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SiOC and SiBOC polymer-derived glasses show a complex nanostructure in which nanocrystalline
B-SiC and sp C coexists with nanoclusters of amorphous Si® SiO,—B,0; and with mixed silicon
oxycarbide and boron oxycarbide units. The characterization of the nanostructure is performed with a
multiple technique approach on SiOC and SiBOC glasses before and after HF etching. The acid attack
dissolves the silica-based nanoclusters and allows indirect information on their size and amount to be
obtained. By increasing the pyrolysis temperature from 1200 up to 16GBe oxide clusters grow in
size and amount in both SiOC and SiBOC glasses. Compared to the B-free SiOC glass, SiBOC is more
easily etched and develops higher porosity and larger pore size. Boron has also an important effect on
the ordering of the $pC phase: it leads to thicker 3@ nanocrystals. This effect is remarkable because
it starts at low temperature (150Q) compared to the usual temperature, 1800reported in the literature
for different forms of nanocrystalline carbon. Raman analysis of SIBOC glasses pyrolyzed &tC1500
clearly shows the presence of thé lizand at 1617 cmi. From this experimental result it is postulated
that B enters into the graphene layers formingsB@its. Finally, the shift toward lower wavenumbers
of the Raman spectra recorded on SIOC and SiBOC glasses after etching seems to reveal a high
compressive stress acting along the basalGplanes of the graphite nanocrystals.

1. Introduction a highly shaping flexibility that allows the fabrication of a
many different components: bulRs! fibers®® films,©

flt IIS WG‘”-kﬂO;Nn that thehpgr_c:::ys_ilg in anlintlert :tmosphere foams!! and MEMS!2 Moreover, PDCs have shown unique
of siloxane polymers or hybrid silica gels leads to a new properties, such as high-temperature stabifitgreep!* 15

class of C?containing materials, named siIicon. oxycarbide and oxidation resistandé:1” Functional properties such as
glasses (SlCQT)They belpng to the_ broader family of PDC low dielectric constant? photoluminescenc¥,and electrical
(polymer derived ceramics) mgterléils._ ) conductivity?®?! have also been reported.

The polymer route to ceramic materials is a low-temper-
ature process which basically consists on the following
steps: (i) melting or dissolving a preceramic polymer and
shaping it into the desired form, (ii) cross-linking (thermally
or with the use of a catalyst) to obtain a preceramic network,
and (iii) pyrolysis in inert atmosphere to convert the
preceramic network into the PDC materdallhe final
structure of the PDC is formed step by step during the
pyrolysis? through exchange and radical reactions, with
evolution of low molecular weight speciéJhis process has
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The structure of silicon oxycarbide glasses has been thetemperature stability. Indeed, the presence of B in the silicon
focus of many studies. The local chemistry around Si, C, oxycarbide network has been found to (i) increase the
and O atoms is well-known. At low pyrolysis temperatures decomposition temperature above 13QXii) to reduce the
(800—-1000°C), ?°Si solid-state NMR showed the presence tendency to silica crystallization and (iii) to increase the

of mixed silicon oxycarbide units, SiOs—, 0 < X < 4, in
which silicon atoms share bonds with C and O atf&s
reported by Mutin the percentage of the various Si sites
follows a purely random distributiof.In the same temper-
ature rangel®C magic angle spinning (MAS) NMR analysis
revealed that C atoms, besides forming-Sibonds, are also
present in aromatic carbon structu?éslo long range order

is present in SICO glasses at 100CQ. Increasing the
annealing temperature above 1200 and up to 1500C
usually results in the formation of nanocrystallifSiC, as
revealed by X-ray diffraction (XRD) analygfsand high-
resolution transmission electron microscopy observatibns.
The nucleation of silicon carbide is also observed?{si
MAS NMR: by increasing the temperature above 1000

a progressive consumption of mixed silicon oxycarbide units

crystallization rate of SiGL32

This work reports a structural characterization, between
1200 and 1500C, of SiOC and SiBOC glasses before and
after HF etching. It provides new information on (i) the effect
of pyrolysis temperature on the structural evolution of silicon
oxycarbide glasses, in particular with respect to the size and
amount of the silica nanodomains, (ii) the role of B on the
development of the nanostructure, and (iii) the structure of
the free C phase.

2. Experimental Procedures

2.1. Gel Preparation. B-free and B-containing samples were
prepared by the selgel method using methyltriethoxysilane
(MTES) and boric acid, following a procedure described in refs
29 and 31. MTES was purchased from ABCR (Germany) and

occurs and the glassy network phase separates into, mainlyg(oH), from Carlo Erba (Italy) and both reagents were used as

SiC, and SiQ units. The SiQ tetrahedra form small silica
clusters in agreement with small-angle X-ray scattering
(SAXS) studies’

Wilson et al?® have shown that silicon oxycarbide glasses

received. In this way two gel samples were prepared with an atomic
ratio B/Si = 0 (B-free samples) and B/Si 0.2 (B-containing
samples). B-free hybrid silica gel, precursor for SiOC glasses, was
obtained hydrolyzing MTES with acidic water (p+ 1, HCI) using

can be etched by HF. HF etching of SiOC glasses removesthe ratio BO/Si= 3. The hydrolysis was performed at 70 for

silica, forms a porous structure, and allows, through the
characterization of the material after attack, information on
the size and the amount of the amorphous silica nanodomain
to be obtained® A structural model for the silica nan-

15 min, and then an ammonia solution was added to promote
condensation and gelation. The B-containing gel, precursor for
SiBOC glasses, was prepared dissolving, in the silicon alkoxide,

She proper amount of B(OHwithout any addition of watet The

solution was cast into test tubes and left open at room temperature

odomains in SiOC glasses has also been proposed by Sahgy gelation. All gels were dried at 78C for at least 10 days.

et al®® According to this model, SiOC glass annealed at
> 1200°C consists of a cellular structure of silica domains
surrounded by domain walls. The domain walls consist of
graphene layers and mixed silicon oxycarbide units, &G,
l=x=z4.

Recently, B addition to silicon oxycarbide glasses has been
studied with the aim of a further improvement of their high-
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2.2. Glass PreparationSiOC and SiBOC glasses were obtained
from gel fragments, with a pyrolysis process under flowing Ar (100
mL/min) at 5°C/min up to 1200, 1400, and 150C for 1 h.

