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In this paper, we describe a new method based on aerosol-assisted vapor synthesis for making glass
materials by pyrolysis of readily available silsesquioxanes CH3Si(OCHs); and CH3Si(OC;Hs)s. Combined
powder X-ray diffraction (XRD) and spectroscopic studies in the far infrared region (FIR) showed that
under applied conditions the method yielded amorphous materials. Subsequent structural studies with
the application of the 2°Si and '*C MAS NMR, Raman, and middle infrared (MIR) techniques led to the con-
clusion that the pyrolysis of the silsesquioxane precursors resulted in glass materials with a structure of
amorphous silica v-SiO,. In the case of certain glasses prepared from CH3Si(OCH3)s, they were also shown
to possess in the structure some Si-C bonds (black glasses), whereas those originated from CH5Si(OC,Hs)3
were composites that in addition to the silica glass phase contained domains of freefunbound carbon.

© 2013 Elsevier B.V. All rights reserved.

Introduction

Preparations of black glasses by classical melting of a mixture of
solid silica SiO, and carbon C are very difficult or even impossible
due to feasible oxycarbide decomposition to silicon carbide SiC and
silica SiO,, and a loss of some carbon caused by accompanying oxi-
dation processes. Such obstacles, potentially, can be overcome by

* Corresponding author. Tel.: +48 126172395; fax: +48 126337161.
E-mail address: msitarz@agh.edu.pl (M. Sitarz).

1386-1425/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.saa.2013.05.007

pyrolysis of precursors already containing Si—-C bonds with the lat-
ter remaining in the resulting glass. In silicon oxycarbides SiOC,
carbon is incorporated into amorphous silica structure modifying
the glass network. The structure strengthening occurs as a result
of replacing two-coordinated oxygen centers by four-coordinated
carbon ones. Gradual changes of many properties of the oxycarbide
glasses make these materials advantageous for many modern
applications. Among numerous and diverse applications, of special
interest are those in emerging new energy technologies. For exam-
ple, an attempt to use the mesoporous SiOC ceramics of high sur-
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face area for hydrogen storage has been made [1]. Another area of
interest involves the use of silicon oxycarbides as anode material in
lithium ion batteries. Indeed, several attempts to increase the an-
ode capacity have been made. A SiOC composite anode material
obtained by electrochemical co-deposition in the Si-C-O system
was used for the production of Li battery achieving a capacity value
over 1000 mAh per gram of Si [2]. The employment of single wall
carbon nanotubes as a conducting agent instead of carbon black
led to the capacity increase of silicon oxycarbide anodes [3]. The
production of silicon oxycarbide films free of deformations and
cracks that were obtained by pyrolysis of polyvinylsilsesquioxane
up to 1400 °C, has been reported [4]. In this case, the films ap-
peared to contain free carbon, mainly, in the amorphous form with
some quantity of graphitic carbon. Recently, the formation of her-
metic SiOC coatings by pyrolysis of polysiloxane and/or poly-
silsesquioxane polymers was confirmed in our laboratory [5].
Additionally, fully dense and crack-free SiOC ceramics containing
free carbon were obtained via direct photo-crosslinking and pyro-
lysis of polysiloxane [6]. In that case, according to the XRD investi-
gations, the materials prepared at 1100°C were amorphous,
whereas the ceramics pyrolyzed at 1400 °C contained the turbost-
ratic graphite-like carbon and silicon carbide as crystalline phases.
Silicon oxycarbide glass fibers have been also drawn from organi-
cally modified silicates by the sol-gel method [7]. Yet another
study suggests that SiOC may offer unique opportunities as a sub-
stitute of pyrolytic carbon in medical device applications requiring
excellent tribological properties such as artificial heart valves [8].
In summary, the oxycarbide glasses could be related to the amor-
phous/glassy silica matrix in which some oxygen atoms are re-
placed by atoms of carbon. In the reported syntheses of such
glasses, the oxycarbide phase has often been accompanied by var-
iable quantities of finely distributed free carbon contributing to the
common name of such products - black glasses. However this
description includes also such related glass systems as amorphous
silica/free carbon and amorphous silica/oxycarbide/free carbon
which may be formed as final or transient products in pyrolytic
conversions of many Si-O-C containing precursor systems.

In this study, presented is an alternative way for the prepara-
tion of glass powders from selected organosilicon precursors by
the aerosol-assisted synthesis method. The products were charac-
terized with IR, Raman, 'C and 2°Si MAS NMR spectroscopy, and
powder XRD diffraction.

