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bstract

 precursor SiBOC glass was annealed at 1400 ◦C for 1, 3, 5 and 10 h and then it was HF etched in order to dissolve the SiO2/B2O3 phase and to
btain a porous C-rich oxycarbide glass. The porous material was studied by N2 absorption. The pore diameter of the porous C-rich SiBOC glass

anges between 2 and 5 nm and continuously increases with increasing annealing time. The pore volume also increases with the annealing time
p to ≈1.0 cm3/g which is close to the pore volume estimated from the chemical composition (1.04 cm3/g) assuming complete dissolution of the
ilica-based phase.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Silicon oxycarbide glasses, SiOC, belong to the family of
olymer-derived ceramics (PDCs) and are obtained by pyroly-
is of crosslinked hybrid siloxanes.1,2 Historically, the interest
or these new materials came from the possibility of improv-
ng the mechanical, thermal and chemical properties of silica
ia a partial substitution of bridging oxygen atoms with tetra-
oordinated carbon atoms.3 Following this idea, the presence of

 atoms in the silica network as a separated graphitic phase was
onsidered detrimental and therefore many studies have been
evoted to control the composition of the SiOC network in order
o preferentially insert C in the oxide structure via Si–C bonds
nd to decrease the percentage of sp2 C atoms.4–7 However,
educing the amount of free carbon in SiOCs is not an easy
ask and usually silicon oxycarbides do contain an extra car-

on phase. More recently it has been recognized that the free
arbon phase may not always be disadvantageous for the SiOC
roperties8,9 as for example its high temperature stability.10 As
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 result, studies devoted to the synthesis of C-rich SiOC glasses
ave been published.11,12 The presence of graphene sheets in
he SiOC nanostructure has been acknowledged by two models
ecently reported in the literature.12,13 According to these mod-
ls, the SiOC nanostructure is formed by silica nanodomains
urrounded by domain walls that are built up by graphene
heets which are connected to each other via SiC nanocrys-
als. The interface between the silica domains and the graphene
heets/SiC nanocrystals contains mixed silicon oxycarbide
nits.

It has been shown that these SiOC glasses can be used
s precursors for porous C-based materials either by etching
hem with chlorine gas at high temperature14 or with hydroflu-
ric acid solution.15 In particular, the latter treatment with HF,
referentially dissolves the silica clusters and leaves behind a
orous carbon-based material which contains Si and residual
, namely a porous, C-rich, silicon oxycarbide.16 Interest for

his novel form of C-rich SiOCs is driven by the recent discov-
ry of new functional features such as increased H2 and CH4
as storage14 and very high reversible capacity for Li storage
bove 600 mAh/g, which make these materials candidate for
ubstituting C anodes in Li ion batteries.17
In a previous study we have already shown that the pore size
nd pore volume of the porous carbon-rich materials, derived
y HF etching, can be controlled by changing the maximum

http://www.sciencedirect.com/science/journal/09552219
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yrolysis temperature of the parent SiOC glass.18 In the present
ork we show that the nanostructural features of this porous
aterial can also be controlled by varying the isothermal

nnealing time at the maximum temperature prior to HF
tching. For this study, B-containing SiOCs, namely a SiBOC
lass, has been chosen since it is known that B-containing
ilicon oxycarbides have a similar structure to SiOC glasses,
ith SiO2–B2O3 clusters instead of the silica ones,18 but they
ndergo a faster high temperature rearrangement compared to
-free SiOC samples,16,18,19 thus allowing for reducing the
xperimental time.

.  Experimental

.1.  Sample  preparation

SiBOC precursor gels were prepared from methyltriethoxysi-
ane (MTES) and boric acid, following a procedure described
arlier.19 MTES was purchased from ABCR (Germany) and
(OH)3 from Carlo Erba (Italy) and both reagents were used
s received. The ratio between MTES and B(OH)3 was chosen
n order to have a molar ratio B/Si = 0.2. After drying the gel
ragments were pyrolized in an alumina tubular furnace in flow-
ng Ar (100 ml/min) at 10 ◦C/min up to 1400 ◦C and held at this
emperature for 1, 3, 5 and 10 h. After the annealing step the
urnace was shut down and let cool to room temperature. The
tching process was performed on 0.5 g of 80–120 �m sieved
xycarbide powders using an HF (20 vol.% in H2O) solution.
he powders were stirred for 9 h at room temperature, then the
olution was filtered and the powders were rinsed with distilled
ater and dried at 110 ◦C.