2.3. Glass Etching.The etching process was performed on 0.5
g of 80—-120um sieved oxycarbide powders using an HF (20 vol
% in H,0) solution. The etching of SIOC and SiBOC glasses was
performed by stirring the powdersrf® h atroom temperature.
Then, the solutions were filtered, and the powders were rinsed with
distilled water and dried at 11TC.

2.4. Characterization Techniques.SiOC and SiBOC glasses
were characterized before and after etching by chemical analysis,
XRD, the nitrogen gas adsorption (BET method), and Raman and
29Sj and!'B MAS NMR spectroscopies.

Chemical analysis was performed by the Service Central
d’Analyze du CNRS, Vernaison, France. Si, C, B, and H were
measured. O was estimated by difference to 100%.

X-ray diffractograms were collected on a Rigaku Dmax diffrac-
tometer in the BraggBrentano configuration using Cu K
radiation, operating at 40 kV and 30 mA. A 2ange of 16-80°
was scanned with a step size of .GHhd acquisition time of 5 s
per point.

Nitrogen gas adsorption analyses were performed on the unetched
and etched powders, but significant data were only obtained from
the etched specimens as the unetched materials are full dense
glasses. The isotherms were collected at 77 K using an ASAP 2010
(Micromeritics) instrument. The samples were previously degassed
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Table 1. Chemical Composition of Selected SiOC and SiBOC Glasses before and after Etching

composition (wt %)

empirical formuté (EF)

sample Si B C H O EF normalized on Si EF normalized on C
SioC 46.2 145 <0.3 39.3 SiG 700149 Si1 37C102.04
SiBOC 41.0 3.2 11.8 <0.3 44.1 SiB.2Co.6701.88 Si1.4dB0.32C102.80
SiOC-HF 35.2 34.2 1.3 29.4 SiG0.96 Sio.44C100.42
SiBOC-HF 26.3 1.8 33.0 1.7 37.2 SBL2.001 57 Sio.34B0.06C100.54

aGlasses have been pyrolyzed at 14Q0for 1 h. Oxygen Was estimated by difference to 100%. Empirical formulas are normalized on Si antifeor C.
the un-etched samples, H has been found below the detectable limit and is not reported in‘tRerBRe ectched samples, the chemical analysis revealed

a certain amount of hydrogen arising from the water retained in the porous structure from the etching process. The EFs of the etched oxycarbide samples

have been obtained by deducting the water molecules corresponding to the hydrogen content following a procedure reported in ref 29.

at 200°C for at leas 4 h before analysis. Specific surface area
(SSA) was determined from a BET (Brunauer, Emmet, and Téller)
analysis in theP/P, range of 0.05-0.30 using a molecular cross-
sectional area for Nof 0.163 nmd and a minimum of five data
points. The pore size distributions (PSDs) were obtained from the
adsorption branch of the isotherm through the BJH (Barret, Joyner,
and Halenda) analysf8.The mesopore volume represented the
cumulative volume of the pores with radii ranging from 2 to 50
nm, and the average pore diameter has been obtained vt 4
whereV is the volume and\ is the surface area of the mesopores.

The Raman spectra were collected on a Jobin Yvon Raman
spectrometer, model Olympus BX41 (Horiba) with an excitation
wavelength of 632.817 nm (HeNe laser) and using a CCD detector
and ax100 objective with NA= 0.9.

1B and?°Si MAS NMR spectra were recorded at 128.28 and
75.49 MHz (model AVANCE, Bruker Instruments, Karlsruhe,
Germany). Thé®Si spectra were recorded using a CP MAS probe
(model MAS, Bruker Instruments) equipped with 7 mm Zrotors,
spinning at 4 kHz. The following parameters were used: spectral
width of 30 kHz, 4000 data points, pulse width ofi@ (6 ~ 30°),
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Figure 1. XRD pattern of SiOC and SiBOC materials pyrolyzed at different
temperatures for 1 h. The arrow points to the shoulder in the spectrum of
the SIBOC glass annealed at 150D assigned to the (002) reflection of
graphitic carbon.

SiBo.2Lo.6/01.8H<0.18for SICO and SiBOC respectively. The

and recycle delays of 60 s. Spectra were referenced externally tog content was found close to the theoretical value (B#Si

tetramethylsilane (TMS) at 0 ppm. THé&B NMR spectra were
recorded using a cross-polarization (CP) MAS (Doty Scientific,
Columbia, SC) probe equipped with 5 mmgl$j rotors, spinning

at 9 kHz. Spectral width was 125 kHz, 4000 data points, pulse
width of 1 us (0 ~ 15°), and recycle delay of 1 s. Spectra were
referenced externally to BEOEt), at 0 ppm. The spectra were
simulated with the DMFIT prograr#f.

3. Experimental Results

3.1. Characterization of SiOC and SiBOC Glasses
(before Etching). 3.1.1. Chemical Analysi#\ study of the
chemical modification of SIOC and SiBOC glasses pyrolyzed
at various temperatures in the range 1:60@800°C has been

0.2). The C content is similar for the two glasses, and the
results are in agreement with those previously reported for
analogous samplés.

3.1.2. XRD StudyXRD patterns collected on SiOC and
SiBOC samples pyrolyzed at 1200, 1400, and 150Cor
1 h are shown in Figure 1. The spectrum of the SiOC and
SiIBOC samples pyrolyzed at 120C show a completely
amorphous structure with only the presence of the silica halo
centered at aboutt2= 22°. The increase of the pyrolysis
temperature promotes the crystallizationfe®iC. The (111)
diffraction peak of cubic SiC at@~ 35° and the related
reflections at 2 ~ 60° (101) and 72 (211) start to appear
in both samples at 1400C and become more evident at

already reported in the literature and showed that thesegngec. |n the XRD spectrum of SIBOC at 1500 is also

glasses are thermally stable (weight loss at 18DG:< 1 wt
%) and that their chemical composition is constant in this
temperature rang®.Accordingly, in the present study, the

chemical analysis, CA, has been performed only on the SiOC

and SiBOC samples pyrolyzed at 1400 for 1 h and gave
the following results (wt %): Si= 46.2; C= 14.5; H <
0.3; and O= 39.3 for SICO and S 41.0; B=3.2; C=
11.8; H < 0.3; and O= 44.1 for SiBOC (Table 1). The
corresponding chemical formulas are &€; 4H < 0.1sand

(34) Gregg, S. J.; Sing, K. S. WAdsorption, Surface Area and Porosity
Academic Press: London, 1982; pp 2856.

