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and Chi Zhang*bce

Multi-walled carbon nanotube (MWCNT)/TiO2 nanocomposites have been prepared by a hydrothermal

method and characterized by Fourier-transform infrared, Raman, and X-ray photoelectron

spectroscopies, X-ray powder diffraction, and transmission electron microscopy. Their viability as

nonlinear optical (NLO) materials has been examined using the Z-scan technique at 532 nm with both

nanosecond and picosecond laser pulses, the NLO and optical limiting (OL) performance being found to

be dependent on the TiO2 content. At the wavelength used, an enhanced OL response was observed for

the M1.00 nanocomposite and ascribed to a combination of mechanisms.
Introduction

Because multi-walled carbon nanotubes (MWCNTs) are usually
assembled from a large number of concentric graphitic tubes,1

they are preferable to single-walled carbon nanotubes (SWCNTs) as
components of electron donor–acceptor ensembles.2,3 MWCNTs
have been the subject of intense scrutiny due to their unique
mechanical, electronic and optical properties.4 MWCNTs have
attracted particular attention in chemistry, with many reports of
MWCNT nanocomposites that tune the MWCNTs' properties and,
in particular, a number suggesting that they are good candidates
for the fabrication of optoelectronic devices.5–12 For example,
phthalocyanine- and porphyrin-covalently-functionalized MWCNT
nanocomposites exhibit strong OL responses due to reverse satu-
rable absorption (RSA) and nonlinear scattering.13,14 However,
although phthalocyanine and porphyrin usually exhibit a strong
OL performance, a lack of thermal stability and optical bleaching
limit their potential applications.
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MWCNT-based materials that include semiconductors may be
expected to overcome this drawback, due to the long-term chem-
ical inertness of the latter against photocorrosion.15 TiO2, with
a wide bandgap of ca. 3.2 eV, has received considerable attention
both in optoelectronic and protective applications because of its
high transparency in the visible region, excellent mechanical
durability, photostability, chemical stability, and unique electronic
and optical properties.16 TiO2 and MWCNTs possess excellent
properties in isolation, and their nanocomposites may possess
enhanced or novel behavior compared to those of the individual
units. TiO2 has been used previously to prepare MWCNT/TiO2

nanohybrids for photocatalytic and solar cell applications,17,18 but
the use of such nanohybrids to fabricate optoelectronic devices
with superior OL performance has not been reported, although the
nonlinear optical properties of a range of nanoscale composite
materials containing TiO2 have been explored.19–24

Previous studies of MWCNT/TiO2 materials have highlighted
the interesting properties of nanocomposites obtained by
a variety of approaches.21,25 Herein, and inspired by the ndings
above, we have explored combining TiO2 nanoparticles with
MWCNTs by a simple hydrothermal treatment of tetrabutyl
titanate andMWCNTs in EtOH–H2Omixtures. The composition
and structure of these TiO2/MWCNT nanocomposites have been
elucidated by Fourier-transform infrared, Raman, and X-ray
photoelectron spectroscopies, X-ray powder diffraction, and
transmission electron microscopy. The inuence of TiO2

content on the NLO behavior of the TiO2/MWCNT nano-
composites has been systematically investigated by evaluating
the effect of different ratios of MWCNT : TiO2.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 FTIR spectra of MWCNTs, M0.25, M0.50 and M1.00.

Scheme 1 Suggested attachment of TiO2 nanoparticles to MWCNTs.

Fig. 2 XRD patterns of the TiO2, M0.25, M0.50 and M1.00 samples.

