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Abstract

Specific features and regularities of self-assembly and self-organization of multi-walled carbon nanotubes (MWCNT)
have been studied for diffusion-limited conditions (method of drops) in water-based (deionized water) colloidalal solu-
tions with aerosil exposed to DC electric fields with magnitudes of 15 to 25 V. Studies of hierarchical structure forma-
tion during drop evaporation in uniform electric fields have revealed the formation of 40—120 nm sized linear piecewise
formations, 25-45 nm sized fractal structures and 250 nm sized diffuse structures from MWCNT — COOH + aerosil +
H,0,,. The structures have been studied using confocal microscopy, X-ray diffraction, Raman scattering, atomic force
microscopy, IR spectroscopy and scanning electron microscopy. The sizes of the observed micro- and nanostructures
decrease following the hyperbolic law d = 1/U in the approximation d — 2R, their growth rate increasing as U?. We
show that intense ultrasonication of functionalized MWCNT — COOH + aerosil + H,O,  in colloidal solutions causes
the formation of the so-called “breathing” modes in axis centered single-walled carbon nanotubes. This is confirmed by
short-wave Raman scattering excitation and enables the existence of both combined sp?-hybridization types with 7t- and
o- carbon bonds and the metallic and semiconductor conductivity types in the material thus showing good promise of
these structures for nanoelectronics.
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1. Introductio n * heat conductivity of up to 6000 W/(m x K);
 current density of up to 11 GA/cm? with a very low

field emission voltage of 1-3 V/um;
New methods of synthesizing carbon nanotubes (CNT), * high chemical and mechanical stability.
both single-walled (SWCNT) and multi-walled (MW-
CNT) ones, have been developed in recent years. CNT The properties of CNT are largely determined by their

exhibit unique physicochemical properties: extremely high aspect ratio //d = 10°[1, 2]. These prop-
erties as well as the large number and high availability of
* mechanical strength of up to 45 GPa; CNT synthesis methods and approaches in the form of
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SWCNT or MWCNT favor their high demand in the most
rapidly developing branches of engineering [3]. For ex-
ample, CNT can be used in nanoelectronics as cold field
emitters whose operation is based on the Fowler—Nord-
heim field emission mechanism. Introduction of 15%
MWCNT into a polystirine matrix provides for a current
density of 100 mA/cm? at a voltage of 2.2 V/um [4]. These
SWCNT and MWCNT are widely used in nanoelectron-
ic devices, e.g. single-electron and field transistors, logic
elements and memory cells [5]. Of special important for
this process is adhesion which increases twofold in verti-
cal CNT on substrates, to 1.43 GPa in an electric field [6].
Nanoguides synthesized on these unidimensional carbon
structures have natural advantages, e.g. absence of ohmic
loss and optimum sizes for nanoelectronics. A physical re-
striction preventing a wider use of SWCNT and MWCNT
is the minimum free energy principle which causes their
uncontrolled structuring in the form of ropes, coils, globes
etc. [7, 8]. The problems of uncontrolled aggregation [9]
are cleared off by introducing SWCNT and MWCNT into
polymer or metallic matrices [9] or CNT functionalization
with carboxyl groups —COOH [10]. This method allows
achieving self-assembly and self-organization by increas-
ing the stability of CNT colloidal solutions [11-13].

Below we present data on the effect of electric fields
on the self-organization of MWCNT — COOH + aerosil +
H,O,, at different concentrations in colloidal solutions in
deionized water (DW) with aerosil.

