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C-rich SiCN(O) ceramic nonwovens with thermo-oxidation resistance up to 600 °C were developed from elec-
trospinning of polyacrylonitrile in combination with different ratios of an oligomeric or polymeric silazane and
subsequent pyrolysis. The influence of the selective pre-polymerization of the oligosilazane and the respective
amount on the electrospinning, pyrolysis, phase formation and the properties of the resulting C-rich ceramic
nonwovens was evaluated. The fiber diameter after pyrolysis at 1000 °C ranges from 0.26 to 0.63 um. The

oligosilazane/PAN-derived ceramic nonwovens contain high oxygen and carbon content because of high reac-
tivity leading to a high ceramic yield due to additional crosslinking. A higher initial oxidation temperature
compared to pure carbon was confirmed for all samples. However, the best result was achieved with a sample
based on a high proportion of polysilazane in combination with PAN, as a dense passivating layer to protect the
free carbon regions was obviously better able to form.

1. Introduction

Since the development of the first electrochemical devices, carbon
materials have been extensively used as catalysts and/or catalytic sup-
ports for applications such as batteries, supercapacitors, fuel cells,
electrochemical sensors, and several electrolysis processes [1-3].
Among the various advantages that justify the relevance of carbon in
such applications, are its high conductivity, good thermal and chemical
stability, processing versatility, and low cost [4]. However, its suscep-
tibility to oxidation at high temperatures or in the presence of strong
oxidizing agents potentially reduces its performance or even limits its
applications [5,6].

To enhance catalytic performance, the development of the catalytic
supports must present a high surface area to provide more active sites for
reactions to take place. One interesting strategy that has been explored
in recent years, is the processing of carbon nanofibers by using elec-
trospinning [7-9]. Nonetheless, while increasing surface area leads to
improved catalytic activity, the challenges of avoiding thermo-oxidative
issues also increase.
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Si-based ceramics processed by the polymer-derived ceramics (PDCs)
route often fulfill the growing demand for lightweight and thermo-
oxidative resistant materials. PDCs present excellent resistance in
harsh environments and, as they are obtained through the pyrolysis of a
polymeric precursor, they allow the manufacturing of ceramics in
complex shapes [10-16]. However, despite their good chemical and
thermal stability, PDCs have low electrical conductivity, which is
essential in, for example, electrolysis and other electron transfer pro-
cesses. For this reason, different alternatives are investigated by
combining the PDC technology with carbon precursors. The so-called
C-rich PDCs represent an excellent alternative benefitting from the
properties of the two phases [17] and are been explored in several
interesting electrochemical applications, such as anodes in lithium-ion
batteries [18-21] or very robust catalytic supports [22,23].

Reports on electrospinning of carbon-rich PDCs are still scarce in the
literature, although both technologies are well established. For instance,
SiCN and SiCBN doped carbon nanofibers were prepared through the
PDC route via electrospinning [24]. Although the authors have reported
an improvement in oxidation resistance, the results are still limited to
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Table 1
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Solutions’ characteristics and operating conditions of electrospinning of samples containing oligosilazane or polysilazane.

Name Solutions’ characteristics Operating conditions of electrospinning
Total polymer concentration in DMF (wt ~ D1800/PAN ratio (wt HTTS/PAN ratio (wt Voltage Feed rate Tip-to-collector-distance
%) %) %) kV) (mlh™) (cm)

D1800_PAN  17.5 3:2 - 21 0.8 23.5

HTTS_PAN 17.5 - 3:2 21 0.8 23.5

PAN_D1800 15.0 3:7 - 21 0.2 23.5

PAN_HTTS 13.0 - 37 21 0.2 23.5

the carbon phase properties, since it was not possible to notice a shift in
the beginning of oxidation to higher temperature accompanied by a
large mass loss during oxidation tests. This limited improvement can be
attributed to the low concentration of ceramic precursor used in the
system, which is probably insufficient to provide the desired oxidation
protection. More recently, Liao et al. reported the obtaining of C/SiCON
electrospun nonwoven materials with very interesting multifunctional
properties, combining extremely low thermal conductivity and high
electrical conductivity [25]. Also, due to the well-distributed carbon/-
ceramic phase, the material showed remarkable fire resistance, com-
parable to commercial ceramic materials even presenting almost 50 wt%
of carbon.

