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a b s t r a c t

In this paper we have demonstrated the possibility of the MWCNT growth on initially

amorphous CoeZreNeO alloy thin film which was crystallized during heating followed by

formation of Co particles on the surface. It was found that during CVD not only the growth

of usual MWCNT array but also the formation of MWCNT arrays with a top covering layer

and bilevel MWCNT arrays take place. The details of MWCNT array growth process are

discussed. We have found that carbon nanotubes growth strongly depends on the Co

concentration in the alloy film. The presented technique of MWCNT growth can be used in

the preparation of new advanced engineering materials.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The specific structure with characteristic physical and

chemical properties makes carbon nanotubes (CNTs) one of

the most interesting materials without any analogues [1].

Carbon nanotubes and composites containing them are uti-

lized in wide range of application ranging from energy storage
. Dubkov).
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to sensors and other electronic devices [2e5]. Specific exam-

ples are supercapacitors [6], lithium-ion batteries [7] and fuel

cells [8,9]. According to estimates [10], multilevel CNT arrays

are of particular interest as they are expected to have better

absorption properties. This makes them promising structures

for hydrogen storage devices, lithium-ion batteries, and

supercapacitors [10,11].
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Table 1 e Process parameters of catalyst treatment and
MWCNT synthesis using CVD.

Treatment Synthesis

Temperature 600�С 600�С
Pressure 3 Torr 1 Torr

Gases and flow Ar e 100 cm3/min

NH3 e 100 cm3/min

C2H2 e 100 cm3/min

Ar e 300 cm3/min

NH3 e 100 cm3/min

Time 10 min 10 min

Plasma PRF ¼ 100 W P ¼ 0
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Synthesis of high surface area nanomaterials containing

carbon nanotubes can be achieved by discharge [13], laser

vaporization [14] and chemical vapour deposition (CVD) [15].

High reproducibility of the CNT synthesis technique and easy

integration into the technology are important requirements

for the CNT array use in devices. In this connection the CVD

the most suitable method. It allows synthesizing reproducible

nanomaterial by controlling the conditions of the synthesis

[16e20] in a technologically acceptable temperature range

(~350e800 �C).
Recently, we have reported the synthesis of carbon nano-

tubes arrays by CVDmethod on thin films of alloys with a low

content of the catalytic metal [21,22]. In particular, the growth

of conventional CNT arrays on a ZreCoeN-(O) alloy film was

studied in detail in [21]. The idea of using such alloys was

adopted from the technology of contacts to the Si substrate

[23,24]. It was assumed that the nitrogen addition to ZreCo

film would lead to the binding of Zr into a low-resistance

compound ZrN, preventing the formation of intermetallic

compounds ZrxCoy, and, thereby, releasing Co.We have found

that initially CoeZreN-(O) thin film was amorphous. It crys-

tallizes during heating and as a result particles of pure cobalt

are formed on its surface, and the remaining alloy film is

depleted of Co. We have proven in our previous work [21] that

CNT growth takes place on these clusters of cobalt. The

attractiveness of the CNT formation via CVD method is the

possibility to grow CNTs arrays on the alloy films with various

thicknesses. At the same time, there is a fairly wide selection

of factors to control the CNT growth process [25]. This

approach can be implemented not only based on this alloy,

but also using a number of other alloys [25]. Thismakes it easy

to integrate the above process into electronic device technol-

ogy. Any technological operations for the formation of the

topology and interconnection of electronic devices can be

implemented with an initially deposited layer of an amor-

phous alloy on a large-diameter substrate, including masking

this layer with dielectric layers, photolithography, wet or dry

etching of layers, and deposition of a metallization layer. And

the local growth of the CNT array can be carried out after these

operations.

In this paper, we demonstrate the effect of concentration

and film thickness on the growth process of multi-walled CNT

(MWCNT) array using the alloy film CoeZreN-(O). Previously,

the growth of multilevel MWCNT arrays was demonstrated

only when the catalyst was introduced from the gas phase

[11,12]. In this article, we demonstrate for the first time that

such complex structures can be grown by introducing a

catalyst from the solid phase, in particular, using a film of the

initially amorphous CoeZreN-(O) alloy. We report that a

higher concentration of catalytic metal in the CoeZreN-(O)

