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The influence of carbon nanotubes and graphene
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Graphene oxide (GO) and multi-walled carbon nanotubes (MWCNT) were incorporated into a SiOC
composite ceramic matrix using a simple roll-mixing method followed by thermal cross-linking and
pyrolysis. The structure, morphology, porosity, surface characteristics, and thermal properties of
polysiloxane are analysed using scanning electron microscopy, BET specific surface area, mercury
intrusion porosimetry, water vapour and n-heptane adsorption, and Raman spectroscopy, respectively.
The electrical conductivity, conduction mechanism, and percolation behavior of the composite ceramics
are investigated by electrical impedance spectroscopy in the temperature range of 25-250 °C. Free-
rising composite ceramic foams are generated, incorporating both nanofillers into the SIOC ceramic
matrix. Both nanofillers show a positive effect on the thermal stability of the SiOC ceramics. The room
temperature DC conductivity value of pure SiOC ceramics shows ~2.97 x 107° S cm™, which increases
by three to four orders of magnitude after the incorporation of 5 wt% conductive nancfillers (~2.5 x
107¢ S cm™! for 5 wt% GO and ~2.08 x 107> S cm ! for 5 wt% MWCNT). The calculated activation
energy from the Arrhenius plot for composite ceramics is found to be lower (0.10 eV for 5 wt% GO and
0.07 eV for 5 wt% MWCNT) compared to the same SiOC ceramics without nanofillers (0.22 eV). The
conduction mechanism studies of composite ceramics suggest a non-Debye type distribution of
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Introduction

Commercial energy storage and conversion technologies would
greatly benefit from the discovery of a cheap and highly effective
material with a unique structure.™ Recently, some special
polymer-derived ceramics (PDC) have received considerable
attention due to their peculiar properties, including high
thermal and chemical stability, outstanding oxidation and
corrosion resistance, unusual topologies, and pre-determinable
pore size distribution. These properties make PDCs suitable
candidates for various applications in biomedicine, informa-
tion technology, aerospace and defense, and as high-
temperature micro-sensors.>* However, PDCs have rarely been
applied to the different energy applications®® and are still at an
early stage of development due to their extremely low electrical
conductivity at room temperature.** The room-temperature DC
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rechargeable batteries, high-temperature fuel cells, gas sensors, display devices etc.

(direct current) conductivity of PDCs can be improved by several
orders of magnitude, by modifying the polymeric precursor,
composition, pyrolysis temperature, pyrolysis atmosphere, and
incorporation of conductive nanofillers.’** It has already been
reported that the addition of different carbon allotropes, such
as graphene oxide (GO) and multi-walled carbon nanotubes
(MWCNT), to organic polymer matrices, improve the overall
thermal, mechanical, and electrical properties of composite
ceramics.’*® Moreover, the added nanofillers influence the
rheological behavior and the cross-linking of the PDCs, which
further alter the physical and chemical properties of the
ceramic matrix."® " In spite of the noticeable research on fillers
incorporated PDCs, the electrical transport properties of the
ceramics are only rudimentarily understood. Investigation of
electrical transport properties is important to examine the
viability of PDCs for electrochemical applications. In this
context, numerous research reported that AC (alternating
current) impedance spectroscopy is a very useful technique for
exploring the hopping mechanisms and percolation thresholds
for a number of materials;**?* however, very limited data exist
for polymer-derived ceramics.”>*® The AC impedance analysis of
SiCN/CNT-ceramic nanocomposite shows the percolation
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thresholds for CNT loadings were lower than 1 vol% and
a maximum conductivity of 7.6 x 107> S cm ™" was observed at 5
vol% CNT.*® Using AC impedance technique, An et al. reported
that the conduction mechanisms in SiOC, SiC, and SiCN based
ceramics is generally governed by different hopping mecha-
nisms with relaxation times at different phase (matrix and free
carbon in series) present in the ceramics.?*?® Thus, it is deemed
more pertinent to compare the frequency-dependent conduc-
tive behavior of different nanofillers (GO and MWCNT) incor-
porated SiOC ceramics.