In this study, the influence of an oligomeric or polymeric silazane,
each in combination with PAN, on the electrospinning process and
thermo-oxidative properties of the resulting carbon-rich ceramic non-
wovens were investigated. Especially, the effect of performing a selec-
tive pre-crosslinking on the used silazane was evaluated, since the
increase in its molecular weight impacts both its processing behavior by
electrospinning, its ceramic yield after pyrolysis and the resulting
properties. It is hypothesized that besides the variation of the silazane/
PAN ratio, the degree of polymerization and the cross-linking reactions
of the silazane can influence the oxidation stability of the pyrolyzed
material which is important for the application as catalyst supports with
huge surfaces in harsh environments.

2. Material and methods
2.1. Materials

The commercial silazane Durazane 1800 (Merck KGaA, Germany)
was selected as the oligosilazane (hereinafter referred to as D1800) and
for the synthesis of the polysilazane named as HTTS by using the catalyst
tetra-n butylammonium fluoride 1 M in tetrahydrofuran (THF) (Sigma-
Aldrich Co. LLC., Germany) and calcium borohydride bis(tetrahydro-
furan) (Sigma-Aldrich Co. LLC., Germany) to terminate the polymeri-
zation reaction. Tetrahydrofuran 99.5% and dimethylformamide 99.5%
(Fischer Chemical, USA) were employed respectively for synthesis and
electrospinning. PAN 200 kDa (Polysciences, USA) was used as the
carbon precursor. Dicumyl peroxide (DCP) 98% (Sigma-Aldrich Co.
LLC., Germany) was used as the curing initiator.

2.2. Methods

To obtain the solid polysilazane HTTS suitable for electrospinning,
the liquid oligosilazane Durazane 1800 was selectively polymerized
using a similar procedure reported elsewhere [26]. Briefly, 50 g of
Durazane 1800 was dissolved under vigorous magnetic stirring in 140
ml of THF followed by the addition of 0.25 wt% of TBAF as catalyst.
After 120 min, an excess of the inhibitor calcium borohydride bis
(tetrahydrofuran) was added to stop the reaction. The mixture was
stirred for 5 min and then filtered to remove the formed calcium fluo-
ride. THF was removed under reduced pressure. The PAN was dried at
110 °C for 24 h before use. Different solutions were prepared inside a
laboratory glass bottle by first stirring PAN in DMF at 100 °C for 3 h.
After cooling to room temperature, oligosilazane or polysilazane and 3
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wt% DCP in relation to the silazane was added and stirred for 12 h at
room temperature. The solutions were electrospun in a nitrogen atmo-
sphere using a lab-scale electrospinning device. The needle diameter
corresponded to 21 G (0.8 mm). The concentrations were established
based on electrospinnability of each solution defined according to pre-
liminary experiments (Table 1). The samples were denoted as
D1800_PAN and PAN_D1800 for oligosilazane, and HTTS_PAN and
PAN_HTTS for polysilazane.

The manufactured polymer nonwovens were pyrolyzed in a nitrogen
atmosphere from 20 to 1000 °C (5 K-min’l), kept at 1000 °C for 1 h, and
allowed to cool to room temperature. The resulting C-rich SiCN(O) fiber
nonwovens are denoted as D1800_PAN_1000, HTTS_PAN_1000,
PAN_D1800_1000, and PAN_HTTS_1000.

The rheological behavior of the solutions was evaluated using a
rotational rheometer in parallel plate configuration (MCR 702, Anton
Paar, Austria) [27]. The average of two replicates was considered. The
surface tension was analyzed through the hanging-drop approach using
a drop-shape analyzer (volume per drop of ~4 pL) (DSA25E, Kriiss,
Germany). The electrical conductivity of the solutions was measured by
a conductometer (SevenCompact S230-Basic, Mettler Toledo, EUA). The
average of three samples was considered.

Scanning electron microscope (SEM) was used to observe the
morphology of the electrospun nonwovens with an acceleration voltage
of 3 kV and magnification of x 3000 (Gemini Sigma 300 VP, Zeiss,
Germany). The samples were previously sputter-coated with gold
(thickness of 280 1°\) (Sputter Coater 108auto, Cressington, England) to
increase conductivity and improve image visualization. The fiber
diameter was evaluated from four different SEM images measuring
randomly 100 fibers of each sample with open-source ImageJ software.
Fourier transform infrared spectroscopy (FTIR) was conducted using an
attenuated total reflection (ATR) sampling unit (Tensor 27, Bruker
Corporation, USA). Spectra were min-max normalized for comparison of
the samples to overcome the confounding effect of varying sample
thickness on the band intensity.