alloy leads to the growth of CNTs covered with a continuous

top layer, or to the growth of CNTs in two levels. Based on the

experimental results, we propose schematic description

which explains the growth process for different thicknesses of

the alloy film and concentrations of the catalytic metal. This

technique has a technological advantage over the gas-phase

method, since it allows one to grow carbon structures

locally, having previously created a topology. It is important

that catalytic particles for the growth of CNTs on the surface

are formed after the creation of the topology. This makes it
possible to embed this technique into complex technological

processes of manufacturing devices.
2. Experimental

2.1. Substrate preparation

Silicon substrates (100) coated with thermal SiO2 was used to

manufacture samples [23]. The substrates were subjected to a

standard washing in Caro solution (H2SO4: H2O2 ¼ 1:1) and

then washed with deionized water and dried in an isopropyl

alcohol vapours.

Alloy thin films of CoeZreN-(O) containing from ~5 to

~30 at.% of Co were deposited on an unheated substrate by

magnetron sputtering from a composite CoeZr target in a

mixture of argon (~90 vol.%) and nitrogen (~10 vol.%) at a re-

sidual pressure in the chamber of 1 � 10�5 Torr and operating

gas pressure of at 5 � 10�3 Torr.

2.2. Synthesis of carbon nanotubes by CVD method

Carbon nanotubes were grown by chemical vapour deposition

method (CVD) using Oxford PlasmaLab System 100. We used a

two stage process with the reduction of catalyst and growth of

MWCNT. Parameters of this process are shown in Table 1.

First, the CoeZreN-(O) alloy film was heated to 600 �C and

held in RF plasma based on an Ar þ NH3 gas mixture for

10 min. Growth of CNTs was carried out in CVDmode without

plasma in the flow of gas mixture of C2H2 (40 vol.%) and NH3

(60 vol.%) at 600 �C for 10min at a pressure of 1 Torr for 10min.

NH3 was added to prevent oxide formation on the surface of

the Co catalyst particles, which provided a high uniformity of

the CNT array. The flow of the reactive gas was constant.

2.3. Characterization of the material

The morphology and composition of the obtained samples

were investigated using various techniques including: SEM FEI

Helios NanoLab 650i, TEM FEI Tecnai G2 20 S-Twin and Auger

spectrometer PHI 660.

The obtained samples were investigated using two-beam

scanning electron microscope FEI Helios NanoLab 650 i and

transmission electron microscope FEI Tecnai G2 20 S-Twin

equipped with EDAX energy dispersive X-ray spectrometer

andHAADF detector. Samples for TEM studieswere formed on

the surface of monocrystalline KCl. The 10 nm thick

CoeZreN-(O) alloy thin filmwas deposited on it bymagnetron
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Fig. 1 e SEM images of the final product obtained during CVDmethod: on the alloy Zr35Co10N15O40 film (thickness - 10 nm) e

usual MWCNT array (a); on the alloy Zr26Co19N18O37 film (thickness - 230 nm) eMWCNT array with top covering layer (b); on

the alloy Zr26Co19N18O37 film (thickness - 75 nm) e bilayer MWCNT array (c) at various magnifications. Reproducibility of the

MWCNT growth process on the alloy films Zr35Co10N15O40 (thickness - 10 nm), Zr26Co19N18O37 (thickness - 230 nm),

Zr26Co19N18O37 (thickness - 75 nm) shown in a-c. The histogram shows the estimated RSD values (d).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 2 : 5 1 2e5 2 0514
sputtering. CNT synthesis was performed over thin film at a

temperature of 550 �C for 7 s. These samples were immersed

in deionized water to dissolve KCl. After that, thin film floated

onto the surface and was caught onto a standard copper grid

for TEM analysis.

Themorphology of the alloy surface was also studied using

Auger spectrometer PHI 660 with a hemispherical electron

analyser in M4mode with a constant delaying potential to the

relative energy resolution of 0.3%. The energy of the ion source

(argon ions) was 2000 eV at 40� relative to the etched surface.

The elemental composition of CoeZreN-(O) alloy film was

determined by Auger electron spectroscopy (AES). The recal-

culation of the intensity of the Auger signal into the concen-

tration was carried out according to the model of

homogeneous composition in the field of analysis by the

method of relative coefficients of elemental sensitivity (ESC)

[26e28]. ESCs were determined from the analysis of reference

samples: pure Co, pure Zr, Co3O4 powders, ZrOx films with

different oxygen content and ZraCobOcNd films (two different
Fig. 2 e Size distribution histograms of cobalt nanoparticle
sets of “a, b, c and d") to correct the relative ESC. The accuracy

of this technique is 1 at.%.
3. Results and discussion

The cobalt concentration and thickness of the ZreCoeNeO

alloy film have a decisive influence on the type of MWCNT

array that occurs during growth (usual, bilevel, or with the top

covering layer). For research, we obtained films of two

different compositions Zr35Co10N15O40 and Zr26Co19N18O37,

which was determined by AES.

