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Abstract

Two kinds of multicomponent inorganic gel-glasses, namely, SiO,~TiO, binary and SiO,-TiO,—PbO ternary gel-glasses, were obtained via the
hydrolysis and co-condensation of tetracthyloxysilane (Si(OC,Hs)4, TEOS), titanium tetraisopropoxide (Ti(C4HoO)4, TTIP), and lead (II) acetate
trihydrate (Pb(Ac),). X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis, and pore
structure measurements were performed to investigate the morphology, structure, and texture properties of the gel-glasses. The samples were mainly
composed of amorphous phase without any detected phase separation. The introduced Ti* ™ and Pb>™ were partially involved in the hydrolysis and
condensation processes. Furthermore, the composition had a significant influence on the pore structure of silica-based gel-glasses, and the
introduction of TiO; in the gel-glasses caused the formation of bimodal-distributed pore shapes and dimensions in multicomponent inorganic gel-
glasses. The optical limiting (OL) properties were measured at 532 nm by using the open aperture Z-scan technique. The SiO,-TiO, binary and
SiO,-TiO,—PbO ternary gel-glasses exhibited greatly enhanced OL behaviors than the SiO, unitary gel-glass. The observed OL phenomenon in the
SiO,-TiO, binary gel-glass originated from two-photon absorption (TPA), whereas TPA followed by nonlinear scattering (NLS) contributed to the
increased OL performance of the SiO,—TiO,—PbO ternary gel-glass. SiO,—TiO, binary and SiO,—TiO,—PbO ternary gel-glasses are potential

materials for practical applications in the fields of optics, all-optical switching, and related optical devices.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Optical limiters (OLs) have received increasing interest in the
past decade. OLs can effectively attenuate intense and poten-
tially dangerous laser beams, and only allow a reduced
transmission to the target area while exhibiting high-
transmittance at low ambient light. Moreover, OLs are capable
of protecting human eyes and optical sensors from damages [1—
6]. A number of materials, such as fullerenes [1], phthalocya-
nines (Pcs) [2], porphyrins [2], carbon nanotubes [3], graphene
[4], metal nanoparticles [5], and semiconductor nanoparticles
[6], among others, have presented strong nonlinear extinction
for high-intensity light and hence could be considered as
potential optical-limiting materials. For practical use, OL
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materials should be introduced into a solid matrix for the
fabrication of devices.

Given their high optical quality and freedom to be impreg-
nated with various additives to modify their optical character-
istics, pure inorganic sol-gel materials, such as SiO,, have been
widely investigated for optical applications, including optical
waveguides and OLs. In our previous works, phthalocyanines,
carbon nanotubes (CNTs), and silver nanoparticles were suc-
cessfully incorporated into silica glass via the sol-gel technique
[7-9]. The experimental results indicate that the original OL
performances of the doping components were maintained or
even enhanced after being introduced into the solid-state matrix,
thereby confirming that sol-gel-derived silica glasses are viable
host candidates for OL materials. However, several urgent
issues regarding solid-state OL composites, such as the dimer
behavior of Pcs, aggregation of CNTs, and instability of metal
nanoparticles during the sol-gel procedure that would signifi-
cantly influence the OL performance of the doped components,

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.10.057


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.10.057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.10.057&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.10.057
http://dx.doi.org/10.1016/j.ceramint.2013.10.057
http://dx.doi.org/10.1016/j.ceramint.2013.10.057
mailto:czheng.fjut@gmail.com

2670 C. Zheng et al. / Ceramics International 40 (2014) 2669-2675

remain to be solved. Situ synthesis is proposed to overcome
with such problems. However, the structure, morphology, and
distribution of doping OL materials are difficult to control
precisely, and the resulting composites typically exhibit weak
OL properties. In fact, if the mother matrix itself can produce
OL behavior by introducing some transition metal ions and/or
heavy metal ions, which participate in the hydrolysis and poly-
condensation, to obtain binary or ternary gel-glasses, then
particular novel and interesting OL properties may be obtained.
Unfortunately, to the best of our knowledge, only a few studies
have investigated the OL behavior of binary and ternary gel-
glasses, even though it is of fundamental importance to the
development of practical applications and exploration of new
materials in the field of nonlinear optics.