2. Experimental

The test specimens were CCVD-synthesized (Catalytic
Chemical Vapor Deposition) MWCNT by Nanocyl, Nel-
guim with CoO based nanocatalysts. Inset of Fig. 1 shows
a scanning electron microscopic (SEM) image (JEOL
JSM LV6610, 3 nm spatial resolution) of the test MW-
CNT. The minimum diameter of these MWCNT is within
20 nm. The MWCNT had high purity (up to 90%) and the
aspect ratio //d = 10°*. MWCNT functionalization included
the following steps: agitation for 5 h in an ultrasonic bath
in an acid medium (H,SO, : HNO, = 3 : 1) at 42 °C. After
cooling the solution was diluted with deionized water in
an equilibrium ratio, filtered, washed and dried [12, 13].
The MWCNT functionalization degree in the initial and
the as-treated conditions was determined using Fourier IR
spectroscopy (Fig. 1) on a Nicolet iS50 IR spectrometer
(Therme Fisher Scientific, USA) at a spectral resolution
ofup to 0.125 cm'. Functionalization increased the inten-
sity of all the bands in the 624 to 3435 cm™! range by an
order of magnitude. The valence oscillation band at 3435
cm shifted by 4 cm” (O-H, —OH), the 1618 cm™ one
shifted by 37 cm™, the 1585 cm! one shifted by 25 cm’!
(the -C=C— and —C—C aromatic rings, respectively) and
the 1036 cm™! one shifted by 8 cm™ (stretching vibration-
al C-0). The oscillation bands at 2920, 2850, 1128 and
624 cm! disappeared but new ones emerged: at 1385 cm’!
(symmetrical oscillations in COO") and 1217 cm™' (stretch-
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Figure 1. Fourier IR spectra of (/) initial and (2) functionalized
MWCNT. Inset: SEM image of initial MWCNT (20 nm diameter).

ing vibrational oscillations of C-O). These changes in the
Fourier IR spectra indicate MWCNT functionalization [1]
and the formation of MWCNT- COOH complexes which
increase the stability of the MWCNT colloidal solution by
several times in comparison with earlier data [10].

Raman spectra were taken on an Omega Scope™ Ra-
man microspectrometer (wavelength 532 nm, spectral
resolution 0.8 cm™). The Raman spectra contained the
bands D = 1336+1353 cm™ and G = 1567+1600 cm™' the
intensities of which were typical of MWCNT (1, > I,)).
The intensity / of the band D for MWCNT- COOH in-
creased in comparison with its initial value for MWCNT
whereas the intensity /. of the band G did not change.
After functionalization the defectiveness of the structures
expressed as / /I . was ~1.4 as compared with ~1.2 for the
initial MWCNT.

The MWCNT- COOH complexes were exposed to
sequential ultrasonic agitation and dispersion in order to
obtain a colloidal solution containing MWCNT — COOH
+ aerosil + H,O, . The agitation and dispersion opera-
tions were carried out on a Volna UZTA-0,4/22-OM ul-
trasonic device (22 kHz ultrasonic oscillation frequency,
max. 20 W power, up to 55 min exposure time with inter-
vals after 5 min of continuous exposure). The colloidal
solution prepared using this method was stable during the
experiment and remains stable until now (after almost 2
years) compared with several months stability periods
for typical solutions. The colloidal solution was applied
using the drop method into an electrode gap (100, 500,
1000 and 1500 pm) of a circuit board produced by pho-
tolithography on a sitall substrate capped with magne-
tron-sputtered copper, chromium or gold films (Fig. 2a)
[10—-12]. The electrodes were DC biased (15 to 25 V).
The micrographs (Fig. 2b, ¢) show the cathode and the
anode marked as + and —, respectively, with a 1500 um
gap between them.

The micro- and macroscopic reconstruction occurring
in an electric field during evaporation of the colloidal
solution drop was studied using confocal microscopy
with a 0.46 digital aperture, an AIST-NT atomic force
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microscope integrated into an OmegaScope Raman mi-
croscope and SEM. The particle dynamics was studied
by video recording (frame rate 30 Hz, resolution 704 x
576 px). The particles moved in the colloidal solution
from the negative electrode to the positive one by analogy
with earlier data [11-14].