In the situation when the concentration of the catalytic

metal (cobalt) in the alloy film is low (Zr35Co10N15O40), and the

alloy film thickness is 10 nm, a conventional growth of dense

MWCNT array takes place. This situation can be seen in Fig. 1

(a). CNTs grow from the substrate upwards. As can be seen in

the diagram Fig. 2 (b), their diameter ranges from 3 to 11 nm.

MWCNTswith a diameter of 5e8 nm predominate in the array

and have from 3 to 11 walls (for example, 7 walls at Fig. 3). It
s (a) and carbon nanotubes (b) for Zr35Co10N15O40 alloy.
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Fig. 3 e TEM images of the MWCNT synthesized on the film of the Zr35Co10N15O40 alloy (thickness - 10 nm): array (a) and

high resolution image of one nanotube (b).
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should be noted that despite the apparent high density of CNT

array (Fig. 1(a)), a more detailed study of its bottom at high

magnification shows that it is not that dense. The space be-

tween the tubes is clearly visible, as can be seen in Fig. 4 (a).

According to our estimates, the catalyst nanoparticles have

surface density of ~1500 mm�2 (Fig. 2 (a)). The sizes of cobalt

nanoparticles formed on the alloy surface upon heating range

from 3 to 10 nm. CNT growth is observed only from a small

part of them, and the surface density of the nanotubes is

~150 mm�2 (Fig. 2 (b)) Thus, only ~10% of cobalt particles are the

source of carbon nanotubes growth.

As can be seen from Figs. 1 and 3, the grown carbon

nanotubes are not perfect and have a certain degree of

imperfection. We noted this fact in our previous work in the

study of carbon nanotubes obtained on a similar type of alloys

using Raman spectroscopy [21]. It should be noted that with

the further use of this structure as an anode in lithium-ion

batteries or supercapacitor electrodes, the presence of de-

fects would play a positive role. In both cases, an important

factor is the wettability of the anode or electrode surface with

the electrolyte. The presence of some degree of defectiveness

in MWCNTs has a positive effect on their wettability. This fact

was demonstrated in a work where the defectiveness was

introduced into the MWCNT by plasma treatment, and as a

result, the wettability of the MWCNT was improved, which

ensured the uniformity of the MWCNT coating with a NiO

layer using the SILAR method [29].

Increasing the concentration of cobalt (Zr26Co19N18O37) and

film thickness up to 230 nm substantially changes the char-

acter of the growth of CNT array. MWCNT array was grown

between some kind of top covering layer and the substrate

(Fig. 1 (b)).

In the case of the CVD carried out on the Zr26Co19N18O37

film with a thickness of 75 mm a completely different result

was observed: the bi-directional growth of MWCNT occurs

(see Fig. 1 (c)). On the SEM image we observed the bilevel

MWCNT array formed during synthesis. In addition, it should

be noted that between the layers of carbon nanotubes an in-

termediate layer was visible.
In order to explain the SEM results observed in Fig. 1 (b) in

the next part of our study we decided to examine the

composition of the intermediate layer between two synthe-

sized MWCNT arrays. The SEM and Auger spectrometry

measurements were performed for selected samples. Results

are shown in Fig. 4 (b-f). Initially we studied the depth element

distribution profile of as-deposited Zr26Co19N18O37 (Fig. 2 (b)). It

can be seen, that the as-deposited filmZr26Co19N18O37 consists

of O, ZrO, Co, Zr, N and C. It should be noted that initially Zr

and Co are rather uniformly distributed in the film depth. It

should be noted the presence of the cobalt particles covered

by the graphite-like sheets on which growth of MWCNT was

not observed. Such Co particles are not available for CNTs

growth. We have also studied the morphology of the Zr26-
Co19N18O37 alloy film (230 nm in thickness). In order to un-

derstand the MWCNT array growth details on Zr26Co19N18O37

alloy film we studied the structure after the MWCNT array

synthesis demonstrated in Fig. 1 (b). We carried out AES

analysis of the top layer of the structure. As can be seen in

Fig. 4 (c), it consists only of the catalyticmetal (Co) and carbon.