The carbon structure was analyzed through Raman spectroscopy
with a 532 nm wavelength laser (Senterra II, Bruker, USA) and X-ray
powder diffraction (XRD) using flat-sample transmission geometry with
monochromatic Cu K-« radiation (A = 1.5418 i\, 40 mA, and 40 kV) (D8
Advance, Bruker AXS, Germany). The Raman curves were fitted using
the Lorentzian function and Origin 2021b software. The Ip/I; ratios
were calculated based on the area of each band after curve fitting. The
crystallite size (L) was determined according to the TK-correlation [28].

Solid-state 2°Si-nuclear magnetic resonance (NMR) spectra were
recorded using 4 mm Bruker probes (Bo =7.05 T, vo(zgsi) =59.66 MHz)
and spinning frequency of 10 kHz (Bruker AVANCE II 300, Bruker
Corporation, USA). The 295{-.NMR spectra were [0,1] normalized for
comparison. X-ray photoelectron spectroscopy (XPS) was conducted
using Al Ka™ ion beam with an energy of 1486.6 eV and a spot size of
400 um (Thermo Scientific, Chanhassen, USA). The surface contamina-
tion was removed by surface sputtering with argon at 3.0 keV for 2 min

The nonwoven density was determined by helium pycnometry
(AccuPyc II 1340, Micromeritics, USA). The surface area was deter-
mined via krypton adsorption using BET (ASAP 2010, Micrometrics,
USA). Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed by heating from 20 to 1000 °C (5
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Fig. 1. Properties of the different solutions: a) viscosity as a function of the
shear rate and b) conductivity and surface tension.

K-min~1) in a flowing nitrogen atmosphere (~5 mg of the sample) (STA
449 F5 Jupiter, Netzsch GmbH, Germany). For thermo-oxidation tests,
the same procedure was employed with synthetic air as the carrier gas.
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The oxidation behavior of the pyrolyzed nonwovens was evaluated by
static oxidation at 600 °C for 1 h (5 K-min_l) in an industrial furnace.

3. Results and discussion
3.1. Characterization of polymer solutions and electrospun fibers

The electrospinnability of a polymer solution is strongly affected by
its rheological properties. Thus, the rheology of the solutions with
different silazane systems was first investigated. In general, the solution
should be a non-Newtonian shear-thinning fluid, displaying both plastic
and elastic properties to support stretching, acceleration and whipping
during electrospinning. Pseudoplastic behavior was observed in all so-
lution systems (Fig. 1a). As expected, the solutions containing the pol-
ysilazane HTTS resulted in higher viscosities compared to the solutions
containing the oligosilazane D1800 due to the higher molecular weight
derived from the previous selective polymerization step [29]. Despite
the higher molecular weight of PAN, the HTTS_PAN solution was the
most viscous. In contrast, the viscosity of PAN_D1800 is higher than
D1800_PAN at a low shear rate, suggesting that the oligomeric silazane
has a small contribution to the solution viscosity. The D1800_PAN so-
lution has a higher concentration of low molecular weight silazane
molecules, and consequently, its contribution to the pseudoplastic
behavior is irrelevant.

The electric conductivity indicates the number of electric charges
found on the surface of the polymer solution to be electrospun and
controls its tendency to form fibers during electrospinning. The solutions
PAN_D1800 and PAN_HTTS showed a greater ability to conduct electric
current resulting from the higher amount of solvent (Fig. 1b). When
dissolving a polymer in a solvent, the conductivity of the solution in-
creases due to the availability of ionic species in the polymer. However,
with increasing concentration of the polymer in the solution, the elec-
trical conductivity may decrease. The HTTS_PAN and D1800_PAN so-
lutions showed a conductivity of respectively 14 and 16 pS-cm™'. In
contrast, the conductivity of PAN_HTTS and PAN_D1800 solutions was
44 and 54 pS-cm™! caused by the lower polymer concentration.