Fig. 3 (a) Raman spectra of the MWCNTs, M0.25, M0.50 and M1.00
samples; (b) expansion of the region between 300 and 800 cm�1; (c)
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Results and discussion
Characterization

Fig. 1 displays the FTIR spectra of the pristine MWCNTs and the
TiO2/MWCNT nanocomposites (M0.25, M0.50 and M1.00). The
presence of –OH groups and water on the surface of the samples
was conrmed by the appearance of a broad band at ca. 3400
cm�1, with another band at 1625 cm�1 corresponding to the Ti–
O–H bending vibration.26 The IR spectra reveal that the func-
tional groups on the nanocomposites are primarily the surface
groups on TiO2; no characteristic IR bands from MWCNTs were
observed in the region 400–2000 cm�1 because of the low
percentage of MWCNTs in the composites. A peak due to
stretching and binding modes of Ti–O and O–Ti–O is clearly
seen near 500 cm�1, while the peak at 500 cm�1 in the spectrum
of M0.25, which is sharper than those of the other composites,
may be assigned to the changing size and crystallinity.26 The
characteristic peak of TiO2 is very broad, obscuring the nger-
print regions in the three nanocomposites, and thereby
rendering them difficult to assign uniquely. The peak at 1039
cm�1 results from Ti–O–C vibrations, which indicates that TiO2

has reacted with the –OH or –COOH groups (the presence of the
oxygen-containing functional groups can be conrmed from the
XPS spectrum of the MWCNTs in Fig. S1†) at the MWCNTs'
surface by a dehydration reaction (Scheme 1).18

The crystalline phases of pure TiO2 and the TiO2/MWCNT
nanocomposites (M0.25, M0.50 and M1.00) have been investi-
gated by XRD, the results being shown in Fig. 2. It is clear that
pristine TiO2 and the TiO2/MWCNT nanocomposites with
different weight addition ratios of TiO2 exhibit similar XRD
patterns. The peaks match those of the XRD pattern of anatase
TiO2, with no observable diffraction peaks at 27� or 31�,
This journal is © The Royal Society of Chemistry 2016
suggesting that the TiO2 deposited on the MWCNTs is free of
rutile and brookite impurities.27,28 The average sizes of the TiO2

nanoparticles on the surface of the MWCNTs, which were
calculated by using the Debye–Scherrer equation based on the
full width at half-maximum of the diffraction peaks, are 18.9,
expansion of the region between 1300 and 1650 cm .

RSC Adv., 2016, 6, 20120–20127 | 20121
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Fig. 4 TEM spectra of the MWCNTs (a) and the M0.25 (b), M0.50 (c)
and M1.00 (d) nanocomposites.
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15.4 and 13.1 nm for M0.25, M0.50 and M1.00, respectively.
This result is consistent with the increase in the mass ratio of
tetrabutyl titanate (the precursor of TiO2)/MWCNTs from 5 : 1
to 10 : 1 and 20 : 1. A tiny but denitive shi is observed for the
XRD peak positions, implying substantial changes in the lattice
parameters.29 The lattice parameters a of the anatase phase in
M0.25, M0.50 and M1.00 were determined to be 3.8089, 3.8021
and 3.7916�A, with the lattice parameters c ranging from 9.9815
to 10.2791 and 9.5244 �A, respectively. This also indicates that
the hydrothermal process results in real integration at the
interface rather than the formation of a mixture. This is
conrmed via Raman analysis.