It should be also noted that on the surface investigated we

have practically only carbon, while cobalt appears at a certain

depth. In addition, low concentration of nitrogen (about

2 at.%) for this sample was also detected by this technique.

The lack of the zirconium, oxygen and others elements con-

firms the bottom-up mechanism of MWCNT suggested in

other studies [30]. Next, we broke off the top layer using ad-

hesive tape and we investigated both the layer which was

broke off and the film residues on the substrate. Fig. 4 (d)

presents the SEM image of the reverse side of the detached top

layer. Taking into account AES depth profile (Fig. 4 (c)) it be-

comes clear from Fig. 4 (d) that the top layer created over

MWCNT consists of cobalt clusters covered by carbon. The

AES depth element profile of the Zr26eCo19eN18eO37 film

residues on the substrate after removing of the created top

layer and MWCNT array indicates that its element composi-

tion after the CVD process is similar to as-deposited Zr26-
eCo19eN18eO37 film (see Fig. 4 (e)). Thus, all zirconium

remains in residual film on the substrate. However the ratios
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Fig. 4 e SEM image of the final film surface after the MWCNT growth process and AES-profiles for selected films. (a) SEM

image of the surface of the Zr35Co10N15O40 thin film after the growth process of the MWCNT array shown in Fig.1 (a). (b) AES

depth element distribution profile of the as-deposited alloy film Zr26Co19N18O37 (230 nm thick). (ced) the top covering layer of

the structure shown in Fig.1(b). This layer is formed during MWCNT synthesis on Zr26Co19N18O37 alloy film (230 nm thick).

(c) AES depth element distribution profile. (d) SEM image obtained from the reverse side of the surface of the top covering

layer. (eef) the Zr26Co19N18O37 film after removing of the top covering layer and MWCNTs of the structure shown in Fig.1(b).

(e) AES depth element distribution profile. (f) SEM image of the residual Zr26eCo19eN18eO37 film surface.
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between the elements present are changed. In particular the

amount of cobalt on the surface significantly decreased

compared to its quantity in the as-deposited film. Moreover,

Co concentration was about 2 at.% on the surface, but grad-

ually increased up to 8 at.% in the deeper layers. It is also

worth mentioning that the lower concentration of Co atoms

on the surface is connected with the fact that some part of the

cobalt was occluded in the structure or was detected on the

ends of the created carbon nanotubes. Fig. 4 (f) presents SEM

image of the residual Zr26eCo19eN18eO37 film surface after

removing of the top layer and MWCNT array. It can be easily

observed a small amount of carbon nanotubes are grown on

the cobalt clusters present on the surface of the alloy.

In our previous work [21], it was shown by TEM that the

initial ZreCoeNeO alloy thin film is amorphous. Heating of

the alloy material results in its total crystallization. During

crystallization, cobalt atoms diffuse along the formed grain

boundaries to the surface of the alloy film. As a result, cobalt

particles are formed on the surface of the alloy thin film and

catalyse MWCNT growth process. It was also found that the

basic matrix of the thin film consisted of a compound having

cubic lattice with the parameter a ¼ 0.52 nm. Although it was

not possible to identify this phase, it is likely that this is zir-

conium oxynitride because one of the thin film modifier is

ZrO2 which has a cubic lattice with a similar lattice parameter

a ¼ 0.513 nm. However, this ZrO2 phase is stable only at high

temperatures [31,32]. Whereas, the ZrN phase also has a cubic

lattice, but with a ¼ 0.457 nm [33].

In order to understand the reason of bi-directional growth

of MWCNT, detailed TEM investigations were carried out. The

TEM image of the initial stage of the MWCNT synthesis on the

thin film Zr26Co19N18O37 (10 nm thick) is given on Fig. 5 (a). In

this TEM image a lot of Co particles can be seen. However
carbon nanotubes do not growon each cobalt particle. Fig. 5 (b)

presents the high resolution image of the alloy thin film sur-

face after 7 s of the CVD process. Upon closer inspection, the

Co particle is seen to be crystalline: planes with a distance of

0.203 nm corresponding to (002) planes of cobalt are visible

(Fig. 5 (d)). It is important to note that all Co particles had

multilayer graphite-like shell after 7 s of the synthesis. As can

be seen in Fig. 5 (b) the measured interplanar spacing of this

shell (0.35 nm) is close to the interplanar spacing of graphite

(0.34 nm). In the case when the cobalt particles are located

close to each other some of them could be occluded in the

structure of the MWCNT and simultaneously cobalt particles

are raised upward with the growth of carbon nanotubes as it

can be seen in Fig. 5 (c).

