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Abstract Thermally stable methylsilicone xerogel
monoliths were prepared by sol-gel technology with
methylsilicone oligomer as precursor and titania nanopar-
ticles as filler. The effects of titania doping and heating
temperature on the structure, morphology, and hydrophobic
property of xerogels were investigated. The structural
evolution under thermal treatment showed that the blank
methylsilicone monolith was crushed after 300 °C treat-
ment, but the samples reinforced by titania could retain the
intact structure after 500 °C treatment. Thermogravimetric
analysis results certified that the thermal degradation of
methylsilicone was resisted due to incorporation of TiO,.
Fourier transform infrared spectra and *°Si nuclear mag-
netic resonance results showed that Si—CH; unit still
existed in the reinforced samples, compared with the
complete transformation of Si—C to Si—O in the blank
methylsilicone after 500 °C treatment. Thus, the hydro-
phobic property was preserved and certified by measure-
ment of contact angle.
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Introduction

Porous materials prepared by sol-gel technology, including
ordered porous material, aerogels and xerogels, have been
widely investigated for their application in the fields of
catalysis, adsorption, heat resistance, and depollution [1—
3]. The sol—gel reaction parameters, such as optimized
reactant ratio, temperature, solvent, catalyst, and drying
procedure, will greatly affect their textural structure [4].
For keeping the porous structure from collapse, supercrit-
ical drying is used to form aerogels [5]. Recently, ambient
pressure drying has aroused intense attention for the safety
and low price. With appropriate treatment, the xerogels
derived by ambient drying could have controlled structure
and property [6].

As one of important components, silica xerogels have
been continually studied and applied because of their well-
tailored structure and properties [7-11]. Especially, mono-
lithic silica porous aerogels or xerogels are increasingly
investigated due to their easier manipulation and recycle
than powder and thin films in the practical application. It is
necessary to obtain monolithic porous materials with a fixed
shape and structure stability for the specific technical
application such as catalyst supports, heat insulator, and
recycled adsorbent [12—14]. However, it is still a challenge
to keep structure stability of the monolith under complicated
condition such as high temperature and moist environment.
The important factor among the synthesis procedure is
hydrophobic treatment for preserving stability of the porous
monolithic structure under ambient drying and avoiding the
deterioration under moisture [15-17]. The hydrophobic
property could be derived by post treatment with hydro-
phobic reagent, or copolymerization with hydrophobic pre-
cursor. The elastic silica xerogel monoliths have been
prepared by copolymerization of tetraalkoxysilane with
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organotrialkoxysilane or by direct reaction of organotrialk-
oxysilane [18]. Methylsilicone, as heat-resistant polymer
matrix, was widely used in fabrication of composite mate-
rials [19]. Recently, we proposed a facile method to prepare
methylsilicone xerogels by one-step gelation reaction [20].
The porous structure and heat-resistant property of the
methylsilicone monolith are promising in application of heat
insulator. However, the structure stability of the monoliths
under high temperature was limited due to the thermal
degradation of organic groups [21], which resulted in the loss
of monolithic structure and hydrophobic property. Thermal
stability of methylsilicone could be enhanced by incorpo-
ration of fillers such as polyhedral oligomeric silsesquioxane
(POSS) and inorganic oxides [22-24]. For the porous
methylsilicone, inorganic nanoparticles had been applied as
reinforced fillers to stabilize the monolith [25, 26]. The
investigation showed incorporation of fillers in methylsili-
cone xerogels was efficient on preserving the monolithic
structure, but the structural evolution with increased tem-
perature was not clearly revealed.

Herein, TiO, nanoparticles, as heat-resistant filler, syn-
thesized by a liquid-phase method, were embedded in
methylsilicone matrix. The structural stability of as-pre-
pared monoliths was studied by testing the structural evo-
lution and the hydrophobic property after calcinations. The
analyses by SEM, FTIR, N, isotherm, XRD, TGA, *Si-
NMR, and contact angle studies showed filling titania in
methylsilicone favored the resistance of methylsilicone to
oxidation decomposition and stabilized the siloxane struc-
ture against thermal oxidation of Si—CHj3 to Si—O of the
reinforced xerogel monoliths.

Experimental section
Materials

Commercial methylsilicone was purchased from ShangHai
Chemical Co. The methylsilicone was a solution with 30
wt% in ethanol. Absolute ethanol, tetrabutyl titanate,
ammonia, and nitric acid were used without further
purification.