Raman spectra can distinguish between rutile and anatase
phases and the MWCNTs. Rutile and anatase TiO2 consist of
four (B1g + Eg + A1g + B2g) and six (A1g + 2B1g + 3Eg) Raman active
modes, respectively. In this experiment, ve characteristic
bands were observed at ca. 152, 197, 399, 513, and 636 cm�1 for
the TiO2/MWCNT composites (Fig. 3a and b), corresponding to
the Eg, Eg, B1g, A1g + B1g, and Eg modes of anatase, respectively.
The peak intensity of the Eg mode increases and the width
broadens with increasing TiO2 content. We note that both
particle size and the presence of defects can inuence the
Raman spectra;30 the latter is likely to be the source of the
Raman band broadening in the present case.30 The other two
peaks observed at 1344 and 1574 cm�1 are, respectively,
attributed to the characteristic D and G bands of MWCNTs,
corresponding to the disordered A1g mode and the tangential
E2g mode (Fig. 3c).31 The disordered A1g mode suggests imper-
fection of the sp2 hybridization of the MWCNTs, which may
originate from the production process or the surface modi-
cation process. The relative intensity ratio of D to G band (ID/IG)
is sensitive to the surface character of the MWCNTs, and is an
indication of disorder in the MWCNTs. In our case, the ID/IG
ratio is 1.14 for the MWCNTs, decreasing to 0.99 and 1.00 for
M0.25 and M0.50, respectively. However, the ID/IG rises slightly
to 1.16 for M1.00, which suggests increased defects on the
MWCNTs.31 The Raman spectra together with the XRD patterns
provide sufficient evidence to verify the incorporation of TiO2 in
the composites. The ratio of the TiO2 incorporated at the
MWCNTs' surfaces can be estimated by the integrated intensity
ratio of the Eg anatase peak (IA) and the disordered carbon peak
(ID) of the Raman spectra. As shown in Table 1, the IA/ID
intensity of M1.00 is greater than those of M0.25 and M0.50,
indicating that there is more TiO2 deposited on the MWCNTs
surface in M1.00 than in M0.25 and M0.50.32

The loading of the TiO2 nanoparticles onto the MWCNTs'
surfaces was characterized by TEM, typical images of the
MWCNTs and the TiO2/MWCNT nanocomposites being shown
in Fig. 4. The morphology of the pristine MWCNTs is quite
typical, with chaotic orientation of readily-distinguishable single
Table 1 Integrated intensity ratio of the Eg anatase peak (IA) and the
disordered carbon peak (ID) of the Raman spectra

Sample M0.25 M0.50 M1.00
IA/ID 14.0 31.25 178.57

20122 | RSC Adv., 2016, 6, 20120–20127
nanotubes. There is a relatively smooth and clean surface without
any extra phase on the surface (Fig. 4a), and the hollow structure
of the MWCNTs can be clearly seen. TEM micrograph compari-
sons of MWCNTs (Fig. 4a) and the TiO2/MWCNT nano-
composites (Fig. 4b–d) are consistent with ultrathin TiO2 coating
of the MWCNTs. It is well-known that the mass ratio tetrabutyl
titanate : MWCNTs plays an important role in the mass loading
of TiO2 and the morphology of the resultant nanocomposites.32

From Fig. 4b–d, it can be seen that the MWCNTs in the nano-
composites are decorated with many small TiO2 nanoparticles,
resulting in the coarse surface of the MWCNTs. The corre-
sponding HRTEM image (Fig. S4†) shows that the TiO2 nano-
particles are strongly coupled to the MWCNTs, whichmay be due
to the interactions between the hydroxyl groups of the hydrolyzed
TiO2 precursors and the oxygen-containing groups (such as
–COOH) on the MWCNTs.33 The mass loading of TiO2 on the
MWCNTs and the diameter of the coated MWCNTs increase with
increasing mass ratio of tetrabutyl titanate : MWCNTs (M0.25 <
M0.50 < M1.00), which is consistent with the Raman results. No
free TiO2 nanoparticles (detached from the MWCNTs) can be
seen in the TEM images. Although information obtained from
TEM should not be over-interpreted, this method still provides
complementary evidence for successful preparation of TiO2

decorated MWCNTs.
Photophysical properties

The inuence of the MWCNTs on the diffuse reectance UV/vis
spectra is apparent from considering the optical absorption
spectra of all samples (Fig. 5); for comparison, the TiO2 nano-
particles were also measured under the same conditions. As
expected, pure TiO2 shows a characteristic absorption edge at
400 nm (Fig. 5a), which is ascribed to charge transfer from the
valence band (mainly formed by 2p orbitals of the oxide anions)
to the conduction band (mainly formed by 3d t2g orbitals of the
Ti4+ cations).34 The presence of different amounts of TiO2

signicantly affects the optical absorption of the TiO2/MWCNT
nanocomposites. Compared to TiO2, all of the TiO2/MWCNT
nanocomposites show a higher absorbance. In addition, for
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) UV-vis diffuse reflectance spectra of the TiO2, M0.25, M0.50
and M1.00 samples; (b) plot of the transformed Kubelka–Munk func-
tion versus the energy of light.

