. Cross-sectional HR-SEM image of VA-SWCNT forest grown from Co/Al-O at 650 oC, 5 min.

For the existence and spatial distribution analysis of Co particles, high resolution TEM analysis was carried out.
Fig. 3 depicts the plane view image of Co particles on Al-O after being annealed at CVD temperature, 650 oC.
White dots in the image were Co particles, and the background was the Al-O. This result confirmed that Co ultra
thin films changed to nano-sized particles as soon after annealing process. Also, it was found that the Co particles
have an average diameter of approximately 3.50 nm. The 3.50 nm mean diameter of the Co particle is acceptable for
a root growth mode mechanism, and in principle, CNT diameter does not exactly follow the diameter of catalyst
particle, it must be slightly smaller than the catalyst particle [6]. In addition, from the clear observation of the
distance between Co catalyst particles, it can be suggested that the individual or bundle of vertical CNTs grown with
a space between each other. This will be one good advantage for the use in energy storage device, in which the
electrolyte ion has better accessibility to the CNT surfaces [3, 11, 12].

Fig. 3. TEM plane view image of Co particles on Al-O and its particle diameter analysis. Small white dots are the Co, and the background is the
Al-O.

Another significant finding was elaborated from the XPS analysis in order to investigate surface
electronic/chemical states of the Co particles. Fig. 4(a) depicts the typical survey spectrum of Co/Al-O after being
annealed at 650 oC, in vacuum. From this spectrum, substrate`s surface contributed 6 main photoelectron signals; Al
2p, Al 2s, C 1s, O 1s, and 2 Co main peaks. Co 2p and Co 3p peaks were clearly observed at around 800 and 65 eV
[5]. Importantly, no photoelectron intensity was reflected from the SiO2 underlayer; the absence of Si signals
confirmed the uniformity of both deposited Al and Co films.
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In Fig. 4(b), the Co 2p narrow spectrum was normalized at the maximum intensity in order to facilitate clear
comparison. The intensities of all signals in this region indicate a direct measure of the degree of Co dispersion.
Here, it was found that the catalyst particles were composed a mixture of Co metal and/or Co oxide. Although a
detailed structural analysis using other supporting techniques like TEM-EDS and TEM-ELLS are crucial, here it can
be suggested that the as-annealed Co catalyst particles owing a crystal structure that would be active for the CNT
growth. In future, with the aid of the material theoretical/simulation analysis, it can be a huge opportunity to open
the possibility of controlling spatial distribution of CNT by changing catalytic behavior of the Co particles.

Fig. 4. XPS analysis of Co on Al-O after being annealed at 650 oC, 5 min.

4. Conclusion
For clarification of the Co catalyst activity during the SWCNT growth using ACCVD, morphology and surface
chemical state of the Co particles were investigated. In particular, Co particles size, distribution and oxidation state
of Co particles have been analyzed. From TEM, it was found that the Co particles were well distributed and the
mean diameter for Co on Al-O support layer was calculated to be 3.50 nm. The oxidation state Co catalyst particles
were investigated using XPS. From the result, Co particles were in the mixture states of Co metal and Co oxide.
This work will contribute to the progress towards a clear mechanism clarification of the catalyst activity
of Co catalyst particles in the SWCNT growth.
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