.2.  Chemical  analysis

Chemical analysis of selected SiBOC glass samples before
tching was performed by the Service Central d’Analyze du
NRS, Vernaison, France. Si, C, B and H were measured. O
as estimated by the difference to 100%. Selected HF-etched
iBOC ceramics were analyzed for Si, C, B, O, H and F by the
nalytisches Labor Pascher, Remagen-Bandorf, Germany.

.3. X-ray  diffraction  study

XRD studies were conducted (Model D/Max-B, Rigaku Co.,
okyo, Japan) at 40 kV and 30 mA with CuK�  radiation. The
ata collection was conducted from 2θ  = 10–80◦ with a step of
.05◦ and acquisition time 4 s.

.4. N2 adsorption  measurements

The structure of the porous C-rich SiBOC glasses was
haracterized by N2 adsorption analysis. The isotherms were

ollected at 77 K using an ASAP 2010 (Micromeritics, Gem-
ni Model 2010, USA). The specific surface area, SSA, was
etermined using the BET equation with an accuracy of
10 m2/g.20 The total pore volume was calculated as, pore

i
d

S
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olume, V = Va × D, where Va = volume adsorbed at P/P0 0.99,
 = density conversion factor (0.0015468 for nitrogen as adsor-
ate gas). The pore size distribution was obtained using the
arrette–Joynere–Halenda (BJH) method.21 The micropore vol-
me was determined by the Harkins–Jura method.

.5. Transmission  electron  microscopy  (TEM)
nvestigations

Micro/nanostructural characterization of the HF etched
nd annealed samples was performed by TEM using a FEI
M20STEM instrument, operating at 200 keV (FEI, Eindhoven,
he Netherlands). TEM sample preparation followed standard

echniques for ceramic compound; grinding, dimpling, Ar-ion
illing followed by light carbon coating to minimize charg-

ng under the incident electron beam. It is worth noting that
ith the employed instrument (LaB6 filament) it is difficult

o simultaneously image SiC and turbostratic carbon. For SiC
maging, a higher defocus value of approximately −45 nm was
et (Scherzer defocus), while imaging the carbon phase was typ-
cally done at a defocus setting of about −5 nm (Gauss defocus).
ig. 1 illustrates such a situation; the same region is shown at
cherzer versus Gauss defocus.

. Results  and  discussion

Chemical analysis of selected SiBOC glass powders annealed
t 1400 ◦C for 1 and 5 h are reported in Table 1. The B con-
ent is close to the nominal value. Chemical composition does
ot change after 10 h annealing at 1400 ◦C confirming that
he SiBOC glasses are stable at high temperature and that the
earrangement of the glass network, which takes place above
200 ◦C, occurs without decomposition and weight loss.18,19,22

The chemical composition of the HF etched SiBOC glasses
s also reported in Table 1. The most remarkable feature emerg-
ng from the chemical analysis results on the HF etched samples
s the progressive decrease of the oxygen content down to 31.0
nd 11.1 wt.% after annealing for 1 and 10 h, respectively. These
ata confirm that hydrofluoric acid preferentially dissolves the
xide clusters of the SiBOC nanostructure and also show that
ncreasing the annealing time results in a higher volume fraction
f dissolved oxide phase. There is also a relative increase of the

 content since C-clusters and C atoms bonded to Si atoms are
ot affected by the HF treatment.16 Finally, after the HF attack,
he porous C-based SiOC residue displays a higher H content
nd the presence of residual F. For the sample annealed for 10 h
nd then HF etched, the O/H atomic ratio is close to 1, sug-
esting that most of the O and H atoms are probably present as
urface OH groups. On the other hand, residual fluorine could
e either bonded to silicon, forming Si–F bonds or to carbon
orming F-intercalated graphite.23 In conclusion, the chemical
nalysis of the HF etched SiBOC glasses confirms the formation
f C-rich silicon(boron)oxycarbide glasses. Moreover, increas-

ng the annealing time increases the amount of oxide that can be
issolved by the HF attack.

The evolution of the XRD diffractograms recorded on the
iBOC glasses before and after HF etching is reported in Fig. 2.
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Table 1
Chemical composition of selected SiBOC glasses after annealing and after HF treatment.

