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3D nanotube-based composites produced by laser irradiation

S.A. Ageeva, I.I. Bobrinetskii, V.I. Konov, V.K. Nevolin, V.M. Podgaetskii, O.V. Ponomareva,

V.V. Savransky, S.V. Selishchev, M.M. Simunin

Abstract. 3D nanocomposites have been fabricated through
self-assembly under near-IR cw laser irradiation, using four
types of multiwalled and single-walled carbon nanotubes
produced by chemical vapour deposition, disproportionation
on Fe clusters and cathode sputtering in an inert gas. The
composites were prepared by laser irradiation of aqueous
solutions of bovine serum albumin until the solvent was
evaporated off and a homogeneous black material was
obtained: modified albumin reinforced with nanotubes. The
consistency of the composites ranged from paste-like to glass-
like. Atomic force microscopy was used to study the surface
morphology of the nanomaterials. The nanocomposites had a
3D quasi-periodic structure formed by almost spherical or
toroidal particles 200500 nm in diameter and 30 —40 nm in
visible height. Their inner, quasi-periodic structure was
occasionally seen through surface microfractures. The density
and hardness of the nanocomposites exceed those of micro-
crystalline albumin powder by 20 % and by a factor of 3-5,
respectively.
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1. Introduction

One important issue in nanoengineering is the search for
ways of designing three-dimensional (3D) macroscopic
composites, which might open up the possibility of creating
nanomaterials possessing unique properties. Typically, one
has to deal with essentially planar 2D structures consisting
of carbon nanotubes (CNTs) on orienting silicon substrates,
which are used in a variety of electronic devices: field
emission displays, molecular capacitors and others [1-3].
Exceptions include gels prepared by mixing CNTs with
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ionic liquids [4, 5] and polymer- or titanium-matrix nano-
paper containing CNTs [6, 7].

In the absence of any electric- or magnetic-field orienting
effects, CNTs (especially single-walled carbon nanotubes,
SWCNTs) form disordered agglomerates (tangles) kept
together by relatively weak, van der Waals forces (binding
energy of ~ 5kJ mol ™! [2]). Such agglomerates can be
broken (untangled) by a variety of techniques [8, 9].

CNTs, in principle, appear the most suitable material for
producing 3D nanocomposites through self-assembly pro-
vided CNT agglomerates can be reoriented. One of the
missing coordinates of the nanotubular skeleton can be set
by laser irradiation, whose influence in this case must, in
particular, compete with the van der Waals forces.

Podgaetskii et al. [10] described a process for the
fabrication of 3D nanocomposites via laser irradiation of
aqueous dispersing solutions of proteins, bovine serum
albumin (BSA) and human serum albumin (HSA), with
small additions of CNTs. Water evaporation through
radiative heating of the solutions led to the formation of
a black CNT-reinforced material. The origin of the quasi-
ordered state of the nanocomposites thus prepared has not
yet been fully understood. Thus, the assumed orienting
effect of laser irradiation on the degree of ordering in
nanocomposites warrants further investigation.

The choice of albumin as a solution component was
prompted by the initial ‘agglutination’ of the products and
also by reports that albumin solutions had been successfully
used in laser tissue welding [11—-13]. In addition, albumin
enables a considerable reduction in the separation of CNT
solutions compared to aqueous nanotube solutions because
of the increase in solution viscosity owing to the possible
CNT functionalisation (attachment of functional groups)
with albumin [2].

2. Materials and methods

We used several types of CNTs: multiwalled CNTs
(MWCNTSs) I [14] and II [15], produced by -catalytic
pyrolysis; SWCNTs III [16], prepared by the HipCO
process; and SWCNTs IV [17], produced by the carbon
arc method.

The key step in the preparation of MWCNTs I and II
was thermocatalytic dissociation of a carbon-containing gas
mixture on metallic catalysts (CVD process). MWCNTs 1
were produced on a nickel catalyst in a chamber with its
inner part of a low thermal conductivity ceramic and its
outer part of high-temperature steel. After pumping to a
pressure P ~ 60 mbar, the chamber was filled with ethanol
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Figure 1. Topographic images obtained on a Solver P47 scanning probe
microscope: (a) MWCNTs I, (b) MWCNTs 11, (c) SWCNTs 111 and (d)
SWCNTs IV.

vapour heated to ~ 600 °C. The nanotubes ranged in outer
diameter D from 3 to 30 nm (Fig. 1a).

MWCNTs II (Taunit) were produced using a propane-
butane mixture heated to 600680 °C. After acid treatment,
the nanotubes (D = 20 — 40 nm, average length L < 2 um)
(Fig. 1b) were sufficiently pure. The material was easy to
disperse, did not scatter and did not cake. It could be
uniformly dispersed in organic and inorganic liquids in the
presence of surfactants.