The results presented in this work allow drawing following

conclusion. The various features of MWCNT arrays formed on

a thin film of the CoeZreN- (O) alloy observed in Fig. 1 are

mainly due to two factors:

� the concentration of cobalt particles on the surface;

� the relationship between cobalt particles on which growth

of carbon nanotubes take place and the cobalt particles

covered by the graphite-like sheets.

Clearly, the density of the cobalt particles on the surface is

determined primarily by the concentration of this element in

the ZreCoeN-(O) film. Based on our previous experiments [25]

and the results obtained in this work we propose a possible

scheme of the MWCNT array formation which is dependent

on the concentration of cobalt on the thin film surface. The

proposed CNTs growth scheme is shown in Fig. 6. If catalyst

particles are rare, then envelopment of ~90% of Co particles by

graphite-like planes does not affect the nature of the CNT

https://doi.org/10.1016/j.jmrt.2021.03.015
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Fig. 5 e TEM images of the initial stage of MWCNT growth on Zr26Co19N18O37 thin film (10 nm thick) after 7 s of the synthesis:

overall image of the synthesized MWCNT over alloy film (a); high-resolution image of the alloy surface obtained after CVD

synthesis (b); side view of the cobalt-coated by the graphene sheets layer (c); enlarged image of a cobalt nanoparticle from

image (b). The position is highlighted with a black square (d).
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growth on the remaining ~10% of cobalt particles, because

after the envelopment by graphite-like material they still do

not touch and do not interact with each other. Therefore, at

low concentration of Co, as it was in Zr35Co10N15O40 thin film,

the process scheme demonstrated in Fig. 6 (a), (b) and (c) is

implemented. The initial as-deposited film is amorphous and

cobalt is distributed uniformly in it (Fig. 6 (a)).

Then, during the heating process, the ZreCoeNeO film

undergoes crystallization which is accompanied by the for-

mation of grain boundaries and their growth. In the cobalt-

zirconium system, cobalt has lower surface energy and

hence it is the surface-active component [34]. Therefore, co-

balt atoms segregate at the grain boundaries. Thus, due to

grain boundary diffusion mechanism having a low activation

energy [35], cobalt atoms diffuse along grain boundaries to the

surface to form small clusters on it (Fig. 6 (b)). When acetylene

is supplied, the catalytic growth of usual CNTs array occurs

(Fig. 6 (c)). Nanotubes grow upwards on ~10% of cobalt clus-

ters, and ~90% of cobalt particles are simply coated with

graphite-like material.

The question remains, why only ~10% of cobalt particles is

working on growth CNTs, and the rest of them are simply

covered with graphite-like material? Lin Y. and colleagues
observed the formation of layered aligned carbon-nanotube

films separated by graphite-like layers [11]. They have re-

ported that the growth of graphite-like layer on top of the

nanotubes is caused by decrease of the concentration of the

gas carbon atoms because of the addition of hydrogen to C2H2.

A similar In the case of the CVD carried out on the surfacewith

higher concentrations of cobalt in the alloy thin film, the

particles of pure cobalt formed on the surface are located

closer to each other (Fig. 6 (d)). The alloy surface is covered

with a dense layer of cobalt particles. In this case, the amount

of cobalt atoms is so high that more deficiency of carbon

atoms in the reaction gas is observed. Consequently, we

observed coverage of the cobalt particles by graphite-like

sheets. As a result, due to the very close location of cobalt

particles to each other, a continuous composite layer is

created on the surface, consisting of cobalt particles and

graphite-like sheets (Fig. 6 (i)). Part of cobalt particles are not

covered by the graphite-like material and can take a part in

carbon nanotube growth process. These remaining cobalt

clusters may be the centers for the upwards and downwards

growth process of carbon nanotubes. CNT growing down-

wards from the cobalt clusters causes lifting upwards of the

composite layer from the substrate surface (Fig. 6 (i)). It should

https://doi.org/10.1016/j.jmrt.2021.03.015
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Fig. 6 e Proposed scheme of MWCNTs growth over the alloy film ZreCoeNeO: a, b, c - well known bottom up mechanism of

