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SiBZrOC quinary ceramics were obtained through the modification of a SIOC precursor with B(OH)z and
Zr(OnPr),4. The results showed that both B and Zr atoms were involved in the SiOC network through Si—
O-B and Si-O-Zr bonds, respectively. The combined effects of B and Zr on the chemical structure and
the thermal stability of the SiBZrOC system were investigated in detail. The sp®*~C/Si ratio of SiBZrOC
ceramics was between the values for SiZrOC and SiBOC. The presence of B promotes the crystallization
of t-ZrO,, which precipitated at 1000 °C and transformed to m-ZrO, at 1400 °C. At 1600 °C, ZrO,
reacted with the matrix and formed ZrSiO,4, which consumed SiO, and thus inhibited the carbothermal
reaction. The very small /(D)/I(G) ratio of 0.13 in the Raman spectra indicated the high graphitization of
free carbon in SiBZrOC ceramics, which was observed by TEM with 10-20 graphene layers. The SiBZrOC
ceramics showed excellent thermal stability in argon at 1600 °C for 5 h with a mass loss of 6%. Both the
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Introduction

Polymer-derived ceramics (PDCs) are attractive candidates for
use under extreme conditions owing to their high strength,
creep and thermal shock resistance, as well as stability in
oxidative and corrosive environments. They are X-ray amor-
phous and comprised of nanodomains of different structures
and compositions, obtained by the thermal decomposition of
organic polymers. The most well-known classes of PDCs are the
ternary systems SiCN and SiCO as well as the quaternary
systems SiCNO, SiBCN, SiBCO, SiAICN, and SiAlCO.** Usually,
quaternary ceramics exhibit improved mechanical and thermal
properties as compared to those of the ternary materials. Recent
investigations have shown that the high temperature stability in
terms of decomposition for the SiBCN ceramics can reach
2200 °C.?

The fabrication processes of these materials involve the
preparation of precursors, pyrolysis and sintering. The modifi-
cation of the precursor with B®® and metallic elements such as
AL Ti,*»*® or Zr**'® Hf,""*° allows the design and controlled
synthesis of multifunctional PDC materials with tailored prop-
erties. They are typically prepared by modifying precursors with
metal alkoxides and subsequent ceramization, leading to SiOC/
SiCN nanocomposites containing a finely dispersed metal oxide
nanodomains. The nanodomains may significantly influence
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carbothermal reaction and thus improving the thermal stability of SiBZrOC ceramics.

the microstructure and physical properties of these ceramics on
a large scale, especially when the domains differ in their
chemistry, electrical conductivityy, and  mechanical
properties.”**

Though early work already strongly suggested the nanoscale
heterogeneity both in SiCO- and SiCN-based materials, the
detailed chemical and structural nature of the quinary PDCs
remained elusive. In previous work,*** we prepared the B-
modified and Zr-modified SiOC precursor through the chem-
ical reactions of hybrid alkoxysilanes with boric acid and
Zr(OnPr),, respectively. The results showed that the effects of B
and Zr are contrary on some cases, such as the precipitation of
SiC and the graphitization of free carbon. In this work, we
synthesized a SiBZrOC quinary precursor by using the same raw
materials and compared with previous work, to study the
combined effects of B and Zr on the polymer-to-ceramic trans-
formation processes and the microstructure evolution of SiBZ-
rOC materials. Various characterization techniques such as
NMR and Raman spectroscopy, X-ray diffraction, as well as TEM
were used to study the structure of the metallo-organic
precursor and the nanocomposites.*?

Experimental

Methyltriethoxysilane (MTES), methyldiethoxysilane (MDES),
boric acid (B(OH);) and Zr(OnPr), (Alfa Aesar, 70 wt% in prop-
anol) were used as the starting raw materials. MTES, MDES and
B(OH); was mixed with the molar ratio of MTES/MDES = 3 and
B : Si = 0.4. The mixture was stirred until complete dissolution.
The appropriate amount of Zr(OnPr), was then added to the
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prehydrolyzed solution under fast stirring with the molar ratio
of Zr : Si = 0.2. The mixture was obtained and heated at 80 °C
for 1 day for gelation. The SiBZrOC gel were dried at 80 °C for 2
days, grounded and finally sieved to <75 pm. The SiBZrOC
precursor was finally obtained and pyrolyzed in a tube furnace
with a heating rate of 5 °C min~" in flowing argon gas, at
1000 °C, 1200 °C, 1400 °C, and 1600 °C for 1 h, followed by
furnace cooling to ambient temperature.