In this study, Ti** and Pb>* were chosen as representatives
of transition metal and heavy metal ions, respectively, to
prepare SiO,-TiO, binary and SiO,-TiO,—PbO ternary gel-
glasses via the sol-gel technique. The structure and texture
of the gel-glasses were traced via X-ray diffraction (XRD),
scanning electron microscopy (SEM), FT-IR spectroscopy,
thermogravimetric analysis (TGA), and pore structure
measurements. In addition, the OL properties were investi-
gated at the laser wavelength of 532 nm via the open Z-scan
method.

2. Experimental
2.1. Sample preparation

All chemicals were used as received. Tetraethoxysilane (Si
(OC;Hs)4, TEOS), titanium tetraisopropoxide (Ti(C4H9O),, TTIP),
lead (II) acetate trihydrate (Pb(Ac),), 2-methoxyethanol anhydrous,
acetic acid, acetylacetone (acac), N-N’ dimethyl formamide
(DMF), and HNO; were obtained from the Chinese Reagent
Corporation and were of analysis grade.

Molar ratio of (R4 TEOS):ethanol:distilled water in the
precursor was 1:5:5 (R=TTIP, (TTIP+Pb(Ac),)). DMF was
introduced in a proportion of 0.5 DMF/ethanol volume ration,
and was used as both solvent and drying control chemical
additive. A molar ratio of R/TEOS of 2:8 was chosen because
our previous work has shown that this is the optimum ratio in
terms of texture and optical transparency. In addition, the
molar ratio of TTIP to Pb(Ac), is 1:1 in ternary gel-glass. For
comparison, unitary silica gel-glass was also prepared. Spe-
cially, the required TEOS, ethanol, DMF, and aqueous were
first stirred for 30 min to obtain a homogeneous solution of
precursor I. The required proportion of TTIP was then
dissolved in acetylacetone for the case of SiO,-TiO,, and
TTIP+Pb(Ac), was dissolved in the mixture of 2-
methoxyethanol anhydrous, acetic acid, and acetylacetone
for the case of SiO,-TiO,—PbO to obtain precursor II.
Subsequently, precursors I and II were mixed by stirring,
and a small amount of HNOj; was then added dropwise to
promote hydrolysis (pH=5-6). The resulting clear sol was
continuously stirred for another 24 h at room temperature, and
the mixture was then divided into several equal volume parts,
cast into polystyrene cells individually, sealed, and left to age

and dry for 6 months. When the mass of the samples remained
constant, final gel-glasses with two smooth, parallel surfaces
and a unit thickness of 1 mm were obtained, and optical
characterization without further handling can be performed on
these samples. The obtained SiO,-TiO, and SiO,-TiO,—PbO
gel-glasses were transparent to the human eye and had linear
transmittances of 46.48% and 43.63%, respectively.

2.2. Characterization

X-ray diffraction patterns were obtained using a Bruker D8
advanced diffractometer with Cu Ka radiation of
k=1.54056 A. The morphologies of the gel-glasses were
observed using a field-emission SEM (JSM-6700, JEOL
Ltd.). In the SEM investigation, gold was deposited onto the
freshly fractured surface of the sample via sputtering. FT-IR
spectra were obtained using a Thermo NICOLET 6700
spectrometer. The samples were prepared in the form of KBr
pellets. TGA was performed using a NETZSCH STA 449 F3
thermal analysis instrument (heating rate of 10 deg/min,
nitrogen atmosphere protection). Data in the range of 25 °C
to 1000 °C were collected. N, absorption-desorption isotherms
were measured at 77 K by using a Belsorp-Max Surface Area
and Porosimetry analyzer. The samples were degassed at
393 K for 12 h prior to measurements.