3. Results and discussion

The structures forming in an electric field were systema-
tized into fractal structures (FS), diffuse structures (DS)
and piecewise linear structures (PLS). Their typical ima-
ges are presented in Fig. 2b, c. One cannot clearly iden-
tify the boundary conditions for the formation of different
structure types. SEM data indicate simultaneous growth
of FS and PLS from the colloidal solution at the voltage
U=19V (Fig. 2 d—f). However at U = 19.5 V (Fig. 2e, f)
not only PLS but also DS and PLS grew from the same
solution (Fig. 25, c). Figure 2b shows a confocal micro-
scopic image of a dendritic FS growing from the colloidal
solution at U= 19 V (Fig. 2d). Analysis of Fig. 2d showed
that the minimum diameter of discrete structures forming
PLS grown from the colloidal solution was approx. D =
30 nm. Assuming that the PLS were formed by discrete
MWCNT — COOH with the minimum MWCNT diameter
d =20 nm (Fig. 1, inset) we obtain that the total number
of MWCNT in the PLS thickness could be S/s ~ D*/d* ~
12 (here S and s are the areas of the cluster and the nano-
particle, respectively), i.e., an PLS is a “typical rope” in
accordance with the terms put forward earlier [7].
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The variety of structural formations growing from MW-
CNT - COOH is illustrated in Fig. 3. AFM images of PLS
fragments grown from the colloidal solution at U= 19 V
(Fig. 3a) and at U = 19.5 V (Fig. 3d) show that these PLS
were formed by 40—-120 nm sized MWCNT — COOH frag-
ments (Fig. 3d), had significantly bent portions and con-
sisted of discrete agglomerates only. The diameter of each
of these agglomerates was the same, ranging from 25 to
45 nm (Fig. 3e, inset). These agglomerations were attrib-
uted to PLSs up to 450 nm in length, i.e., having the same
length as those of most of the PLSs according to the SEM
image (Fig. 2d). Note that MWCNT — COOH PLSs were
observed earlier in a colloidal solution of sulfuric and ni-
tric acids without an electric field; their diameter reached
d =550 nm and the length was several times greater than
d and reached several microns [12, 13]. Along with PLS
fields AFM revealed the formation of spherical clusters
with diameters of about 220 nm (Fig. 3b, f) consisting of
discrete MWCNT — COOH. These structures can be sys-
tematized as “coils” of weaved carbon nanotubes [7].

The reconstruction of the chemical structure in the FS,
DS and PLS described herein was traced from changes
in the Raman spectrum for colloidal solution residue us-
ing Raman microscope spectroscopy with a spatial res-
olution of 500 nm. The formation of a specific structure
under equilibrium conditions between carbon atoms with
sp*-hybridization is accompanied by growth of either
n-bound elongated carbon clusters (sized up to several
decades of microns) or c-bound graphite structures as
demonstrated in earlier works [11-13]. The formation of
the bands D = 1336+1353 cm™ (A-type symmetry “defect
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Flgure 2. (a) IC, (b, ¢) confocal microscopy and (d—f) SEM images of colloidal solution residue (MWCNT — COOH + aerosil +
0,,) onsitall: b, c: PLS, FS and DS formation at U= 19 and 19.5 V, respectively; d: FS and PLS formation at U= 19 V; e, f: PLS
and DS formation at U=19.5 V.
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Figure 3. AFM images of structures forming from MWCNT — COOH at U = 19 V: a—: PLS, DS and FS from colloidal solution,
respectively; d—f: at U= 19.5 V PLS, PLS and FS and DS, respectively. Inset: size distribution.

mode”) and G = 1567+1600 cm™' (tangential oscillations)
in the Raman spectra confirmed their MWCNT — COOH
affiliation (Fig. 4). The test MWCNT are characterized by
a higher number of defects because 7 and /,, > I, and
the width of the bands is greater than 50 cm™ [15]. The
intensity of the characteristic bands (/, and /) was the
highest for the FSs. In the vicinity of DSs this intensity
was four times lower and in the vicinity of PLSs the in-
tensity of these bands decreased by an order of magnitude
(Fig. 4). By and large the / /I ratio which characterizes
the defectiveness of MWCNT — COOH + aerosil + H,O,
complexes proved to be the lowest for the PLSs (1.17);
for the FS and DS it was 1.18 and 1.15, respectively (Ta-
ble 1). This regularity was also indicated by the /, /I . ratio
(/,,, is the two-photon inelastic scattering band) and by
the widths of the bands at 0.5 height for 7, I, and 1,
which correlate with the residual surface tension in the
MWCNT — COOH complexes (Table 1). Their greater
defectiveness in comparison with the PLSs significantly
reduced the homogeneity region: L = 4,4(1 /1,). The size
of the homogeneity region was as follows: ~3.76 nm for
the PLSs, ~3.73 nm for the FSs and 3.82 nm for the DSs
whereas the diameter of the test MWCNT was 20 nm.
These homogeneity data (L) agreed with coherent scatter-
ing region calculations made on the basis of X-ray diffrac-
tion patterns (GBC EMMA, 60 kV acceleration voltage,
80 mA current, 20 = 20+120° scanning angle range, Cuk
radiation). Coherent scattering region evaluation with
allowance for the Debye-Scherrer condition (L = 0,9\

Table 1. Defect concentration and residual surface stress in bi-
ased piecewise linear formations, diffuse structures and fractal
structures as per Raman spectroscopy data.