Herein, we investigate the effects of different types of carbon-
based nanofillers (in particular, GO prepared from graphite and
commercial MWCNT) on the structure, morphology, porosity,
surface characteristics, and thermal properties of polysiloxane
derived ceramics. Further, we extend the systematic study of
frequency and temperature-dependent conductivity behavior of
nanofiller-incorporated SiOC ceramics at different temperatures
(25-250 °C).

Experimental section

Preparation of composite ceramics

The nanofiller-incorporated (GO and MWCNT) SiOC composite
ceramics were prepared using a roll-mixing method followed by
thermal cross-linking and pyrolysis. A silicone resin poly(methyl
phenyl silsesquioxane) (Silres®H44, WackerChemie AG), chemi-
cally modified graphene oxide (GO), and multi-walled carbon
nanotubes (MWCNT) were used in this work. For the preparation
of GO from graphite flakes (Sigma-Aldrich), a modified Hummer
method was used. The stoichiometric amount of graphite,
potassium persulfate, phosphorous oxide and sulphuric acid
were mixed in a round bottom flask and refluxed at 80 °C for
4.5 h. Then DI water was added to the flask and continued the
refluxing overnight followed by filtering and drying. The dried
sample was transferred to ice bath with the slow addition of
potassium permanganate with sulphuric acid, DI water and
stirrer for 30 min. Then hydrogen peroxide was added to the
solution followed by adding DI water. Finally, the solution was
removed from ice bath and the powder was separated using
centrifuging and drying. For better comparison, the commercial
MWCNT (Nanochem) were used as purchased without any puri-
fication. In a typical preparation process, the silicone resin (H44)
was mixed with different wt% (1, 3, 5, and 10 wt%) of nanofillers
(GO and MWCNT) and milled in a universal roller for 6 h fol-
lowed by cross-linking at 110 °C for 24 h (heating and cooling rate
20 °C h™") on a Teflon sheet. The resulting solid cross-linked
powders were taken in an alumina crucible and further pyrol-
ysis at 1000 °C for 4 h in the nitrogen atmosphere with heating
ramps of 120 °C h™* until 900 °C and then 30 °C h ' until
1000 °C. During pyrolysis the powder converted into a single
piece of monolithic structure (Fig. S1T) what confirms that the
solid cross-linked polymer is converted at least partially into
a liquid via melting process during the pyrolysis before trans-
ferring into the ceramic monolith. For better comparison, the
conductive fillers (GO and MWCNT) were thermally treated under
same condition where GO was completely exfoliated and con-
verted into reduced graphene oxide (rGO) sheets (Fig. S27).
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Characterization of composite ceramics

The decomposition behaviour of the cross-linked material under
a nitrogen atmosphere and thermal stability of composite
ceramics under an air atmosphere were measured with a ther-
mogravimetric analyzer (STA 503 BAHR) in the temperature
range of 25-1000 °C using a heating rate of 10 °C min™", and
a nitrogen, air flow of 2 L h™'. The macrostructures of the
monoliths were observed with a scanning electron microscope
(SEM, Camscan Series 2, Obducat CamScan Ltd, 20 kV). Trans-
mission electron microscope (TEM) measurements were per-
formed using an FEI Titan 80, at 300 kV. The specific BET surface
area of the powder sample (particle sizes = 300 pm) was calcu-
lated after recording nitrogen adsorption/desorption isotherms
with a Belsorp-Max (Bel Japan Inc.). Pore size distribution (meso-
macro pore ranges from 0.01 to 100 micrometres) and open
porosity were determined using mercury intrusion porosimetry
(Pascal 140/440 POROTEC GmbH). The nature of the carbon
phases in the composite ceramics was analyzed with a Raman
microscope LabRam ARAMIS (Horiba Jobin Yvon) Horiba Lab-
Ram Aramis spectrometer equipped with a 532 nm laser. The
elemental content (C and Si) in the composite ceramics was
analyzed by elemental analysis (Mikroanalytisches Labor
Pascher, Germany). Surface characteristics (water vapour and n-
heptane adsorption) were measured by placing ~0.5 g of dried
sample in a glass vessel within a closed Erlenmeyer flask con-
taining the liquid solvent at equilibrium with its vapour phase at
room temperature for 24 h. The samples were weighed before
and after the measurement in order to calculate the vapour
uptake per m> (via BET). For electrical conductivity measure-
ments, the monolithic ceramic foams were crushed into powders
which further pressed into form a pellet, and the both side of the
pellets were coated with gold using a sputter coater (EMITECH
K550). The AC impedance studies were carried out for the
ceramic pellet sandwiched between highly polished stainless
steel blocking electrodes by using an impedance analyzer (IM6ex
Zahner® Elektrik) in the frequency range of 1 MHz to 10 mHz in
the temperature range of 20-250 °C.>>**