(35) Barret, E. P.; Joyner, L. G.; Halenda, P.J-HAm Chem. Sod 951,
53, 373-380.

(36) Massiot, D.; Fayon, F.; Capron, M.; King, |.; Le Cah&; Alonso,
B.; Durand, J. O.; Bujoli, B.; Gan, Z.; Hoatson, @Magn. Res. Chem
2002 40, 70-76.

evident a shoulder (indicated by the arrow in Figure 1) at
260 ~ 26.6> which can be attributed to the (002) reflection
of graphitic carbori’ The analysis of the line broadening,
according to the Scherrer equation, has been performed on
the (111) peak of SiC and allows us to estimate the crystal
size of 3-SiC, Dsica11)(Table 2). The data show that (i) the
p-SiC nanocrystals grow with the pyrolysis temperature and
(i) the presence of B in the SiBOC samples promotes this
process leading to slightly larger nanocrystals. These results
are in complete agreement with our previous findfhgsd
those reported by Klonczynski et #l.

3.1.3. Raman Studyhe first-order Raman spectra for the
SiOC and SiBOC materials pyrolyzed at 1400 and 1500

(37) JPCD 26-1080.
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) At 1400°C both the oxycarbides show Raman spectra with
\J the same spectral features in terms of peaks position and
sioc | L@_o\"g broadness. The G band is located around $6(BD8 cn1?,
_ \UM . and the D band at 133601335 cnt*. Similar Raman spectra
~ Si0c \ \ 1200 ¢ have been reported in the literature for gel-derived silicon
S socHE \J 1500 °C oxycarbide glasse¢4:*2The almost complete superimposition
> e of the two spectra (SiOC and SiBOC at 1400) indicates
g \ that the structure of the carbon phase in these two samples
E y 1400 °C are very similar. The type of disordered carbon in these
| e o' materials, amorphous versus nanocrystalline, can be figured
SIBOC \ \_1500°c| out from the position of the G band. Values close to 1600
\‘U cm~? suggest the occurrence of a nanocrystalline form of
SIBOC-H 1500 °¢ graphite more than amorphous carbon. The difference
750 1000 1250 1500 1750 2000 between these two materials is essentially the presence, in
Raman shift (cm-) the amorphous C, of a considerable amount éfGatoms
(up to 20 atom %). This structural modification, that is, the

Figure 2. Raman spectra of SiOC and SiBOC glasses pyrolyzedl foat -
1400 (before etching) and 150C (before and after etching). presence in the graphene planes of Gpatoms, leads to a

continuous shift of the G peak from 1600 chtoward lower

Table 2. Crystallite Size,Dsjc(111) of f-SiC Crystals and Lcoz) of frequencies, down to 1510 crh®

Nanocrystalline Graphite for Samples Pyrolyzed at 1400 and

1500°C for 1 h before and after Being HF-Etched At 1500°C the Raman spectrum of the B-free SiCO shows
Dsicqi11)(nm) Le(ooz) (M) the two bands in the same position with the only difference
sample 1400C, 1 h 1500°C, 1 h 150C°C, 1 h being a narrowing of the D band (fwhm from 87 to 52 ¢in
Sico 26102 35102 This evolution suggests a substantllal stab_lhty, compared to
SiBOC 2.8+0.2 3.7+0.2 1400°C, of the carbon structure with a slight ordering of
SIiCO-HF 2.1£0.2 3.6+£0.2 2.9+0.2 the C nanocrystals, in agreement with the results reported
SIBOC-HF 2.9:02 48+02 5.3£0.2 by several authors on SiCband SiCN® PDC.

Conversely, the 1500C spectrum of the SIBOC samples
reveals important changes of the 1600 émeak. The G
¢ band narrows and shifts to lower wavenumber (1590%m
toward the typical value for graphite, 1582 cinAt the same

for 1 h are reported in Figure 2. The figure shows only the
spectral region between 800 and 2000 ¢nmvhere Raman

scattering from boroxyl groups, from SiC, and from differen
carbon forms is expected to occur. No appreciable Raman’ .
scattering from both SiOC and SIBOC materials, even at ime: @ néw peak, more intense than the G band, clearly
the early steps of the pyrolysis process, was observed in thefMerges at 1617 cri This evolution suggests that, for

spectral region below 800 crh where the scattering from SiBOC glass, a significant ordering of the graphite nanoc-

silicon oxide occurs, and therefore this spectral region is not rystals takes place from 1400 to 15,00' The ne\{v band,
shown in Figure 2. The lack of any appreciable spectral centered at about 1617 chcan be attributed to the’ Bnode

g o
signature from the silicon oxide matrix is likewise due to its of the graphite” The clear presence of the Band in silicon

scarce Raman scattering cross section. The spectra collecteq:(ycarb'de glasses or in Si-based PDC is reported here by

at 1200°C are dominated by a strong luminescent back- the f|r'st time. The D band is found in nanocrystalline
ground and are omitted. The spectra in Figure 2 show thegraphlte and it is generally ascribed to a breakdown of the

two characteristic features of disordered graphitic forms of K = 0 selection rules by a local distortion of the graphite

carbon the D (disordered) band at around 1350-émnd lattice due to the finite dimension of the nanocrys#ls.

the G (graphite) band at around 1600-dmin contrast, no However, the Dband is also found to be more defined and
! i i _ 45
trace of the Raman signal from the SiC component can bemtense in B-doped carbdft.* The enhancement of the' D

observed, probably because of both the relatively low band in B-doped carbons has been attributed to the partial

efficiency of SiC material and the reduced size of formed substitution, in the graphene layers, of C with B atoms which