Annealing time at 1400 ◦C Composition (wt.%) Empirical formula

Si B C H O F

1 h 41.0 3.2 11.8 <0.3 44.0 – SiB0,20C0,67O1,88H<0,2

5 h 41.7 3.3 12.2 <0.3 42.8 – SiB0,21C0,68O1,80H<0,2

10 h 42.0 3.2 12.2 <0.3 42.6 – SiB0,20C0,68O1,78H<0,2

1
1

d
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a

 h-HF 30.9 2.17 41.9 

0 h-HF 31.0 1.72 51.1 

XRD patterns collected on SiBOC annealed at 1400 ◦C for
ifferent length of time before etching show the presence of the
ilica halo centered at about 2θ  ≈  22◦. Broad peaks at 2θ  ≈  35◦,
0◦ and 72◦ are due to the (1 1 1), (1 0 1) and (2 1 1) reflec-
ions of cubic �-SiC. The sp2 carbon (0 0 2) peak at 2θ  ≈  26.6◦,
lose to the main contribution of the silica glass is well hidden
nder it in the starting glass and becomes clearly exposed by

he etching process. XRD patterns show a very slight evolution
ith increased annealing time: comparing the 1 and 10 h sam-
les it is possible to see a slight increase of the intensity of the

ig. 1. HRTEM images of SiBCO annealed at 1400 ◦C for 10 h and subsequently
F etched. In (a) the carbon phase is clearly visible (Gauss defocus, −5 nm)
hile in (b) SiC precipitates become visible (Scherzer defocus, −45 nm), which

re not clearly imaged in (a).
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1

0.7 31.0 1.5 SiB0,18C3,17O1,10H0,7F0,07

0.8 11.1 1.6 SiB0,14C3,86O0,63H0,7F0,07

1 1 1) reflection of SiC at 2θ  ≈  35◦ and a shoulder at 2θ  ≈  26.6◦
ecomes slightly visible. The analysis of the line broadening,
ccording to the Scherrer equation, has been performed on the
1 1 1) peak of SiC and allows to estimate the crystal size of
.8 ±0.2 nm after 1 h annealing and of 3.5 ±  0.2 nm after 10 h
nnealing at 1400 ◦C.

By increasing the annealing time, the etching of the oxide
lusters of the SiBOC ceramic becomes more important (as was
lso shown by the chemical analysis after HF etching) and corre-
pondingly the silica halo at 2θ  ≈  22◦ in the XRD diffractograms
f the etched samples progressively decreases, accompanied by
ore intense reflections of the crystalline phases present in these

lasses (SiC and graphitic carbon). The broadening line analysis
◦
erformed on the (0 0 2) peak at 2θ  ≈  26.6 present in the XRD

pectra of the etched samples reveals the nanometer-size of the
 clusters in the direction orthogonal to the C sp2 basal plane

ig. 2. XRD diffractograms recorded on the SiBOC ceramics annealed at
400 ◦C for 1, 3, 5 and 10 h before and after HF etching.
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the annealing time is reported in Fig. 5.
The volume of the micropores does not show a strong depen-

dence on time while the meso and therefore the total pore volume
ig. 3. Adsorption desorption isotherms of the HF etched SiBOC glass as a
unction of the annealing time at 1400 ◦C.

eing 2.9 ±  0.2 nm after 1 h and 5.1 ±  0.2 nm after 10 h anneal-
ng. Accordingly, the XRD study proves that the isothermal
nnealing induces a growth of both the cubic silicon carbide and
he graphitic carbon nanocrystals, in agreement with previously
ublished data.18,19

The adsorption–desorption isotherms collected on the porous
xycarbide glasses obtained after HF etching are shown in Fig. 3
nd can be classified as Type IV according to the IUPAC nomen-
lature.

The corresponding characteristic features are reported in
able 2.

At higher pressure samples annealed for more than 1 h clearly
how a hysteresis loop, which is caused by the capillary conden-
ation in the mesopores. The sample with the longest annealing
ime (10 h) even shows a second hysteresis loop close to the sat-
ration pressure. At lower pressures (P/Po < 0.04) the isotherms
re not linear which indicates the presence of micropores in the
aterial. The amount of adsorbed nitrogen increases with the

nnealing time suggesting that the pore volume is also increas-
ng. The pore size distribution of the HF-etched SiOC samples
s shown in Fig. 4.