2.3. Z-scan measurements

The OL properties of the SiO,, Si0,-TiO,, and SiO,-TiO)—
PbO gel-glasses were investigated via an open-aperture Z-scan
technique [10] by using 4 ns laser pulses from a Nd:YAG laser
(Brio 640) at a repetition rate of 1 Hz and a wavelength of
532 nm. The pulse energies in front of and behind the samples
were monitored using energy detectors D1 and D2 (Ophir
Optronics Inc. PE25). The forward-scattered energy was recorded
using D3 (Ophir Optronics Inc. PD10) at an angular position of
45° relative to the laser direction. The outputs recorded by the
detectors were fed into a computer through a Laserstar-Dual-
Channel-Display (Ophir Optronics Inc.). The laser beam waist
was set at approximately 14.5 pm, and the energy of a single
pulse was set at 200 pJ. All measurements were conducted at
room temperature. The gel-glasses were fixed vertically using a
clamp. Each sample was mounted on a computer-controlled
translation stage that translated the sample along the Z-axis.

3. Results and discussion
3.1. Structural studies

The XRD patterns of the as-prepared SiO,, SiO,—TiO,, and
Si0,-TiO,-PbO gel-glasses shown in Fig. 1 did not exhibit
sharp peaks, which indicate the non-crystalline nature of the
materials. Fig. 2 shows the surface microstructure of the SiO,
and SiO,-TiO, gel-glasses (SiO,~TiO, and SiO,-TiO,—PbO
gel-glasses share the same surface morphology, and thus, only
the image of SiO,-TiO, is presented as representative). In
Fig. 2, both gel-glasses were composed of round-like
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Fig. 1. X-ray diffraction patterns of (a) SiO,, (b) SiO,-TiO,, and (c) SiO,—
TiO,—PbO gel-glasses.
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Fig. 2. Micro-morphologies of the (a) SiO, and (b) SiO,-TiO, gel-glasses.
nanoparticles or aggregates. The granules of the SiO,-TiO,

gel-glass were larger and its surface was less condensed
compared with those of the SiO, gel-glass.

1385 660

Ttransmittance (%)

T T T T T
1600 1400 1200 1000 800 600 400
Wavenumber (cm™")

Fig. 3. FT-IR spectra of the (a) SiO,, (b) SiO,-TiO,, and (c) SiO,-TiO,—PbO
gel-glasses.

FT-IR spectroscopy is a powerful tool used for investigating
structural changes in sol-gel-derived glasses. Fig. 3 shows the
low wave number region of the FT-IR absorption spectra of
the SiO,-TiO, and SiO,-TiO,—PbO gel-glasses; the spectrum
of the SiO, gel-glass is also presented for comparative
purposes. The SiO, gel-glass exhibited four fundamental
absorption bands at 1066, 795, 660, and 460 cm ™!, which
originated from the anti-symmetric stretching vibration of
Si—O-Si, symmetric stretching vibration of the Si—O-Si, ring
vibrations of [SiOy4] tetrahedral units, and asymmetrical bend-
ing vibration of Si—O-Si, respectively [11]. Another band was
observed at 970 cm !, which corresponds to the vibration of
Si—OH groups and is a byproduct of the incomplete condensa-
tion of silanes. In the SiO,—TiO, and SiO,-TiO,—PbO gel-
glasses, the intensity of the band centered at 1385 cm ™'
increased because of the Ti—O-C vibration generated by the
Ti-acac chelates [12]. Furthermore, an additional band at
approximately 453 cm ™' was observed and can be attributed
to the Ti—O stretching vibration [13]. The SiO,-TiO,—PbO
gel-glass exhibited a weak visible absorption peak at approxi-
mately 430 cm~ ! [14], which is broader than the band of
asymmetrical bending vibration of Si—O-Si. This weak peak is
induced by the P-O vibration in the [PbO4] group. In addition,
the intensity of the bands induced by the Si—O-Si vibration in
the SiO, gel-glass was lower than that of the SiO,—TiO, and
Si0,-TiO,—PbO gel-glasses, which suggests that the intro-
duced Ti** and Pb”> ™ were partially involved in the hydrolysis
and condensation processes.