Beyond viscoelastic properties, the surface tension of polymer

L
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Fig. 2. SEM images showing mean fiber diameter of the nonwovens, respective histogram, and sample photo of a) D1800_PAN, b) HTTS_PAN, c¢) PAN_D1800, and

d) PAN_HTTS.
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Fig. 3. FTIR-ATR spectra of the as-spun samples.

solution is among the key parameters of the electrospinning process
[27]. A polymer solution is elongated when the electrical force over-
comes the surface tension, forming consequently fibers in the electro-
spinning process. The presence of silazane decreased the surface tension
of the solution when compared to pure DMF (35 mN-m ™! at 20 °C) [30].
D1800 has a shorter backbone chain and a higher percentage of polar
groups (N-H and Si-H) than HTTS. The D1800 molecules were thus
strongly bonded to one another, which gave the D1800_PAN and
PAN_D1800 polymer solutions a high surface tension. Nevertheless, the
solutions showed no noteworthy difference in surface tension and these
values are very similar to pure solutions of silazane and PAN [27].
After electrospinning, very thin fibers ranging from 0.32 um to
0.62 pm were obtained (Fig. 2). This indicated that the solutions have
the proper viscoelastic, conductivity and surface tension properties to
form fibers under the chosen processing parameters. To understand how
the solution properties influenced the fiber size and distribution, the

c).
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explanation needs to be divided into two systems: (1) with more PAN
and (2) with more silazane. When there was more PAN, the organic
polymer ended up governing the rheology behavior of the system, and
the predicted reduction in fiber diameter was noticed for the low-
viscosity PAN/D1800 solution. In contrast, for the system with more
silazane, the sample D1800/PAN showed a larger average fiber diam-
eter, even though it has a significantly lower viscosity. As in this case the
difference in molecular weight was higher (the oligosilazane is liquid at
room temperature), this could lead to phase separation of the lower
molecular weight oligomers presenting in D1800, causing instability
during electrospinning. However, in both samples containing the solid
polysilazane HTTS, more uniform fibers (lower dispersion) were ob-
tained when compared with the solutions containing oligosilazane,
demonstrating the positive contribution of increasing the silazane mo-
lecular weight for electrospinning.

To further understand the influence of silazane on the fiber
nonwoven composition, FTIR analyses were conducted. The expected
absorption bands were in general agreement with the literature [26,29,
31,32] and all materials possess the characteristic peaks of PAN and
silazanes (Fig. 3). The presence of silazane was confirmed by the bands
at ~3390 and ~1150 cm ! from N-H stretching [vs(NH)] and N-H
bending [5(NH)]. The symmetric C-H stretching at ~2950 cm™!
[us(CH3)] and the symmetric C-H deformation band at ~1450 and
1250 cm ! [5,(CHs)] were also identified. The band at ~2100 cm ™' was
assigned to the symmetric Si-H stretching [vs(SiH)]. The vinyl group,
Si-C, and Si-N bending bands were determined between 750-950 cm ™.
PAN, on the other hand, can be identified by the presence of the C=N
stretching band at ~2245 cm ™.

The most significant differences between the spectra were observed
when analyzing the samples in the systems with more PAN and in the
systems with more D1800. The samples with more PAN seemed to have
more residual DMF (more intense carbonyl peak) due to the high affinity
of the polar groups of PAN and DMF as reported elsewhere [33]. On the
other hand, the D1800-derived samples had a more intense Si-O peak.
HTTS is less susceptible to reactions with moisture than D1800 because
it has already been crosslinked reducing the reactive Si-H and N-H
groups. As the process was conducted in a nitrogen atmosphere, the

Fig. 4. SEM images showing mean fiber diameter, respective histogram, and optical images of a) D1800_PAN_1000, b) HTTS_PAN_1000, c¢) PAN_D1800_1000, and d)

PAN_HTTS_1000.
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Fig. 5. Curves of a) TGA and b) DSC measurements of as-spun nonwovens
pyrolyzed in nitrogen atmosphere.

oxygen contamination was likely to be caused by the DMF solvent,
which is highly hydrophilic and can contain residual water impurities
[33]. Therefore, FTIR-ATR analysis suggests that the samples prepared
with D1800 contained more oxygen in the composition, also confirmed
by XPS analysis.

3.2. Investigation of the pyrolysis behavior

During pyrolysis up to 1000 °C in nitrogen, the shrinkage in diameter
of the HTTS_PAN_1000C fibers was 22% and 19% for PAN_HTTS_1000
(Fig. 4). Similar results were reported for pure HTTS fibers pyrolyzed at
the same conditions [34]. Surprisingly, the ceramic fibers derived from
the systems containing the oligomer D1800 seem to have a negligible
change in their average diameter, which would indicate zero shrinkage.
However, this unusual observation may be explained by fiber coales-
cence during pyrolysis. Although the radical initiator DCP (3 wt% DCP
in relation to the silazane) was employed as a curing agent to prevent
coalescence, the concentration was too low to complete the crosslinking
of the D1800 before the ceramic transformation because diluting effect
of PAN. This coalescence phenomenon was also observed in the HTTS
system but to a much lower extent due to previous selective polymeri-
zation of the silazane.

