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l. INTRODUCTION

Porous anodic aluminum oxide (AAQO) possesses uniform porous structure with hexagonal packing of cylindrical
channels and narrow distribution of a pore sizes. The combination of unique porous structure with high temperature,
mechanical and chemical stability does AAO films attractive to synthesis of various nanomaterials including carbon
nanotube-based composites [1-5].

Devices on the basis of carbon nanotube (CNT) were not used extensively up to date [6]. That is connected with a
problem of receiving the reliable, corresponding to the sizes and properties of CNT, electrode systems [7]. As a rule, usually
represented CNT-devices contain other elements of the scheme, including electrodes, of the micron size. In devices on the
base of CNT-array, electrodes can have the sizes, usual for microelements.

Arrays of carbon nanotubes (CNTs) embedded in porous anodic aluminum oxide are of essential interest as active
elements in field emission cathodes [8-11], chemical and biological sensors [12-14]. “Nanovials” manufactured from the
resulting composite can be easily filled, for example, with ferromagnetic materials. They are well dispersed in water and
ethyl alcohol and can be used in medicine for drug delivery in vivo [15]. Nanotubes synthesized in the AAO pores possess
increased adsorption properties when compared with the known carbon material, such as activated carbon, individual
single- and multi-wall CNTs and can be used for the creation of hydrogen storage containers [16]. Generally for receiving
vertically aliened CNT array in porous AAO chemical vapor deposition (CVD) or microwave plasma enhanced chemical
vapor deposition (PECVD) methods are offered [17-19].

According to different publications, aligned CNTs can be synthesized in porous AAO with [20, 21] and without
catalysts [22, 23]. In general, a localized catalyst (Ni, Fe, Co) electrochemically deposited into AAO pores is used for the
CNT synthesis over a thin-film AAO/substrate (dielectric or silicon). If the AAO films with through pores (membranes) are
used, the synthesis is performed with volatile catalysts, since the electrochemical metal deposition into the pores with high
aspect ratio represents a complex technological task. However, the results presented in different publications are
contradictory and do not yield an unambiguous idea of the catalyst influence and CNT growth mechanism in the porous
AAO.

In this chapter processes of carbon nanotube-based composites formation with use of porous AAO are presented. We
considered the synthesis of aligned carbon nanotubes in the AAO pores by CVD method with both types of catalysts
(localized and injected) and both types of AAO-template — membrane and thin film AAO.

Aligned, highly uniform multiwall carbon nanotubes (MWCNT) in a porous AAO membrane were grown by the
injection CVD. The effectiveness of MWCNT formation was studied with various synthesis parameters. It was found that
high catalyst (ferrocene) concentrations led to formation of a thick layer of MWCNT arrays on top surface of AAO
membranes, which led to decrease of the pores filling with nanotubes. It was shown that the growth mechanism of the
nanotubes in the AAQO pores by this method was not connected with the traditionally used transition metal catalysts, no
matter whether they were in a deposited (localized catalyst) or volatile (injected catalyst) state. The pre-annealing process in
air atmosphere inhibited the nanotubes formation in the AAO pores. We speculate that the formation of MWCNTS in the
AAO pores is governed by the pore structure reconstruction (water desorption, phase transformation) during the high-
temperature (870<C) CVD process, though this phenomenon needs further investigation.

The optimal conditions for the pores filling with nanotubes were determined. The effect of CVD synthesis conditions, as
well the role of localized catalyst on the CNT nucleation and growth were studied.

It is known, single wall carbon nanotube (SWCNT) and small-diameter MWCNTSs synthesis from customized templates
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or catalysts is more difficult because of their relatively high activation energy in comparison to typical MWCNTSs [24].
Nucleation of such CNTSs requires catalyst particles of smaller diameters (about a few nanometers). This size is not easily
achieved when incorporation a catalyst within an every pore of a template.

We present a process for obtaining individual vertical CNT using catalyst nanoparticles (NPs) embedded within the
pores of a thin porous anodic alumina and compare it with synthesis of MWCNT in AAO without catalyst. The initial film
structure consisted of an electrode Ti layer, and a basic Al layer, deposited on a Si wafer. The Al layer was anodized to
create a vertically oriented pore template. The catalyst NPs of Ni with dimensions 1545 nm were formed using
electrochemical deposition on an alternating current (ac electrochemical deposition). CNTs were synthesized from the
catalyst NPs by high-temperature CVD.

These self-aligned CNTs differ from previously reported CNTs in thin AAO [24-26] as they have a potential density of
128 CNTs/um ® with a CNT-CNT spacing of 11045 nm. Dawn and top contacts cab be produced using electrochemical and
physical vapor deposition, respectively. The length of the CNTSs is controlled using different height AAO with a variability
of £15 nm. The resulting nanostructure is expected to form the basis for development of vertically oriented CNT-based
electronics and sensors.

Il. SPECIFIC FEATURES OF THE CARBON NANOTUBES NUCLEATION AND GROWTH IN THE POROUS ALUMINA MEMBRANE

A. Experimental
1) Synthesis of the AAO Template

The specially prepared porous AAO membranes consist of a self-ordered array of closely packed hexagonal cells
containing cylindrical pores with high degree of homogeneity. Samples of 99.95% aluminum foil with a thickness of 100 +
5 um and a size of 3 x4 cm were used as the initial material for the manufacture of porous AAO templates. Before
anodization, the samples were chemically polished in a mixture of orthophosphoric and nitric acids in a proportion of 8:1 at
a solution temperature of 80 =2<C for 1 min. The foil thickness after polishing was 90 =5 um. Then the samples were
placed into distilled water (40 <C) with subsequent washing in running distilled water and drying at 90-95<C in an oven.

The porous anodization of foil samples was performed with a two-stage method [27] in a 4% water solution of oxalic
acid. At the first stage, porous AAO with a thickness of about 50 um was formed in the high-voltage regime [28]. Then the
formed AAO was chemically removed in the selective etchant (35 ml/l of 85% H3;PO, + 20 g/l of CrO3) at a temperature of
80 +2<C. The second stage of anodization was performed until the aluminum foil was completely oxidized. To provide the
electric regime in anodization, the stabilized analog power supply TEC 5818 was used. The forming voltage was established
by scanning with a constant rate of 0.5 V/s. The electrolyte temperature (10°C) was kept constant with a precision of
+2.0<C. The membranes obtained in this regime contained pores with a diameter of 50—-60 nm. The membrane’s thickness
was 42 um with a porous structure having aspect ratio of about 840.

After anodization, the AAO pore walls were chemically polished in a 4% water solution of H;PO, at room temperature
for 40 min; this resulted in a pore expansion and etching of the barrier oxide layer on the pore bottom. This procedure
reduces the degree of roughness of the pore inner surface too, which is important for the CNT deposition. As a result, an
AAO template with vertically aligned through pores (membrane) was obtained. After polishing, the pore diameter increased
to 80-90 nm. Then, by means of magnetron sputtering one side of the porous AAO membrane was covered with a nickel
film with a thickness of 30 nm (localized catalyst). These AAO membranes were subsequently subjected to the CVD
process with injected catalyst.

Theoretically, for this method of vacuum metal sputtering onto porous matrices, metal atoms penetrate to a certain pore
depth depending on the pore diameter, which does not exceed the double pore radius. If AAO templates with an aspect ratio
larger than 500 are used, at the moment that the pore is closed by deposited metal, the metal penetration depth into the pores
is much smaller than the pore length and is approximately a factor of 3 smaller than the doubled pore radius [29].

2) Synthesis of CNTs

CNTs were synthesized using injection CVD method by means of a high-temperature pyrolysis of liquid hydrocarbon
(xylene [CgHi]) mixed with the volatile catalyst source (ferrocene [Fe (CsHs).]). This process was performed at
atmospheric pressure in an Ar/NH; flow. Ammonia addition was supposed to facilitate the catalytic activity of Ni particles
formed from the sputtered film at the high temperature synthesis conditions. The ferrocene concentration in xylene was 0.1—
10(wt.)%, the injection rate of the reaction mixture into the reactor zone was 1 ml/min, the temperature was 870°C, the
argon flow rate was 100 cm®min, and the flow rate of NH; was 10 cm®min. The synthesis duration was 1-10 min.

The experimental results for five CNT synthesis regimes (modes) are: in regime |, 1% feeding solution was injected for
1-10 min; in regime |1, these parameters were 10% and 1 min; in regime 111, 0.1% and 1-10 min, and in regime 1V, V, 1%
and 1 min respectively. In regime 1V, 1% feeding solution was injected for 1 min but without NH; supply. Thus, regime |
differs from regime Il and 111 only by the used feeding solution concentration, and regime | differs from regime IV and V by
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the NH; addition to the carrier gas flow, and from regime V by the stationary catalyst addition to the bottom of pores. The
specific features of CNT synthesis modes are presented in Table 1.