3.2. Thermal studies

Fig. 4 shows the typical TGA curves of the SiO,, SiO,—
TiO,, and SiO,-TiO,—PbO gel-glasses. The three TGA curves
can be roughly divided into three stages. In the first stage,
which was conducted from room temperature to 150 °C,
mass losses of approximately 8.23%, 11.56%, and 12.47%
in the SiO,, SiO,-TiO,, and SiO,-TiO,-PbO gel-glasses,
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Fig. 4. TGA curves of the (a) SiO,, (b) SiO,-TiO,, and (c) SiO,-TiO,—PbO
gel-glasses.

respectively, were observed, which can be attributed to the
evaporation of the physically adsorbed water and ethanol.
A subsequent sharp decrease in the weights of the SiO,,
Si0,-TiO,, and SiO,-TiO,—PbO gel-glasses to 15.14%,
23.58%, and 33.79%, respectively, occurred in the temperature
range of 150 °C—400 °C. This decrease in weight ranges
depends on the gel-glass composition. The weight loss in the
second stage can be attributed to the thermal decomposition of
particular organic solvents. During the synthesis procedure,
wherein only DMF was included in the formation of SiO, gel-
glass, additional acac was involved in the hydrolysis and
condensation of SiO,-TiO, gel-glass to restrain the rapid
hydrolysis of TTIP. However, except for DMF and acac, 2-
methoxyethanol anhydrous was used to dissolve Pb(Ac), in the
Si0,-TiO,—PbO gel-glass. Therefore, more weight was lost in the
second stage when more organic solvents participated in the sol—
gel process. In the third stage, which was conducted from 400 °C
to 1000 °C, mass losses of approximately 2.43%, 3.52%, and
1.36% were observed in the SiO,, SiO,-TiO,, and SiO,~TiO,—
PbO gel-glasses, respectively. This mass loss can be attributed to
the dehydration and evaporation of chemisorbed water.

3.3. Textural study

N, adsorption—desorption isotherms were used to provide
details on the pore structures of the obtained gel-glasses, as
shown in Fig. 5. All of the samples with different compositions
exhibited a typical IV isotherm (definition by IUPAC), which is
characteristic of mesoporous materials [15]. The appearance of
H2 hysteresis loops at relative pressures indicates the presence
of “ink-bottle”-type pores in these silica-based gel-glasses.
Fig. 6 shows the pore distributions that were calculated using
the Barrett-Joyner—Halenda (BJH) analysis of the desorption
branch of type IV isotherms. A Brunauer—-Emmett—Teller (BET)
analysis of the type IV adsorption isotherms was conducted to
estimate the specific surface area of the corresponding samples
[15]. The cumulative pore volume in the mesopore range and
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Fig. 5. N, adsorption—desorption isotherms of the (a) SiO,, (b) SiO,-TiO,,
and (c) SiO,-TiO,—PbO gel-glasses.
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Fig. 6. Pore size distribution of the (a) SiO,, (b) SiO,-TiO,, and (c) SiO,—
TiO,—PbO gel-glasses.

the average mesopore diameter were calculated from the BJH
analysis [15]. The results are summarized in Table 1.

In Fig. 6, the pore distributions of the three gel-glasses
exhibited significant differences. The pore size distribution in
the SiO, gel-glass was narrow and concentrated at approxi-
mately 1.8 nm. The pore size distribution in the SiO,-TiO,
gel-glass became broad and two grades of pore size were
observed. The first grade was concentrated at 1.8 nm, and the
other was concentrated at approximately 4.0 nm. In the SiO,—
TiO,—PbO gel-glass, the dominant pore shifted slightly to
dimensions smaller than of the SiO,-TiO, gel-glass and
contained a broad shoulder at 1.8 nm. The results in Table 1
show that the introduction of Ti*" and Pb>" decreased the
specific surface area and pore volume but moderately increased
the average pore size of the gel-glasses.