Results and discussion
Thermal behavior

The thermogravimetric measurement was done in order to
elucidate the influence of the nanofillers on the thermal
behavior of the composite samples. Fig. 1(a and b) shows the
decomposition behaviour of the nanofillers incorporated cross-
linked samples (110 °C for 24 h) and compared with pure
conductive fillers (GO and MWCNT) after the same treatment
(110 °C for 24 h). In the temperature range of 400-600 °C the
highest mass loss of approximately 15-30% is observed for
cross-linked ceramic materials due to the decomposition of the
organic groups.”® Samples then remain stable until 1000 °C. It
was noticed that pure H44 have a higher mass loss than those
incorporating nanofillers (GO and MWCNT) at various
temperatures and different environments (Fig. 1a-d). Even
though the GO shows poor thermal stability compared to bare
H44 at 1000 °C, in the GO-containing ceramics the incorporated
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Fig. 1 (a and b) Thermograms of cross-linked (110 °C for 24 h) poly-

mer H44 with different wt% ratios (1, 3, and 5) of fillers (GO and
MWCNT) in a nitrogen atmosphere; (c) thermograms of pyrolyzed
(1000 °C for 4 h) ceramic monoliths in an air atmosphere; (d) ther-
mograms of all precursors without cross-linking steps.

GO creates stronger chemical coupling with the ceramic matrix
and combination of ceramics with GO shows the synergistic
effect which makes them more stable one. The mass loss of GO-
containing ceramics increased with increased GO content, due
to the residual functional groups of GO being thermally reduced
during the pyrolysis (for pure GO ~60% loss without pre-
treatment and ~40% loss with pre-treatment done at 110 °C
for 24 h). Whereas the mass loss of MWCNT-containing
ceramics was not significantly affected even at a higher
MWCNT content due to the incorporated MWCNT used, as
purchased without any functionalization. The theoretical
decomposition of the composite was calculated from the mass
loss of each component measured separately and compared
with the experimental mass loss of the compositions (Table 1).
The experimental weight loss of ceramic matrix was much lower
than the theoretical value calculated due to the incorporation of
nanofillers, which significantly improve the overall thermal
stability of the ceramic matrix by utilizing the synergistic effect.

For a better understanding of the influence of nanofillers on
thermal stability of the composite ceramic monoliths, the
decomposition behavior of the pyrolyzed samples (1000 °C for 4

Table 1 Calculated and experimental weight losses for cross-linked
polymer H44 with different wt% ratios (1, 3, and 5) of fillers (GO and
MWCNT)

Mass loss (%)

GO (%) MWCNT (%)
Filler incorporation 1 3 5 1 3 5
Experimental 22 23.9 27.3 234 23.7 24
Calculated 31.8 32.3 32.7 31.6 31.4 31.2
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h) are analyzed in the air atmosphere (Fig. 1c). The thermogram
shows that thermally reduced graphene oxide (rGO) sheets and
MWCNT were completely burned away at 800 °C.*° At 1000 °C,
the weight loss of both GO and MWCNT-incorporated ceramic
monoliths shows equal or little bit more than the bare H44
alone. The onset of the degradation of the bare SiOC started
much earlier, whereas the composite material displays a delay
in the onset of degradation and high thermal stability until it
reaches 900 °C. Finally, the thermograms of the precursor are
analyzed without cross-linking steps. The pure H44 precursor
without cross-linking steps shows a higher mass loss of ~4%
than those of pure H44 after cross-linking due to the weight loss
of OH groups which generally reacted during the cross-linking
steps (Fig. 1a, b and d). Even in the filler incorporated
composite precursors without cross-linking shows higher
thermal stability than that of pure H44 (Fig. 1a, b and d).
Overall, the thermal stability of the composite ceramics is much
better than that of bare at different environment (before or after
cross-linking process and after pyrolysis). The probable reasons
for the improvement in the thermal stability of the composite
ceramics are (i) that the incorporation of nanofillers possibly
delay the onset of degradation and hinder the flux of degrada-
tion of organic product to some extent, (ii) thermal conductivity
of composite ceramics was increased by adding nanofillers
which could ease heat dissipation within the composite ceramic
matrix, and (iii) the synergistic effect of covalent coupling
between the nanofillers and ceramic matrix. Moreover, the
added nanofillers influence the viscosity, rheological properties
of the polymer matrix and the kinetics of the reaction, which
further affected the decomposition behavior of ceramic matrix.
A similar type of thermal stability trend was already noticed on