TG were performed on the xerogels using a PerkinElmer
differential scanning calorimeter from room temperature to
1400 °C at a heating rate of 10 °C min ' under argon atmo-
sphere. FTIR spectra of the precursor were recorded between
4000 and 400 cm™ ' on a PerkinElmer Spectrum One FTIR
spectrometer. NMR spectrum of precursor and ceramics was
collected using a 4 mm Bruker CP MAS probe and a Bruker
Ultrashield 300 MHz solid-state spectrometer. >°Si CP MAS
Powder samples were taken in ZrO, rotors and were spun at
a rate of 5 kHz. The spectrum was collected using 30° pulses
length of 4 us and 2 s recycle delay. For each *°Si NMR spectrum,
4000-90 000 transients were accumulated with a spectral width
of 59 kHz. XRD patterns of ceramics were collected using
a Philips X'Pert diffractometer with Cu Ko radiation. A 26 range
of 10-90° was scanned with a step size of 0.05°. Raman spectra
were collected on a Raman Station (B&RWTEK, BWS435-532SY)
with a near infrared laser operating at 532 nm. The micro-
structure of the ceramics was observed using scanning electron
microscopy (Helios Nanolab600i). A Philips-FEI Tecnai G2 F30
instrument was used to perform TEM investigations on the
ceramic powders dispersed on copper grid.

Results and discussion

The TG/DTG curves of SiBZrOC precursor was shown in Fig. 1.
The weight loss occurred mainly in three stages in the
temperature intervals 50-200 °C, 200-500 °C, and 500-800 °C,
respectively. The DTG curve shows an intense peak at 100 °C
corresponding to a weight loss of 6 wt%, which is attributed to
the loss of water and ethanol. The second weight loss of 7 wt%
in the range of 200-500 °C, is probably related to the release of
boric acid, H,, and CH, as the predominant volatiles. In the
third step, the weight loss of 4% is mainly due to the evolution
of methane Si-CH;. At above 800 °C, the weight remains
unchanged and the ceramic yield was found to be 83%.

Fig. 2 shows the infrared spectra of SiBZrOC precursor and
ceramics pyrolyzed at 1000 to 1600 °C. All the spectra show the
characteristic peak of Si-O-Si bond between 1000 and
1130 cm ™%, which is split into two bands at 1035 and 1125 cm ™ ?,
indicating the high degree of polymerization of the precursors.
Si~O-Zr bond at 905 cm ™" was detected in the precursor formed
through reactions (1) and (2), whilst disappeared in the
ceramics owing to the redistribution reaction between Si-O and
Zr-0O bonds and thus formed Zr-O-Zr bonds. Si-O-B bond at
875 cm™ ' was found in the ceramics, whilst absent in the
precursor. This is probably because the Si-O-B bond has been
formed through reaction (3) in the precursor, but covered up by
the Si-O-Zr bond in the ceramics. The FTIR results confirmed
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Fig. 1 TG curves of SiBZrOC precursor.

that both B and Zr were involved in the siloxane network in the
SiOC network in the ceramics.

=Si-OH + =Zr-OPr — =Si-O-Zr= + C;H,0OH 1)
=Si-OH + =Zr-OH — =Si-0O-Zr= + H,0 (2)

Si-OH + B(OH); — Si-O-B + H,O (3)

Fig. 3 shows the ?°Si NMR spectra of SiOC, SiBOC, SiZrOC
and SiBZrOC precursor. The spectra of SiOC and SiBOC
precursor present a sharp signal at —69 ppm assigned to SiCO;
units and another peak at —39 ppm due to HSiCO, units, whilst
the latter was absent in SiZrOC and SiBZrOC precursor,
revealing that the Si-H bonds has been transformed into Si-O
bonds through reactions (4) and (5) in Zr-containing
precursor.>® Moreover, the SiCO; peaks in SiZrOC and SiBZ-
rOC precursor were simulated with two Gaussian peaks at —62.7
and —69 ppm, which were assigned to the SiCO; units with and
without Si-O-Zr bonds, respectively. The former unit accounts
for 50% in SiBZrOC, which is obviously lower than the 74% in
SiZrOC ceramics,* suggesting that the SiCO; units with Si-O-B
bond in SiBZrOC accounts for 24% at most. The formation of
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Fig. 2 Infrared spectra of SiBZrOC xerogel and ceramics pyrolyzed at
various temperatures.
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Fig. 3 2°Si MAS NMR spectra of SiOC, SiBOC, SiZrOC and SiBZrOC
precursor.26%’

Si-O-B bonds consumed a part of Si-O bonds and thus
decreased the content of Si-O-Zr bonds. Combined with the
FTIR results, it is confirmed that Zr and B was distributed
uniformly in the SiOC network at atomic scale.