TABLE 1 SPECIFIC FEATURE OF CNT SYNTHESIS MODES

Regime mode | 11 11 vV | V

Ferrocene concentration, % 1 10 0.1 1 1

Duration of synthesize, min | 1-10 | 1 1-10 | 1 1

NHj; availability yes | yes | yes | no | yes

Stationary catalyst Ni Ni Ni Ni | no

3) Characterization Techniques

The morphology and structure of the samples were investigated by scanning electron microscopy, SEM (Phillips XL30
S FEG and Hitachi S-4800); transmission electron microscopy, TEM (Phillips CM-30); Raman spectroscopy (LabRam
Aramis Raman Spectrometer, Horiba Scientific, laser wavelength A=532 nm) and Raman scattering spectroscopy (a solid
state Nicolet Spectrometer NECSUS 720 laser with the wavelength A= 1064 nm and a power of 0.1-3 W); Auger electron
spectroscopy (EAS spectrometer PHI 660); X-ray photoelectron spectroscopy (XRPES spectrometer ES 2401 with a hemi
spherical electron analyzer) and IR spectroscopy (Perkin-Elmer Spectrum One).

B. Results and Discussion

1) The Effect of CVD Regime

It was observed that the AAO membranes after the CNT synthesis process using the feeding solution concentrations of
1-10% appeared to be covered with a thick layer of entangled CNT arrays. Fig. 1 shows SEM images of the samples
obtained in regime I: as-synthesized (Fig. 1(A)) and after mechanical cleaning of the AAO surface from the CNT crust on

top (Fig. 1(B)).

e

Fig. 1 SEM images of the AAO membranes after CNT synthesis in regime I, 10min (A) as-synthesized; (B) after mechanical cleaning of the top CNT crust; (C,
D) magnified views of the AAO cross section showing the nanotubes grown on top and in the pores

CNTs formed on the AAO surface begin to grow actively only if the ferrocene concentration increases to 1.0% and
higher. These CNTs produced on the surface of the sample have significantly smaller diameters (from 10 to 20 nm) than
that grown inside AAO since it is not controlled by the pore size of the AAO membrane (Fig. 1 (C, D) and Fig. 2 (C, D)).
The difference observed in the carbon material formed on the sample surface and in the AAO pores is governed by the
peculiarities of their formation mechanism.

It is seen in Fig. 2 (A, B) that the aligned nanotubes repeating the pore shape were formed in the AAO membrane. It is
noteworthy that the diameter of the pores appeared to be slightly increased to 70-100 nm (regime Il1) or 100-130 nm
(regime 1), depending on the initial diameter of pore after the CVVD process. The nanotubes were open-ended, the internal
diameter was about 50-70 nm, and they did not contain visible structural defects.
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Fig. 2 SEM images of the AAO cross section (A, B) and surface (C, D) showing the nanotubes grown in the pores and on the surface in regime I, 6min

For comparison, SEM images of the sample obtained in regime Il are presented in Fig. 3. This regime differs from
regime | only by a higher feeding solution concentration. It is noticeable that there were fewer nanotubes feeling the pores
(Fig. 3(A)) which may be caused by a very thick CNT crust layer grown on top of the membrane (Fig. 3(B)) which hindered
the diffusion of the feedstock into the pores thus preventing the nanotube formation.

Fig. 3 SEM images of AAO membranes after CNT synthesis in regime 1. (A) - A few nanotubes protruding from the AAO pores; (B) - general view of the
sample with a 30 um CNT crust layer on top

It can be seen from Fig. 2 that aligned tubes with the same configuration as in regime | were formed in AAO pores, but
disaligned entangled CNTs with a significantly smaller diameter were produced on the sample surface. Obviously the
growth of these CNTSs is not in anyway connected with the pores in the template and tubes formed in these pores. The
difference in the carbon material formed on the sample surface is due to the different ferrocene concentration in the reaction
mixture. CNTs formed on the AAO surface begin to grow actively only if the ferrocene concentration increases to 1.0% (all
regimes except Ill). Fine iron particles of small diameters formed in ferrocene pyrolysis are probably in the state of
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suspension and chaotically distributed in the reaction zone. If the ferrocene concentration sufficiently increases, iron
particles are adsorbed on the AAO surface and become centers of formation of common carbon nanotubes, which are
entangled in an arbitrary way above the template surface in the course of growth, forming “clews”. The diameter of such
tubes (from 10 to 20 nm) is much smaller than the diameter of tubes in the AAO template; i.e., it is not connected with the
pore diameter in the template.

In order to eliminate the formation of the CNT crust layer, the synthesis in regime I1l was conducted with the reduced
concentration of ferrocene in the feeding solution but with different deposition time (Fig. 4). As a result, the nanotubes were
formed in almost all the pores of AAO.
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Fig. 4 SEM images of the AAO membranes after CNT synthesis in regime 111, 3 min (A), 6 min (B-D)

After synthesis MWCNT it was carried out chemical etching of a membrane in fluoric acid and 10% water solution of
NaOH. Neither oxide nor tubes practically do collapse at such processing. Only after ionic cleaning in the atmosphere of
argon (energy of ions 3kev) partial etching of oxide was observed. Tubes thus remained absolutely safe and sound. It can be
seen from Fig. 4(B, D) that, as a result of ion cleaning, disorganized carbon were completely removed from the surface and
the AAO was partially etched. Fig. 4(C) is SEM photo of the same sample after combine processing (chemical etching and
then ion bombardment).

Furthermore, the effect of ammonia was investigated. For this purpose, we repeated the regime I, but excluded NH;
from the gas flow (regime 1V). It was revealed that the nanotubes having much thinner walls were formed in the AAO pores
(Fig. 5(A) and the inset).

Based on the results of SEM investigation presented it can be concluded that in the samples obtained in different
synthesis regimes, the aligned carbon nanotubes repeating the pore shape are formed within a porous AAO membrane. If
the ferrocene concentration increases by up to 1.0% and higher, an entangled CNT layer having much smaller nanotube
diameters is formed on the AAO surface. The catalyst precursor concentration used for the synthesis process increases the
thickness of CNT layer on top of AAO increases, preventing the diffusion of carbon feedstock into the pores, and thus
restricting the nanotubes growth inside the AAO pores. The addition of NH; into the gas flow promotes the thickening of
the nanotube walls. The conditions of regime Il are considered as optimal for the nanotube formation in the AAO pores.
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However, the role of Ni as catalyst was not evidenced by SEM studies and will be discussed later.

Fig. 5 SEM top view (A) and cross-section view (B) of the AAO membrane after CNT synthesis in regime 111, 5 min
2) The Structural Properties of Nanotubes

For TEM analysis, the samples were first mechanically ground, sonicated in isopropyl alcohol, and then put onto a
copper grid. The difference in the geometric size and shape of the nanotubes formed inside the membrane and on its surface
is clearly illustrated in Fig. 6, where Fig. 6(A) shows TEM images of the nanotubes formed in the pores of AAO in regime
IV. They have relatively large diameters of about 130 nm and look brittle. During TEM analysis, lots of damaged and
unzipped nanotubes rather like graphene flakes (pointed with an arrow in Fig. 6(A)) were found. In Fig. 6(B) along with the
nanotubes grown in the AAO pores (1) the carbon nanotubes (2) grown on the surface of AAO membrane are indicated.
This kind of nanotubes has diameters of about 20-60 nm and even has catalyst nanoparticles inclusions in their channels
(indicated with arrows in Fig. 6(B)).

Fig. 6 TEM images of the nanotubes of two types: (A) nanotubes grown inside the AAO pores; (B) classical CNTs grown on the AAO surface (1) and the
nanotubes grown inside the AAO pores (2). Catalyst nanoparticles are indicated with arrows

This is the evidence that these CNTs are classical for they were grown via extrusion of graphite fraction from carbide
phase (most likely, iron carbide from ferrocene decomposition) of catalytic nanoparticles during CVD [30]. The growth
mechanism of the tubes formed in the pores will be discussed later.