Preparation of methylsilicone xerogel monoliths
reinforced by TiO,

Nanosized TiO, was prepared by a modified liquid-phase
synthesis method [27]. The typical procedure was as fol-
lows: 50 mL tetrabutyl titanate was mixed with 50 mL
absolute ethanol. 2 mol/L ammonia was dropped into
above mixture till the pH value of the system was about
7-8. The white precipitation was washed, dispersed into
2 mol/L nitric acid solution under stirring, and then reacted
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at 60 °C for 4 h to form white slurry. The slurry was
washed till the pH value of filter was near 7, and further
washed by absolute ethanol to displace the water.

The methylsilicone xerogels were prepared according to
our previous report [20]. The composite xerogels were
formed by dispersing a calculated amount of TiO, in
methylsilicone solution under sonication. The gelation of
the methylsilicone was catalyzed by ammonia. The gel
monoliths were washed by ethanol and dried under ambient
conditions. The as-prepared samples with different con-
tents of TiO, were denoted as x %TiMSi (x % was the
percent of TiO, in the composite xerogels). The xerogel
monoliths were treated under different temperatures for
30 min to investigate the structural evolution.

Characterization

Scanning electron microscopy measurement (SEM) was
performed with a Quanta 200 FEI instrument operated at an
accelerating voltage of 30 kV. TGA was performed on a
CANY thermoanalyzer (ZRT-2P) in the temperature range
of 50-800 °C in air condition at a heating rate 10 °C/min.
Transmission electron microscope observation (TEM) was
conducted with JEM-2100 electron microscope. Wide-
angle X-ray powder diffraction (XRD: Rigaku D/max-
2500) was used to characterize the crystalline phase. FTIR
were recorded using a Bruker Equinox 55 spectrometer
with samples pressed into KBr pellets. ’Si-NMR spectra
were tested on a Bruker AV 300 instrument. Nitrogen
isotherm was performed on a Micrometritics ASAP 2020M
surface area and porosity analyzer. Pore size distributions
were obtained by Barret-Joyner—Halenda (BJH) method
based on the desorption branch of the nitrogen sorption
isotherms. Brunauer—-Emmet-Teller (BET) method was
used for surface area measurement. Contact angles of the
monoliths were measured by a SL200B contact angle
meter.

Results and discussion
Preparation of xerogel monolith

The homogeneous distribution of filler in matrix was one of
crucial factors for obtaining the structure stability. For
improving the dispersion of TiO, in methylsilicone matrix,
TiO, nanoparticles were prepared by an acid peptizing
process to form a stable dispersion system. Firstly,
hydrolysis and condensation of Ti(OC4Hy), resulted in
white precipitation which was peptized in acid aqueous
solution to form TiO, nanoparticles. The acid peptization
resulted in TiO, nanoparticles with surface bonding
hydroxyl groups [28, 29]. The small particle size and
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surface hydroxyl groups promoted the dispersion of TiO,
nanoparticles in the solution of ethanol and methylsilicone
oligomer, and prevented the suspension of TiO, during
reaction process. On the other hand, crystalline TiO, was
formed by liquid-phase peptization in strong acid aqueous
solution. The crystalline phases were dependent on the
reaction parameters. The high acidity will favor the for-
mation of thermostable rutile phase [30]. However, the
excess amount of acid used in peptization process will
cause difficulty in removal of acid solution in TiO, sus-
pension and influence the gelation reaction of methylsili-
cone. Thus, the acid concentration in this study was
controlled to a relative low value to balance the peptization
and cleansing of TiO, nanoparticles. The synthesized TiO,
was dispersed in methylsilicone oligomer solution under
sonication. The gelation was catalyzed by ammonia. After
being dried under ambient condition, the intact monoliths
were formed. The gelation process was accelerated with
increased ammonia concentration and amount, but the
excessive ratio of ammonia to methylsilicone led to the
crack in the monoliths.