SiC nanocrystals. The higher energy G band is assigned tofelcts as defects of the crystalline structure and reduces the

graphite single crystals, and it is caused by the vibrational in-plane correlation, thereby increasing the intensity of both

4
mode E2g symmetry in theD46h space group) of graphitic the D and the Dbands’

layers. The D band is observed in amorphous or nanocrys- S-2- Characterization of SIOC and SiBOC Glasses
talline graphitic carbon, and it is usually related to the (after Etching). 3.2.1. Chemical AnalysisThe chemical

disorder associated with the finite crystallite si2é? The
; 41) Chomel, A. D.; Dempsey, P.; Latournerie, J.; Hourlier-Bahloul, D.;
Raman §pectral parameters of the studied samples ard Jayasooriya, U. AChem. Mater2005 17, 44654473,
reported in Table 3. (42) SoraituG. D.; D'Andrea, G.; Campostrini, R.; Babonneau, F.; Mariotto,
G.J. Am. Ceram. Sod995 78, 379-387.
(43) Trassl, S.; Motz, G.; Rsler, E.; Ziegler, GJ. Am. Ceram. So002

(38) Ferrari, A. C.; Robertson, Phys. Re. B 2000 61 (20), 14095~ 85 (1), 239-244.
14107. (44) Endo, M.; Kim, C.; Karaki, T.; Tamaki, T.; Nishimura, Y.; Matthews,
(39) Wang, Y.; Alsmeyer, D. C.; McCreery, R. Chem. Mater199Q 2, M. J.; Brown, S. D. M.; Dresselhaus, M. Bhys. Re. B 1998 58
557-563. (14), 8991-8996.
(40) Dillon, R. O.; Woollam, J. A.; Katkanant, \Phys. Re. B 1984 29 (45) Kim, C.; Fujino, T.; Hayashi, T.; Endo, M.; Dresselhaus, M.JS.

(6), 3482-34809. Electrochem. So00Q 147 (4), 1265-1270.
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Table 3. Peak Frequency ¢) and fwhm for the Raman D, G, and D Bands Observed in the Spectra of the SiCO and SiBOC Samples Pyrolyzed
for 1 h at 1400 (before Etching) and 1500C (before and after Etching)

sample pyrolysis parameters ~ wp (cm™1) fwhm (cnmr?) wg (cm™) fwhm (cnmr?) wp (cm™1) fwhm (cnm 1)
Sico 1400°C, 1 h 1330+ 1 8742 1608+ 1 5442
1500°C, 1 h 1335+ 1 5242 1610+ 1 48+ 2
SiCO-HF 1500°C, 1 h 1319+ 1 74+ 2 1601+ 1 36+ 2
SiBOC 1400°C, 1 h 1335+ 1 82+ 2 1604+ 1 5242
1500°C, 1 h 1335+ 1 42+ 2 1590+ 1 33+2 1617+ 1 2442
SiIBOC-HF 1500°C, 1 h 1323+ 1 70+ 2 1582+ 1 3042 1600+ 1 25+ 2
(@) sio, quadrupolar parameters _(GQZ.G MHz and 0.2, where CQ
sicO is the quadrupolar coupling constant and the second value
Sic. SiC,0 . .. .
iqc is the asymmetry parameter) characteristic of trigonal boron
atoms. According to Gervais et dl.the boron components
can be attributed to the formation of the following sites: ;BO
i0C-HF at 12.5 ppm (93%), B&L at 29 ppm (7%), and BOGat 46
ppm (1%). It can be noticed that the presence of the small
w0 BOX): amount of BOG units is more obvious after etching. More
Sieo¢ < i s’iB'OC_HF precisely, the first peak at 12.5 ppm is actually indicative of
trigonal B connected to SiDtetrahedra, B(OSi)in a
75 5 25 0 -25 -50 borosilicate network® while the two other ones are associ-
SIBOC-HF (pom) ated with BQC and BOG mixed boron oxycarbide sites in
5 0 B0 10 150 200 which the boron atoms share bonds with oxygen and carbon

atoms? The small amount of BE and BOG units
compared to B(OSj)indicates that the boron is predomi-
nantly present in the silica-rich phase.
composition of the SIOC and SiBOC samples after etching  After etching, the**Si spectra (Figure 3 a) reveal, in both
is reported in Table 1 and compared with that of the un- SIOC and SiBOC samples, a great decrease of the peak
etched glasses. It is known that etching silicon oxycarbide associated to Sigsites (which is more pronounced for the
glasses by HF removes only silfand that Si atoms bonded SiBOC glass) and a corresponding increase of the silicon
to C atoms via StC bonds are un-affected by this chemical oxycarbide units, SieC, SiG:C,, and SiG, in which silicon
treatment® Then, the chemical composition of our samples atoms share at least one bond with carbon atoms. The results
before and after etching can be rewritten by normalizing it of the quantitative analysis obtained by deconvoluting the
to C. Accordingly, it is straightforward to recognize the Si, experimental spectra are reported in Table 4.
B, and O depletions associated to the chemical attack. In Assuming that all SiD,—, (x = 0) units are maintained
the case of SiIBOC, B and Si atoms are leach out with a after etching2°Si NMR indicates that HF attack removes
B/Si atomic ratio of 0.23, which is quite close to the overall 2/3 of the initial SiQ units for SiCO and 3/4 for SiBOC, in
B/Si ratio present in the starting SiBOC glass (B#S0.22). good agreement with the chemical analysis (Table 1).
3.2.2.2%Sj andB MAS NMRUseful information on the The1B NMR spectrum of the etched SiBOC glass shows
etching process can be obtained from #& and'B MAS 4 evolution similar to th&Si spectrum: the relative amount
NMR investigation of the SIOC and SIBOC samples after of the poron oxycarbide units, BO and BOG, strongly
HF attack. The NMR spectra of samples pyrolyzed at jncreases compared to the B®ites. Moreover, the BO
1400°C for 1 h are reported in Figure 3 and compared with signal shows a shift to 15.4 ppm and therefore cannot be
the same spectra recorded before etching. In the un-etcheq,nequivocally associated to borosiloxane units, B(©®it
SIOC sample thé°Si spectrum reveals a major component s more precisely assigned to B(QXyith X = H, Si, that
at—112 ppm (69%) due to silicon atoms in Si€ites and s to BO; units in which oxygen atoms can bond either
the well-known formation of the mixed silicon oxycarbide pygrogen or silicon atoms. Indeed, thel MAS NMR

units*>#2Si0,C at—71 ppm (6%), SiQC; at—32 ppm (4%),  spectrum recorded on the sample after etching clearly shows
and SiG at —13 ppm (21%). Si€O units, expected around  the presence of OH groups.