The data reported in Table 2 and Fig. 4 show clearly that the
ore volume and pore size of the porous C-rich SiBOCs contin-
ously increases with the annealing time of the parent SiBOC
lass. After 10 h the pore size distribution curve shows a maxi-
um between 4 and 5 nm while for 1, 3 and 5 h annealing, even
f the curves continuously shift towards larger pores, the maxi-
um of the pore size distribution curves remains at <2 nm. The

ore size measured for 1 h annealing time, between 2 and 4 nm,
F
f

ig. 4. Pore size distribution of the HF etched SiBOC glass as a function of the
nnealing time at 1400 ◦C.

grees quite well with the mesopore size distribution reported
y Vakifahmetoglu et al.14 obtained by chlorination a polymer-
erived SiOC pyrolyzed at lower temperature (1200 ◦C) for 2 h.
n their work, a mesopore size ranging from 2 and 4 nm has been
ound for the SiOC glass with similar Si, O and C content as the
iBOC glass studied here. They explained the mesopore for-
ation by the removal of Si and O from the silicon oxycarbide

etwork.
The evolution of the meso, micro and total pore volume with
ig. 5. Meso, micro and total pore volume of the HF etched SiBOC glass as a
unction of the annealing time at 1400 ◦C.
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Table 2
Specific surface area, SSA, meso, micro and total pore volume of the porous C-rich SiBOC glasses obtained from the N2 adsorption characterization.

Annealing time at 1400 ◦C SSA (m2/g) Mesoporous volume (cm3/g) Microporous volume (cm3/g) Total pore volume (cm3/g)

1 h 567 0.12 0.30 0.42
3 h 570 0.46 0.35 0.81
5 h 533 0.45 0.37 0.82
1
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mated porosity is quite remarkable in view of the various sources
of error, which can affect the calculation such as: (i) the precision
of chemical analysis and (ii) the estimated density of the borosil-
0 h 524 0.58 

s more affected by the length of the isothermal treatment. In
pite of the fact that pore volume increases with annealing time
he SSA slightly decreases (Table 2). This apparent discrepancy
ould be explained assuming that the pore size increases more
han the pore volume therefore leading to a decrease of SSA. The
otal pore volume almost doubled from 1 to 5 h (from 0.42 cm3/g
o 0.82 cm3/g) and reaches a maximum value of 0.97 cm3/g after
0 h. The evolution of the total porosity, as recorded by BET
nalysis, is consistent with the TEM observations. Figs. 6 and 7
eveal the change in nanostructure upon annealing for 1 and 10 h
t 1400 ◦C.

TEM images clearly show that the pore structure changes
ith annealing time; i.e. the pore size considerably increases.

n addition, it is worth noting that the carbon phase also under-
oes alteration. While upon annealing for 1 h predominantly
urbostratic carbon was observed, the maximum heat treatment
or 10 h at 1400 ◦C resulted in the formation of graphitic carbon
compare Figs. 6(a) and 7(a)).

This nanostructural evolution has its origin in the phase sepa-
ation process, which occurs in the silicon oxycarbide glasses at
igher temperatures (2SiOC ⇒  SiO2 + SiC + C). It is known that
t low temperature, i.e. <1200 ◦C, the SiOC glass network con-
ains the maximum amount of mixed silicon oxycarbide units,
iCxO4−x, 1 ≤  x ≤  3 and that by increasing the annealing tem-
erature and/or time, the network undergoes a phase separation
rocess with a depletion of the mixed units, accompanied by an
ncrease of the SiC4 and SiO4 units and the ordering of the free
arbon phase.4–7,18,19 The progressive increase of SiC4 and SiO4
nits results in a progressive growth of the SiC nanocrystals, as
t was also observed by the XRD analysis, and SiO2 nanoclus-
ers. For the present case in which a SiBOC glass is studied,
he oxide clusters are better described as a borosilicate glass.18

he SiO4 and BO3 units, which are present in the borosilicate
anodomains, can be leached out by HF thus forming the porous
-rich SiBOC glass. For the sake of clarity, we need to remind

hat only the silicon and boron atoms in SiO4 and BO3 units can
e leached out while silicon and boron present in mixed oxycar-
ide units with at least one Si–C or B–C bond are still stable.
ndeed, Si–C and B–C bonds cannot be cleaved by HF attack and
herefore they act as a permanent bridge to the C-rich phase.8,15

s a consequence, if by increasing the temperature or, as in
his case, extending the annealing time, the fraction of Si and

 atoms present in the borosilicate nanodomains increases, the
ore volume and the pore size of the resulting porous oxycarbide
lass also increases.
The evolution of the total pore volume with time sug-
ests that the amount of porosity reaches a plateau after
0 h. Indeed, the total pore volume measured after the longest