Investigation of structural evolution of xerogel
monolith

The structural evolution and stability of the monoliths was
tested by heat treatment at different temperatures. The
result showed that the blank methylsilicone xerogel
monoliths could only withstand the calcination temperature
under 300 °C. Although being treated at 500 °C, the xe-
rogels reinforced by TiO, could retain the initial appear-
ance with negligible shrinkage. The enhanced dimensional
stability due to incorporation of TiO, nanoparticles was
investigated by the following analyses. TGA was applied to
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Fig. 1 TGA of methylsilicone and methylsilicone reinforced with
different percentages of TiO,

study the thermal properties of the porous monoliths up to
800 °C wunder air condition. As shown in Fig. 1, two
weight-loss stages for all samples were displayed. The
weight losses in first step were less than 2 % for all sam-
ples. It was reported that the thermal-cured methylsilicone
usually lost about 10 % weight during 200-300 °C [31].
The weight-loss mechanisms were proposed due to the
elimination of small molecules released by condensation of
the unreacted end groups and sublimation of cyclics
formed by the hydroxyl chain ends “biting” into the chain
a few units back [32]. The low weight-loss in this study
indicated the high reaction degree of terminal groups by
catalysis of NH4OH. The second step weight-loss due to
the thermal oxidation degradation of —CHj;. TGA results
indicated that the initial and maximum weight-loss tem-
peratures of the second step were delayed with increasing
TiO, contents, showing the improved thermal stability of
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Fig. 2 FTIR spectra. A: a Methylsilicone; b Methylsilicone treated at
300 °C. B: FTIR spectra of 15 %TiMSi treated at different temper-

atures. a as-prepared sample; b treated at 400 °C; ¢ treated at 500 °C;
and d treated at 600 °C
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TiO,-reinforced samples. For the blank methylsilicone, the
second weight-loss stage started at about 370 °C, resulting
in the macroscopic crush of the monolith when treated at
500 °C. The second degradation temperatures of
5 %TiMSi, 10 %TiMSi, and 15 %TiMSi were about 449,
520, and 577 °C, and the maximum degradation tempera-
ture were 512, 566, and 610 °C, respectively. Apparently,
incorporation of TiO, in methylsilicone mainly stabilized
the second-stage degradation of methylsilcone, corre-
sponding to the reaction of organic groups. In was deduced
that incorporation of TiO, into methylsilicone retarded
polymer chain motion, caused by interaction between TiO,
and methylsilicone chain [33].

The evolution of chemical structure of the samples was
first studied by FTIR in Fig. 2. Fig. 2A shows the structural
change of methylsilicone xerogel. It was revealed that the
characteristic organic groups at 1260 cm™' (Si—C) and
2970 cm ™' (C—H) almost disappeared after 300 °C treat-
ment, and curve b was similar to inorganic silica structure.
The results indicated that Si—C structure was broken and
changed into Si-O bonds after 300 °C treatment. The
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Fig. 3 *°Si-NMR spectra. A a as-prepared methylsilicone; b after
300 °C treatment. B a as-prepared 15 %TiMSi; b 15 %TiMSi after
500 °C treatment; and ¢ 15 %TiMSi after 600 °C treatment

@ Springer

typical TiO,-reinforced sample was treated at different
temperatures to observe the transformation of the chemical
groups in Fig. 2B. It was found that for a typical sample of
15 %TiMSi, the absorption peaks at 1260 and 2970 cm ™'
ascribed to Si—-C and C-H still existed till 500 °C,
revealing that the thermal stability of TiO,-reinforced
sample was better than the blank methylsilicone xerogels.
When being treated at 600 °C, the absorptions of organic
groups were not observed, and only the absorption peaks of
Si—O-Si structure were shown. The results were consistent
with the macroscopic structural evolution with increased
temperature.

2Si-NMR was further used to investigate the silicon
surrounding before and after heat treatment. The spectra a
in Fig. 3A and 3B showed three bands at about —23.9,
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Fig. 4 XRD patterns. A a as-prepared TiO,; b TiO-, after 500 °C
treatment; and ¢ TiO-, after 600 °C treatment. B a as-prepared
15 %TiMSi; b 15 %TiMSi after 500 °C treatment; and ¢ 15 %TiMSi
after 1000 °C treatment. Filled diagonal represent anatase phase
(JCPDS-No0.21-1272) * represent rutile phase(JCPDS-No.21-1276)
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Fig. 5 TEM images. a TEM
and the inset SAED of as-
prepared TiO,; b HRTEM of as-
prepared TiO,; ¢ TEM and the
inset SAED of TiO, after