—1 ppm, cannot be excluded bgt vvpuld be present in very Assuming that all BGC and BOG units are maintained
small amounts. The correspondiff$i spectra recorded on after etching,''B NMR indicates that HF dissolves 4/5 of

the SIBOC glass shows a similar pattern; however, in this e inita| of BQ, units. Again, this result is in good agreement
case, mixed SieC and SiQC; units are almost absent, and with the chemical analysis (Table 1).

the network is more phase separated into,3iQ SiG sites 295 and!B MAS NMR spectra have been also recorded

in agreement with the known effect of boron in promoting for the SIBOC samples pyrolyzed at 150G before and

the phase separation of the silicon oxycarbide network into . S .
. S . HF etching. Th I h
SiO; and SIG sites? The 1B MAS NMR spectrum (Figure after HF etching. They are similar to the spectra obtained at

3b) shows the presence of three components with similar

Figure 3. (a) 2°Si and (b)!!B MAS NMR spectra collected on SiBOC
samples pyrolyzed at 1400 for 1 h before and after being etched.

(47) Gervais, C.; Babonneau, F.; Dallabona, N.; Soraru, G. Bm. Ceram.
Soc 2001, 84 (10), 21606-2164.

(46) Soraru, G. D.; Modena, S.; Guadagnino, E.; Colombo, P.; Egan, J.; (48) van Willen, L.; Muller-Warmuth, W.Solid State Nucl. Magn. Reson.
Pantano, CJ. Am. Ceram. So002 85 (6), 1529-1536. 1993 2, 279.
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Table 4. (a)2°Si and (b) 1B MAS NMR Characterization of SiOC and SiBOC Samples Pyrolyzed at 1400C for 1 h before and after Being
HF-Etched?

@

signal intensity £1%) molar amount

—112P SiO° —71> SiCOe —32P SiC,0° —13p SiCse SiCOs—x (X= 0) SiOy nSi tot
SioC 69 6 4 21 0.31 0.69 1
SiOC-HF 19 11 8 62 0.31 0.07 0.38
SiBOC 75 2 4 19 0.25 0.75 1
SiBOC-HF 8 4 8 80 0.25 0.02 0.27
(b)
signal intensity £1%) molar amount
B(OSi);¢ B(OX)s? (X = Si, H); BO,C; BO,C;d
o(HB) = 12.6 ppm; 0 =15.4 ppm; 0 =29.0 ppm; 0 = 46.0 ppm;
CQ= 2.6 MHz; CQ=2.8 MHz; CQ=29MHz;, CQ=2.9MHz;
=02 7=02 7=03 7=03 BOG BO.C BO; nBtot
SiBOC 92 7 1 0.01 0.07 0.92 1
SiBOC-HF 67 29 4 0.01 0.07 0.16 0.24

aThe Loss of SiQand BQ Units (for an initial normalized amount of Si and B) is calculated assuming that the amount&f;SiCx = 0) BO,C and
BOGC; is maintained after etchind.diso (2°Si; ppm).© Assignmentd Site.

Table 5. SSA, Mesopore, and Micropore Volumes, and Average Pore
Size for SiIOC and SiBOC Etched Glasses

SSA mesopore  micropore  average
pyrolysis  (m?/g) volume volume pore size
sample parameters +1%  (cmd/g)° (cm/g)e (nmyp

SiOC-HF 120C0°C,1h 204 0.16:0.01 0.11+0.01 2.1+0.1

SiIOC-HF  140C°C,1h 482 0.14£0.01 0.26:0.01 2.6+0.1

SiIOC-HF  150C°C,1h 562 0.23:0.01 0.33+0.01 2.8+0.1
SiIBOC-HF 120C°C,1h

SiBOC-HF 1400°C,1h 567 0.1220.01 0.30+£0.01 2.8+0.1

SiBOC-HF 1500°C,1h 539 0.66:0.01 0.54+0.01 4.8+0.1

aMesopore range= 2—100 nm. Micropore range 2 nm.° As obtained
from the BJH mesopore distribution using the adsorption data of the
isotherm.¢ Calculated from the-plot analysis.

-25

0
(ppm)

Figure 4. 1B MAS NMR spectrum collected on SiBOC samples pyrolyzed
at 1500°C for 1 h after HF etching. * indicates spinning sidebands.

10 75 50 25
For both compositions the pore volume and the average
pore size increases with the pyrolysis temperature. The

1400°C: indeed, they show the presence of the same mixedsurface area increases for the SiIOC composition while, for

Si and B sites (revealed at 1400) in comparable amounts. thze B-containing samples, the SSA measured at 160639
The only slight difference was in thé8 MAS NMR m?/g) is slightly lower than that at 1400C (567 n?/g).

spectrum (Figure 4) after etching, which reveals the presenceBecause the characterization of the pores present in the

of a larger amount of BC bonds (BOG and BQC units). etched materials represents the negative picture of the un-

The percentages of the various B sites in this sample (SiBOC,£iched glasses, these results indicate that the amount and
1500°C, 1 h, HF etched) are BO63%:; BOC, 31%: and the size of the oxide-based phase which can be leached out
BOG,, 6%. increases with the pyrolysis temperature. Interestingly, the

Thus, the NMR study clearly indicates that HF etching of SIBOC glasses at 120 cannot be etched: the SSA and