Fig. 6 Photoluminescence spectra of the TiO2, M0.25, M0.50 and
M1.00 samples.
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M0.25, M0.50 and M1.00, the absorption edge is red shied to
longer wavelengths, which is probably due to the creation of
oxygen vacancies during the growth of TiO2 on the MWCNTs.35

The TiO2/MWCNTs nanocomposites all show unusual UV/vis
spectra, with broad absorptions through the entire UV/vis
region, consistent with the interaction of TiO2 and MWCNT in
the nanocomposites narrowing the band gap of TiO2. A plot of
the transformed Kubelka–Munk function as a function of
energy of light is shown in Fig. 5b, from which the estimated
band gaps are 3.16, 2.58, 2.49 and 2.43 eV corresponding to bare
TiO2, M0.25, M0.50 and M1.00, respectively. This supports the
qualitative observation of a red shi in the absorption edge of
the TiO2/MWCNT nanocomposites as compared to the bare
TiO2, analogous to observations with carbon-doped TiO2

nanoparticles.36 The TiO2/MWCNT composites can therefore be
excited more easily than TiO2 to produce electron–hole pairs,
improving the charge transfer from the valence band to the
conduction band.

TiO2 has a direct band gap but with dipole–forbidden transi-
tions, so it is difficult to observe photoluminescence with bulk
TiO2.37 However, photoluminescence signals can be observed for
TiO2 nanoparticles. Fig. 6 shows photoluminescence spectra of
pure TiO2 and the TiO2/MWCNT nanocomposites (M0.25, M0.50
and M1.00) excited at a wavelength of 300 nm. As can be seen
from this gure, similar photoluminescence spectra were
observed for all samples. The growth of TiO2 on MWCNTs yields
oxide particles with a very high density of oxygen vacancies.
These vacancies give rise to in-gap states or surface states that
yield a continuum of below bandgap absorbances. Such defects
are the likely origin of the observed photoluminescence at 392
nm and in the wavelength range from 450 to 500 nm.37 However,
This journal is © The Royal Society of Chemistry 2016
it should be noted that although the presence of defects can be
easily and efficiently proved by photoluminescence measure-
ments, assignment of the different bands is still an area of
intense debate within the literatures, because the photo-
luminescence can result from defects on the surface of TiO2,38,39

the oxygen vacancies,40,41 the self-trapped excitons,38,39 or from the
charge carrier trapping, migration, and transfer.42,43 Variation of
photoluminescence intensity may originate from the change of
defect state on the shallow level of the TiO2 surface.41 The peak
intensities in the photoluminescence spectra of the TiO2/
MWCNT nanocomposites are lower than that of pure TiO2, and
increase as the TiO2 loading increases. If the photoluminescence
emission mainly results from the recombination of excited elec-
trons and holes, the low photoluminescence intensity indicates
a decrease in recombination efficiency.44 Since MWCNTs have
a large number of one-dimensional concentric graphitic tubes,
which can transfer electrons with no electrical resistance, TiO2/
MWCNTs can also transfer photoelectrons generated from TiO2