Fig. 2 SEM images of pyrolyzed H44 monoliths with different wt%
ratios of fillers (GO and MWCNT). (a) Pure H44; (b) 1 wt% GO; (c) 5 wt%
GO; (d) 1 wt% MWCNT; and (e and f) 5 wt% MWCNT; (f) magnified view
with MWCNT distribution marked by red circle.
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nanofillers (GO and MWCNT) incorporated silicone foams by
Miguel et al.*®

Macrostructure and surface characteristics

The influence of nanofillers on morphology is shown in the SEM
images (Fig. 2). The filler containing composite ceramics build
foams with spherical, interconnected pores. The free rising of
the foam was somewhat restricted for pure SiOC. With an
increase in the content of both nanofillers, the isotropic struc-
ture with spherical cells was achieved with a high order of
interconnected pores with pore diameter between 5 to 800 pm
(Fig. 2 and 3). The viscosity and surface tension of the polymer
matrix increased after the addition of both nanofillers, which
considerably affecting the morphology of the composite matrix.
Moreover, the added nanofillers act as additional cross-link
points in the composite matrix which influence the rheolog-
ical properties of the polymer and the cross-linking (degree of
cross-linking) of the preceramic polymer, further affecting the
formation of cellular structure.’®" The added fillers exfoliated
to certain extent under thermal treatment which will influence
the surface property by altering the porosity. In the GO and
MWCNT-incorporated SiOC ceramics, it is quite difficult to
distinguish the nanofillers from the ceramic matrix. During the
pyrolysis stage, the solid cross-linked powders were converted
into a single piece of monolithic structure which confirms that
the solid cross-linked polymer is converted into a liquid before
transferring into the ceramic monolith. Being liquid, the
ceramic matrix avoids the aggregation of nanofillers (GO and
MWCNT) in the ceramic matrix and improve the effective
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Fig.3 Comparison of pore size distribution versus relative pore volume
curves and open porosity obtained from Hg-porosimetry of pyrolyzed
samples: (a) H44-(0, 1, 5) wt% GO; (b) H44-(0, 1, 5) wt% GO mm where as
represents the volume and; represents the open porosity.
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embedding of conductive nanofillers to some extent (Fig. S17).
The MWCNT-incorporated composites showed few agglomera-
tions of MWCNTs distributed on the surface may be due to the
non-functionalized nature of MWCNT (Fig. 2f).

With the increase in filler content, the open porosity and
interconnectivity of cell windows increase, which was further
characterized by mercury porosimetry measurements (the
porosity between 0.01 to 100 micrometers can be detected using
Hg-porosimetry) (Fig. 3)."** The big influence of the nanofillers
on the macroscopic structure is confirmed by an increase in the
sizes of the cell windows and an open porosity. The bare sample
shows an open porosity of 6%, which has been increased by
45% for 5 wt% GO and 25% for 5 wt% MWCNT-incorporating
composite ceramics. Thus, the filler shape affects the open
porosity of the samples with a high open porosity of about 45%
for 5 wt% GO, which can even be seen in the TGA with a higher
mass loss for GO-containing ceramics. Furthermore, the addi-
tion of both nanofillers has a slight influence on mesoporosity,
creating a wider pore distribution.