SiOC and SIBOC glasses leads to a dissolution of the oxide-POré volume are still negligible after HF attack. (The reason
based phase with a loss of Siénd BQ units. As previously for this result will become clear in the Discussion section.)
reported, the chemical analysis reveals that the composition By comparing the data of SIOC and SiBOC at 14@D
of the etched borosilicate phase has a B/Si atomic ratio equaland 1500°C, we can see that SiBOC glasses develop more
to 0.23, that is, close to the overall glass composition (B/Si porosity and larger pore sizes than the B-free SiOC. Nitrogen
= 0.20) and corresponding to a borosilicate glass with molar adsorption isotherms and PSD curves obtained on the SiOC
composition Si@QnB,0; with n = 1.29. Covalent SiC and and SiBOC samples pyrolyzed at 15WDfor 1 h are shown
B—C bonds present in the starting glass seem stable againsin Figure 5. Both isotherms for the adsorbed volume rise
HF; they are not cleaved, and they are left behind in the rapidly at very low values of the relative pressure. This steep
solid residue. rise arises from the micropores (diameter below 2 nm). On
3.2.3 N, Adsorption AnalysisAll the “as-pyrolyzed” the other hand, a strong difference exists between the two
oxycarbide glasses are fully dense materials with a negligible samples in the mesoporous range. The large hysteresis loop
SSA. The etching process, by removing siftom SiOC seen for the SIBOC glass is absent for the SIOC composition
and the Si@—B,0; borosilicate glass from SiBOC, creates and accounts for the large amount of mesopores observed
a highly porous C-rich material. The porous residue was for the B-containing sampled/{esopores= 0.66 cn¥/g and
characterized by performing,Mdsorption analyses, which  0.23 cni/g for SIBOC and SiOC, respectively). The PSD
gave the results reported in Table 5. curves very clearly indicate that for SiOC the pore size is
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4501 0.164 glass at 1500C while for the other glasses (SiOC annealed

T 400] o1al BsioC at 1400 and 1500C and SiBOC annealed at 140Q) the

S SiBOC _e® £ o i presence of graphite nanocrystals could not be observed.

F < -1 o . . . .

) & | The analysis of the line broadening, according to the

5 s 0104 L SiBOC . .

o § 008 0\(.\ Scherrer equation, performed on the (111) peak of SiC for

2 2 ] £ the 1400 and 1500C samples and on the (002) reflection

3 s %% T of C for the samples pyrolyzed at 150C, allows us to

€ g 004 i '\ estimate the crystal size of SiOgsica11y and the thickness

b < 0024 1 e of C nanocrystallitesl.coz) in the direction orthogonal to

50+———————— 0,00 Errmaam ) the C sp basal plane (Table 2). TH®sicu11)values compare
08 o2 04 00 08 10 ! 10 100 well with those obtained for the same samples before the
elative Pressure (P/P) Pore Diameter (nm) . . N .

. ) o . HF etching. Indeed, they confirm the trend of (i) increasing
Figure 5. (a) Nitrogen adsorption isotherms and (b) PSD curves for SiOC . . . o
and SIBOC pyrolyzed at 1500 for 1 h after being etched. the crystal size with the annealing temperature and of (ii)

largerp-SiC crystals for SIBOC compared to SiOC glasses.
* B-SIiC The crystal thicknesd,c( o2, Of the samples pyrolyzed at
© Graphite 1500°C is larger for the SIBOC (5.3 nm) compared to that

; * 1500 °C for SIOC (2.9 nm). These results agree quite well with the

S M . Raman data collected on the same samples before etching:
2 M‘m ¢ the ordering process, as revealed by the full width at half-
{;f 1500 °¢ maximum (fwhm) of the D band at 1335 cfy is smaller
S N SiBOC for the SIOC glass (fwhgoc = 87 and 52 cm® at 1400
S i A 00 °C and 150C°C, respectively) compared to SiBOC (fwhgbc
(. * % o = 82 and 42 cm'! at 1400 and 1500C, respectively). Thus,
i 1400 °C :
i o . the XRD study suggests that the presence of boron in the
1500°°c silicon oxycarbide network improves the ordering and
10 20 30 40 50 60 70 80 90 the consequent growth of bofhSiC and graphite nano-
Scattering angle, 20 crystals.

Figure 6. XRD spectra SiOC and SiBOC materials pyrolyzed at different ~ 3.2.5. Raman Studylhe Raman spectra of the carbon

temperatures fol h and then HF etched. These spectra must be compared nhase within the SIOC and SiBOC samples pyrolyzed at
with those obtained on the same glasses before etching (see Figure 1). Th

dotted line has been drawn to guide the eye and to show the consumption900°C for 1 h after etching are reported in Figure 2. The
of the silica halo at @ = 22°. spectra collected on the etched samples are comparable to
the ones before HF attack in terms of relative intensity and
below 5 nm while for SiBOC the pore diameter is below 10 Width of the D and G bands. However, two main differences
nm with a large fraction of pores in the range® nm. can be immediately appreciated: (i) the intensity of the D
3.2.4. XRD StudyThe diffraction spectra recorded on the band decreased for the SIBOC glass after etching and (ii)
SiOC and SiBOC glasses pyrolyzed at 1200, 1400, and both spectra recorded on the HF etched glasses are shifted
1500°C for 1 h and then etched with HF are shown in Figure toward lower wavenumbers. The Raman spectral parameters
6. The XRD patterns of the SiIOC and SiBOC samples Of the studied samples are reported in Table 3. From these
annealed at 1208C look similar to those recorded on the data the downward shift of the Raman spectra can be
same samples before etching (cf. Figure 1): they show aeéstimated to be in the range-5 cnt* for the D band and
completely amorphous structure with only the presence of 7 ¢n* for the G band. The reason for the decrease of the
the silica halo centered at aboutt 2= 22°. By increasing intensity of the D band after etching is not clear at the
the pyrolysis temperature, the etching of the Si@d SiQ moment. Conversely, the downward shift of the Raman
nB,Os (n = 1.29) phases from the SiOC and SiBOC glasses SPectra can be tentatively explained by taking into account
becomes more abundant, and consequently the silica halo athe piezo-spectroscopic effect, which relates the vibrational
20 = 22° progressive|y decreases a”owing the reflection frequency with the level of strain aCting on the investigated
associated to the crystalline phases present in these glassd¥hase. The etching process, by dissolving the silica and
(SiC and graphite) to emerge and to become, at 1%00 borosilicate phase, promotes a stress relaxation resulting in
the only diffraction peaks. Indeed, at 150G, the XRD the observed frequency shift. Stress relaxation due to leaching
spectra show only the diffraction peaks of nanocrystalline Phase separated glasses is a well-known phenontéiitre.
B-SiC (peaks at @ = 35° (111), 60 (101), and 72 (211)) magnitude of the stress-induced shift measured for the G
and of graphite (peaks a2= 26° (002) and 42 (101)). band reported in the literature for amorphous carbon films
This result is important mainly because it allows the graphite iS —1.9 cnT/GPa for compressive biaxial stressé3hus,
nanocrystals to be detected and characterized because th&e 7 cn* shift toward lower wavenumber measured in our
detection and characterization of tj3eSiC were already =~ Samples for the G band suggests that the in-plane compres-
obtained from the XRD spectra of the un-etched samples
(cf. Figure 1 and Table 2). Indeed, in the diffractograms (49) Scherer, G. W.; Drexhange, M. G.Am. Ceram. Sod 985 68 (8),
recorded before etChin_g' SpC nanocrystals were Or_ﬂy (50) ?Algge_r%GW Anders, S.; Anders, A.; Brown, |. Gppl. Phys. Lett.
detected as a shoulder in the XRD spectrum of the SiBOC 1995 66 (25), 3444-3446.
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sive stress acting on the carbon nanocrystals in the SiOCsize and amount increase with final temperature. Indeed for