The changes discussed above suggest that the composition
significantly influences the pore structure of silica-based
gel-glasses. In our previous study, we proved that the pores in
sol-gel-derived glasses correspond to the interspacing of gel
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Table 1

BET specific surface values, pore volume, and average pore size of the SiO,, Si0,~TiO,, and SiO,—TiO,—PbO gel-glasses.

Sample BET surface area (mZ/g) Pore volume (cm’ /2) Average pore size (nm)
Si0, 206.77 0.3030 1.88
Si0,-TiO, 100.58 0.2962 3.87
Si0,-TiO,—PbO 101.61 0.2958 3.23

granules formed by the hydrolysis and poly-condensation of
metal alkoxides [16,17]. Therefore, the pores centered at
1.8 nm in the SiO, gel-glass can be attributed to the interspaces
formed by SiO, granules during the hydrolysis and
poly-condensation of TEOS, which are also present in the
Si0,-TiO, and SiO,-TiO,—PbO gel-glasses. Aside from the
pores induced by the SiO, granules, a larger grade pore was
found in the SiO,-TiO, gel-glass, which confirms the forma-
tion of a bimodal distribution of pore shapes and dimensions.
This larger grade pore can be attributed to the introduction of
TiO, granules, in which the radius of Ti** is much larger than
that of Si*™, which results in larger interspaces in the TiO,
granules. In addition, the presence of TTIP in the precursor,
whose hydrolysis and poly-condensation rates are much faster
than those of TEOS, would induce the silica granules to grow
around the formed TiO, granules through inhomogeneous
nucleation. In this condition, silica granules can grow further
and form bigger granules. Thus, except for the pores at 1.8 nm,
the TiO, and SiO, granules growing from the TiO, crystal
nucleus, which are significantly bigger than the granules in the
Si0, gel-glass (as confirmed by the SEM image in Fig. 1(b)),
result in pores at 4.0 nm in the SiO,-TiO, gel-glass, which
consequently increase the average pore size and decrease the
specific surface area. The slight decrease in pore volume can
be attributed to the denser packing in the Si0,-TiO, gel-glass.
The SiO,-TiO,—PbO and SiO,-TiO, gel-glasses had similar
pore size distribution. A previous work has shown that lead
oxide and silica can form glasses in any concentration in the
binary system and that lead can function in glasses as its own
network former or as modifier of the SiO, network. Experi-
mental results have shown that the molar ratio of PbO to SiO,
in the system was less than 0.3 and that PbO function as a
network former and are included in the SiO, network. The
molar ratio of PbO to SiO, was greater than 0.3 and they made
their own chains [18]. In our present experimental conditions,
a molar ratio of PbO to SiO, of 0.125 was calculated, which is
less than 0.3, which indicates that PbO was involved in the
formation of the silica network. Pb seemed to be partially
clustered to form a PbO-like structure and was partially
inserted into the SiO,-TiO, matrix. The filled effect slightly
decreased the pore volume and average pore size of SiO,—
TiO,—PbO gel-glass, which is lower compared with those of
the SiO,-TiO, gel-glass.

3.4. Optical limiting study

The OL properties of the obtained gel-glasses were inves-
tigated via the open Z-scan method. Fig. 7 shows the 532 nm

open aperture Z-scan results of the three gel-glass samples.
The profile of the open Z-scan curve in SiO, gel-glass was a
quasi-line parallel to the x-axis as expected, which implies that
a single SiO, does not present an OL signature. However, for
the SiO,-TiO, and SiO,-TiO,—PbO gel-glasses, the normal-
ized transmittance decreased from 100% to several tens
percent when they moved toward the focal point. This
characteristic is typical of OL materials. Thus, the appearance
of the OL phenomenon is induced by TiO,. Furthermore, no
significant difference between the two valley-curves was
observed. Both valley-curves exhibited a strong and symmetric
loss of transmittance around Z=0, which could be a signature
of either nonlinear absorption or nonlinear scattering. Compar-
ing the curve profiles of the SiO,-TiO, and SiO,-TiO,—PbO
gel-glasses, the latter exhibited a deeper valley than the former,
which indicates that the latter had stronger OL effect than the
former. Therefore, aside from TiO,, PbO is also the cause of
nonlinear performance in the SiO,—TiO,—PbO gel-glass.