To better understand the organic-inorganic transformation during
pyrolysis, TGA and DSC measurements were performed. The measured
ceramic yields were 65% (D1800_PAN_1000), 61% (HTTS_PAN_1000),
48% (PAN_D1800.1000), and 44% (PAN_HTTS_1000) which are all
between pure HTTS (80%) and PAN (40%) (Fig. 5a). According to TGA
analysis, all samples showed a first weight loss at 150 °C associated with
residual DMF vaporization. As confirmed by FTIR, samples with more
PAN present more DMF after electrospinning resulting in higher weight
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losses up to 150 °C.

The largest weight change occurred between ~200-400 °C associ-
ated with the loss of oligomers for silazane and the release of hydrogen
and small quantities of ammonia for both silazane precursors [33].
Normally the sample containing D1800 would have a higher weight loss
compared to HTTS in the temperature range of 200-400 °C since D1800
has a higher amount of more volatile oligomers. The fact that this was
not observed in the present study suggests some hypothesis. The most
likely possibility would be the partial elimination of lower molecular
weight oligomers already during electrospinning due to the high voltage
applied. Another option could be related to additional crosslinking re-
actions between the remaining silazane molecules [35] or because of
reactions between the Si-H groups from the silazane with N-function-
alities from PAN [33]. Finally, more Si-O-Si bonds were detected in the
FTIR spectra, which is an indication of an additional crosslinking and the
incorporation of oxygen leading to lower weight loss.

Between 400-1000 °C, the main products released from PAN are
hydrogen, cyanide, ammonia, and nitrogen [36] and from silazane are
hydrocarbons such as methane and hydrogen.

The precursors have two main exothermic peaks at 250-300 °C and
500-700 °C, which correspond to the cyclization and decomposition of
PAN (Fig. 5b). The smaller peak at ~600 °C for D1800_PAN suggests the
reaction between functional groups of these two precursors. The small
exothermic peak at ~125 °C can be attributed to the polymerization
initiated by DCP, mainly for the D1800_PAN sample containing Si-H and
vinyl groups via vinyl polymerization and hydrosilylation reactions.

3.3. Characterization of the C-rich ceramic phase formation

The conversion of the polymers to ceramics at 1000 °C was
confirmed by the disappearance of the N-H and Si-H absorption bands as
well as methyl and vinyl groups in the FTIR-ATR of the pyrolyzed
samples (Fig. 6). Likewise, the conversion of PAN to ladder structure
carbon was observed by the disappearance of the C=N absorption band.
The wide peak between 700 and 1200 cm ™! in the pyrolyzed samples is
attributed to the formation of SiCN derived from the silazanes [§4(SiC)
and 54(SiN)], while the band at ~1544 cm~! is attributed to C=C and
C=N bands [v5(C=C) and vs(C=N)]. Characteristic peaks at ~442 cm !
and ~1060 cm ! for Si-O stretching [55(Si-O)] were observed mainly for
D1800-derived samples, which is ascribed to oxygen incorporation
during the experiments [33,37,38].

The formed carbon structure was further evaluated by XRD and
Raman analyses. Broad diffraction bands displayed in the XRD patterns
were indexed to free carbon ascribed to the (0 1 0) plane of graphite
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Table 2
Raman spectroscopy features of C-rich SiCN(O) nonwovens.

Sample Ip/Ig L, (nm) Ip/Ip~» D intensity (a.u.) D” intensity (a.u.) G intensity (a.u.)

D1800_PAN_1000 1.29 3.85 3.26 1330 1481 1578
HTTS_PAN_1000 1.67 2.97 4.91 1330 1481 1570
PAN_D1800_.1000 1.02 4.84 2.09 1330 1481 1582
PAN_HTTS_1000 1.20 4.14 2.86 1319 1481 1578

. i - i . plane bond stretching of spz—hybridized carbon atoms [43,44]. For

SiN,O samples containing a higher content of silazane, the D-band is the

SN, ‘ strongest band revealing the presence of a disordered graphite. The re-

SiN.C sults indicated that both defective amorphous carbon and ordered
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Fig. 8. Solid-state 2°Si-NMR of samples heat-treated at 1000 °C in nitro-
gen atmosphere.