For the investigation of the structure of the nanotubes formed in the AAO pores, the samples were studied by Raman
spectroscopy. Fig. 7(A) shows the typical Raman spectra of the pristine AAO and the AAO sample after the CNT synthesis
(regime 1) followed by surface cleaning. Raman spectrum exhibited two distinct peaks at 1590 and 1355 cm* which are the
feature of graphitic materials. The band at 1550-1605 cm™ (G band) is attributed to E,y symmetry in-plane optical mode
associated with the stretching of all C=C pairs, while the band near 1350 cm™ (D band) is physically related to the in-plane
A, symmetry breathing mode of the C hexagon which intensifies and broadens when the amount of structural defects
increases. The ratio ID/IG obtained after the background subtraction and fitting with two Gaussians is 0.83, which is lower
than that obtained for the nanotubes grown in AAO using C,H, decomposition [31] yet still quite high. This ratio may
indicate a semicrystalline carbon structure with some plane defects and lattice edges. Unfortunately, the way of stacking
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order of graphitic planes cannot be estimated from this data as the G’ band is out of the measured range, but most probably
it is similar to turbostratic graphite [32].

The elemental composition on a surface and in the volume of the samples synthesized in a regime Ill was investigated
by the Auger spectroscopy with profiling along the membrane depth after the mechanical cleaning of its surface. The
uniform distribution of basic elements — Al, O, and C along the sample depth was established, with relative atomic
concentrations of 29, 54 and 18%, respectively (Fig. 7(B)). Neither nickel nor iron, from the decomposed ferrocene was
detected.
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Fig. 7 Raman (A) and Auger electron (B) spectra recorded from the sample obtained in regime 111 (after the surface cleaning)

X-ray photoelectron spectroscopy was used to obtain information on the chemical state of elements in the volume of the
AAO template with carbon tubes. Monochromatic Mg K, emission with a power of 300 W directed 45°to the analysed
surface was used for photoemission excitation. The spectra were registered in the spectrometer chamber at a residual gas
pressure of no worse than 8 <108 Pa. The spectra were calibrated by a peak of a 1s carbon level with a binding energy of
285.0 eV due to the photoelectron emission from carbon atoms in C—H groups. The chemical state of elements of the
sample surface was estimated by shifts of energy peaks in the high resolution spectra of C 1s and Al 2p lines. Surface
sputtering by a low power argon ion beam was used to change the depth of the analysis in the sample volume. The
processing (decomposition into separate components) of the X-ray photoelectron spectra was performed using the method
presented in [33] with background subtraction using the Sherwood algorithm.

The plain photoelectron spectra of the samples subject to the mechanical removal of the surface CNTs and partial
surface sputtering by argon ions contained peaks identifying Al, O, and C atoms. Photoelectron peaks from Fe atoms were
absent in plain spectra. An analysis of the high resolution spectra of these elements and a comparison with the known
published data made it possible to formulate a qualitative conclusion about the chemical state of elements in the material of
the carbon-tube walls embedded in AAO pores.

Fig. 8 shows the photoelectron spectra of island C 1s and Al 2p levels of the sample synthesized in regime 1 and the
results of their decomposition into components.
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Fig. 8 X-ray photoelectron spectra of (A) island 1s level of carbon and (B) island 2p level of aluminum; the results of their decomposition for nanocomposite
carbon material synthesized in regime 1 after the sputtering of ~1 pm of the sample surface by argon ions
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It can be seen from Fig. 8(A) that the C 1s spectrum is complex and can be decomposed into three pronounced
components in the form of symmetric peaks shifted with respect to each other with maxima at 283.0, 285.0, and 286.5 eV.
The spectrum of the Al 2p level (Fig. 8(B)) can also be decomposed into three components with the binding energies E, =
71.2, 73.0, and 74.8 eV. Note that the difference in the binding energies of C 1s peaks related to the atmospheric carbon and
carbon in the studied material is not large and cannot be reliably proven by X-ray photoelectron spectroscopy without
varying the X-ray angle.

However, taking into account the relative intensity of the C 1s peak with E, = 285.0 eV and the presence of this peak in
the spectrum of the sample whose surface was sputtered in vacuum by argon ions (i.e., in conditions when the presence of
the adsorbed hydrocarbons is eliminated), it can be assumed that the C 1s peak with E,= 285.0 eV corresponds to the C=C
bond in the synthesized carbon tubes, although the particular character of carbon hybridization (for example, sp? or sp?)
cannot be established based on this decomposition. Then the high-energy carbon 1s peak should be related to the
photoelectrons emitted by the carbon—oxygen bond in C=0 groups whose presence is determined by electrolyte anions
C,0,% in AAO film or their derivatives embedded in AAO structure upon anodization. Of greatest interest in the spectrum
of the carbon 1s level is the low-energy peak with E,=283.0 eV, which is not a typical component of the C 1s spectra of
AAO or graphite [34]. This additional low-energy peak can be due to the additional chemical bond between carbon atoms
and atoms of another chemical element, for example, relatively more electropositive metal.

The components of expansion of the photoelectron spectrum of the Al 2p level (Fig. 8(B)) can be interpreted as follows:
The first high-energy peak with E,=74.8 eV corresponds to the state of aluminum atoms with an oxidation degree of 3+, i.e.,
in the Al,O; compound. The second Al 2p peak shifted with respect to the first one by —1.8 eV is determined by
photoelectrons emitted by metallic aluminum [35]. The third low-energy Al 2p peak shifted by —3.6 eV with respect to the
first Al ** 2p peak represents a nontypical spectrum component absent in the line of the island 2p level of aluminum in AAQ
film. Taking into account the fact that iron atoms were not detected in the studied samples, it can be assumed that this peak
can be explained by the presence of carbon atoms chemically bound with aluminum atoms in the synthesized material. The
character of this bond can be as follows: The shift of the third Al 2p peak to the low-energy part of the spectrum from the
position of the AI° 2p peak (AE= 1.8 eV) essentially exceeds the spin-orbital splitting for the 2p level of aluminum. At the
same time, a large shift of the low-energy C 1s peak from the C=C peak (AE= 2.8 ¢V, Fig. 8(A)) cannot be explained by the
charge flow from electropositive aluminum atoms to the electronegative carbon atoms interacting with them, which is
accompanied by a weakening of the coupling of electrons populating the C 1s level. Therefore, it is most probable that the
Al-C bond occurred as a result of carbide formation in AAQ pores due to high-temperature paraxylene decomposition.

Taking into account the fact that the component areas in the decomposition of C 1s and Al 2p spectra are proportional to
the concentrations of the corresponding structural elements in the film, it is obvious that the amount of metallic aluminum
inside the film is many times larger than the amount that can be contained in common anodic aluminum oxide. It can be
assumed that, during the synthesis of carbon tubes in the AAO template, processes which caused the following sequence of
solid-state and chemical reactions took place: (a) there was a partial decay of oxygen bonds of aluminum in the external
layer of the pore walls stimulated by the high temperature, structural, and chemical AAO rearrangement; (b) there was a
reduction and melting of the produced aluminum, and (c) the partial interaction between the melt metallic aluminum and
paraxylene in pores or the alloying of metallic aluminum with a carbon layer on the pore walls with the formation of carbide
(methanide) took place according to the following mechanism:

4Al + 3C = Al,C, 1)

An alternative possibility for carbide phase formation could occur as a result of the high-temperature interaction
between aluminum oxide in pore walls and the carbon material that formed on the walls. Thus-formed carbide can be
partially evaporated with decomposition into carbon and metallic aluminum; an anomalously large amount of metallic
aluminum was discovered in the synthesized material by means of X-ray photoelectron spectroscopy.

Obviously, the formation of aluminum carbide in nanosized AAO pores takes place under these conditions at lower
temperatures when compared to the classical ideas of high-temperature carbide forming reactions. The main reason for this
is probably connected with the formation of catalytically active polycrystalline y-oxide as a result of high-temperature
processing. Facts such as the presence of embedded electrolyte anions, structural defects that formed as a result of
deprotonization, the removal of bound water, and the redistribution of mechanical stress in anode film can contribute to this
phenomenon. A similar effect of low-temperature carbide formation, as exemplified by iron, was considered in [36], which
was devoted to the mechanoactivation of iron in liquid organic media due to the formation of the nanocrystalline structure
in submicron particles and the saturation of their volume by products of destruction of the ground medium. In any case, the
discovered phenomenon of aluminum carbide formation in carbon tube walls in nanosized AAO pores during CNT
synthesis requires further experimental and theoretical studies.

Our results showed that important specific feature of the high-temperature synthesis of nanocomposite carbon material
in AAO pores as one-dimensional reactors are due to the fact that AAO turns out to be involved in this physical and
chemical process. Below we present an analysis of the possible transformations (modification) of porous AAO during its
high-temperature processing.
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3) Specific Features of the Nanotubes Growth

The results show that there are important specific features of the high temperature reconstruction of the AAO pores
during CVD process. In our previous work the changes in the AAO chemical composition and structure after the high-
temperature CVD process were studied by X-ray photoelectron spectroscopy (XPS) [36]. In-depth analysis of the core C 1s-
and Al 2p-levels revealed (along with C-C, C-O and AI**) the presence of AI-C and AI° in the analysed sample. This
indicated that AAO itself was involved in the physical and chemical process of CNT formation in its pores. The fact that the
pore diameter was slightly increased after the synthesis supported this argument.