F
e
a
≤

0.39 0.97

nnealing time (0.97 cm3/g 10 h), is very close to the porosity
alue estimated by assuming that the HF treatment completely
emoves the oxide phase present in the SiBOC glass (estimated
orosity = 1.04 cm3/g, see Appendix A for the corresponding
alculation). The agreement between the measured and esti-
ig. 6. HRTEM images of SiBCO annealed at 1400 ◦C for 1 h (subsequently HF
tched). In (a), an overview of the nanostructure is given, while (b) depicts such
n area at higher magnification. The pore size in this material is approximately
2 nm.
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Fig. 7. HRTEM images of SiBCO annealed at 1400 ◦C for 10 h (HF etched).
In (a), an overview of the nanostructure is given, while (b) shows the material
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t higher magnification. The pore diameter in this material is approximately
5 nm.

cate phase. This result seems to suggest that after 10 h annealing
t 1400 ◦C the phase separation process is complete and the HF
ttack is able to dissolve the borosilicate phase up to a large
xtent. Indeed, the residual oxygen, which has been revealed
y the chemical analysis in the HF etched sample annealed for
0 h, is probably confined to the pore surfaces as OH groups.
nother interesting information that emerges from the agree-
ent between the estimated and measured porosity is that the
-rich phase (containing also SiC nanocrystals) has to form

 continuous network. Otherwise the dissolution of the oxide
hase would not lead to the formation of a porous nanostructure
ith the expected porosity value.

. Conclusion

The effect of annealing time on the nanostructural devel-
pment of porous C-rich silicon(boron)oxycarbide material

erived from a SiBOC glass was investigated. The study was per-
ormed by isothermal annealing at 1400 ◦C for holding times of
, 3, 5 and 10 h. Upon thermal treatment the SiBOC glass was HF

v

•

Ceramic Society 32 (2012) 1751–1757

tched in order to dissolve the silica-based phase and to produce
 porous oxycarbide glass. Maximum values of specific surface
rea and total pore volume of 570 m2/g and 0.97 cm3/g, respec-
ively, have been obtained. The N2 adsorption analysis showed
hat the pore volume continuously increases with annealing time,
eaching the maximum of 0.97 cm3/g, which is very close to the
stimated values considering the complete removal of the oxide
hase from the C-based network. The pore size of the synthe-
ized porous SiBOC ranges between 2 and 5 nm and increases
ith the annealing. Potential applications of such nanoporous
iBOC materials are seen as hydrogen storage materials and/or
s anode material in Li-ion batteries.
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ppendix  A.

The maximum pore volume of the porous SiBOC can be
stimated from the chemical analysis data as follows:

 the composition of the SiBOC glass, Si1BxCyOz is re-written
considering that:
(1) all the boron is forming B2O3, then: moles of B2O3 = x/2
(2) the remaining oxygen forms SiO2, then: moles of

SiO2 = (z  −  3x/2)/2
(3) the remaining silicon forms SiC, then: moles of

SiC = 1 −  moles of SiO2 = 1 −  ((z  −  3x/2)/2)
(4) The remaining carbon is present as free C, then: moles of

C = z  −  moles of SiC = z  −  (1 −  ((z  −  3x/2)/2)).

Accordingly, the composition of the SiBOC glasses measured
t 1400 ◦C after 10 h can be re-written as:

 SiB0.20C0.68O1.78 = 0.74SiO2 0.10B2O3 0.26SiC 0.42Cfree
multiplying by the molecular weight results in:

 44.4 g SiO2 6.90 g B2O3 10.4 g SiC 5.04 g Cfree

Assuming that all the B2O3 is present in a borosilicate glass
overestimation) with a density of 2.2 g/cm3, and assuming that
he borosilicate glass will be etched completely we can estimate
he pore volume as:

 Total pore volume = 44.4+6.90
2.2 =  23.32 cm3

Finally we can convert the total pore volume in total pore

olume per gram by dividing by the weight of the carbon residue:

Total pore volume
gram = 23.32

10.4+5.04 =  1.04 cm3/g
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