Sample ID/IG IZD/IG A11) 0.5 AIG 0.5 AIZD 0.5 L’ nm
PLS 1.17 0.88 50 51 62 3.76
DS 1.15 0.63 50 51 62 3.82
FS 1.18 0.76 50 62 62 3.73

(BcosB)) for MWCNT and MWCNT — COOH yielded
3.12 and 3.5 nm, respectively. Here A = 0.1541 nm is the
CuK X-ray radiation wavelength, B is the peak intensity
at half height and 0 is the zero peak position.

The presence of the G band characterizing violation
of symmetrical graphene sheet wrapping showing itself
as degeneration of oscillations depending on orientation
along (G" — LO) or across (G" — TO) the nanotube axis is
only typical of SWCNT, and this was observed for the DSs
and PLSs (Fig. 4). The intensities of these bands met the
I > 1" condition indicating the presence of bends in the
MWCNT which was confirmed by AFM data (Fig. 3a).

In the low-frequency spectral region where SWCNT
exhibit excitation of radial “breathing” mode at 100 to
600 cm, all the test MWCNT structures (FS, DS and
PLS) exhibited untypical excitations (Fig. 4, inset).

Analysis of the experimental AFM images (Fig. 3)
showed that the sizes of the structures (d) forming the
FS, DS and PLS decreased with an increase in voltage
(Fig. 5a). Simultaneously the particle velocities (V) as in-
dicated by video monitoring increased with DC voltage



Modern Electronic Materials 2020; 6(1): 17-23 21
1500 50 = a
1300 asr

51100 _ 0T

< g 35

=~ S 35F

£ 900 s

ﬂcﬁ 30 ]

£ 700 B+G 3

25
500 - = 20 nm
20 ] ] ]
0 | | | | | | | | | ) | | | 1 L 1 L 1 L 1 L 1 L 1 L 1
200 600 1000 1400 1800 2200 2600 3000 18 voowm X 21
K (em) 100 o

Figure 4. Raman spectra of (/) PLS, (2) DS and (3) FS forming rom = b

from MWCNT — COOH + aerosil + H,O, . Inset: radial “breath- L

ing” mode region. 80 -

— (]
é L

amplitude at U = 19.5 V (Fig. 5b). The d(U) and V(U) = OO

dependences were clearly nonlinear. However at each U = - "

the PLS formation rate in the electrode gap changed in a 40 N

stepwise manner, remaining constant for some time (Fig. - "

5a). In fact under these conditions the MWCNT — COOH i

+ aerosil + H,O, complexes were polarized between the 20 "

. . 1 L 1 L 1 L 1 L 1 1 1

electrodes by the electric field [16]. In accordance with 15 20 o5 30 35 40

earlier works [11, 17] the dynamic equation F =qE de-
scribing the movement of these complexes in a drop of
solution enhanced by the electric force acting on polar-
ized colloidal solution complexes with the same charge
(q,= q,= q) takes on as follows in an electric field:

= m(aa—‘; + V(VV)) -

dv.
m% (1)
N
_ZVU(Rij)+Fs(Rs)+FL(RL)_

i#j

—6man(v; - V)+F; +F,.

Here m[(0V/0t) + v(VV)] are the interaction forces allo-
wing for the change in the volume of the drop (V); U(R,j)
is the particle interaction potential (¢, and g, at the dis-
tance Rij) in accordance with the Derjaguin—Landau—Ver-
wey-Overbeek theoretical model; F,(R) and F(R) are
the interaction forces with the substrate and the liquid/air
phase boundary, respectively; 6mRn(v, - V)is the Stokes
viscous friction force; F, is the random Brownlan motion
force of Gaussian type.