Indeed, the AAO membrane obtained with the use of oxalic acid may contain 6-10% of adsorbed water, and bound
water (Al,O3:nH,0, n=1-3). The former was desorbed at 110-130<C, and the latter at 350-550<C. This explains the
enlargement of the pore diameter after the synthesis process. Moreover, during the synthesis process at temperatures up to
900<C in the AAO pore Al was partially reduced and partially transformed into a crystalline y-Al,O3 phase [38], which was
accompanied by the shrinkage of its volume. Since aluminum carbides can be formed directly from aluminum oxide by
reacting with carbon at significantly higher temperatures (~1800<C), we suggest that only the released after the water
desorption Al can react with carbon species from the gas phase thus forming carbide (most probably, Al,C3). As long as
Al,C; is stable at up to 1400C, it exists along with the polycrystalline y- Al,O3 and probably C,0, * anions as a residual
from the electrolyte solution, and can support or even take part in the formation of the nanotubes in the pores during CVD.

It is noteworthy that at similar synthesis conditions described in [37], neither Ni nor Fe was detected in the pores by
XPS. Therefore, it raises the question that whether nickel particles formed on one side of AAO and iron particles from the
ferrocene decomposition participate in the formation of nanotubes in the AAO pores. It is obvious though that last one
catalyse the nucleation of CNT crust covering the surface of AAO membranes.

Thus, in a nanotube wall formation the role of the localized (nickel) and injected catalyst, as well as the pore
reconstructions in the formation of nanotubes inside AAO remain unclear. In order to shed some light on this phenomenon
we conducted additional experiments (regime V, see Table 1). The results are presented for four types of samples (see Table
2 and Fig. 9).

TABLE 2 CONDITIONS OF EXPERIMENTS FOR THE ASSESSMENT OF INFLUENCE OF THE LOCALIZED CATALYST

Description of Sample Conditions of Experiments ;‘Zr%ep?g
Al,O; membrane with or without Ni film Annealing (820<C, 5 min, N, flow rate 100 cm*/min) A (no CNT)
Al,O; membrane without Ni film CVD in regime | after the AAO annealing in air (1000<C, 60 min) B (no CNT)
Al,O; membrane without Ni film CVD in regime V C,D (CNT)
Al,0; membrane with Ni film CVD inregime | E, F (CNT)

From the presented data it is visible that neither the annealing process in inert atmosphere (i.e. reproducing of the
synthesis conditions but without ferrocene/xylene supply) nor the CNT synthesis using the annealed in air AAO membranes
gave rise to the nanotubes formation in the pores (Fig. 9 (A, B)). On the other hand, carbon nanotubes were formed in the
pores of pristine AAO no matter nickel did or did not deposit at the bottom of the pores (Fig. 9 (C-F)). These results testify
to the facts that (i) a localized catalyst (Ni) does not play any role in the formation on nanotubes in the AAO pores; (ii)
hydrocarbon from the gas phase penetrates into the AAO pores and is necessary for the nanotube formation; and (iii) during
the annealing in air some modifications of the pore structure/composition occur, which inhibit the nanotube growth in our
synthesis conditions. It is possible that y-Al,O3 transforms into a-Al,03 (>950<C), which might be no longer favourable for
the nanotube formation. The last assumption must be checked by conducting a more peculiar investigation. The role of
Al,C; and crystalline y-Al,O3 in the formation of nanotubes also needs further study.

4) Analysis of Modification of Porous AAO during High-temperature CVD-processing

Our results showed that important specific features of the high-temperature synthesis of nanocomposite carbon material
in AAO pores as one-dimensional reactors are due to the fact that AAO turns out to be involved in this physical and
chemical process. Below we present an analysis of the possible transformations (modification) of porous AAO during its
high-temperature processing.

According to various published data, the water content in the anodic aluminum oxide obtained in solutions of sulphuric
and oxalic acids can reach 6-10% [38, 39]. The desorption of adsorbed water is observed at 110-130<C. However, AAO
contains not only free, but also bound water forming the compound Al,Os; nH,0, where n can take values from 1 (a film
thickness smaller than 16 um) to 3 (a film thickness larger than 50 pm) [40]. The removal of bound water is observed in a
temperature range of 350-550<C. Therefore, in the case of high-temperature AAO annealing, the pore diameter can
insignificantly increase.
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Fig. 9 Top and cross-sectional views of the samples: A —an AAO membrane annealed in N, atmosphere; B —an AAO membrane annealed in air followed by
the CNT synthesis in regime I; C, D and E, F — CNT synthesis was carried out in regime | using AAO without and with Ni film, correspondingly. In all cases
AAO was created by two-step anodizing and its thickness was about 40 um

Transformations in AAO upon annealing are connected not only with the removal of bound water, but also with changes
in the AAO structure. The changes in the AAO chemical composition and structure during annealing were studied using IR
spectroscopy. It is well known that water molecules or OH groups are parts of AAO as binding elements between separate
structural elements. No changes in the IR spectra were observed upon oxide heating to 100<C. When the samples were
heated to 300<C, the intensity of the AI-OH absorption band (1080 cm™) essentially decreased. In the case of annealing to
500<C, AAO lost part of its bound water because of the destruction of AI-OH bridge bonds and the Al(OH); hydrate was
partially transformed into crystalline y-Al,O5. This transformation was accompanied by the reduction (compression and
shrinkage) of oxide in the template with the simultaneous insignificant growth of the pore diameter. It is known that the
thermal compression of anodic oxide continues until 900<C. Up to 700<C this phenomenon is reversible; at 950<C, the
irreversible transformation of y-Al,O3 into corundum begins. If the temperature increases further, bridge bonds of Al-OH
groups are destroyed and o-Al,O; are formed. At 1000<C, all absorption bands except for 810 and 720 cm™ bands
corresponding to AI-O-Al bond absorption vanish.

Thus, the metastable y modification of Al,O3 was formed during the synthesis of carbon tubes and the presence of this
modification shifted the beginning of synthesis (the carbon interaction with the internal pore surface) toward lower
temperatures. This phenomenon, known as the Hedwall effect, is connected with the increased reactivity of solids during or
in the process of crystallographic transformations [41]. In our case amorphous AAO becomes polycrystalline in the course
of reaction mixture heating, which is accompanied by thermal energy release. The components of the oxide lattice become
more mobile upon rearrangement; this mobility can initiate chemical transformations with the participation of aluminum
carbide. Moreover, system crystallization results in the sharp narrowing of the pore-size distribution; i.e., it causes
additional self-ordering of the system of cell sand pores in AAO [42]. Therefore, at 850-879<C, AAO, which is amorphous
before the beginning of CVD deposition, transforms into a catalytically active polycrystalline y-oxide. The properties of
such aluminum oxide to a large extent depend on the temperature growth rate: y-Al,Oj3 is crystallized in cryptocrystalline
(fine) and phanerocrystalline forms. Crystallization is accompanied by the reduction of the oxide volume by 14.3% and the
release of 92 kJ/mole of heat [43]. High-temperature AAO processing in the course of pyrolysis accompanied by phase
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transformations (changes) in amorphous AAO, which compresses the crystalline lattice by a rather large value with the
conservation of the initial structure motive, results in local stresses and possibly the additional activation of the oxide
surface.

These modifications of the composition, structure, and chemical activity of the oxide template in conditions of CNT
synthesis resulted in the fact that the formation and growth of carbon tubes took place simultaneously on the whole surface
of the pore walls in AAO; this surface played the forming and catalytic role. At the same time, it became obvious that, for
these synthesis conditions (first and foremost, the given temperature), the processes taking place on the AAO pore surface
suppress the catalytic activity of nickel particles. Iron particles from ferrocene played the role of catalytic centers of the
nucleation of classical CNTs not connected with the pore size on the surface of anodic oxide.
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Fig. 10 Top and cross-sectional views of the different segments (fragments) of samples after CNT synthesis in regime 111: A, C — before and B, D after the ion
cleaning of the surface

C. Conclusions

In summary, the formation of carbon nanotubes in aluminium oxide membranes was investigated in various CVD
conditions. It was found that relatively high catalyst concentrations inhibit the formation of nanotubes inside AAO, since a
thick CNT carpet is formed on the AAO membrane surface, which blocks the diffusion of reagents into the pores. Optimal
conditions of CVD for the nanotube formation were found. It was established that neither deposited Ni nor iron from the
ferrocene decomposition catalyses the formation of the nanotubes in AAO. Moreover, after the high-temperature annealing
in air, AAO no longer supports the nanotubes formation in its pore by this method. We speculate that the formation of
carbon nanotubes in the AAO pores is governed by the pore structure reconstruction (such as water desorption, phase
transformation) during the high-temperature CVD process.