(band at 17°), the (0 0 2) lattice of typical graphite (band at 25°) and the
(1 0 0) plane from arbitrary diffraction related to graphene sheets (band
at 44°) [39-41] (Fig. 7a). According to XRD patterns, the C-rich SiCN(O)
samples were composed of an amorphous structure since diffraction
bands showed a diffuse scattering state. Although transmission electron
microscopy (TEM) was not carried out in this study, the formation of
nanocrystalline structures cannot be ruled out, as these structures would
not be detected by XRD [17,42].

Following XRD results, Raman spectroscopy also indicated the exis-
tence of a free amorphous carbon phase (Fig. 7b). The characteristic
carbon vibrations appeared in all spectra: the D band at ~1326 cm ™},
the D” band at ~1458 cm ™! and the G band at ~1575 cm ™. The D band
results from disorder and defect-induced vibration modes of graphene
layers in the carbon phase, linked to the breathing motion of sp2-rings,
the D” peak arises from amorphous carbon and the G mode from an in-
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crystalline carbon exist in the C-rich SiCN(O).

To better compare the carbon phase ordering, the ratios between the
peak intensities are presented in Table 2. The Ip/I ratios of the systems
containing more silazane are higher, as well as the Ip/Ip”. These two
relationships reveal a more organized carbon phase, especially in the
system containing HTTS. This higher ordering level must be related to
the contribution of free carbon derived from silazane. Due to the
different mechanisms of free carbon formation, there is a greater ten-
dency towards ordering in PDCs, probably due to the more localized
generation of free carbon. By contrast, a more considerable portion of
sp® carbon was expected in PAN-derived samples at this pyrolysis tem-
perature [45].

To evaluate the molecular structure of the obtained C-rich SiCN(O),
29Gi.-NMR spectroscopy was conducted (Fig. 8). Broad resonances
dominated at —48 ppm assigned to silicon bonds in SiN4 [33]. The for-
mation of SiN3C is more intense in D1800_PAN_1000. The possibility of
the existence of a small amount of other mixed bonds, such as SiC4 and
SiCaNy, cannot be excluded. As mentioned before, during pyrolysis
additional Si-N bonds between the silazane and PAN can be formed,
which favors the formation of SiNy sites [33,46]. The 295i_.NMR spectra
showed a —65 ppm peak assigned to SiN3O environments [47], limiting
more conclusions from this technique due to the high amount of oxygen.
The chemical shift corresponding to SiO4 is usually detected at
—110.8 ppm [47,48]. Here SiO4 was not detected in the NMR spectra
due to limitations in the equipment, however, the presence of SiO4 in the
materials cannot be ruled out.

XPS spectroscopy can measure the elemental composition as well as
the chemical and electronic state of the atoms but only on the surface of
the fibers. However, considering the care taken in handling and prepa-
ration of the sample, as described in the experimental procedure, and the
fact that the fiber diameters are in the submicrometer scale, the XPS
results can indicate the composition of the sample as a whole. According
to the molecular composition determined by XPS, all manufactured
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Table 3
Elemental compositions of the surface of C-rich SiCN(O) nonwovens determined
with XPS analyses.