From the N, adsorption-desorption isotherm curves, the
composite ceramics show a typical type II isotherm, indicating
a monolayer formation on a macroporous surface, which is even
common for ceramics pyrolyzed at 1000 °C (Fig. 4). Among
them, the sample with highest amount of nanofillers (GO and
MWOCNT) exhibit multi-monolayer formation (successive layers)
may be due to a wide distribution of pore sizes which was even
confirmed by Hg-porosimetry analysis. The sample H44-10 wt%
GO exhibit hysteresis around 0.45 to 0.65 P/P, with less N,
adsorption due to the existence of significantly less meso-
porous nature created by the incorporation of GO later con-
verted to thermally exfoliated rGO (Fig. S2 and S3, Table S17). A
sharp increase of N, adsorption in the higher relative pressure
clearly indicates the macroporous behavior which is prominent
in samples with a higher amount of nanofillers as a result of
spherical, and interconnected pores (Fig. 2). The BET surface
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Fig. 4 (a and b) Comparison of N, adsorption—desorption isotherms
of pyrolyzed H44 ceramics with different wt% ratios (1, 3, 5 and 10) of
fillers (GO and MWCNT); (c) and corresponding specific BET surface
areas.
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area of the bare SiOC samples was found to be 1.8 m> g, which
increased with increasing filler content and reaches 10.1 m* g~"
for 10 wt% GO and 28.5 m” g~ ' for 10 wt% MWCNT incorpo-
rated SiOC. A slight increase in the surface areas of the
composite ceramics with the addition of either nanofiller into
the ceramic matrix can be attributed to the influence of nano-
fillers which thermally exfoliated and generated very high
surface area (rGO 195 m> g~ ' and MWCNT 94 m” g~ " at 1000 °C)
on the macroporous ceramic structures (Fig. S37).** Finally,
using the nanofillers allows not only for getting the free rising
ceramic foams; but also for tailoring the pore size distribution.

The influence of nanofillers in the disordered nature of the
free carbon phase in the composite ceramics was characterized
by Raman spectrum.*® The deconvoluted Raman spectrum
shows two major peaks corresponding to the disorder peak (D-
band), at 1350 cm " and the graphitic peak (G-band) at 1600
cm ! (Fig. S41). These are due to the A,y vibrational mode
involving phonons near the K zone boundary, and the E,,
vibrational mode, involving the in-plane bond-stretching
motion of pairs of C sp® atoms, respectively. Further, two
minor peaks corresponding to the v; bond (1200 cm™*) and »,
bond (1500 em™ ") of polyolefinic chains in the SiOC may be
integrated into the aromatic domains by, e.g., a Diels-Alder
reaction.”*** The intensity ratio of the D and G bands (i.e. Is/Ip
ratio) helps to estimate the defects of the composite ceramics.*
The calculated Ig/I, ratios of pure SiOC is 0.78 which is
increased to 0.99 for 5 wt% GO-incorporated SiOC. The
composite ceramics show an increase in the G-band/D-band
ratio compared to pure SiOC, suggesting a high degree of
graphitization with few defects. With the addition of nanofiller
(GO) into the PDC matrix, the graphitization grade GG (i.e. I/(Ig
+ Ip)) increases from 44% (pure SiOC) to 50% (5 wt% GO-
incorporated SiOC) which further confirms the enhancement
of graphitization nature. From the elemental analysis, the
carbon content in the pure SiOC is 27.3 wt%, which increases to
38.6 wt% and 46.6 wt% for 5 wt% GO- and MWCNT-containing
composite ceramics, respectively. Even with 5 wt% nanofillers,
the carbon content increased significantly into the composite
ceramic matrix. The higher carbon content in the SiOC matrix is
possibly due to the incorporation of both nanofillers in the
ceramic matrix which remarkably alters the viscosity, rheolog-
ical properties of the polymer matrix and the kinetics of the
reaction, which further affected the carbon decomposition
behavior of ceramic matrix. Moreover, the incorporated nano-
fillers delay the onset of degradation and hinder the flux of
degradation of carbon content to some extent from the ceramic
matrix. Then the surface characteristics of nanofiller-containing
SiOC ceramic materials were tested with the maximum
adsorption of polar (H,O) and non-polar (heptane) vapors
(Fig. 5). The pure SiOC ceramics pyrolyzed at 1000 °C showed
higher water adsorption than heptane, indicating a higher
degree of decomposition of methyl groups in the H44 precursor,
resulting in a relatively higher amount of hydrophilic silica
content.*® The heptane adsorption increased from 0.368 mmol
m ™ for pure SiOC to 0.628 and 0.754 mmol m ™2 for 5 wt% GO-
and 5 wt% MWCNT-containing ceramics respectively. By
contrast, the water adsorption drops strongly, from 0.878 mmol
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Fig. 5 Max. n-heptane and water vapor adsorption of composite
ceramics measured at room temperature; the data were normalized
using the specific BET surface area from N, adsorption.