MWCNT growth over Zr35Co10N15O40 alloy film (10 nm thick); a, d, i e formation of MWCNT array with the top covering layer

on Zr26Co19N18O37 (230 nm thick) with high-content of Co; a, f, g e formation of bilayer MWCNT array on Zr26Co19N18O37

(75 nm thick) alloy film.
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be emphasized that we can call this process both “downward

growth of CNTs” and “tip growth mode”, as defined by E. Lin

and his colleagues [11]. Fig. 6 (g) illustrates bi-directional

MWCNT growth process on 75-nm-thick Zr26Co19N18O37 film

and bilevel MWCNT array formation, although the film

composition was the same as in the previous case, and the

difference is only in the film thickness. Obviously, this result is

explained by the content of the catalytic metal on the surface

of the film. Thicker films contain higher concentration of Co

on the surface. This is due to the fact that the absolute amount

of Co in a thicker film is higher than in a thin film. The

migration of cobalt to the surface during the crystallization of

an amorphous film is determined by the excess surface energy

and the process of diffusion of Co atoms from the film to the

surface. The temperature and duration of the process deter-

mine howmuch cobalt and fromwhat depth of the film is able

to migrate to the surface. The fact that most of the cobalt has

time to migrate to the surface from a sufficiently large depth

of the film is clearly seen when comparing the AOS-profiles of

the film before and after synthesis in Fig. 4 (b) and (e). The

concentration of cobalt in the film during the synthesis of

CNTs decreases from ~20 at.% to ~5 at. % in the near-surface

region, gradually increasing to ~10 at.% in the depth of the

film after synthesis. In its turn, it also means a higher scarcity

of gas carbon atoms due to higher their consumption by cobalt
particles during the CVD process. This leads to practically all

cobalt particles on the surface being covered with graphite-

like material. That is why we did not observe CNT growth in

an upward direction. As shown in Fig. 6 (i), only a few carbon

nanotubes are observed on the top side of the composite layer,

if CVD is carried out on thicker alloy film. Moreover, cobalt

particles in the composite layer are not arranged in one row.

Thismeans that graphitization of the cobalt particles prevents

CNTs growth. The lower part of cobalt particles constitute the

centers for CNTs growth in the downwards direction, prob-

ably, consuming carbon atoms from graphite-like material.

According to the work [36] where the authors have reported

about,in-situ” CNT growth from the graphitic walls of the

original MWNT. Because of this, the whole composite layer of

graphite-like sheets and cobalt particles moves upward from

the substrate surface and rises above it.
4. Conclusions

In this work, we report for the first time the growth of MWCNT

array with a top covering layer and growth of bi-directional

MWCNT array during CVD on initially amorphous CoeZreN-

(O) alloy film. We have found that the direction of MWCNT

growth depends on the surface composition of the alloy film

https://doi.org/10.1016/j.jmrt.2021.03.015
https://doi.org/10.1016/j.jmrt.2021.03.015
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and its thickness. We also observed for the first time process

over Zr26Co19N18O37 alloy film. At bi-directional MWCNT

growth, two levels of the MWCNT separated by a composite

material consisting of the catalystmetal (Co) and graphite-like

sheets over alloy (CoeZreN-(O)) surface were detected. AES

depth element distribution profile of the composite material

showed that it consists only of cobalt and carbon. The absence

of zirconium in the composite layer indicates that cobalt

particles are formed on the surface of the CoeZreN-(O) alloy

film and most of them are covered with graphite-like sheets,

and the rest catalyzes the growth of CNTs tearing off the

composite layer and raising it above the surface of the alloy

film. This agrees well with the well-known bottom-up mech-

anism of carbon nanotubes. The formation of the composite

layer on the ends of the carbon nanotubes was confirmed by

TEM and SEMmeasurements. The resultingmaterial can be of

interest in the manufacture of electrodes for supercapacitors

and metal-ion batteries, since such a material can provide a

high filling of electrolyte ions or a high degree of intercalation

of lithium ions. In particular, perhaps the CNT array structure

with a top covering layer can be used for accumulation of

metallic Li that theoretically provides the highest specific

charge capacities. In addition, the results presented in this

workmay have huge impact on the development of the highly

advanced materials.
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