under light excitation easily.45

Nonlinear optical properties

Optical limiters are materials that exhibit high transmittance
for low level inputs while blocking the transmittance of high-
intensity laser beams.46,47 Such materials have potential for
the protection of optical sensors from possible damage caused
by intense laser pulses, and also have potential in optical
switching and other areas.48 The open-aperture Z-scan method
was used to investigate the third-order nonlinear optical prop-
erties in both the picosecond (ps) and nanosecond (ns) regimes.
The ps Z-scan studies were performed at an excitation wave-
length of 532 nm with a 21 ps pulse width, while the ns
measurements were carried out at 532 nm with a pulse width of
4 ns. For ease of comparison, dispersions of all samples were
adjusted to have the same linear transmittance (60% at 532 nm)
by varying their concentration. In open-aperture Z-scan
measurements, the transmittance of the sample is measured
as the sample is translated through the focal point. As the
sample is translated towards the focal point, the laser pulse
intensity increases and the nonlinear response becomes
measurable, resulting in a decreasing or an increasing trans-
mittance due to different nonlinear mechanisms. Experiments
RSC Adv., 2016, 6, 20120–20127 | 20123
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Fig. 7 Open-aperture Z-scan curves for MWCNTs, M0.25, M0.50 and
M1.00 at 532 nm in the ps regime. Shown in the inset is the open-
aperture data of TiO2.
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with DMF solvent displayed no obvious NLO response under the
same experimental conditions, indicating that the solvent
contribution is negligible; the observed NLO response should
thus be assigned solely to the solutes.

Fig. 7 contains the open-aperture Z-scan traces of TiO2,
MWCNTs, M0.25, M0.50 and M1.00 dispersions using ps laser
pulses. The normalized transmittance of all samples increase as
the sample is brought closer to the focal point, suggesting
saturable absorption.49 Thus, these samples can effectively
suppress low intensity light but allow higher intensity light to
pass.50 In these Z-scan traces, the saturable absorption signal
increases in the order: M0.25 < TiO2 < M0.50 < MWCNTs <
M1.00, the results indicating that the saturable absorption of
MWCNTs can be tuned by varying the TiO2 content. The
nanocomposite M1.00 is therefore a better candidate than the
pristine MWCNTs for saturable absorber applications such as
pulse shaping or as shutters in ps systems.

With 4 ns pulses, all Z-scan traces (except those of TiO2

dispersions) show a decrease in transmittance at the focal point
(Fig. 8), typical of an induced positive nonlinear absorption of
incident light, indicating clear optical limiting. At the focal
point, the transmittance of the M0.25, M0.50, MWCNTs and
M1.00 dispersions drops to 83%, 79%, 68% and 59%, respec-
tively. The depth of the valley in the open-aperture Z-scan
suggests the extent of the nonlinear behavior. In contrast to
Fig. 8 Plot of normalized transmittance against z position for the
MWCNTs and theM0.25, M0.50 andM1.00 nanocomposites at 532 nm
in the ns regime. Shown in the inset is the open-aperture data of TiO2.
Solid curves represent the theoretical fits to the experimental data.

20124 | RSC Adv., 2016, 6, 20120–20127
M1.00 dispersions, a relatively weak NLO effect was noted with
samples M0.25 and M0.50, inferior to that of the MWCNTs. For
a quantitative comparison, we have performed a theoretical
tting of the experimental results to obtain effective nonlinear
absorption coefficients beff (m W�1). With the same linear
transmittance (60% at 532 nm), M1.00 displays a better
nonlinear absorption response [beff 4.2� 10�10 mW�1 c.f. those
of M0.25 (1.2 � 10�10 m W�1), M0.50 (1.5 � 10�10 m W�1) and
MWCNTs (2.7� 10�10 mW�1)], implying a signicant inuence
of the TiO2 content in these nanocomposites on the nonlinear
absorption performance and further verifying the advantage of
M1.00 as a nonlinear material. Similar phenomena have been
observed with organically modied silicate–MWCNT nano-
hybrid gel glass (MWCNT–Ormosil).51 M1.00 has a larger beff

value than the MWCNT–Ormosil system in ref. [51], although
the differing experimental geometries render such a compar-
ison necessarily cautious.