=Si-OH + =Zr-OH — =Si-0-Zr= + H, (4)

=Si-H + =Zr-OPr — =Si-O-Zr= + C;H; (5)

As comparison, TG curves of SiOC, SiBOC and SiZrOC***”
precursor were shown in Fig. 4. The ceramic yield of SiBZrOC is
83%, much lower than the 93% of SiBOC, and slightly higher
than the 81% of SiZrOC. This is probably because the formation
of Si-O-B bond lead to a more interconnected gel network,**
and thus higher ceramic yield in B-containing precursors.
Compared with SiZrOC, the ceramic yield of SiBZrOC was
slightly improved owing to the Si-O-B bonds formed through
the 24% Si-O bonds.

The *°Si MAS NMR spectra of SiBZrOC ceramics pyrolyzed at
various temperature are presented in Fig. 5. All the spectra show
the resonance peaks of SiO, (6 = —110 ppm) and SiC, (6 = —15
ppm) units, resulting from the redistribution reaction between
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Fig. 4 TG curves of SiOC, SiBOC, SiZrOC and SiBZrOC ceramics.?6?”

8156 | RSC Adv, 2022, 12, 8154-8159

View Article Online

Paper

SiOa | x\
; N\ N

SiBZrOC_ o~ .

T

SiBOC

Intensity (a.u.)

—
100 50 0 -50 -100 -150 -200
Chemical shift (ppm)

Fig. 5 2°Si MAS NMR spectra of SiOC, SiZrOC, SiBOC and SiBZrOC
ceramics pyrolyzed at 1200 °C.2%%7

Si-O and Si-C bond. The sp®-C/Si ratio of the four ceramics
were calculated according to the peak area of SiO, and SiC,,
listed in Table 1. It can be seen that the sp>~C/Si ratio of SiZrOC
ceramics is 0.12, lower than the 0.16 of SiOC ceramics, which is
attributed to the addition of Zr atom, leading to a decrease in
the thermal stability of Si-C bond.*® The SiBOC ceramics is 0.27,
much higher than that of SiOC ceramics.? This is because the
presence of Si-H groups in the precursor promotes the insertion
of C into SiCO network® and the redistribution reaction
between B-C and Si-O bond could also lead to the increase of
sp®~C.* The sp®-C/Si ratio in SiBZrOC ceramics is 0.22, between
the value of SiBOC and SiZrOC, resulting from the combined
effects of B and Zr.

XRD patterns of SiBZrOC ceramics pyrolyzed at various
temperatures are presented in Fig. 6. At 1000 and 1200 °C, t-
ZrO, phase is found as the only crystalline phase in SiBZrOC
ceramics. Small amounts of m-ZrO, were detected at 1400 °C,
which was formed through the phase transformation from t-
ZrO, during cooling down when the t-ZrO, grew up to the crit-
ical size.*® It can be seen that the phase transformation
temperature for SiBZrOC is 1400 °C, much lower than the
1600 °C for SiZrOC,”® revealing the growth of t-ZrO, in SiBZrOC
are faster than SiZrOC. Therefore, it can be concluded that the
addition of B facilitates the growth of t-ZrO, crystallites. More-
over, ZrSiO, was found at 1600 °C, formed by the reaction of
zirconia with amorphous silica in the matrix.

Fig. 7 shows the Raman spectra of SiBZrOC ceramics pyro-
lyzed at various temperatures. All the Raman spectra show two
characteristic features of disordered graphitic forms of carbon:
the D band at about 1350 cm ™" due to the defects and the G

Table 1 Calculated sp®/C ratio of SIOC SiZrOC? SiBOC and SiBZrOC
ceramics pyrolyzed at 1200 °C

Ceramics sp®-C/Si
SioC 0.16
SiZrOC 0.12
SiBOC 0.27
SiBZrOC 0.22

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of SiBZrOC ceramics pyrolyzed at various
temperatures.

band at 1590 cm ™" related to in-plane bond stretching of sp>
carbon. The G band narrows from 47 cm™ ' to 21 cm™ " and shifts
to the lower frequencies, suggesting the increasing graphitiza-
tion of free carbon with temperature.

The D band appears due to the A, breathing mode and
requires a defect for its activation. In our case, the D band is
possibly related to carbon dangling bonds or sp® carbon atoms.
The intensity ratio of D and G bands, I(D)/I(G), reflects the
graphitization of carbon materials, and it decreased with
increasing graphitization. The diameter of free carbon cluster
can be calculated using eqn (6),°** shown in Table 2. The
intensity of G band increases dramatically at above 1600 °C, and
accordingly the I(D)/I(G) rapidly decreases to 0.13 at 1600 °C,
which leads to a large L, of 38.1 nm.

Ih _ C(A
Is~ L.