m 2 for pure SiOC to 0.244 and 0.179 mmol m~> for 5 wt% GO-
and 5 wt% MWCNT-containing ceramics, respectively. With the
nanofiller incorporation, the hydrophilic silica content
decreases comparatively compared with overall hydrophobic
carbon content, resulting in an overall decrease of the water
adsorption with increasing hydrophobic surface properties. The
hydrophobic properties increased with increasing the nanofiller
content. Compared to pure H44 samples with a carbon content
of 27.3%, 5 wt% GO-incorporated ceramics samples with
a carbon content of 38.6 wt% became a more hydrophobic
nature. Even more increased the hydrophobic nature for 5 wt%
MWCNT-incorporated ceramics with a carbon content of 46.6
wt%. The surface characteristics results indicate that the
surface properties can be tuned by adding a different amount of
carbon-based nanofillers in the ceramic matrix.

AC impedance analysis

Using impedance spectroscopy the sample is simply perturbed
with an alternating current or voltage signal of small magnitude
and the electrical response of the sample is measured in terms
of resistive, capacitive, or inductive behavior in order to the
study the dielectric and transport properties of the materials.??
The complex impedance quantity is better expressed as

Z(w) = |Z|cos ¢ — j|Zlsin ¢ (1)

Z(w)=2 —jz" (2)
where |Z| and ¢ are the magnitude and phase angle, Z' and Z" are
the real and imaginary parts of complex impedance, w (v = 29Qf,
where fis the frequency) is the angular frequency, and j = (—1)*2.
Fig. 6 shows the Nyquist (Cole-Cole) plots of bare and conductive
filler incorporated ceramics in the frequency range of 1 mHz to
1 MHz measured in the temperature range of 25-250 °C. The
ceramic samples show a single semicircle over frequency due to
the parallel combination of bulk resistance (R;,) and bulk capaci-
tance (Cy,) of the material.*® The semicircles are depressed; the
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Fig. 6 Complex impedance spectra (Nyquist plots) of composite
ceramics measured at various temperatures (RT-250 °C); (a) pure
H44; (b) H44-5 wt% GO; (c) H44-5 wt% MWCNT and; (d) corre-
sponding equivalent circuit.

centers lying below the real axis are due to the distributed
microscopic material properties. This indicates that the distribu-
tions of relaxation time follow a non-Debye pattern in the mate-
rials. Because of this, the bulk capacitance was replaced with
constant phase element (CPE), and are represented in its equiva-
lent circuit.®® The polycrystalline materials generally show two
semicircles due to conductions via grain and via grain boundary;
the polysiloxane derived ceramics pyrolyzed at 1000 °C
shows a single semicircle due to its amorphous nature with
no grain boundaries for conduction. In contrast to previous
literature, where data were reported for SiOC materials prepared at
T = 1000 °C showing two semicircles resulting from the charge
transport in the matrix and free carbon, whereas in this analysis
observed a single semicircle.” This difference was attributed to the
addition of conductive nanofillers (GO and MWCNT) to the
ceramic matrix. The uniform distribution of conductive nano-
fillers forms a percolation path for conduction in the ceramic
matrix which shows the similar effect like free carbon phase exists
in the ceramic matrix. As the measuring temperature and filler
concentration were increased, it was observed that the intersection
of the semicircle with the real axis shifts towards the origin,
indicating a decrease in Ry,. After adding nanofillers to the ceramic
matrix, the Ry, at room temperature decreases from 50 MQ for pure
SiOC to 80 kQ and 7 kQ for 5 wt% GO- and 5 wt% MWCNT-
containing ceramics, respectively. The decrease in the resistance
of the composite ceramics is possibly due to the formation of the
nice percolation paths provided by the incorporated conductive
fillers. At low-frequency region, the pure SiOC sample shows
inductive behavior which is most probably due to the adsorption
process at the electrode surface.