Several mechanisms, including nonlinear absorption (NLA)
(e.g., excited-state, two-photon, multi-photon, and free-carrier
absorption), nonlinear refraction (NLR), and nonlinear scatter-
ing (NLS), may contribute to OL [19]. Previous studies have
proven that the nonlinear optical behaviors of TiO, that
contain nanocomposites mainly originate from two-photon
absorption (TPA) [20-22]. In the present study, the experi-
mental data were fitted with a TPA process to verify the
mechanisms. The normalized transmittance for the open-
aperture Z-scan is given by [20]:

_C(+22/z5) [
VaploLess ) oo

where zo =}/ is the diffraction length of the Gaussian
beam, w, is the beam's waist radius, C is a normalization
constant, L, = [1 —exp(—aol)]/ao with ay is a linear absorp-
tion coefficient with / as the sample thickness, and L, is the
effective thickness of the sample. I is the intensity of the laser
beam at the focus and gy = ploLeys/(1+22/25). The total
nonlinear absorption coefficient () can be determined by
fitting Eq. (1) with the experimental data of the open aperture
Z-scan. The f values of the SiO,-TiO, and SiO,-TiO,—PbO
gel-glasses of 0.17 and 0.26 cm/GW, respectively, were
extracted from the best fit. The theory of TPA process fitted
well with the experimental curves, which further confirms that
TPA might be the key OL mechanism in the SiO,-TiO, and
Si0,-TiO,-PbO gel-glasses. However, the calculated f was
significantly lower compared with those of TiO,-PMMA
nanohybrid and ZnO-TiO,—SiO, nanocomposites [20,21].
Such a large difference was anticipated because of the

T(z) In(14goe ™" )dt, (1)



2674 C. Zheng et al. / Ceramics International 40 (2014) 2669-2675

a 1.10

1.05 + L] - .l
L™ | F
]
L] LT f. oo T l-.l " :ﬁ a'ym

.l--ﬁ [ ] - ]

[ ]
1.00 +

0.95

0.90

Normalized transmittance

0.85

0.80 T T T T T T T T T

0.9

Normalized transmittance

0.8

0.9

0.8

Normalized transmittance

0.7

Z (mm)

Fig. 7. Results of the open-aperture Z-scan for the (a) SiO,, (b) SiO,-TiO,,
and (c) Si0O,—TiO,—PbO gel-glasses at 532 nm.

following two reasons: (1) the additive volumes of TTIP and
Pb(Ac), in the precursor were significantly lower than that of
TEOS, which resulted in the low volume fraction of TiO, and
PbO in the obtained gel-glasses; (2) the SiO,—TiO, and SiO,—
TiO,—PbO gel-glasses derived from the sol-gel technique

1.16

= Si0,TiO, .
112 @ SIO,TiO,PbO .
> oo
5 °
o
$ 1.08 ®
2 o
g .
® 1.04 4 °
@ °
E - » . . (X ] - ]
5 100 opuml ome e en cemm = o= on "
£ LI T R P il Tl "B
b4 nm ° B EEE le 0" o
0.96 e
092 T T T T T T T
30 20 10 0 10 20 30

Z (mm)

Fig. 8. Typical nonlinear scattering results of the SiO,—TiO, and SiO,~TiO,—
PbO gel-glasses at 532 nm. The energy detector was located at an angle of 45°
from the axis.