It was demonstrated that the application of free films of porous AAO as templates in the CVD synthesis of CNTs makes
it possible to concentrate reagents in a bounded nanosized space (pores), isolating them from external influence, which
increases the efficiency of the spatially bounded formation processes of new substances and materials. It was established
that the structural and morphological changes in porous AAO that take place in the synthesis of carbon tubes activate the
surface of the pore walls, which acquire unique catalytic properties for carbon tube growth and become an important
component of the system of reagents contributing to the formation of the new carbon-containing material with improved
physical and chemical properties (an array of carbidized carbon tubes embedded in polycrystalline aluminum oxide).
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It was shown that the synthesized arrays of carbon tubes with carbidized walls possess a high homogeneity in the sizes
of structural elements (see Fig. 10) with the following controlled parameters: (i) the tube diameter is from 60 t0140 nm
(controlled by the aluminum anodization voltage and the time of chemical polishing of AAO pore walls), (ii) the aspect
ratio is no smaller than 500 (controlled by the anodization time and determined by the AAO film thickness), and (iii) the
distance between tubes in an array from 100 to 180 nm (controlled by aluminum anodization voltage).

Arrays of carbidized carbon tubes embedded in porous templates of polycrystalline y-Al,Os are of essential interest as
active elements in field-emission cathodes [44-46] and chemical and biological sensors [47]. Nanovials manufactured from
the resulting composite can be easily filled, for example, with ferromagnetic materials. They are well dispersed in water and
ethyl alcohol and can be used in medicine for drug delivery in vivo. Nanotubes synthesized using the method described
above possess increased adsorption properties when compared with known carbon materials (activated coal and single-
layered and multilayered CNTSs) and can be used separately for the creation of hydrogen storage containers [48].

I11. CARBON NANOTUBE ARRAYS SYNTHESIZED BY CVD WITHIN THIN POROUS ALUMINA TEMPLATE

A. Formation of CNT-Array on Metal Electrodes Using Thin Porous Aluminum Oxide
1) Experimental

Aurray of vertically aligned carbon nanotubes was formed on metal electrode system using thin porous anodic aluminum
oxide as a template by CVD method. As the CVD method based on high-temperature pyrolysis of liquid hydrocarbon on a
surface of the metal catalyst at a temperature of 850-900<C, the electrode system has to be rather heat-resistant. Therefore
the electrodes were formed from the thin film of Ti [49].

The experimental samples represented two-layer Ti and Al thin film compositions on 6.0x4.8 cm? ceramic or 76 mm
diameter Si and Si/SiO, substrates. The Ti film serves as an adhesion layer for the Al film and a conductive layer for
anodization and other post processing.

Polycrystalline metal films of Ti and Al were produced by electron-beam evaporation in a single vacuum cycle in the
01HD-7-004 (Oratoriya-9) vacuum unit. The vacuum under deposition of (300 — 500) nm thickness Ti film was 1.3x10 2 Pa,
substrate temperature was 523 K, and deposition rate was 1.0 £0.2 nm/s. Al film of (2000 — 3000) nm thickness was
deposited onto the cooled to 423 K substrates in 1.4x10™* Pa vacuum from A-995 (0.005 % of impurities) target at 6.0 +0.5
nm/s rate. Film thickness and deposition rate were controlled with the quartz sensor.

The top layer of Al was anodized to the Ti layer by two-step anodizing process in 4.0 wt. % aqueous solution of oxalic
acid in the potentiostatic mode, as described in previous papers [28, 50]. Larger pores or smaller pores can be obtained by
anodizing in phosphoric acid or sulfuric acid, respectively [51].

A graphite plate served as the cathode. Anodization of the Al layer proceeded with a nominal current density 4.0
mA/cm?. At once after anodizing of aluminium the “thinning” of a barrier layer at the bottom of a pore was carried out at
gradual decrease in potential with a constant rate of 0.5 mV/s till 20V. During this processing, the barrier layer local
thinning proceeds at the bottom of pore down to the Ti under layer only. The pore diameter (40-50 nm) does not change but
barrier layer thinning approximately to 20 nm. The Ti film is not anodized through the porous alumina in these conditions.
The remains of a barrier layer deleted just before nickel deposition by cathodic dissolution in electrolyte of Ni deposition at
a voltage (-3.0 — 4.0) V (SCE) within (3-5) min as it is described in work [52]. As a result the pores becomes nearly through
(barrier layer thinning at the bottom of pore approximately to 7-10 nm). That is, the through pore oxide (with thickness
about 1000 nm) disposed on a metal (Ti) film of large thickness (about 500 nm) sufficient to perform the metal
electrochemical deposition process. The Ti film with through pores alumina serves as a working electrode under Ni
electrochemical deposition at the direct current (dc) mode. A similar technique could be incorporated with this structure to
electrically address the CNTSs.

To deposit Ni into the thin porous Al oxide we used electrolyte of the following composition (in g/): NiSO4 7H,0 (140);
NiCl, 6H,0 (30); H3BO; (25); Na,SO, (60). The electrolyte temperature was 20+2 °C, pH = 5.2. Local deposition was
carried out in a three-electrode cell by sweeping the voltage at a constant rate of 20 mV/s from zero to a constant potential
in the range -1.6 V (SCE) to -2.0 V (SCE) and then at this potential for (2.0 — 4.0) min (dc-electrochemical deposition). The
graphite plate as an auxiliary electrode and the silver-chlorine electrode (SCE) as a reference electrode were used. The
electrolyte stirring was performed with magnetic stirrer. Anodizing and electrochemical deposition processes control was
performed using an Electronic Measurements constant current/constant voltage power supply P-5827 M (potentiostat). Time
dependant electrochemical parameters were registered with a digital multimeter linked to PC via a general-purpose interface
bus.

CNTs were synthesized using injection CVD method by means of a high-temperature pyrolysis of liquid hydrocarbon
xylene [CgH10] mixed with the volatile catalyst source ferrocene [Fe (CsHs),]. The process was performed at atmospheric
pressure in an Ar/NH; flow. Ammonia addition was supposed to facilitate the catalytic activity of Ni clusters at the bottom
of a pore at the high temperature synthesis conditions. The ferrocene concentration in xylene was 0.1 wt. %, the injection
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rate of the reaction mixture into the reactor zone was 1 ml/min, the temperature was 870°C, the argon flow rate was 100
cm®min, and the flow rate of NH; was 10 cm®min. The synthesis duration was 30-60 seconds.

The composite carbon material consisting of the array of the carbon nanotubes which are built in thin porous AAO on Ti
contact electrodes was local created. The subsequent thermal annealing in the presence of transitional metal (nickel) at a
temperature of 350 <C within 60 min promoted improvement of electric contact between tubes and a metal electrode (Ti).

After CNT synthesis ionic cleaning of a sample surface in the argon atmosphere by bombing with argon ions with
energy 3kev was carried out. At ionic etching of sample surface the template material (AAO) is etched quicker, than
material of tubes therefore tubes in SEM-photos look over AAO surface. After additional chemical cleaning the samples
were washed out in the distilled water up to pH = 6-7.

Surface topography, microstructure and composition of the AAO and carbon nanocomposite have been investigated by
scanning electron microscopy (SEM - Philips XL 30 S FEG) and atomic-force microscopy (AFM) using the Nanotop NT-
206 (“Mikrotestmashiny”, Belarus) installation. The AFM measurements were carried out in a contact mode in atmospheric
conditions using the silicon cantilever CSC12/15. Experimental data processing was carried out using the <SurfaceXplorer>>
software for AFM data processing, visualization and analysis. Given program allows accomplishing of the microstructure
research on a series of different-scale images covering all the variation range of structural elements sizes available in the
sample. During the analysis, the data on sizes and configuration of structural elements were received, the estimation of their
spatial orientation was made, and integrated parameters of the microstructure were calculated. The structural analysis of the
Ni nanoparticles (NPs) was obtained from X-ray diffraction (XRD, Rigaku) with Cu Ko radiation (A=0.154056nm).