(6)

Usually, the value of I(D)/I(G) for SiBOC ceramics is more
than 1 at below 1600 °C. In our case, the intensity of G band
increases dramatically at above 1400 °C, and accordingly the
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Fig. 7 Raman spectra of SiBZrOC ceramics pyrolyzed at various
temperatures.
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Table 2 Raman spectra parameters for SiBZrOC ceramics pyrolyzed
at various temperatures

Temperature wG

(°C) I(D)/I(G) (em™) FWHM (cm ™) L, (nm)
1200 1.3 1598 47 3.8
1400 1.2 1583 39 4.1
1500 0.69 1583 31 7.2
1600 0.13 1576 21 38.1

I(D)/I(G) decreases to 0.13 at 1600 °C, which is far smaller than
that in SiZrOC ceramics (I(D)/I(G) = 1.4). The results indicate
that the addition of B significantly promotes the graphitization
and the growth of free carbon cluster. This is probably owing to
the partial substitution of C with B atoms, which could increase
the crystallinity of carbon.’”*® The D’ bands at 1608 cm ™' is
considered to be the fingerprint of BC; site formed by the
substitution of B for C atom.® This substitution of C by B atom
introduces a local distortion within the graphite layer planes,
and thus formed crystalline defects. The electron deficiency of
boron with respect to carbon causes a decrease in the repulsive
interaction between the m-electron clouds of adjacent graphene
layers, allowing these layers to come closer together, and thus
lead to the increased graphitization degree of free carbon.*”*

Backscattered electron images of the fracture of SiBZrOC
ceramics pyrolyzed at 1000 °C, 1200 °C, 1400 °C and 1600 °C are
shown in Fig. 8. Combined with XRD results, the white grains
precipitated at 1200 °C with a size of 30-80 nm were t-ZrO,. The
spherical grains uniformly dispersed in the matrix and grew up
to 200-350 nm at 1600 °C, which were supposed to be t-ZrO,, m-
Zr0O, and ZrSiO, crystallites, according to XRD results.

Fig. 9 shows the TEM images and the corresponding
diffraction patterns of SiBZrOC ceramics. The oval particle in
the middle and the irregular particles in the upper are

Fig. 8 SEM images of SiBZrOC ceramics pyrolyzed at (a) 1000 °C, (b)
1200 °C, (c) 1400 °C and (d) 1600 °C.
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Fig. 9 TEM images of SiBZrOC ceramics pyrolyzed at 1600 °C. (a)
Bright field image, (b) diffraction patterns, (c) and (d) high-resolution
micrographs.

Table 3 Mass loss of SiZrOC and SiBZrOC ceramics pyrolyzed at
1200 °C after annealing in argon at 1400 °C, 1500 °C and 1600 °C for 5
h

Mass loss
Temperature
(°C) SiZrOC SiBZrOC
1400 1% 1%
1500 4% 3%
1600 10% 6%

determined to be m-ZrO, and the ZrSiO,, respectively, through
the diffraction patterns in Fig. 9(b). They are well-crystallized as
shown in the HRTEM images Fig. 8(c) and (d). Fig. 8(d) shows
the typical turbostratic structure of free carbon with 10-20
graphene layers, which is rarely found in the SiZrOC ceramics.>*
It is confirmed that the addition of B significantly promotes the
graphitization of free carbon.

Table 3 shows the mass loss of SiZrOC and SiBZrOC ceramics
pyrolyzed at 1200 °C after annealing in argon at 1400 °C, 1500 °C
and 1600 °C for 5 h. The SiBZrOC sample shows a mass loss of
6% compared with the SiZrOC sample of 10%, indicating the
enhanced thermal stability in SiBZrOC. This can be attributed
to the highly graphitized free carbon and the reaction of SiO,
and ZrO,, which both inhibit the carbothermal reaction
between SiO, and free carbon.

Conclusions

SiBZrOC quinary ceramics was prepared through the chemical
reactions of hybrid alkoxysilanes with boric acid and Zr(OnPr),.
Si-O-Zr and Si-O-B bonds were formed in the precursor and
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a high ceramic yield of 83% was achieved. The addition of B
promoted the crystallization of ZrO, and the graphitization of
free carbon, as well as increased the sp®-C/Si ratio. t-ZrO,
precipitated at 1200 °C with a size of 30-80 nm, reacted with the
matrix and thus formed ZrSiO, at 1600 °C. Turbostratic graphite
with 10-20 graphene layers was clearly observed in TEM. The
SiBZrOC sample showed excellent thermal stability in argon at
1600 °C for 5 h with a mass loss of 6%. Both the formation of
ZrSiO, and the highly graphitized free carbon inhibited the
carbothermal reaction and thus improved the thermal stability
of SiBZrOC ceramics.
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