Materials and methods

All powder materials were prepared by the aerosol-assisted
synthesis method of which details were published elsewhere [9].
The preparation of powders was carried out in the set-up that con-
sisted of three major sections, i.e., (i) an ultrasonic aerosol genera-
tor, (ii) an alumina tube reactor (76 mm ID, 1500 mm in length)
placed in a furnace pre-heated to the appropriate temperature,
and (iii) a nylon filter for solid particle collection. Three different
reaction temperatures, i.e., 1000 °C, 1200 °C, and 1400 °C were ap-
plied. The neat substrates, methyltrimethoxysilane CH3Si(OCH3)3
(MTMS) and triethoxymethylsilane CH3Si(OC;Hs); (TEMS) were
purchased from Sigma-Aldrich and used as received. The aerosol
mist of a precursor produced in the ultrasonic generator was trans-
ported with flowing argon (4 L/min) to the ceramic reactor pre-
heated to the selected temperature. Solid products were collected
on an exit nylon filter. The free-flowing black powder materials
were appropriately characterized (Table 1).

FT-IR spectra were recorded with a Bruker Company Vertex 70v
spectrometer. Spectra were collected in the middle (MIR) and far
infrared (FIR) regions (4000-50 cm™!) after 128 scans at 4 cm™!
resolution. Samples were prepared by the standard KBr (MIR)

Table 1

Obtained glasses.
Name/temperature 1000 °C 1200 °C 1400 °C
CH3Si(OC,Hs); (TEMS) TEMS1 TEMS2 TEMS3
CH5Si(OCH3); (MTMS) MTMS1 MTMS2 MTMS3

and polyethylene (FIR) pellet methods. Spectra deconvolution have
been carried out according to the method proposed by Handke
et al. [10].

Raman spectra were acquired with use of JobinYvon T64000 tri-
ple-gratings spectrometer equipped with the Olympus BX40 con-
focal microscope. Ar-ion laser (LEXEL) line 514.5 nm was used for
samples excitation. Laser power (4-6 mW at a sample) and time
of a single measurement (240-360 s) were adjusted to obtain Ra-
man spectra and to avoid overheating of the samples.

X-ray powder diffraction measurements were performed using
Philips X'Pert Pro MD diffractometer Cu Ko, line monochromatized
by Ge(111) monochromator. Standard Bragg-Brentano geometry
with ©@-260 setup was applied (0.008° step size and 5-90° 2@
range).

Solid state NMR spectra were recorded at 27 °C on a Bruker
MSL-300 MHz spectrometer (59.6 MHz for 2°Si) using a Bruker CP
MAS probe with a 4 mm zirconium rotor. The peak positions were
referenced to the signal of QgMg (trimethylsilyl ester of cubic octa-
meric silicate) standard.

Results and discussion

As previously mentioned, the black glasses have the amorphous
silica structure in which two 0%~ oxygen ions are replaced by one
C*~ anion. From the point of view of the advantageous physical and
chemical resistance properties, it is desirable to make homoge-
neous black glasses. Since the silica matrix is able to accommodate
only a limited number of carbon ions, the use of silsesquioxanes as
precursors is highly favorable. In this regard, these compounds
contain mostly the so-called T units (3 oxide ions, 1 carbon ion
by 1 silicon ion) and, therefore, constitute a strictly defined
C-Si-0 chemical environment.

The powder materials obtained in this study from CH3Si(OCHs);
and CHsSi(OC,Hs); were examined with XRD to determine a de-
gree of their crystallinity. The high intensity background (halo) in
the 2@ range of 10-30° in the diffraction patterns (not shown)
suggests that these materials are highly amorphous. In agreement
with this, no sharp bands in the far infrared (FIR) spectra were de-
tected. After corroborating the amorphous nature of the products,
the occurrence of Si-C bonds, i.e., the presence of carbon in the
black glass, and/or free carbon domains unbound in the silica ma-
trix was examined by NMR and Raman spectroscopy.