The OL performance of these materials was also assessed
using 4 ns pulsed laser irradiation at 532 nm (Fig. 9). At low
input uence, dispersions of these species (MWCNTs, M0.25,
M0.50 and M1.00) exhibit linear output uences, obeying Beer's
Law. However, as the incident uence increases, the output
uence deviates from linearity, consistent with an OL effect. At
the same linear transmittance, M1.00 dispersions possess
a relatively better OL response than the other three materials,
consistent with the results from nonlinear absorption studies.
For example, at a uence of 1.2 J cm�2, the output uence from
M1.00 dispersions is 0.1 J cm�2, signicantly less than the
output of the other samples from the present studies, and
consistent with the TiO2 content of the nanocomposites inu-
encing the OL behavior. The optical nonlinearity of pure TiO2

(Fig. 8 and 9) was also investigated under the same experi-
mental conditions, but no obvious signal was observed, sug-
gesting that TiO2 has a very small NLO effect that can be
neglected in the present case.

As mentioned above, a concentration-dependent NLO
response was observed for the TiO2/MWCNT nanocomposites.
The OL behavior of the MWCNTs is dominated by nonlinear
scattering, the same mechanism as that exhibited by carbon
black suspension.52 In the scattering process, heating from the
laser pulses leads to vaporization and ionization of the
MWCNTs, and the resultant rapid formation of micrometer-
Fig. 9 Optical limiting curves for the MWCNTs and the M0.25, M0.50
and M1.00 nanocomposites at 532 nm in the ns regime. Shown in the
inset is the optical limiting response of TiO2.

This journal is © The Royal Society of Chemistry 2016
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sized plasmas.53 These microplasmas can act as scattering
centers and strongly scatter light from the transmitted beam
direction, resulting in an increase in limiting response. Thus,
nonlinear scattering, arising from MWCNT moieties, is
proposed as one of the main mechanisms for enhanced OL
response seen with this nanocomposite. Signicant uores-
cence quenching of TiO2 following doping with MWCNTs is
observed, which may inhibit recombination of the electron–
hole pairs, and therefore accelerate the transfer of photo-
generated electrons. During the preparation of the M1.00
nanocomposite, some oxygen-containing groups on the surface
of the MWCNTs are partially removed by hydro-thermal treat-
ment, the conjugation thereby being extended. The more
extended the conjugation, the greater the chance for electron/
energy transfer, leading to enhanced OL performance. The
increased OL in M1.00 may also have a signicant contribution
from defect-induced states generated during preparation. The
presence of defects can be conrmed by the increased ID/IG ratio
(Fig. 3) aer hydro-thermal treatment, implying an increase in
the number of defects in the sample M1.00.54 The detailed
mechanism needs further investigation, but the current work
demonstrates that the OL performance of the M1.00 TiO2/
MWCNT nanocomposite is a sensitive function of a combina-
tion of the NLOmechanisms operative with MWCNTs and TiO2.
Conclusions

A hydrothermal route to TiO2/MWCNT nanocomposites (M0.25,
M0.50 and M1.00) has been demonstrated. The formation of
nanocomposites was conrmed by FTIR, Raman and XPS
spectroscopies, XRD, and TEM. The viability of MWCNT/TiO2

nanocomposites as nonlinear optical materials has been
examined using the Z-scan technique at 532 nm with both 4 ns
and 21 ps laser pulses, and the NLO and optical limiting
performance have been found to depend on the TiO2 content.
The results show that M1.00 displays a better nonlinear
absorption response than the other three materials. The best
optical limiting response in the nanosecond regime was also
observed for the M1.00 nanocomposite, and this is suggested to
result from a combination of mechanisms. This nanohybrid is
a promising candidate for optical limiting and solar-energy
conversion applications.
Experimental
Materials