Conduction and hopping mechanism

The frequency dependent conductivity for bare and fillers
incorporated composite ceramic samples is shown in the Fig. 7.
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The corresponding electrical conductivity (o) values were
calculated using the formula,

7, = (LIAC) x (1/R) (3)

where R is the experimentally measured impedance, L is the
sample thickness, and Ac¢ is the cross-sectional area of the
measured pellet. The conductance spectrum exhibits two
distinguishable regions; a low-frequency plateau followed by
a high-frequency dispersion.*® In the low-frequency region, the
conductivity is almost found to be frequency-independent, and
the corresponding value is the DC conductivity of the material.
In the high-frequency region, the conductivity increases with
frequency, which indicates a relaxation process. Moreover, the
transition from the frequency-independent region to the
frequency-dependent region exists for almost all samples at
different temperatures, which indicates the relaxation
phenomenon exists for all samples. The frequency dependence
of conductivity follows a Jonscher's power-law behavior, and the
expression is given by*®

Ty = 0gc + AW" (4)

where ¢, is the AC conductivity, 4. is the DC conductivity, 4 is
a pre-exponential constant, w is the angular frequency, and n is
the power law exponent; where 0 <7 < 1. It can be seen that, as the
conductivity increases with the addition and increment of both
nanofillers and increasing the measuring temperature, which
suggest that the composite SiOC ceramics exhibit semi-
conducting behavior.* The DC conductivity value of pure SiOC
ceramics, measured at room temperature, was found to be
~2.97 x 107° S ecm ™', which has been increased by three to four
orders of magnitude with the incorporation of 5 wt% of
conductive nanofillers (~2.5 x 107® S ecm ™" for 5 wt% GO- and
~2.08 x 10> S cm ™" for 5 wt% MWCNT-incorporated ceramics).
The pure hybrid ceramics prepared at 600 °C can be better
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Fig. 7 Conductance spectrum of composite ceramics measured at

various temperatures (RT-250 °C); (a) pure H44; (b) H44-5 wt% GO;
(c) H44-5 wt% MWCNT.
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termed as insulators, with a room temperature conductivity of
~7.0 x 107> S em™". The temperature-dependent conductivity
results indicate that there is a one order of magnitude
enhancement in the DC conductivity for all samples measured at
250 °C compared with room temperature conductivity.

Further, the temperature dependence of DC conductivity
(04c) is found to obey the Arrhenius equation,

04c = 01 eXp(—E,/kT) (5)

where ¢, is the pre-exponential factor, T is the absolute
temperature (in kelvin), k is the Boltzmann constant, and E, is
the activation energy. Fig. 8a shows the temperature dependent
DC conductivity of the composite ceramics and the linear fit to
this graph yields the activation energy (E,). The corresponding
energy of activation for pyrolyzed H44 ceramics with different
wt% of nanofillers are shown in Fig. 8b. The calculated activa-
tion energy for composite ceramics is found to be lower (0.10 eV
for 5 wt% GO and 0.07 eV for 5 wt% MWCNT) compared to the
pure SiOC ceramics (0.22 eV). It may be due to the creation of
better percolation paths for conduction and increases in
conductive carbon content after the addition of nanofillers.