The solid state NMR probes short range chemical environments
of all silicon atoms independent on their long range ordering while
local differences in chemical make-up result in various chemical
shifts for different silicon-based species. In our systems, the ele-
ments Si, C, and O can be spatially configured in a more or less ran-
dom way. For example, the four-valent Si centers may be involved
in such close neighbor groups as SiO4 (in silica), SiCOs, SiC,0,,
SiC30, and SiC4 (in silicon carbide). In the last case, each silicon
atom is surrounded by four carbon atom and vice versa. The 2°Si
and '>C MAS NMR spectra of all materials prepared at the selected
temperatures are shown in Figs. 1-4. All 2°Si MAS NMR spectra
included a strong prevailing band at ca. —110 ppm which is related
to SiQ4 groups (where Q is the number of oxygen bridging atoms)
[11]. For powders obtained from TEMS (Fig. 1), the spectra showed
only this band whereas in the spectra for the products from MTMS
(Fig. 2) an additional band at about —70 ppm assigned to CSiO3
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Fig. 3. °C MAS NMR spectra of glasses obtained from triethoxymethylsilane
(TEMS) at different temperatures; TEMS1 at 1000 °C, TEMS2 at 1200 °C, TEMS3 at
1400 °C.

Fig. 1. 2°Si MAS NMR spectra of glasses obtained from triethoxymethylsilane
(TEMS) at different temperatures; TEMS1 at 1000 °C, TEMS2 at 1200 °C, TEMS3 at
1400 °C.
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Fig. 4. '>C MAS NMR spectra of glasses obtained from methyltrimethoxysilane

(MTMS) at different temperatures; MTMS1 at 1000 °C, MTMS2 at 1200 °C, MTMS3
at 1400 °C.

Fig. 2. 2°Si MAS NMR spectra of glasses obtained from methyltrimethoxysilane
(MTMS) at different temperatures; MTMS1 at 1000 °C, MTMS2 at 1200 °C, MTMS3
at 1400 °C.
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groups with the Si-C bonds was present [12]. The 2°Si MAS NMR
results indicate that in each case the silicon oxide matrix was syn-
thesized. However, the black glasses containing also the Si—-C bonds
were most likely obtained only when MTMS was used as precursor.
From the comparison of these NMR results, the higher was the
pyrolysis temperature the lower was the content of the CSiO3;
groups as judged by relative changes of the —70 ppm peak’s inten-
sities (Fig. 2).

The results of the >*C MAS NMR determinations do not unam-
biguously support the presence of the black glass, i.e., Si-C bonds
incorporated in the silica matrix, since the spectra for all glasses
are almost identical (Figs. 3 and 4) and display an exclusive band
at about +130 ppm. This band, potentially, could be associated with
poorly ordered graphitic carbon species and/or carbon structure
units having double or triple bonds which may be bonded to silicon
atoms [13]. Furthermore, the characteristic band for C-Siq groups
(ca. +25-15 ppm, [14]) is not visible in the '*C MAS NMR spectra.
Given this evidence, the presence of phase-separate particles of
graphitic carbon seems to be well substantiated. One has to stress
the fact, though, that the expected number of the Si-C bonds in the
glasses from the pyrolysis of the silsesquioxanes would be rela-
tively small and could go undetected. In this regard, according to
a relevant literature report, the lack of this band in the '*C MAS
NMR spectra of some black glasses can be explained by such fac-
tors as (i) small concentrations of C-Siy groups, (ii) T; relaxation
times of these units being much longer in oxycarbide glasses com-
pared to relaxation times in silicon carbide, and (iii) T, relaxation
times in oxycarbide glasses being short enough to cause the signal
to be broadened beyond detection [14].

Raman spectroscopy was applied as yet another method to
determine the structural role of carbon in the materials. In the Ra-
man spectra of the TEMS-derived powders, two bands at about
1550 and 1270 cm™! are present (Fig. 5) which are characteristic
of strongly defective graphite domains (G and D bands [15-17]).
These results confirm the findings by 2°Si MAS NMR that support
the presence of a separate carbon phase in such products. In the
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Fig. 5. Raman spectra of glasses obtained from triethoxymethylsilane (TEMS) at
different temperatures; TEMS1 at 1000 °C, TEMS2 at 1200 °C, TEMS3 at 1400 °C.
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Fig. 6. Raman spectra of glasses obtained from methyltrimethoxysilane (MTMS) at
different temperatures; MTMS2 at 1200 °C, MTMS3 at 1400 °C.