Sample Composition (at%) Free carbon (mol.%)
Si C N o

D1800_PAN_1000 19.6 52.1 5.4 22.9 59.7

HTTS_PAN_1000 28.6 39.7 18.5 13.2 43.6

PAN_D1800_1000 15.2 55.2 4.9 24.7 64.4

PAN_HTTS_1000 16.3 54.3 9.5 19.9 62.9

electrospun nonwovens are definitively C-rich PDCs (Table 3). A higher
oxygen presence occurred with samples derived from D1800 due to the
greater amount of active sites to react with oxygen, confirming the re-
sults detected by FTIR-ATR and 2°Si-NMR measurements. XPS analysis
suggested that a higher content of Si was obtained in samples with the
polysilazane HTTS. High-resolution XPS spectra under the Si 2p band
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indicated the presence of Si-N (101.9 eV), Si-C (102.7 eV), and Si-O
(103.5 eV) peaks [49,50]; under C 1 s band with C-Si (284.0 eV), C-C
(284.9 eV), and C—=O0 (286.0 eV) peaks; under N 1 s band with N-Si
(397.3 eV) and N-C (400.4 eV) peaks [51,52]; and O 1 s band with O-Si
(532.4 eV) and C=0 (534.0 eV) peaks [53] (Fig. 9). The Si 2p XPS
spectra are in good agreement with the 2°Si-NMR results, in which
different silicon environments were observed. The N 1 s XPS spectrum
suggests a higher concentration of N-Si chemical bonds in
HTTS_PAN_1000 fiber surface than in D1800 PAN_1000 fiber surface.
The increased amount of carbon in the fiber nonwoven derived from
D1800 led to a higher intensity of the C-C peak. Furthermore, the
samples with more PAN seemed to be very similar in terms of the
amount of carbon and silicon, resulting in a comparable quantity of free
carbon. However, there was a big difference between the HTTS- and
D1800-derived samples. As previously discussed the D1800 oligosila-
zane may volatilize partially during electrospinning because of very low
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Fig. 9. High-resolution XPS spectra of the (a) D1800_PAN_1000, (b) HTTS_PAN_1000, (c) PAN_D1800_1000 and (d) PAN_HTTS_1000 nonwovens.
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Fig. 10. Curves of TGA of C-rich SiCN(O) and carbon nonwovens for oxidation
resistance evaluation (heating rate: 5 K-min’l; atmosphere: synthetic air).

molar weight molecules and is therefore not fully incorporated into the
fiber.

3.4. Oxidation resistance

TGA measurements were performed in flowing synthetic air to assess
the oxidation resistance of the nonwovens (Fig. 10). For comparison, a
carbon fiber nonwoven was manufactured from PAN (PAN_1000) under
similar conditions and tested accordingly.

For all samples, an increase in thermo-oxidative resistance was
observed by the shifting of the onset oxidation temperature:
HTTS_PAN_1000 (ca. 627°C), PANHTTS_ 1000 (ca. 546 °C),
D1800_PAN_1000 (ca. 572 °C), PAN_D1800_1000 (ca. 528 °C). In com-
parison, the onset oxidation temperature for PAN_1000 is at about
500 °C. The oxidation resistance of the material in this study is deter-
mined by how well the ceramic phase can protect the carbon from
oxidizing, being proportional to the amount and distribution of the

100

50
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carbon phase in the matrix. For this reason, samples with more carbon
performed worse in the oxidation test.

Remarkably at 1000 °C, the samples derived from polysilazane and
PAN possess a lower weight loss: 20% for HTTS_PAN_1000, 23% for
D1800_PAN_1000, 45% for PAN_HTTS 1000, and 57% for
PAN_D1800_1000. The systems with more PAN had little effect on the
matrix protection because of the huge amount of free carbon. The
advantage of the system with HTTS can be justified by the higher
amount of the oxidation-resistant SIiCN phase. For the samples with
more silazane, the amount of free carbon is lower, leading to a more
oxidation-resistant material. The oxidation resistance of the
HTTS_PAN_1000 nonwoven is therefore mainly attributed to the
chemical composition, molecular structure, and homogeneously
distributed free carbon phase within the SiCN(O) matrix. In addition,
according to the Raman results of the present study, the
HTTS_PAN_1000 sample has more organized carbon, which also con-
tributes to improved oxidation resistance.

In the case of pure SiCN(O) ceramics, usually, the most present free
turbostratic carbon is well protected from oxidation by the ceramic
phase. After the formation of a dense silica layer at the surface further
oxidation is diffusion controlled. However, if the carbon content is too
high and/or not well distributed the ceramic phase cannot form a
continuous and dense protective layer during oxidation, which leads to a
catastrophic loss of oxidation resistance. Thus, ceramics with a high
content of free carbon tend to oxidize much faster. Therefore, the high
free carbon content in PAN_D1800_1000 and PAN_HTTS_1000 reduced
the oxidative resistance due to the exposition of free carbon directly to
oxidation, which is the main drawback in high-temperature applications
of carbonaceous materials. Ribeiro et al. reported very similar C-rich
SiCN materials but synthesized from in situ radical polymerization of
acrylonitrile with Durazane 1800 having a similar free-carbon amount
to the materials synthesized in the present study. However, the onset
oxidation temperature was much higher at about 800 °C (with 60 wt%
of silazane) and 650 °C (with only 30 wt% of silazane) [33]. The better
phase distribution resulting from the in situ reaction could be respon-
sible for the higher oxidation resistance. Furthermore, it should be noted
that the fiber diameter was about 200 um in contrast to the sub-
micrometer size of the fibers used in this study, which results in a much