MWCNTs with average diameters of 20-30 nm and lengths of 10-
30 mm were obtained from Beijing DK Nanotechnology Co.,
China, and used as received. The purity of the MWCNTs was
95%. Tetrabutyl titanate and anhydrous ethanol were supplied
by Shanghai Sinopharm Chemical Reagent Co. All other
reagents were purchased from a commercial supplier and used
without further purication, unless otherwise stated. Distilled
water was used for all experiments.
This journal is © The Royal Society of Chemistry 2016
Instruments and measurements

Fourier-transform infrared (FTIR) spectra were recorded with
a MB154S-FTIR spectrometer (Canada) in pellets of spectro-
scopic grade KBr. Ultraviolet-visible (UV-vis) diffuse reectance
spectra were recorded using a Varian Cary 500 spectropho-
tometer equipped with a diffuse reectance accessory at room
temperature in the range 200-800 nm. A BaSO4 pellet was used
as a reectance standard. Fluorescence spectra were measured
using a Fluoro-Max-P spectrouorimeter. Raman spectra were
recorded at room temperature on a Renishaw inVia Raman
Microscope, exciting at 532 nm with Ar+ radiation. The laser
light was focused onto samples by using a microscope equipped
with an a � 100 objective. XRD patterns of all samples were
recorded on a XD-3 diffractometer with Cu Ka radiation (l ¼
0.15418 nm) (Beijing Purkinje General Instrument Co., China).
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) experiments were
performed with a JEM-2100 (JEOL), working at 200 kV. Samples
for TEM and HRTEM analysis were obtained by spreading
a drop of a dilute dispersion of the as-prepared products on
amorphous carbon-coated copper grids that were then dried in
air before transfer to the TEM or HRTEM sample chamber. X-ray
photoelectron spectroscopy (XPS) characterization was per-
formed on a RBD upgraded PHI-5000C ESCA (PerkinElmer)
electron spectrometer with a Mg Ka line at 280 eV.

Z-scan measurements were carried out employing a Q-
switched Nd:YAG laser with linearly polarized 4 ns and 21 ps
pulses at 532 nm.55 To avoid thermal accumulation in the
sample, a low repetition rate of 2 Hz was used, ensuring that
each pulse of light encountered fresh sample. The laser beam
was focused by a 30 cm focusing lens, aer spatially removing
higher-order modes. To facilitate comparison, all sample
concentrations were adjusted to 0.15 mgmL�1; all samples were
examined in a 2 mm thick quartz cell and adjusted to have the
same transmittance. Two pyroelectric energy probes were used
to monitor the input uence and the uence of the transmitted
beam at regular intervals, as the sample was translated along
the propagation direction of the focused Gaussian beam.
Preparation of TiO2-decorated MWCNT nanocomposites

TiO2/MWCNT nanocomposites were prepared by using
a hydrothermal method. In a typical synthesis, MWCNTs (50
mg) were rst sonicated in a mixture of deionized H2O (6 mL)
and EtOH (3 mL). Tetrabutyl titanate was then added to the
MWCNT dispersion, followed by sonication for 30min to obtain
a homogeneous suspension. The suspension was then placed in
a 10mL Teon-sealed autoclave andmaintained at 160 �C for 72
h. The resultant materials were collected by centrifugation,
washed thoroughly with deionized water several times, rinsed
with EtOH, and then dried under vacuum at room temperature
for 24 h to produce a grayish powder of TiO2/MWCNT nano-
composites. To investigate the effect of TiO2 content on the NLO
properties of the TiO2/MWCNT composites, composites with
different loadings of TiO2 were prepared by changing the mass
ratio of tetrabutyl titanate (the precursor of TiO2)/MWCNTs
from 5 : 1 to 10 : 1 and 20 : 1, the resultant samples being
RSC Adv., 2016, 6, 20120–20127 | 20125
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referred to as Mx, where x relates to the mass in grams of tet-
rabutyl titanate (0.25, 0.50, or 1.00). For comparison, pure TiO2

was also prepared via a hydrothermal route under the same
conditions but without the addition of the MWCNTs.
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