case of the materials prepared from MTMS, good quality Raman
spectra could be obtained only for samples MTMS2 and MTMS3
(Fig. 6). Specifically, in the MTMS2 spectrum, similarly to the
TEMS-derived materials the high intensity bands at about 1550
and 1290 cm™! are present, indicating mostly separate phase car-
bon domains. In a marked contrast with this, spectrum for MTMS3
lacks the bands characteristic for graphitic carbon and, conse-
quently, provides an indirect evidence for carbon incorporated in
the silica matrix. There are three bands at about 1030, 740,
510 cm™! that are observed in this spectrum. The Raman spectrum
of pure silica glass (v-SiO,) includes the characteristic bands at
about 450cm™~! (bending vibrations Si-O-Si), 500 cm~! (four-
membered ring vibrations), 600 cm™! (three-membered ring vibra-
tions), and 800 cm~' [18]. On the other hand, the bands associated
with the Si-C bonds have been reported to appear near 780 cm ™!
(transversal TO) and 970 cm™! (longitudinal LO) [19-21]. There-
fore, it can reasonably be assumed that the two bands (1030 and
740 cm™!) appearing in the MTMS3 spectrum can be attributed
to the presence of the Si-C bonds supporting its black glass fea-
tures. These bands (734 cm™! and very broad band at 1200-
1110 cm™") are also visible in the spectrum of MTMS2 (Fig. 6).
But in the case of this glass, the spectrum is dominated by the
bands associated with graphite (1552 and 1292 cm™'), which
clearly indicates a lack of homogeneity.

All powder materials were also studied by mid-infrared spec-
troscopy MIR (Figs. 7 and 8). The analysis of the MIR spectra indi-
cates that only in the case of the MTMS3 precursor, the resulting
glass was free of post-organic residues and hydroxyl groups. All
other spectra show bands indicating the presence of Si-H bonds
a typical feature in incomplete thermal conversions of SiCHy
groups. The predominant bands associated with the stretching
vibration of Si-0 and silicon oxide bending modes [22-25] are ob-
served in all the MIR spectra. Earlier MIR studies have demon-
strated that the absorptions associated with Si-C bond vibrations
appear at approximately 940 and 840 cm~! [5]. However, because
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Fig. 7. MIR spectra of glasses obtained from triethoxymethylsilane (TEMS) at
different temperatures; TEMS1 at 1000 °C, TEMS2 at 1200 °C, TEMS3 at 1400 °C.
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Fig. 8. MIR spectra of glasses obtained from methyltrimethoxysilane (MTMS) at
different temperatures; MTMS1 at 1000 °C, MTMS2 at 1200 °C, MTMS3 at 1400 °C.
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Fig. 9. Deconvoluted MIR spectrum of glass obtained from methyltrimethoxysilane
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Fig. 10. Deconvoluted MIR spectrum of amorphous silica (v-SiO;) [5].

of the large half-width MIR spectra for obtained glasses and over-
lapping bands characteristic of the Si-O and Si-C it is practically
not possible to determine the presence of Si-C bonds. In order to
remedy band overlap obstacles, deconvolution of the MIR spec-
trum for MTMS3 was done and the results are shown in Fig. 9. They
are compared with the results of the MIR spectrum deconvolution
for v-SiO, (Fig. 10) and MIR spectrum of SiC (Fig. 11) [5]. Compar-
ison of these results and literature data [5] allow us to assign the
band observed at about 840 cm™! to Si-C bond presence.

Conclusions

The comprehensive structural studies (powder XRD, 2°Si and
13C MAS NMR, Raman spectroscopy, FIR and MIR) of the powder
materials prepared from pyrolysis of the silsesquioxanes
CH5Si(OCH3); and CH3Si(OCyHs); confirm that the applied aero-
sol-assisted vapor synthesis method yields amorphous materials
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Fig. 11. MIR spectrum of silicon carbide (SiC) [5].

based on the silica v-SiO, glassy structure. In the case of the
CHsSi(OCHs); precursor, it is possible to obtain black glasses in
which some carbon is chemically bound to the prevailing silica ma-
trix. The homogeneity of such glasses is mainly dependent on syn-
thesis temperature. The increase of pyrolysis temperature leads to
an increase in the homogeneity of black glasses obtained on the ba-
sis of MTMS. The pyrolysis of CH3Si(OC,Hs); leads to non-homoge-
neous glasses in which carbon is a common separate phase,
unbounded with silicon oxide network.

On the basis of this study it can be concluded that the proposed
aerosol-assisted vapor synthesis method can be used for the prep-
aration of homogeneous black glasses, i. e., amorphous oxycarbide
phases based on silica matrix containing Si-C bonds.
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