SWCNTs IIT were produced by disproportionation on
Fe clusters prepared using an Fe(CO)s catalyst in flowing
carbon dioxide, which was passed through a heated reactor
at high pressure. The nanotubes (Fig. 1c) were fluorinated
to remove the catalyst to an atomic fraction of Fe in the
range 1% —3.5%. Their dimensions (L~ 1pum, D=
0.7—1.4 nm) could be tuned by varying the CO, pressure.

The chamber for the preparation of SWCNTs IV
(NanoCarbLab) was pumped down to ~ 10~ Pa and
then filled with an inert gas (argon or helium). Next, a
discharge was initiated, which caused thermal sputtering of
a graphite cathode. The anode contained small amounts of
transition and rare-earth metals as catalysts. The weight
fraction of SWCNTs (Fig. 1d) was ~ 80 %.

The structure of the CNTs and nanocomposites was
examined on Solver P4 and Solver P47 scanning probe
microscopes. Their laser optical systems measured the probe
tip deflection, determined by the surface topography and
physical properties of the specimen.

Figure 1 illustrates the surface structure of the CNTs. It
can be seen that the MWOCNT diameter considerably
exceeds the SWCNT diameter (by several nanometres).
The nanotubes range in length up to several microns (or
even more). In Figs Ic and 1d, one can see inclusions (most
likely, amorphous carbon particles) on the SWCNT surface.

The CNTs were added to an aqueous BSA solution
(20 % —25 %) prepared by mixing in a magnetic stirrer and/
or sonication for several hours slightly above room temper-
ature.

The nanotube concentration in working solutions pre-
pared in the same manner as the BSA solutions was 1—
3gL™". The solutions were decanted (to remove the
precipitate) and treated in the presence of a surfactant.

3. Results and discussion

The quality of the working solutions was verified by
measuring their density, viscosity and absorption spectra
(Figs 2, 3). In the UV to near-IR spectral region (400—
1000 nm), the absorbance of the solutions decreases
systematically with increasing wavelength (Fig. 2). With
increasing temperature, the density of the solutions
increases (Fig. 3a), whereas their kinematic viscosity
decreases in a narrow temperature range and varies little
above 25°C (Fig. 3b). When stored in a household
refrigerator, the solutions retain their properties for several
weeks.

The experimental arrangement for irradiation of sol-
utions included a radiation source, a support with a collet
chuck (for securing an optical fibre and thermocouple) and a
stage with a beaker (sample support). It also included a
digital remote thermocouple sensor (DT 832 multimeter)
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Figure 2. Absorption spectra of aqueous 25 % BSA solutions containing
(3) MWCNTs I, (5) MWCNTs II, (/) SWCNTs III and (2, 4)
SWCNTs 1V; (2) decanted solution. The thickness of the solution layer
is 2 mr;n, and the nanotube concentration is (3) 1, (7, 2, 4) 2 and (5)
3gL™.
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Figure 3. Temperature dependences of (a) density and (b) kinematic
viscosity for an aqueous 25 % BSA solution containing MWCNTs II.
The thickness of the solution layer is 2 mm, and the nanotube concent-
rationis 3 g L',
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and an Optris MiniSight remote infrared thermometer. The
radiation source was an LMP IRE-Polyus fibre-coupled cw
diode laser (4, = 0.97 pm, P~ 10 W) fitted with a green
laser aiming module (4, = 0.53 um) [18]. The solution was
placed in a glass tube ~ 20 mm in diameter (with no
stirring).

The laser beam, with the spot diameter on the solution
surface equal to the tube diameter, was directed downwards
along the tube axis. Irradiation was continued until the
liquid was evaporated off and a homogeneous black nano-
composite was obtained on the bottom of the tube. Whereas
the denaturation temperature of pure BSA is 60°C-70°C,
the nanocomposite was monolithic at considerably higher
temperatures, up to ~ 200 °C.

The quality of the nanomaterial, assessed from its
hardness, colour uniformity and the absence of whitish
zones of denaturated albumin, depended on the incident
intensity and irradiation time (see below). The consistency
of the material ranged from rubber-like (at relatively low
laser fluences) to glass-like. The weight of the product was
20 % to 70 % below that of the precursor solution.

The laser irradiation results are illustrated in Fig. 4,
which shows topographic images of samples prepared by
abrasively grinding the nanocomposites on a silicon sub-
strate or by spreading (and drying) a droplet of wetted
material between two plates.

The images were obtained by atomic force microscopy,
by scanning an oscillating cantilever tip over the nano-
material surface: light areas represent elevations, and dark
areas represent depressions (towards the observer).

were similar to those of the as-prepared material (Fig. 4a),
indicating that the samples were unlikely to be contami-
nated.

The SWCNT-based nanomaterials had a more complex
surface morphology. In the case of SWCNTs III, the inner,
quasi-periodic structure was seen through surface micro-
fractures (Figs 4e—4g). In the case of SWCNTs IV
(Fig. 4h), the structure was only partially periodic.

By analogy with previous results [10], it is reasonable to
assume that the spheres (Figs 4a—4c) and similar particles
(Figs 4e, 4h) seen in the structure of the nanomaterials are
related to the presence of coiled nanotubes. The material
between the nanotubes is albumin, reinforced with CNTs.