500 °C treatment; d HRTEM of
anatase phase of TiO, after
500 °C treatment with a (101)
lattice spacing of 0.348 nm;

e HRTEM of rutile phase of
TiO, after 500 °C treatment
with a (110) lattice spacing of
0.320 nm; f HRTEM of as-
prepared 15 %TiMSi; and

g HRTEM and the inset SAED
of 15 %TiMSi after 500 °C
treatment
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—61.1 and —69.9 ppm which were accorded with D
[SiO,(CHs),], T? and T? units [34], where T" indicated the
siloxane unit structures RSi(0Si),X;_, [n = 2(T?) and
3(T3);R = Me;X = OH, OR]. The results revealed the as-
prepared methylsilicone xerogels and TiO,-reinforced
methylsilicone xerogels were composed by CH3Si(OSi)3,
and a small amount of SiO,(CH;), and CH;Si(OSi),OH/
CH;Si(OSi),OR. After heat treatment, 2°Si-NMR spectrum
b in Fig. 3A revealed that D, Tz, and T structures were
transformed into Q* structure (SiO4,) at —112.4 ppm
when blank methylsilicone xerogel was treated after
300 °C. Spectrum b in Fig. 3B revealed that after 500 °C
treatment, 15 %TiMSi was mainly comprised of T> struc-
ture and a low ratio of Q4, and T? structure had disap-
peared. The structural transformation to complete Q* was
retarded to 600 °C. The NMR analyses showed that heating
procedure led to elimination of end groups Si—~OH and Si—
OR, and oxidation of —CHj3 at higher temperature. The
comparison certified that TiO, filling in methylsilicone
favored the resistance of methylsilicone to oxidation
decomposition and stabilized the siloxane structure against
thermal oxidation of Si—-CHj3 to Si-O.

XRD was carried out to reveal the crystalline transfor-
mation of TiO, and TiO,-reinforced samples. In Fig. 4A,
pattern a showed the diffraction peaks of as-prepared TiO,
nanoparticles at 20 of 25.3°, 38.0°, 47.7°, and 54.8° which
were assigned to the diffraction planes of (101), (004),
(105), and (204) corresponding to anatase phase (JCPDS-
No.21-1272). The broad diffraction peaks indicated the
nanosized crystals were prepared. However, the dramatic
crystalline improvement and phase transformation were
observed when the as-prepared TiO, was calcined at
500 °C. Mixed anatase and rutile phases were obtained
from pattern b of Fig. 4A with rutile phase diffraction
peaks occurring at 20 = 27.4°(110), 36.0°(101),
39.2°(200), 41.2°(111), 44.1°(210), 54.3°(211), 56.6°(220),
64.0°(310), 65.5°(221), and 69.8°(112) (JCPDS-No.21-
1276). Most of anatase phase was transformed into rutile,
and the diffraction peaks became narrow, revealing the
growth of the crystals after calcination. The complete
phase transformation from anatase to rutile was achieved at
600 °C.

XRD patterns of 15 %TiMSi are shown in Fig. 4B.
Pattern a showed that only a broad diffraction band around
22.0° was ascribed to methylsilicone. The anatase phase
could not be observed, because the weak diffraction peak
of anatase was overlapped by silicone matrix. Pattern b
showed the weak peaks at 25.3°, 47.7°, and 54.8° corre-
sponding to anatase phase. Compared with the blank TiO,,
anatase phase in TiO,-reinforced methylsilicone xerogel
was stable up to 500 °C, and the crystal growth was sup-
pressed. The crystallization was enhanced after being
treated at 1000 °C with coexistence of anatase and rutile
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phases. Compared with the complete transformation of as-
prepared TiO, to rutile phase under 600 °C treatment, the
phase transformation of TiO, in 15 %TiMSi was greatly
retarded because the methylsilicone matrix separated and
prevented TiO, from aggregation and growth.

TEM and High-resolution TEM (HRTEM) were used to
compare the structural evolution of as-prepared TiO, and
the reinforced samples. TEM image of Fig. 5a revealed
that the particle size of as-prepared TiO, was about 20 nm.
Selected area electron diffraction (SAED) pattern in inset
showed five fringe patterns with spacing of 0.348, 0.238,
0.186, 0.164, and 0.145 nm, which were consistent with the
anatase (101), (004), (200), (211), and (204) spacings. The
corresponding HRTEM in Fig. 5b revealed a (101) lattice
spacing of 0.348 nm identified as anatase phase. Fig. 5c
exhibits the growth of TiO, particles to about 30—40 nm
after calcination at 500 °C. SAED in inset showed the
diffraction patterns of both anatase and rutile, indicating
the crystalline phase evolution happened. The
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Fig. 6 a Nitrogen adsorption—desorption isotherms; b Pore size
distribution curves. Filled square as-prepared 15 %TiMSi; filled
triangle 15 %TiMSi after 500 °C treatment
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Fig. 7 Contact angles: (a)
a5 %TiMSi; b 15 %TiMSi;

