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Multiwalled carbon nanotubes (MWCNTs) were successfully
incorporated inside silica aerogel matrix. Solid composite
materials were investigated by high-resolution transmission
microscopy, scanning electron microscopy, optical spectros-
copy. MWCNTs in the form of small bundles and individual
tubes get locked inside the aerogel between its pores resulting
in the local solution-free environment for nanotubes. Optical
transmission of the composite material can be modified by the
amount of the added MWCNTs. Nonlinear optical properties
were studied by a Z-scan technique. Composite materials
demonstrate saturable absorption for femtosecond laser pulses
at 515 nm wavelength that are attributed to the properties of
embedded nanotubes. Silica aerogels possess significantly
better thermal stability compared to polymer matrices, hosts
that are frequently used for saturable absorption applications of
carbon nanotubes. Solid and lightweight silica aerogels with

1 Introduction Silica aerogels are robust, light-
weight materials widely used in scientific and industrial
applications due to their adjustable optical transparency,
large surface area, ultrafine pore size, low dielectric
constant, very low density, and high thermal stability [1].
Aerogels are applied as catalytic supports [2], absorbents of
heavy metals and hypervelocity particles [3], supercapaci-
tors [4, 5], Cherenkov detectors [6], acoustic and thermal
insulators, and sensors [7]. Optical-grade aerogels are
promising for photonics applications [8]. The aerogel
microstructure, a 3D silica network, and its properties can be
adjusted chemically by sol-gel techniques, variation of
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embedded nanotubes can be
various photonic devices.

used as optical elements for
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Photo of silica aerogel with embedded MWCNTSs. Normalized
Z-scan transmittance of silica aerogel with nanotubes for two
different on-focus intensities.
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precursors, and by additional dopants. It has been
demonstrated that multiwalled carbon nanotubes
(MWCNTs) can serve as the reinforcing fillers to enhance
the mechanical properties of the composite material [9, 10].
Inclusion of MWCNTs into aerogels influences the
electrical properties [11, 12] and electrochemical character-
istics [13]. An aerogel matrix can provide incorporation of
MWCNTs with low bundling, so that nanotubes become
partially isolated from each other in a solution-free
environment. The dielectric constant in such a medium
becomes similar to that of air. The local environment created
around the nanotubes within aerogel makes it interesting to
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investigate the optical properties of composite materials
determined by embedded MWCNTs.

MWCNTs possess nonlinear optical properties.
Depending on the time-scale regime of excitation nanotubes
demonstrate strong optical limiting effects and saturable
absorption [14]. Nonlinear properties are extensively
studied in carbon materials: Cgy [15], MWCNTs [14],
single-walled carbon nanotubes [16, 17], graphene [18, 19]
and, recently, in various noncarbon 2D layer materials
[20, 21]. In turn, MWCNTs are considered as a material that
is one of the cheapest in production and advantageous for
some applications [22]. The studies of nonlinear properties
mostly have been performed on liquid-phase materials.
However, for applications a solid-state form is favored.
Composite materials combining silica matrix and
MWCNTs were reported to demonstrate nonlinear optical
properties [23-25]. At the moment, carbon nanotubes
embedded in polymer matrix are the most widely used as
saturable absorbers for fiber lasers [26]. The transmittance
of saturable absorbers increases with the input laser
intensity, which can be used for mode locking and
Q-switching, turning the continuous-wave laser into a pulse
regime with the pulse width below 200 fs [27]. Despite the
fact that such saturable absorbers are very convenient,
the polymer matrix itself becomes the limiting factor, as it
cannot sustain high powers when placed inside the laser
resonator due to a weak thermal stability and a relatively
low thermal conductivity [28]. Most of polymers used as
a matrix start to deteriorate at temperatures around
200 °C [29]. We demonstrate that silica aerogels can be
used as a supporting matrix instead of polymer films. They
demonstrate optical transparency and no thermal degrada-
tion up to 1000°C. Their transmission values can be
changed over a wide range.