2) Results and Discussion

In Fig. 11 the SEM image (A) and profile of a Ti electrode layer surface (B) with islands of electrochemical deposited
nickel after selective etching of AAO are submitted. Various levels of the grey are caused by a different height (uneven) of
filling of a pore with nickel: light-grey colour — is closer to an external surface of a sample, darkly grey — is closer to an
internal surface of a template. It is connected with non-uniform morphology of a barrier layer surface on the oxide - titan
interface as a result of thinning.
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Fig. 11 SEM-photo (A) and profile of a surface of Ti conductor layer (B) with islands of electrochemical deposited nickel after selective etching of AAO

The size of light sites (points) corresponds to the size of catalyst Ni nanoparticles and averages 28 nm. More dark sites
round islands of nickel correspond to Ti layer under bottom part of an oxide pore after gradual decrease in anodizing
potential till 20V. The size of these areas is close to the size of a pore in the etched oxide. Other dark field is a layer of the
titan.

The typical XRD pattern of Ni nanoparticles dc-electrodeposited into porous Al,Oj is presented in Fig. 12.
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Fig. 12 XRD pattern of Ni NPs dc-deposited into porous Al,Og3; 1- peak corresponding to Ti film; 2- peak of Ni phase

The shape of this XRD data with narrow peaks suggests a crystalline deposit. The nickel phase is crystallized in fcc
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lattice, as resulted by identification of Ni samples using ASTM reference-calculation tables. Except the main peak (2) of Ni
phase (26=44.79°) on XRD patterns there is the peak (1) corresponding to the Ti film (26= 38.52°). The template (Al,03) is
roentgen-amorphous and does not bring an essential contribution to the diffraction spectrum.

By processing the XRD data, the average size of crystallites was calculated using the Debye—Scherrer equation and the
crystallite size ranges from 25.6 nm to 38.8 nm.

In Fig. 13 the top SEM images of the samples after CNT synthesis at 870<C in 0.1% mixes ferrocene-xylol are shown.
Character of a surface topography of these samples is presented in Figs. 14 and 15.
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Fig. 13 SEM top view of the surface of two samples received within 40 seconds (A) and 60 seconds (B) of synthesis at 870<C in 0.1% mixture ferrocene-xylol

The conditional boundary (the shaped line) divides two areas of a sample with different degree of AAQ filling with
carbon tubes. In each area the sites (squares the size ~ 1x1pum) differing in absence (site 1) and existence (site 2) of the
stationary catalyst (nickel) are allocated. All other conditions of synthesis of composite material are identical.

Parameters of the CNT array and degree of AAO filling with tubes on different sites of a sample are specified in Table 3.

From Figs. 13-15 and Table 3 it is visible that array of the ordered carbon tubes with high degree of the uniformity of
the geometrical sizes which is not exceeding 25% is formed in porous AAO. Key parameter (external diameter of tubes)
determined by properties of AAQ, but not conditions of synthesis has dispersion about 20%. The nanotubes repeating the
pore shape were open-ended, and they did not contain visible structural defects.

Degree of orderliness and uniformity of the geometrical sizes of the CNT array depends on uniformity of the
geometrical sizes of the template, i.e. on thickness of AAO and modes of its formation. In that duration of synthesis and
thickness of a template (~ 1 pm) a nanotube fill a pore on height completely or slightly come to light out of its limits. The
analysis of areas with Ni catalyst and without it shows that presence of Ni increases degree of template filling with carbon
tubes.

TABLE 3 PARAMETERS OF THE CARBON NANOTUBES ARRAY IN THIN POROUS AAO

Parameter Area

T(Fe) | 2 (Ni+Fe)

Degree of pore filling, % 10-15 70-85

Outer diameter of CNT d, nm 5045 5045

Inner diameter of CNT do, nm 2545 2045

Intertube spacing D, nm 120+10 120+0

Aspect ratio 15 20

“Fe from ferrocene
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Fig. 14 SEM top view (A) and AFM surface topography (B) of the sample received within 40 seconds of synthesis at 870<C in 0.1% mixes ferrocene xylol

It is considered that availability of the catalyst is necessary condition for CNT production. The role of the catalyst is
reduced to adsorption of initial carbon-bearing compaosition on a surface of the catalyst NP, dissociation of it, dissolution of
carbon in volume of a catalyst NP and the subsequent release of the dissolved carbon with formation of single-wall,
multiwall nanotubes or nano fibers [53]. Occurrence of this or that mechanism of CNT growth is defined by many factors
among which besides external conditions (temperature, the general and partial pressure, composition of initial compound,
etc.) the size and structure of catalyst NPs, character of interaction of the catalyst with the template or a substrate have the

predominating role [53].

Different mechanisms of CNT growth, including, in a pore of nanometer size (5-10) nm on catalyst NPs of 1-5 nm size
are offered [54] and so far there is no unambiguous opinion concerning the mechanism of CNT growth on the catalyst NPs
of the bigger size. It is possible to assume that in this case, (in porous AAO) conditions for synthesis of CNT are similar to
synthesis conditions in the one-dimensional nanoreactor (in every pore of AAO) and oxide takes part in this process [37].
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Fig. 15 SEM top view (A), enlarged fragment (C) and AFM surface topography (B, D) of the sample received within 60 seconds of synthesis at 870<C in 0.1%
mixes ferrocene xylol

In the received samples the size of carbon tubes is close to the size of a pore of AAO. In the absence of the stationary

catalyst, site 1 on Fig. 13(B), carbon tube can grow on the flying catalyst (iron) NPs. At pyrolysis of ferrocene fine particles

of iron (NP) are formed. Having the insignificant sizes, particles are in a suspension and penetrate into the some of AAO

pore therefore degree of filling of a pore on this site is very small. But the probability of penetration of randomly moving
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particles inwards a narrow pore of oxide is very small.

On sites with nickel clusters at the bottom of a pore (site 2, Fig. 13) MWCNT are formed at thermal decomposition of
molecules of xylol, C¢H4(CHs),, and ferrocene, (CsHs),Fe, at temperature of 870<C. As a result of heating the hydrocarbon
molecules are split on reactionary-active radicals. The received carbon-bearing radicals migrate along a pore surface and
enter in chemical reaction to internal surface of a pore therefore occurs formation of a carbon film. As the lattices of y-
Al,O3 and graphite significantly differ in size of constant lattices (0.79 and 0.25 respectively), it is difficult to assume that
crystal structure features of this graphite material is define by atomic structure of an oxide surface on walls of a pore. Most
likely, origin of graphite crystallite happens on an annealed surface of a pore which promotes effective fixing of carbon
atoms. Tubes in which walls consist of layered crystal grain of graphite are formed. In literature such tubes designate
multilayered carbon nanotubes (MWCNTS) with structure like such as “papier-mache” [55-57].

Unfortunately, results of TEM investigation of side sections of the allocated tubes did not allow interpreting
unambiguously structure of walls of the received carbon tubes. It is connected with that rather difficult to receive SEM
images of face cuts of multilayered nanotubes, and images of lateral sections allow various interpretation.

Investigation by means of KR-spectroscopy, Fig. 16, showed that at typical Raman spectrum there is a band at 1595 cm’
! corresponding to twice degenerate deformation fluctuations of an element of graphene structure and the band at 1360 cm™
corresponding to vibration conditions of the destroyed hexagonal lattice near borders of carbon crystallites. Existence of
two peaks at these frequencies with comparable intensity is characteristic for the graphitized materials consisting from the
disordered carbon nanocrystallites [58], carbon nanofibres [59] or carbon nanotubes with high degree of deficiency of
graphene walls.
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Fig. 16 Raman spectrum (A= 532 nm) of the received MWCNT after the surface cleaning
3) Conclusion

Process of formation of vertically aligned carbon nanotubes localized on metal electrodes with use of thin porous AAO
on various functional substrates is presented.

Advantages of the developed process are technological effectiveness; wide range of varying of syntheses structure
parameters. Besides, this process can be carried out with use of equipment, traditional for semiconductor technology.

The received composite material representing the array of vertically aligned carbon nanotubes localized on metal
electrodes which are built in porous oxide of aluminum possesses high sorption ability, chemical and mechanical firmness.
It will allow creating the microchips, for example, electrode biosensors providing direct electric measurements with use of
nanodimensional sensitive elements (electrodes) of Faradaic and non-Faradaic impedance biosensors for bacterial detection
without redox probes [60-62]. Such measuring modules are already manufactured on the basis of nanoporous oxide of
aluminum. However their use is interfaced to a number of difficulties, in particular to providing conditions of a laminar
current of an inoculated nutrient medium along measuring electrodes of capacitor sensors, and also their sterilization [63]. It
is supposed that the carbon nanotubes filling channels in AAO will provide not only protection of an internal surface of
electrodes at repeated use, but also will allow to maximize information signal, to increase sensitivity and to reduce the
volume of the tested sample [15, 64-67].