¢ 5 %TiMSi treated at 500 °C;
and d 15 %TiMSi treated at
500 °C

corresponding HRTEM in Fig. 5d and e displayed the
(101) lattice spacing of 0.348 nm as anatase phase TiO,
and rutile phase with a (110) lattice spacing of 0.320 nm,
respectively. In HRTEM of 15 %TiMSi showed in Fig. 5f,
it was difficult to observe the TiO, nanoparticles because
they were embedded in methylsilicone matrix. Fig. 5g
shows that TiO, crystalline lattice was still difficult to be
discerned after heat treatment at 500 °C. SAED halo
revealed the sample was composed by amorphous struc-
ture, which also certified that the crystalline TiO, particles
were dispersed in amorphous methylsilicone matrix, and
the crystallization was inhibited due to the insulation of
TiO, by methylsilicone matrix. HRTEM and SAED mea-
surements were consistent with the results of XRD analy-
ses. The dispersion stability of TiO, in methylsilicone
matrix in turn favored the structural stability of TiO,-
reinforced methylsilicone monolith.

The structural parameters of specific surface area and
pore volume were derived from N, adsorption/desorption
isotherms. BET model was used for specific surface area
measurement. Pore size distributions were obtained by BJH
desorption branch of the nitrogen sorption isotherms. As
shown in Fig. 6, the isotherms and pore size distribution

(b)

curves of the selected TiO,-reinforced methylsilicone and
its calcination product were compared. Both isotherms
exhibited narrow hysteresis loops and uptake in low P/P,
indicating the existence of mesopores and micropores. The
rapid increase of adsorption capacity at P/Py near 1.0
revealed the existence of interparticle macropores. The
BET surface areas were slightly increased from 392.4 to
443.2 m?/g after heating at 500 °C. Evidently, the calci-
nation process did not alter the textural structures of TiO,-
reinforced sample, because the significant changes in
structural properties such as specific surface area, pore size
distribution, and isotherm did not occur as shown in Fig. 6.

The study on hydrophobic property

The hydrophobic property was necessary to avoid crush of
porous monoliths due to adsorption of moisture. Especially,
for high temperature applications such as heat insulator, it
was crucial to keep the hydrophobic property after heat
treatment for reserve and recycled application. The wetta-
bility was tested by measuring the contact angle of water
droplet on the surface of a monolith, shown in Fig. 7. Two
typical TiO,-reinforced methylsilicone xerogels were
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investigated. The contact angles of as-prepared 5 %TiMSi
and 15 %TiMSi were 142.1° and 156.3°, and the contact
angles of the corresponding 500 °C heating samples were
151.9° and 162.7°, respectively, revealing the hydrophobic
property was increased after heat treatment. The increased
contact angle was due to the elimination of unreacted Si—
OH and the reservation of Si—~CHj group, which was cer-
tified by the results of FTIR and *°Si-NMR.

For testing their stability under moisture, a piece of
monolith was put on water for a period of time. The weight
change with time was negligible. The results showed that
heat treatment at 500 °C can not influence the monolithic
structure and hydrophobic property of TiO,-reinforced
methylsilicone xerogel.

Conclusions

In this article, the structural evolution of methylsilicone and
TiO,-reinforced methylsilicone composite xerogels under
heat treatment was investigated. The results indicated that
the structure of the composite xerogels depended on the
amount of TiO, addition. When the temperature was up to
300 °C, porous methylsilicone monolith was crushed. The
samples reinforced by TiO, can resist 500 °C treatment.
XRD and TEM showed the crystalline growth and trans-
formation of TiO, in the doped methylsilicone were delayed.
The results of FTIR and *’Si-NMR showed that the organic
structural units of pure methylsilicone completely changed
into inorganic Q* structure units after 300 °C treatment. The
TiO,-reinforced methylsilicone was mainly composed of T?
units after 500 °C treatment, and preserved the intact
monolithic structure and hydrophobic property. The study
indicated that TiO,-reinforced methylsilicone xerogels, with
the thermal stability and hydrophobic property, are prom-
ising candidates to be used in the areas of catalysis and heat
insulation at as high as 500 °C temperature.
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