Prior to density (p) measurements, 10—15 samples of
each nanocomposite, 3—4 mm in size, were dried at room
temperature. After determining their weight on an analytical
balance, the samples were placed in a graduated cylinder
half-filled with high-purity benzine (Nefras S 50/170), and
their volume was determined.

The measured densities (90 % confidence level) are listed
in Table 1. It follows from these data that all our samples
have nearly the same density, which exceeds that of micro-
crystalline albumin powder by 10 % —20 %.

The Vickers hardness Hy of the nanocomposites was
determined with a PMT-3 microhardness tester: the material
was indented with a diamond indenter in the form of a right
pyramid with a square base. Polished specimens were
mounted in grooves made in Textolite substrates and
were fixed with Supermonolit epoxy. The substrates were

As seen in Figs 4a—4d, the nanomaterials based on Table 1. Density and hardness of the nanocomposites.
MWCNT 1 and MWCNT II have a 3D quasi-periodic ~ Material Density /kg m™’ Hardness/MPa
structure formed by almost spherical or t.or01.dgl part‘lcles MWCNTs I 1220480 140 180
200—-500 nm in diameter and 30—40 nm in visible height. MWCNTS II 1200 1300 150250
To remove bacterial material that might be present in the s B a
nanocomposites, they were UV-irradiated (PRK-4 lamp, 3 ~ SWCNTsIII 1250 130-200
min, ~ 20-cm distance) and iodinated (3 min in an ~ 10-ml ~ SWCNTs IV 12001300 150420
tub@ con'taining i'odine cryst.als}. The topographic images of  gga 1110 50-60
the irradiated (Fig. 4c) and iodinated samples (MWCNTs I) Poly(methyl methacrylate) 1160 200—300
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Figure 4. Topographic images of nanomaterials based on (a—c) MWCNTs I, (d) MWCNTs 11, (e—g) SWCNTs 111 and (h) SWCNTs 1V; (b, ¢) Solver
P7 and (a, d—h) Solver P47 scanning probe microscopes; (b) after iodination, (c) after UV irradiation.
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secured to the x — y table of the tester beneath the diamond
indenter. The specimen surface was strictly parallel to the
substrate backside. The indent diagonals were measured at
indentation loads from 0.5 to 200 g.

The measured Hy values are listed in Table 1 (90%
confidence level). The nanocomposites have Hy =
130 — 250 MPa, which exceeds the microhardness of albu-
min by a factor of 3-5 and is comparable to that of
poly(methyl methacrylate), a widely used polymeric material
(organic glass). The observed scatter in Hy may be due to
inhomogeneity of the nanocomposites. Moreover, their
hardness depended on moisture content.

Microscopic examination showed that the nanomaterials
contained micron-sized particles capable of distorting the
expected inner structure of the nanotubular skeleton. The
absorption spectra of the working solutions (Fig. 2) also
attest to insufficient purity of the nanotubular material:
there are no bands characteristic of CNTs with metallic or
semiconducting properties. Therefore, the purity of the
nanotubular component is crucial to the quality of the
materials studied.

Note that alternative processes for the fabrication of
nanocomposites from albumin solutions and CNTs (using
thermal and ultrasonic methods) were unsuccessful: the
albumin decomposed to form flakes, without combining
with nanotubes. 3D composites can also be produced by
sonicating aqueous BSA solutions containing CNTs (for
~ 10 h at ~0.5-kW power) or by thermostating such
solutions, but the resultant materials are brittle and have
a layered, flaky structure, with little or no bonding between
the albumin and nanotubes, as illustrated in Fig. 5. Also
shown in Fig. 5 is the nanocomposite produced by laser
irradiation of an aqueous BSA solution containing
SWCNTs IV. The nanocomposites prepared from the
four types of CNTs studied here can be stored at room
temperature (or in a refrigerator) with no visible changes in
their properties.

4. Conclusions

3D nanocomposites with a nanotubular skeleton embedded
in modified albumin were prepared by laser irradiation of
aqueous albumin solutions containing carbon nanotubes.
The nanocomposites have a quasi-ordered structure, which
may be due to the orienting effect of laser radiation incident
along the normal to the surface of the solution. The density
of the nanocomposites exceeds that of microcrystalline
albumin powder by 10 % —20 %, and their hardness exceeds
the hardness of albumin by a factor of 3-5 and is
comparable to that of poly(methyl methacrylate).

The described noncontact laser processing method for
the fabrication of 3D quasi-periodic nanomaterials using
aqueous protein solutions of nanotubes can be utilised to
produce implant filler materials. The method is safe in that
no pathological flora can persist in the nanocomposites and
has the advantage of significant flexibility.
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Figure 5. Nanocomposite prepared via laser irradiation (a) and pieces of
composites prepared by sonication (b) and thermostating (c) using
MWCNTs I1.
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