The carbon cover in every pore protects oxide from dissolution and interaction with chemical reactants, keeping its
specific properties. It also provides biocompatibility and stability in many organic and inorganic environments and, besides,
interferes with absorption of moisture from the atmosphere that is characteristic for usual porous aluminum oxide. Such
carbon composites possessing considerable resistance to electrochemical corrosion are steady also against radiation in
hostile environment.
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Supposedly the mechanism of CNT formation in AAO is based on interaction of carbon dimers with a surface of walls
of crystal AAO at high temperature both in areas with the catalyst and in areas without it. But unlike growth mechanism in a
free membrane with a through pore, the catalyst (nickel) also plays a certain part. Therefore at the following stage of
investigation the task to reduce the sizes of the catalyst particles was set. Results are presented in the following paragraph.

B. CNT with Small Diameter (10 — 25 nm) Synthesized by CVD within the Etch Pore of Thin AAO Template
1) Introduction

Vertical aligned carbon nanotubes have been grown using two type of a thin porous AAO template. In the one type of
AAO-1 there is no catalyst in the pore and in the two type of AAO-2 there are catalyst nanoparticles (NP). The initial film
structure consisted of an electrode Ti layer and a basic Al layer, deposited on a Si, Si/SiO, or ceramic substrate. The Al
layer was anodized to create a self-ordered pore structure. CNTs were synthesized by high-temperature chemical vapor
deposition. The catalyst NPs of Ni with dimensions 1535 nm was formed using electrochemical deposition on an alternating
current (ac-mode).

Depend of the surface properties of pore walls different type of CNT arrays growth within the pores of thin AAO. In
AAO-1 generated multiwall CNT (MWCNT) that take the diameter of the AAO pore from which they originate (typically
50-100 nm). And MWCNT with small-diameter (10 — 25 nm) was observed within the etch pore of AAO-2.

AAO template have been used in the synthesis of vertically oriented multi-walled CNTs (MWCNT) [68-70] and
MWCNT devices [71] that take the diameter of the AAQO pore from which they originate typically 50-100 nm [70, 71].
These synthesis methods proceed using a catalyst metal electrodeposited into the bottom of pores [67-70, 72] or by direct
carbon deposition on the template wall, using no metal catalyst [72, 73, 74, and 75]. In this case an inner surface of the
AAO pores played the forming and catalytic role. Reported MWCNT synthesis methods utilizing a catalyst include the use
of Co [76] or Ni [77] deposited within the pores followed by MWCNT synthesis. These processes yield MWCNTSs that take
on the diameter of the pores and typically have a high concentration of disordered carbon, but they provide excellent control
of the length and diameter of the MWCNTS by varying the dimensions of the AAO [37, 78].

However, single-walled carbon nanotubes (SWCNT) and small-diameter MWCNTSs synthesis from customized
templates or catalysts is more difficult because of their relatively high activation energy in comparison to typical MWCNTS
[79]. Nucleation of such CNTSs requires catalyst particles of smaller diameters (about a few nanometers). This size is not
easily achieved when incorporation a catalyst within an every pore of a template.

Other approach of creation of vertical CNTSs is discussed in works [79, 80]. The template is similar to that of AAO, with
the addition of a CNT catalyst metal film (Al/Fe (10 nm thickness)/Al) embedded directly into the AAO film structure, Fig.
17(A-C). CNT synthesis occurs in a microwave plasma enhanced chemical vapor deposition (PECVD) system. Only one
CNT is observed emerging for each catalytically active pore, but less than 10% of pores generate CNTs for the film
configurations producing the highest density. In addition elimination of the film at the Al/Fe/Al interface often occurred
when anodizing films with Fe layers greater than 10 nm. The reproducible production of such thin layer is also ambiguously.

A|203

D E F
Fig. 17 Schematic diagram of catalyst preparation and CNT synthesis procedure: (A — C) - from [78], (D — F) - authoring: A, D — initial deposited film
structure; B, E — anodized film structure; C, F — CNTSs synthesized from pore channels

We present a process for obtaining well-ordered individual vertical CNT using a catalyst NPs embedded within the
pores of AAO template, Fig. 17 (D-F), and compare it with synthesis of MWCNT in AAO without catalyst. The initial film
structure consisted of an electrode Ti layer, and a basic Al layer, deposited on a Si, Si/SiO, or ceramic wafer (D). The Al
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layer was anodized to create a vertically oriented pore structure (E). The catalyst NPs of Ni with dimensions 1545 nm were
formed using electrochemical deposition on an alternating current (E — ac electrochemical deposition). CNTs were
synthesized from the catalyst NPs by high-temperature chemical vapor deposition (F).

These self-aligned CNTSs differ from previously reported CNTs in thin AAO [79-81] as they have a potential density of
128 CNTs/um 2 with a CNT-CNT spacing of 11035 nm. Dawn and top contacts cab be produced using electrochemical and
physical vapor deposition, respectively. The length of the CNTs is controlled using different height AAO with a variability
of £10 nm. The resulting nanostructure is expected to form the basis for development of vertically oriented CNT-based
electronics and sensors.

2) Experiment

The initial experimental samples represented two-layer Ti and Al thin film compositions on 6.0x4.8 cm? ceramic or 76
mm diameter Si and Si/SiO, substrates, that are same as was already presented in the previous paragraph.

The top layer of Al was anodized to the Ti layer by two-step anodizing process in 4.0 wt. % aqueous solution of oxalic
acid in the potentiostatic mode. As larger diameter pores were desired after anodization, it was carry out chemical etching of
a barrier layer and widening of a pore as it is described in work [52]. As a result of isotropic chemical etching, increase in
pores diameter happens - almost twice from 4545 nm to 7535 nm, and barrier layer thinning at the bottom of pore
approximately to 7-10 nm.

That is, the through pore oxide disposed on a metal (Ti) film of large thickness (in our case 456 nm) sufficient to
perform the metal electrochemical deposition process. The Ti film with through pores alumina serves as a work electrode
under Ni electrochemical deposition in the ac mode.

The catalyst NPs of Ni with dimensions 1545 hm was formed using ac-electrochemical deposition. For this purpose was
used the following electrolyte (in g/l): NiSO4 < 7H,0 (140) + NiCl, x6H,0 (30) + H3BO3 (25) + Na,SO, (60).

The electrolyte temperature was 293 K, pH = 5.2. Deposition was carried out in a two-electrode cell. The graphite plate
was used as an auxiliary electrode. Various deposition modes have been investigated to determine optimum parameters of
ac-deposition: frequency — 180 Hz, voltage - 3 V, current density - 10 mA/cm?, deposition duration - 2 min.

Anodizing and electrochemical deposition processes were controlled with the Electronic Measurements
galvanostatic/potentiostatic power supply P-5827M (potentiostat) and the special set of low-frequency signal generator GZ-
123, correspondingly. Time dependent electrochemical parameters were registered with a PC-connected digital multimeter.

CNTs were synthesized using CVD method by means of a high-temperature pyrolysis of liquid hydrocarbon Decane
[CioH22]. This process was performed at atmospheric pressure in an Ar/NH;3 flow. Ammonia addition was supposed to
facilitate the catalytic activity of Ni particles at the high temperature synthesis conditions. The temperature in the reaction
zone was fixed to 1170K and the growth duration was in the 1-10 min range. More details about the sample preparation
could be found else-where [37, 82].

The crystal structure of Ni NPs was studied by X-ray diffraction using a modified DRON-3M diffractometer with CuKa
radiation (A= 0.154242 nm) as described in [83]. Measurements were performed at room temperature with the step in angle
A26=0.03°.

3) The Features of ac Deposition of Ni NPs into the Thin AAO

The catalyst Ni NPs were locally embedded into the AAO, allowing for exposure to reactive gases during CNT
synthesis. It is believed that alumina surrounds the catalyst particles, impeding aggregation of the catalyst and enabling
retention of catalytic activity for CNT synthesis [78, 82].

Results of Ni ac-deposition into the AAO are given in the SEM images of Fig. 18.

It is evident from the photos (Fig. 18(A)-(B)) that Ni is deposited discretely along the pore in the form of spherical-like
NPs (light spots in Fig. 18(B). That is deposition begins not with a bottom of a pore, as at deposition on a direct current (dc
mode), but along walls of a pore from a bottom to a surface. Perhaps, it is connected with processing of an internal surface
of a pore in 4% H3PO, water solution (procedure of widening of pores) and/or endurance of a sample before deposition in
nickel plating solution (2-3 min). Expansion of pore diameter is necessary for improvement of conditions of hydrocarbon
polyatomic molecules transport during CNT synthesis.