In this work, we form silica aerogels with incorporated
MWCNTs, investigate the optical properties of such
composite materials, demonstrate that MWCNTSs embedded
in silica aerogels have nonlinear saturable absorption and
can be applied for lasers.

2 Experimental MWCNTs were produced via a
catalytic chemical vapor deposition technique using a
preformed Fe-Co catalyst at 680 °C [30]. The average
MWCNT diameter is 10nm and the average length is
0.4 wm (with variation within the range of 0.2-3 um).

Silica aerogels were formed from tetraethoxysilane
(Si(OC,Hs)4) (TEOS) in several stages. TEOS was diluted
with methyl alcohol (CH3;OH). After the alcohol removal by
boiling the mixture of silica-organic oligomers was diluted
by ethane nitrile (C,H3N). This solution was used for
aerogel preparation. We formed aerogels with a density of
0.25gcm . A typical amount of used oligomer solution
was 1.9ml and a nanotube suspension in DMF (dimethyl-
formamide) — 1.1 ml (containing 0.01 mg of tubes per 1 ml
of DMF). A liquid phase of each sample was increased up to
5 ml by DMF and water addition. Sol condensation to the gel
form was promoted by NH3. The gel was aged for 2-3 days
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and further acetonitrile was exchanged on isopropanol. The
aerogel with embedded nanotubes was formed after the
solvent removal by supercritical drying (236 °C, 5.38 MPa).
MWCNTs are homogeneously dispersed in the silica
aerogel matrix using DMF solutions with nanotube
concentrations below 0.05 mgml ™"

The structure of silica MWCNT aerogels was charac-
terized with transmission electron microscopy (TEM) (JEM
2010, Jeol). The samples for TEM study were deposited on
copper grids without any liquid to avoid the aerogel
structure destruction by capillary forces.

The Raman measurements were carried out using HeNe
laser (Melles Griot) at 633 nm (1.96eV) and ArKr ion laser
(Stabilite 2018, Newport) at 514 nm (2.41 eV). The Raman
spectra were recorded using LabRam HR (Horiba) and the
triple monochromator spectrometer Jobin Yvon S3000 in a
microconfiguration. UV-VIS-NIR optical absorption spec-
tra were registered with a spectrophotometer Lambda-950
(Perkin Elmer).

Nonlinear optical properties were studied using the
open-aperture Z-scan setup. Transmittance through the
sample was measured while it was translated along the beam
axis through the focus of a lens. The setup comprises the
200-fs laser pulses source emitting at 515 nm (Newport Mai
Tai HP Ti:sapphire laser, 80.68 MHz repetition rate
combined with Spectra-Physics Inspire Auto 100 optical
parametric oscillator), linear stage (Newport IMS-500) with
mounted sample, a 10-cm focal length lens, and a diode
detector. The beam waist radius at the focus was estimated
as 40 pm. The on-focus beam intensity was varied from
0.012 to 0.080GW cm 2. The light propagated through
3 mm of aerogel with embedded MWCNTs.

3 Results and discussion Silica aerogels with
incorporated MWCNTs were prepared with an average
density of 0.25gcm >. It is a solid and nonbendable
material compared to MWCNT aerogels without a silica
matrix [31]. Figure 1 represents a typical image of a pristine
silica aerogel and a silica aerogel with embedded nanotubes.
Nanotubes are homogeneously distributed in the silica
matrix. The overall inclusion of MWCNTSs does not exceed
0.8 wt.% compared to the weight of the pristine aerogel.
Primary SiO, aerogel particles of 2-7nm form an open
structure with pores of 3-20 nm (Fig. 2). TEM demonstrates
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Figure 1 Left image — pristine silica aerogel, right — silica aerogel
with embedded MWCNTs.
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Figure 2 TEM micrographs of pristine silica aerogel (left) and
aerogel with embedded MWCNTs (right).

individual nanotubes (Fig. 2 right) and some quantity of
their small aggregates (2—5 nanotubes). This fact confirms
that some embedded MWCNTs can be in the local
environment similar to that for free-standing nanotubes in
air. The silica aerogel provides the solution-free matrix. All
the liquid phases get removed during the supercritical
drying, and, thus, MWCNTs get trapped within the aerogel
between the pores. Laser applications require materials that
satisfy several requirements, e.g., thermal stability, low
level of moisture absorption that may influence the optical
properties, possibility to precisely control the transmission
values, etc. Silica aerogels can surpass (in values of all the
mentioned parameters) such composite materials as
polymer matrixes with embedded nanotubes currently
applied as saturable absorbers.