and SiBOC glasses is of the order of 8 GPa. the SiOC glass, at 1208 and 1500°C, the average pore
sizes are 2.1 and 2.8 nm, respectively, and the corresponding
4. Discussion pore volume (mesopores micropores) is 0.205 (at 1200

°C) and 0.56 cr¥ig (at 1500°C).
The structure of polymer- and sefjel-derived silicon ) A )

: : At 1200°C, SiBOC samples cannot be etched. This result
oxycarbide glasses has been the subject of a large number ts that. at this t t the d b ilicat
of studies. The local order around the Si atoms has been>"39€StS thal, at this temperature, the giassy borosiicate

investigated by®Si solid-state NMRZ#2At low temperature clusters are not yet formed and the amorphous network is
(ca. 1006-1200°C), °Si MAS NMR.indicates that Si atoms still built up by a combination of mixed silicon oxycarbide
share bonds with O and C atoms in mixed silicon oxycarbide gsslsvfsz’jég%) s;:v\?noirr?gﬁxggﬁgd; ﬁ(aB :EO:WEGOVZGCI’) ;Elct:/,e
units. The distribution of the various silicon sites is, in this y ' ’

femperature range, compleey fancEhA e emper- 1> STRRrAIE (1400 and 1500) e preserce of 8
ature (1200-1500°C), the redistribution reaction between Y 9 P

Si—C and Si-O bonds leads to a phase separation betweenm'xed .S' (and r_mxed B |n__S|BOC) units with a phase
SiC, and SiQ units with a consumption of the mixed separation into SlL‘and_ borosilicate glass cIL!ster_s. As shown
Si0L,Ce 1 < X < 3, sites?S51 This process results in the by the XRD, Iarge;@—sllc nanocrystals form in SiBOC glass
crystallization of nanocrystalling-SiC, which is the only compared_ 0 B “free S|CO.sampIes. Moreoves alsorption
crystalline phase usually detected by XRD for these gla&ses. characterlzatm_n shows higher pore yolume and larger pore
The organization of the SiQunits is more difficult to z'\f:r;c’; thSreSIsBizoei ;?énzasre;néozsglcnorﬁ '::1 dlfr?g ,tot?:l ore
characterize, because of the amorphous nature of the silicav | mg pr 12 and 0 5.6 &l | r SIBOC and SiOC P
phase. Moreover, the presence in the SiOC glasses of excesgUmes are .- a L 0 an ’
si? C layers, often called “free” C phase, has also been Shc)vmrespectlvely. The composition of the borosilicate glass
by Raman ,end chemical anal é?sRecéntl Saha et & forming the oxide clusters can be estimated from the
p)rloposed a structural model >1:0r .the Sigé glasses Which chemical analysis of the HF etched materials. The B/Si ratio
describes these materials as composed by an open cellula'rr]SBo('):2 3’nw—hl;|(fhzgoxgsrzogi|se(tjoba Eﬂg%ﬁ;@p{?j;yn{hflo
structure of amorphous silica nanodomains surrounded by, 2= " — =<7 7 v y !

domain walls. The domain walls consist of graphene layers poron atoms remaining in the etched glass are mainly present

and mixed silicon oxycarbide units. This model and the g‘xrizﬁ:iﬁg El(tce) ;Q’Itvslsh(tarzz ersSﬁcSel ?;oms,égiéanoo(rzon
existence of silica hanodomains in the silicon oxycarbide Y ' P ’ 2

glasses is in agreement with the results of the SAXS units, of stable B-C bonds that prevents these boron atoms

characterizatioff and with our recent study on the etching to be leached out by .the.HF attack.
of SICO29 The XRD characterization of the etched samples suggests

For the SiBOC glasses, a previous work done in our that B, n SiBOC glasses.,' besides enhancing the SiC
laboratory indicated that their structure and high-temper- crystallization and the borosilicate nanocluster formation, has
ature evolution are similar to those found for SiCO. At another quite important effect: it promotes the graphitization

1200 °C the amorphous network is formed by a random of_ nanocrystalline graphite I_eading to an incre_ase_of the
mixture of silicon and boron oxycarbide units. At higher thickness of C nanocrystallited,ceop, in the direction
temperature, redistribution reactions betweer®B—O and ~ ©fthogonal to the C $pbasal planeLco is 2.9 nm for
Si—C/B—C bonds are active. However, the presence of B SIOC and reaches 5.3 nm for SIBOC at 1510. The

in the glass network accelerates the phase separation intc?atfilyt'c behavior of B in promotmg the grgphltlzatmn of
SiC, and borosiloxane (BOSiunits. various types of nanocrystalline carbons is well-known:

In the present study a detailed characterization of the B-doping increases the crystallite thicknessez and

etched SIOC and SiBOC glasses has been perfomed. Théjecreases the interlayer spacinto, of the graphite