While increasing the deposition time the conglomerates of Ni NPs start to be growth and gain a form of rods, gradually
filling a pore. Thus SEM analysis has revealed formation of porous alumina/nickel nanocomposite with characteristic sizes
of Ni NPs in the 15-25 nm range at initial stages of Ni ac-deposition.
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Fig. 18 SEM normal top view (A) and cross-section view (B) of experimental sample after Ni ac-deposition and the enlarged image (insert in figure, (scale bar
40 nm)): the deposition was carried out at optimum mode - 180 Hz, 3 V, 10 mA/cm?, and deposition duration - 2 min

The crystal structure of Ni NPs in Al,O3 was studied by X-ray diffraction. The typical XRD pattern of Ni NPs ac-
electrodeposited into the AAO on Ti layer is presented in Fig. 19.

(111)Ni 44,04
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(200)Ni (220)Ni
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Intensity (a.u.)
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Fig. 19 XRD pattern of Ni NPs ac-electrodeposited into the AAO

The shape of this XRD data with narrow peaks suggests a crystalline deposit. The nickel phase is crystallized in fcc
(face-centered cubic) lattice with the orientations (111), (200) and (220), but Ni (111) phase is dominant. These orientations
are typical for electrodeposited Ni nanowires [84]. The template is roentgen-amorphous (wide peak at 20 = 25.89°) and does
not possibility to see the peak corresponding to the reflection (002) of the titanium (26= 38.52°).

By processing the XRD data, the average size of Ni (111) crystallites was calculated using the Debye—Scherer equation.
The crystallite size of Ni NP ranges from 15.6 nm.

4) Results of CVD Synthesis Individual CNT from within a Thin AAO Template

Results of CVD synthesis individual CNT from within a thin AAO template are given in the SEM images of Figs. 20
and 21.
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Fig. 20 SEM top images of the experimental sample after through anodization (A), after CNT growing from AAO pores (B) and enlarged fragment of this
photo (insert)

Small-diameter CNTs (10 — 25 nm) can be observed within the pore structure after CVD synthesis. Lengths of these
CNTs exceed one micron®. In spite of obtaining length exceeding one micron (aspect ratio more than 50), CNTs and small
CNT bundles maintain a vertical orientation or have the appearance of vertically oriented loops. Some horizontally oriented
CNTs are observed on the top AAO surface (Fig. 21(A)).

O aa’ '’ 5 -
1L 2 e ey, Ty

Fig. 21 Cross-sectional SEM views of CNT growing vertically from PAA pores in different magnification (A, B) and enlarged fragments of these photos (C, D)

It should be noted that the cross-sectional SEM images were obtained by cleaving the AAO, thereby occur detachment
of the CNTs from their pores of origin. As a result, identifying the origin of CNTs within the pores using cross-sectional

! The oxide height in this sample is equal to 1.27 microns
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views is difficult, although several such images are shown in Fig. 21(A, C) — they are outlined by circles. Numerous CNTs
may be observed emerging from their pores of origin, however, by scanning the top AAO surface, as can be seen from Fig.
20.

According to observations only one CNT nucleates in any given pore, despite that in every pore there is a set of Ni
particles. We assume that it is caused by limited gaseous-carbon supply and the relatively high activation energy required
for nucleation [80]. It is significant that a nanotube arises on Ni (111) NPs which are in the interior of pores (on one of
particles located close with a pore wall) and do not arise on nickel NPs which are on a relief surface of oxide. Apparently
the conditions, necessary for a nanotube nucleation, exactly here are created. In some works [85, 86], it is noted that under
such conditions, each pore may be considered as a sub miniaturized chemical reactor wherein polyatomic molecules move.
Such an approach offers the advantage of concentrating the reagents and catalysts in a limited volume with the isolation of
the reagents from the outside ambient.

CNT proceeds to grow vertically to the surface of the AAO toward the carbon supply after nucleating. Supporting
evidence of this vertical growth is evident in top and cross-sectional SEM images showing freestanding, vertical CNTSs.

The generation of CNT-bundles further complicates locating the pore of origin of individual CNTs. Therefore
quantification of CNT population density from AAOQ pores using SEM imaging was produced with respect to the normal top
view (focal plane) (Fig. 20). We estimate that approximately 70%? of pores generate CNTs for the film configurations
producing the highest density, and only one CNT is observed emerging for each catalytically active pore. According to
preliminary data number density and length of CNT depends on a regularity of AAO, the mode of Ni NPs ac-deposition and
the duration of CNT synthesis under other conditions being equal. More detailed investigations regarding the correlation
between of CNT number density and conditions of nanocomposite synthesizes with different metal NPs in progress now.

TEM images of individual MWCNT for two different samples, such as those shown in Fig. 22, reveal a mixture of
MWCNTs with small diameter from 10 to 25 nm. Samples for TEM analysis were prepared by CNTSs dispersion from the
template using a sonication in isopropyl alcohol for 20 min followed by centrifugation for 10 min.

Fig. 22 TEM images of MWCNT. Scale bar = 40 nm

Further optimization of Al film anodization (regularity), Ni NPs ac-electrodeposition (size of NPs reduction) and CNTs
synthesis conditions are expected to increase CNT number density and to improve their quality. Majority of the CNTs
emerging from the top AAO surface are vertically oriented, but alignment uniformity would likely benefit from application
of a negative substrate bias using PECVD synthesis [87].

For the investigation of the nanotube structure, the samples were studied by Raman spectroscopy. Fig. 23 shows the
typical Raman spectrum of MWCNT locally growing in AAO on ceramic substrate.

290 CNTs/um *
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Fig. 23 Top SEM images of the experimental sample (A, B) and Raman spectrum (A = 473 nm) of the received MWCNT (C) in place indicated on photo (B)

Raman spectrum exhibited two distinct peaks at 1361 and 1618 cm* which are the feature of disordered and graphitic
carbon (D and G bands), respectively. The band at 1550-1620 cm* (G band) is attributed to E,y symmetry in-plane optical
mode associated with the stretching of all C=C pairs. While the band near 1361 cm™ (D band) physically related to the in-
plane A,y symmetry breathing mode of the C hexagon which intensifies and broadens when increases amount of structural
defects. The intensity ratio IG/ID, as a first metric for CNT quality, is approximately 2, indicating relatively high-quality
CNTs. It is noted that the increased intensity of a D band can be caused by a large number of short tubes in which edge
effects exhibit most significantly.

For comparison the SEM images of the top-view of the MWCNT synthesized without floating catalyst (A) and by
floating catalyst CVD method (B) in the thin AAO on a Si/SiO, substrate are shown in Fig. 24.
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Fig. 24 SEM images of the top view of the MWCNT synthesized without floating catalyst in xylol® (A) and by floating catalyst CVD method in 0.1% mixes
ferrocene-xylol (B) at 1123K

In the first case MWCNTS take on the diameter of the pores (55-65 nm) and provide control of the length and diameter
of the MWCNTS by varying the dimensions of the AAO. Nanotubes keep a form and the sizes after selective etching in an
aggressive solution on the basis of hydrofluoric acid and possess high chemical and mechanical resistance. In the second
case MWCNTSs array was formed on the surface of AAO. Each CNT has the diameter about 20 nm and the same distance

3 After chemical etching of AAO
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between them.

The received nanotubes (Figs. 20-22) differ from presented in Fig. 24(B) that have small diameter but large distance
between tubes (as in the case in Fig. 24(A)). Arrays from MWCNTSs with such advantages are of essential interest as active
elements in field-emission cathodes and chemical and biological sensor.

5) Conclusion

A thin AAO template with a localized catalyst Ni (111) NPs embedded into the pores by means of ac-electrodeposition
has been used for the first time to synthesize individual vertical aligned CNTs. TEM and Raman spectroscopy reveal that
relatively high-quality MWCNTSs with small diameter (10-25 nm) are synthesized. SEM analysis reveals CNTSs initiating
from the catalyst Ni NPs and emerging from their pores of origin. The structure contains a conductive Ti layer underneath
the AAO template to serve as the contact electrode for future electrodeposition of metal nanopillars to electrically address
the bottom surface of the CNTSs.

CNT number density is equal to 90 CNTs/um? and depends of the thickness and uniformity of AAO. Influence of a
matrix on the mechanism of growth of CNT in porous oxide is studied.

We have developed a simple and highly flexible reproducible method to locally fabricate ordered CNT arrays in thin
porous alumina template on various substrates. Further processing and optimization of the structure are expected to enable
densely packed CNT-based electronic and sensing devices by functionalization of the CNTs within the vertical self-ordered
pore templates.
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