Figure 3 represents the optical absorption spectra of a
pristine silica aerogel and an aerogel with MWCNTSs. The
pristine aerogels are transparent in the visible and near-
infra-red spectral regions, in particular, at the telecommu-
nication important wavelength around 1550 nm. Si—O and
O-H groups contribute to the absorption at wavelengths
above 2250 nm. It is important to note that formation of
hydrophobic silica aerogels [32] may significantly decrease
the possible influence of absorbed water on the optical
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Figure 3 Optical absorption spectra of (1) — pristine silica aerogel,
(2) —silica aerogel with MWCNTs. Spectrum (1) was downshifted
by 0.015 with respect to the spectrum of an aerogel with embedded
nanotubes for clarity.
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Figure 4 Diffuse reflectance spectra of pristine powder of
MWCNTs (1) and a silica aerogel with embedded MWCNTs (2).

properties of composites at a wavelength of around
1900 nm. From the optical absorption spectrum of silica
aerogel with MWCNTs, we estimate the transmission value
of 48% at a wavelength of 515nm. A linear extinction
coefficient oy can be calculated from 7 = exp(—aL), where
L is the optical path through the sample. The transmission
can be controlled by the amount of nanotubes introduced
into the aerogel during formation for fitting the requirements
for the exact application. Diffuse reflectance spectra (DRS,
Fig. 4) and Raman spectra (Fig. 5) of silica aerogels with
MWCNTs demonstrate the inclusion of MWCNTS inside
the silica aerogels. These spectra have all the spectroscopic
features typical of MWCNTSs with some deviation from the
spectra of pristine nanotubes. Thus, the comparison of DRS
demonstrates the more intensive reflectance, which may be
explained by isolation of individual nanotubes in the aerogel
matrix, while in powders nanotubes have numerical contacts
causing high conductivity and lower optical reflectance [33].
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Figure 5 Raman spectra of (1) — MWCNT—-aerogel composite,
(2) — pristine MWCNTSs. Both spectra measured with 633 nm
excitation wavelength. (3) — Raman spectrum of pristine
MWCNTSs measured with 514-nm excitation wavelength.
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At the same time, the elimination of precipitated
agglomerates during the preparation of nanotube suspen-
sions before aerogel production resulted in the increase of
the Raman G-band (1500-1650 cmfl) to the D-band
(1250-1400 cm ™) intensity ratio in aerogels compared to
pristine MWCNTs. A disorder-induced D-band demon-
strates the dispersion behavior [34] (Fig. 5). Regardless of
the testing point within the sample, the Raman spectra of
MWCNTs are similar with the equal ratio between the
G- and D-band intensities and the same peak positions
confirming a homogeneous distribution of nanotubes within
the aerogel.

Nonlinear optical properties were studied by the open-
aperture Z-scan technique. An excitation was performed
with the fs laser pulses at 515nm (2.4eV). Moving the
sample along the laser beam through the focus of the lens we
detect the increase of transmittance, indicating the saturable
absorption response of the sample (Fig. 6).

The measurements were performed multiple times
within the same position in the aerogel and were
reproducible, proving that the effect is not due to the
burning of nanotubes. The on-focus beam intensity used for
the studies did not exceed 0.08 GW cm 2. Previously, it has
been reported that laser excitation may significantly affect
carbon nanotubes [35]. Laser-induced change of optical
properties of carbon-based materials [36—39] can result, for
instance, in the effect of transparency increase. Such effects
were explained by the chemical reaction with the solvent
that was used for suspending carbon materials. The
nonlinear properties of MWCNTs composites produced
by sol-gel technique have been reported [23-25]. The
authors of the works [23, 25] discussed the optical limiting
properties of such materials. We note that embedded
MWCNTs are in the solution-free environment that cannot
influence the nonlinear optical properties. A pristine aerogel
itself showed no changes in transmittance during Z-scans,
validating that the saturable absorption is determined by the

o 1,7 0.08 GW/em?
I,= 0.05 GW/em?