5,52-53 i i i
experimental results will now be discussed to highlight the ganr(z)cr;ﬁfsléfhe r-arhﬁigzeglzgidiggt?lrigltsg)mr(l)eutge? V‘(’:Te'(;?
effect of the pyrolysis temperature and of boron on the P grap pietely '

evolution of the nanostructure, in particular with respect to 23;;:“3?; Cb:t?)r:nsrimﬁzehde;g t:r?a:It?;atﬁéietk;ﬁte;s?g;?;
the size and amount of the silica nanodomains and of the g grap 9

4452 . . )
free carbon phase. to BG; units#*>2Such boron carbide units, when present in

the graphene layers, act as defects and result in an enhance-
The XRD spectra collected on sampleg pyrolyzed_ at 1200, ment of the Raman Thand at 1617 crt. Thus, the clear
1400, and 1500C before and after etching (see Figures 1 . . .
L X - occurrence of this band in the Raman spectrum of the SiBOC
and 6) clearly indicate that the increase of the pyrolysis

temperature induces the crystallization and the growth of both sample pyrolyzed at 159 .]: can be taken as an indication
; ; of the existence of BE€units in the graphene layers of our
[-SIiC and graphite nanocrystals. In the same temperature,

R : SiBOC glass. This result, that is, the proposed presence of
range, the redistribution reactions betweenGIB—0O and I . ) )
Si—C/B—C bondg-®leads to the development of silica (in BC; units in the graphene layers, is not in contrast with the

SiOC) and borosilicate (in SIBOC) glassy clusters whose

(52) Jacques, S.; Guette, A.; Bourrat, X.; Langlais, F.; Guimon, C.;
Labrugere, CCarbon1996 34 (9), 1135-1143.

(51) Burns, T.; Taylor, R. B.; Xu, Y.; Zangvil, A.; Zank, G. AChem. (53) Way, B. M.; Dahn, J. R.; Tiedje, T.; Myrtle, K.; Kasray, Nhys.
Mater. 1999 11, 910-919. Rev. B 1992 46 (3), 16971702.
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1B MAS NMR data. Indeed, even if the formation of boron (i) the formation of the silica-based clusters. The crystallite

oxycarbide units bearing three-B bonds in BG units has size of both phases increases with the temperature. As for

not been clearly seen, the formation of such B sites cannotthe SiQ and SiQ—B,0; clusters, the Nadsorption study

be completely ruled out: Bfenvironments are indeed of the etched glasses reveals that their amount and size

expected around 86 ppthlf such a signal is present on the increase with the temperature for both compositions.

1B MAS NMR spectrum of the SiBOC sample pyrolyzed 3. Chemical analysis obtained on the SiBOC glass before

at 1500 °C (Figure 4), it would superimpose with the and after HF etching allowed the following composition of

spinning sidebands observed in this region. the borosilicate glass forming the oxide clusters to be
It is noteworthy that the effect of B on the graphitization estimated: Si@nB,0s, n = 1.29. This B/Si ratio is close to

of the graphene sheets of the SiBOC glass starts to be evidenthe overall B/Si ratio (0.22) for these samples.

at temperatures as low as 1500 compared to 1800C, 4. By comparing the evolution of the B-free (SiOC) and
which is the lowest temperature at which B promotes the B-containing samples (SiBOC), the important role of boron
graphitization of different carbon materidfsThis result  in promoting the nanostructural evolution has been discov-

seems to suggests that the insertion of B atoms in substitu-ered. In particular, B promotes the following:

tional sites in the C spplanes is easier for the graphene (i) The formation of the borosilicate clusters in terms of
layers of SIBOC glasses compared to other forms of carbon amounts and size. Indeed, at 15@the porosity and pore
such as mesocarbon or pyrocarbon materials. It may be duesize revealed by the Nadsorption analysis are, for the
to the gOOd diSperSion of boron in the silicon boron SiBOC g|assl both b|gger Compared to SIOC g|ass_
oxycarbide network and to the fact that-E bo4r;ds are (i) The graphitization of nanocrystalline 3@ leading to
already present at very low temperature (1209 thicker graphite nanocrystals. It was worth noticing that this
The structure of the etched SIBOC glass (at high temper- cataytic effect of B is active in the SIBOC samples at low
ature, 1400 and 150TC) that emerges from this study is of  temperature (1500C) whereas in the literature the same

a highly porous material with a SSA up to 568/gy mainly  effect has been reported to be active, on different forms of
formed byf-SiC and B-doped graphite nanocrystals, with carhon materials, starting from 186G.

residual mixed silicon and boron oxycarbide units whichare ¢ The Raman spectrum of SIBOC glasses pyrolyzed at
most probably located at the pore surfaces. These features 5onoc shows, for the first time in silicon-based PDCs, the
and in particular the format_lon of B-doped_car_bon Nanoc- nresence of the Thand at 1617 crf. This band has been
rystals, could lead to very interesting application of these ngidered to be the fingerprint of the substitution of some
materials as carbon anode materials for Li-ion batteries. -~ atoms of the graphene planes with B atoms, forming BC
sites.
6. The downward shift of the Raman spectrum after
The nanostructural evolution of polymer-derived SiIOC and etching suggests that the graphite nanocrystals are subjected,
SiBOC glasses has been investigated in the temperature rang# the “as-pyrolyzed” state, to a compressive stress parallel
1200-1500 °C. The characterization has been performed to the graphene planes of the order ef8GPa.
using a multitechnique approach, on the as-pyrolyzed glasses 7. The highly porous SiBOC material obtained after
and on the same samples after HF etching. The main resultsetching, in which B-substituted graphite nanocrystals are
are as follows: present, could find useful applications as carbon-based
1. At low pyrolysis temperature the glasses are mainly materials for Li ion batteries.
amorphous and the nanostructure is built up by mixed silicon
and boron oxycarbide units. The degree of disorder is higher Acknowledgment. This work was partly supported by the
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5. Conclusions

2. Increasing the pyrolysis temperature promotes (i) the
crystallization of cubic SiC and nanocrystalline graphite and

(54) Gervais, C.; Babonneau, F.; Ruwisch, L.; Hauser, R.; Ried€laR.
J. Chem 2003 81 (11), 1359-1369. CM071203Q