Comparison between the contributions of all the forc-
es in Eq. (1) complicates the analytical solution of this
equation which was only solved numerically [17]. In ac-
cordance with the data presented in Fig. 5, the formation
of FS, DS and PLS can be analyzed with reducing Eq. (1)
to only the most important force F . Along with this force,
the interaction between polarized particles in the colloidal
solution requires Coulomb’s force F. = qiqj/(4n8180R2) be
taken into account. It is Coulomb’s force that leads to the
agglomeration (coagulation) of polarized colloidal solu-

t(s)
Figure 5. (a) size and (b) growth rate of nanostructures as a

function of DC voltage amplitude as determined from AFM im-
ages and video monitoring at U = 19.5 'V, respectively.

tion complexes into stable structures as can be seen from
Fig. 3. To describe the formation of these structures in
an electric field we will use earlier conclusions [13]. In
accordance with [13] these structures are affected in this
case by the electrophoretic force:

F,, = 2ne Re|K(0)|R°VE?, (2)
where €, and ¢, are the dielectric permeabilities of the me-
dium (g, = €0 81) and the particles, respectively; o,
and o, are the dielectric conductivities of the medium and
the particles, respectively; o is the AC field frequency;
RelK(w)| = [(g, - € )/(g, + 2¢))] + {3(g,0, - £,6 /[T, (0, T
20 (1 + 0’1, )]} is the real part of the Clausius—-Mos-
sotti function; E is the electric field magnitude; R is the
particle radius; t,,,, = (¢,72¢,)/(0,+20,) is the particle re-
charging time (Maxwell-Wagner charge relaxation time)
in AC electric fields. In DC electric fields (o =0) K(w) =1
and Eq. (1) simplifies to:

F,,.=2ne R°VE®, 3)

In order for nanostructures in the form of PLS or FS

to be equilibrium, their growth from colloidal solutions

in an electric field should probably satisfy the follow-
ing equation:
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Fu=F = q*/(4ne g R*) = qE.

In order for N complexes of a colloidal solution with
the radius R to fill the electrode gap Z the equality Z =
2NR should be met. The change in the size of the MW-
CNT — COOH complexes as a function of applied bias d =
AU) can be derived from Eq. (3) taking into account that
E = U/Z. The change max(VE?) at d — 2R will obey the
hyperbolic law d = 1/U, in agreement with experimental
data (Fig. 5a). The minimum size of the structures (Figs
2, 3) is close to the size of MWCNT: d = 2R = 20 nm
(Fig. 1, inset).

Basing on the fact that the particles move mainly due
to the electrophoretic force (Eq. (2)), one can convert the
motion equation F',, = mdv/dt at a constant field magni-
tude to the following empirical function:

V(U)= %(p)_l &,E2 [ di = v, + BE?, “)

where v, is the initial velocity determined by diffusion
and convection of particles in the test colloidal solution;
p is the density of carbon particles; B is the constant that
accounts for p; ¢, is the dielectric permeability of the li-
quid phase of the colloidal solution; Z is the electrode gap
which was 100, 500, 1000 or 1500 pm in the experiment;
t is the evaporation time of a solution drop (3.5 min).

A Raman spectrum taken in perpendicular radiation
incidence and scattering geometry contained bands in the
radial “breathing” mode region that are only typical of
SWCNT on PLS and DS (276 cm™) and FS (216 cm™),
see Fig. 4 (inset). This indicates the presence of SWCNT
inside MWCNT which could only be oriented perpendic-
ular to the substrate. Thus the entire MWCNT structure
with SWCNT inside must be arranged vertically relative
to the substrate. Earlier SWCNT were identified inside
MWCNT by high resolution transmission electron mi-
croscopy [ 18] and Raman spectroscopy [19, 20]. They had
very small diameters (0.4 nm), were oriented only along
the multiwalled nanotube axes and located on nanotube
ends. Theoretically estimated diameters of the SWCNT
observed in this experiment made based on the spectral
bands from the d ~ 285 cm !/ ratio [21] were ~1 nm for
the PLS and the DS and ~1.4 nm for the FS.
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