Normalized transmission

Figure 6 Normalized Z-scan transmittance of silica aerogel with
embedded MWCNTs for two different on-focus intensities. Solid
lines are the theoretical fit curves.
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Figure 7 Normalized transmission as a function of the input
fluence.

MWCNTs. We clearly detect the dependence between the
normalized transmission and incident laser intensity in the
focal point (Fig. 7).

In order to estimate the nonlinear coefficient B.; we
address the nonlinear optical theory and Z-scan formal-
ism [40]. The total absorption « consists of linear and
nonlinear parts a(/) = o + BesrI. A normalized transmission
can be defined by the following expression:

IoLee B _ "
\/§<1 + (%) )

where [ is the laser beam intensity at the focus (z =0), Lqg
is the effective thickness, Lesr = (1 — exp(—aol))/ ag, L is the
thickness of the sample, zo = T}/ is the diffraction length
of the beam, wy is the beam waist radius, and 4 is the laser
wavelength. Performing the fitting (Fig. 6) by using Eq. (1),
we determine the value of B.;=—28+3cm GW™!, cf.
Table 1.

Starting with on-focus laser beam intensities above
0.03GW cmfz, we detect the transmission increase around
the focal point. The most pronounced effect was obtained in
the samples with homogeneously dispersed MWCNTSs
within the silica aerogel. It is important to note that
scattering in such samples can be modified by chemical
processing of the sol-gel technique, additionally during the
MWCNT introduction depending on the solvent and also by
polishing of the final solid material. A saturable absorption

T(z)=1-

Table 1 Linear and nonlinear coefficients for silica aerogel with
embedded MWCNTs.

T (%)

ap (ecm™) |Betl (cm/GW)

48 2.45 28+3
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for the fs laser pulses of aerogels with embedded MWCNTs
confirms the possibility of application of such composite
materials as ultrafast nonlinear optical elements. The
thermal stability over a wide temperature range, a possibility
to control the transmission, and an extraordinary environ-
ment that can be established for trapped nanotubes inside the
silica aerogel may be considered as additional advantages.
The locked small bundles of tubes and in some cases even
individual nanotubes, noninteracting with other tubes, are
the main explanation for strong nonlinear optical properties
of the silica aerogel-nanotube composite material.

4 Conclusions In this work, we demonstrate the
fabrication of silica aerogels with embedded MWCNTs.
Nanotubes in such composite materials are homogeneously
distributed within the aerogel matrix. With that, we identify
small bundles and individual nanotubes locked in the silica
aerogel porous matrix. A solvent-free local environment
decreases the interaction between the nanotubes. The
pristine silica aerogels are transparent over a wide spectral
range, making this type of matrix suitable for many photonic
applications. The optical properties of composite materials
are dominantly influenced by MWCNTs. For instance, the
transmission value can be controlled by the amount of
introduced nanotubes. The nonlinear optical properties were
studied by the open-aperture Z-scan technique. Silica
aerogel-MWCNT composites demonstrate a saturable
absorption for 200-fs laser pulses at a 515-nm wavelength.
The nonlinear properties are attributed to the incorporated
MWCNTs.

Silica aerogels can be used as a matrix supporting
nanotubes for various photonic devices, e.g., such as
saturable absorbers for mode locking. Silica aerogels
demonstrate significantly better thermal stability compared
to polymer matrices that are frequently used for saturable
absorption applications, but suffer from thermal degradation
at temperatures already above 200 °C. Silica aerogels are
capable of significantly enhancing the laser power limits,
while retaining the best properties of nanotubes.
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