without any annealing treatment were amorphous. Ji Wei et al.
proved that crystallinity significantly influences the nonlinear
optical properties of TiO,. A high crystallinity would generally
enhance the nonlinear absorption coefficient and nonlinear
refractive index of the TiO,—~PMMA nanohybrid [20]. However,
the nonlinear absorption coefficients in the SiO,~TiO, and SiO,—
TiO,—PbO gel-glasses were comparable with those of the Bi,O3—
GeO,-TiO, and Bi,03;-B,05-TiO, ternary glasses, as reported
by Chen Feifei's group [23,24]. In their work, the ternary glasses
were synthesized at a temperature as high as 1200 °C via the
melting method. Such glasses are often used for applications in
the field of nonlinear optics and are not suitable matrices that can
encapsulate other OL materials because most OL molecules
would lose their activities at such temperature.

Given that the valleys in the open aperture Z-scan curves
could be signatures of either nonlinear absorption or nonlinear
scattering, an experiment involving NLS measurements was
performed to determine if NLS contributes to the observed OL
effects in SiO,—TiO, and SiO,-TiO,—PbO gel-glasses. Fig. 8
shows the typical NLS results monitored at an angle of 45°
from the laser axis. In the figure, the SiO,—TiO,—PbO gel-glass
exhibited a significant scattering peak that was symmetric
about the focus, which indicates the existence of NLS.
However, no NLS peak was observed in the SiO,-TiO, gel-
glass, which implies that NLS did not have any contribution.
In general, NLS in OL materials originates from microplasmas
and solvent microbubbles in suspensions containing nano-size
matter, such as carbon nanotubes, metal nanoparticles, and
semiconductor nanoparticles, among others. Thus, investigat-
ing the NLS detected in the SiO,—TiO,-PbO gel-glass is of
great interest because the rigid solid-state environment often
precludes the formation of microbubbles. Consequently, the
NLS behavior of the SiO,—TiO,—PbO gel-glass originates from
PbO, which makes the SiO,—TiO,—PbO gel-glass have better
OL performance than the SiO,—TiO, gel-glass. Details of the
scattering mechanisms merit further investigation, which is
currently being conducted in our laboratory.



C. Zheng et al. / Ceramics International 40 (2014) 2669-2675 2675

4. Conclusion

Two kinds of multicomponent inorganic gel-glasses, namely,
Si0,-TiO, binary and SiO,-TiO,—PbO ternary gel-glasses,
were obtained via the hydrolysis and co-condensation of TEOS,
TTIP, and Pb(Ac),. XRD, SEM, FT-IR spectroscopy, TGA, and
pore structure measurements were performed to investigate the
morphology, structure, and texture properties of the gel-glasses.
The samples were mainly composed of amorphous phase
without any detected phase separation. The intensity of the
bands induced via Si—O-Si vibration in the SiO, gel-glass was
lower compared with those of the SiO,-TiO, and SiO,-TiO,—
PbO gel-glasses, which indicates that the introduced Ti** and
Pb>" were partially involved in the hydrolysis and condensation
processes. Furthermore, the composition significantly influenced
the pore structure of silica-based gel-glasses, and the introduc-
tion of TiO; in the gel-glasses was responsible for the formation
of bimodal-distributed pore shapes and dimensions in the
multicomponent inorganic gel-glasses. The OL properties were
measured at 532 nm via the open aperture Z-scan technique.
The Si0,-TiO, binary and SiO,~TiO,—PbO ternary gel-glasses
exhibited greatly enhanced OL behaviors than the unitary SiO,
gel-glass. The observed OL phenomenon in the SiO,-TiO,
binary gel-glass originated from two-photon absorption,
whereas the TPA followed by nonlinear scattering contributed
to the increased OL performance of the Si0,—TiO,—PbO ternary
gel-glass. SiO,~TiO, binary and SiO,-TiO,—PbO ternary gel-
glasses are potential materials for practical applications in the
fields of optics, all-optical switching, and related optical devices.
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