100617 50,03 um

Fig. 11. SEM images containing the respective histogram, mean fiber diameter, and sample photo after oxidation tests at 600 °C for 1 h of a) D1800_PAN_1000, b)

HTTS_PAN_1000, c) PAN_D1800_1000, and d) PAN_HTTS_1000.
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Fig. 13. Survey XPS spectra of oxidized HTTS_PAN_1000 nonwoven in com-
parison to pristine materials.

higher surface area available for oxidation.

SEM analyses of the nonwovens after the oxidation tests up to 600 °C
provide the impression that the fibers remained almost unchanged
because no signs of pores or cracks due to oxidation appeared (Fig. 11).
However, fiber size reduction, change in sample color, weight loss, and a
pronounced brittleness were noticed for D1800_PAN_1000,
PAN_D1800_.1000, and PAN_HTTS_ 1000 samples. In contrast, the
HTTS_PAN_1000 sample was still almost intact with only a very small
decrease in the fiber diameter. XPS analyses of this fiber type revealed an
increase in the oxygen content at the surface after oxidation due to the
formation of silica and oxygen-containing ceramic phases (Fig. 12). The
survey spectra to each sample also showed the increase in the oxygen of
oxidized HTTS_PAN_1000 in comparison to the other materials (Fig. 13).
Since nitrogen and carbon are still detectable, it is likely that a closed
oxidation protection layer composed of silica, SIOCN but also Si;N20
was able to form on the surface of HTTS_PAN_1000 sample to protect the
segregated carbon [33,54].

The surface area of the nonwovens prepared in this study varied
between 2.7 and 6.1 m2~g’1 with 4.9 rnz-g*l for the HTTS_PAN_1000
material. Although ceramics based on silazanes already have a low
density the electrospun PDCs from the present work showed even lower
values of only ~1.8 up to 2.1 g-cm™> which is in the case of the
HTTS_PAN_1000 material a reduction of 18% in comparison to bulk
SiCN pyrolyzed at 1000 °C [55] and 6.6% to SiCN used as matrix ma-
terial [56]. This lower density results primarily from the high carbon
content.
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4. Conclusions

In this study, C-rich SiCN(O) nonwovens were developed via elec-
trospinning of solutions of PAN in combination with several ratios of an
oligosilazane (Durazane 1800) or a polysilazane (HTTS synthesized
from Durazane 1800) and subsequent pyrolysis. By adjusting the vis-
cosity of the solutions very thin fibers with diameters ranging from
0.32 ym to 0.62 um were obtained. The subsequent pyrolysis up to
1000 °C in a nitrogen atmosphere led to amorphous C-rich ceramic
nonwovens with several Si-C-N-O phases highly dispersed within the
fibers. The oxygen contamination was introduced during the handling of
the samples, especially by using the more reactive Durazane 1800.
Surprisingly, the fiber diameter after pyrolysis at 1000 °C was also
determined between 0.26 and 0.63 um most probably because of fiber
coalescence during pyrolysis. The higher oxygen contamination by using
the oligosilazane in combination with PAN also led to a higher ceramic
yield due to additional crosslinking reactions. A higher initial oxidation
temperature compared to pure carbon (~500 °C) was confirmed for all
samples. As expected the materials with more PAN had little effect on
the matrix protection because the small amount of the formed ceramic
phases cannot form a dense passivating layer to protect the high amount
of free-carbon. Therefore, the best oxidation resistance up to 600 °C was
achieved with sample HTTS_PAN_1000 which contains a higher amount
of polysilazane able to form a dense passivating layer for the protection
of the free carbon regions. The oxidation resistance of the
HTTS_PAN_1000 nonwoven is therefore mainly attributed to the
chemical composition and molecular structure of the polymers resulting
in a homogeneously distributed free carbon phase within the fiber
matrix.

The results suggested that C-rich SiCN(O) nonwovens have a high
potential for applications as catalyst support at high temperatures in
harsh environments but also as a lightweight material because of their
low density.

This work also demonstrated the advantages of the PDC technology
that with simple modifications to the composition or chemical structure
of the polymers, the properties of the resulting ceramics can be specif-
ically adjusted.
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