In order to understand the percolation threshold limit for
filler concentration (as wt% of GO and MWCNTs) in SiOC
ceramics, the electrical conductivity of composite ceramics is
plotted with nanofiller concentrations and shown in Fig. 8c.
Initially, the conductivity increases by up to three orders of
magnitude when incorporating 1 wt% GO or MWCNT
(0.72 vol% GO and 0.58 vol% MWCNT) in the polymer matrix.*’
Further conductivity increases are moderate, with one order of
magnitude in GO and two orders of magnitude in MWCNT by
adding 5 wt% fillers. Afterwards, the conductivity can be
increased by a further one order of magnitude by increasing the
nanofiller content in the composites by up to 10 wt%. The major
increase in conductivity at up to 1 wt% nanofillers, and
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Fig. 8 (a) Arrhenius plot; (b) energy of activation of composite

ceramics with different wt% ratios (1, 3, and 5) of fillers (GO and
MWCNT); (c) AC conductivities of composite ceramics as function of
conductive filler content at room temperature.
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moderate increases at higher nanofiller content, most likely
shows that the percolation threshold is lower than 1 wt% of GO
or MWCNT (less than 1 vol% of fillers). With further addition
possibly tends to forms more agglomeration of nanofillers
within the ceramic matrix.”****

According to the percolation theory, the electrical conduc-
tivity of composite ceramics with a percolative system is
generally described as a function of volume fraction.*»**
Composite ceramics should obey the scaling law

Ode = 02(p — Pt (6)

where o4, is the DC conductivity of composite ceramics (S
ecm™ 1Y), o, is an adjustable parameter, p is the volume fraction of
the filler, p. is the percolation threshold, and ¢ is the critical
exponent that reflects the dimensionality of transport within
the composite ceramics, with values typically around 1.3 and 2.0
for two and three dimensions, respectively.>*** Fig. 9 represents
the fitting of the scaling law with experimentally-measured
conductivity data as a function of p — p. (p. = 0.2 and 0.5)
expressed as a function of volume fraction. When threshold
limits p. = 0.2, the conductivity values are very well fit by the
scaling law, which suggests that low concentrations of nano-
fillers in a polymer matrix yield high-performance composites
by simply capitalizing the properties of the nanoscale fillers.
The very low percolation thresholds have been attributed to
both nanofillers (GO or MWCNT), which emphasizes the good
dispersion of the nanofillers throughout the SiOC matrix and
the high aspect ratio of the nanofillers. The calculated scaling
exponent values are 1.39 and 1.89 for GO- and MWCNT-
incorporating SiOC, respectively, which is higher than the
theoretical value for two-dimensional transport (¢ > 1.35). This
suggests that incorporated nanofillers favor three-dimensional
transport within the SiOC ceramic matrix.***®

Further, to investigate and understand the conduction
mechanism of SiOC ceramics more clearly, the complex
modulus and dielectric analysis were analyzed at different
frequencies (Fig. S5 & S61).*” The relaxation behavior is inves-
tigated using the complex electric modulus

M* =M +iM' = jwCoZ* (7)

@ B
4.0 pc* =05 > 4.0 pc= 0.2
« 4.5 «~ 4.5
£ £
o o
050 5.0
© © .
= >
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Fig.9 DC conductivity as a function of p — p. for composite ceramics
(p is the volume fraction of the filler, p. is the percolation threshold)
with different filler (GO and MWCNT) ratios (a) p. = 0.5 (approximate);
(b) pc = 0.2 (perfect fit).
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where M and M" are the real and imaginary components of the
modulus spectrum. C, is the vacuum capacitance of the empty
measuring cell. The typical modulus spectrum (M”) shows
a broad, asymmetric, non-Lorentzian type curve with a peak at
the relaxation frequency (finax) showing the non-Debye type
behavior (Fig. S5t1). Non-Debye type spectra can be a conse-
quence of the distribution of relaxation times, themselves
a result of distributions of different energy barriers.*® With the
addition and increment of nanofillers and increases in the
measuring temperature, the peak frequencies shift forward,
indicating a shorter relaxation time. At low frequency; the
region left of the peak maximum (the long tail), is due to the
charge carriers being mobile over long distances. At high
frequency; the region right of the peak maximum, the charge
carrier motion is generally confined well within the nearby
potential with a shorter relaxation time.>* The dielectric prop-
erties of composite ceramics may be characterized by frequency-
dependent parameters, such as complex permittivity (¢*), which
may define the reciprocal of the electric modulus (M*)

e*=¢ +1i" = 1/M* (8)

where ¢ and ¢” are the real and imaginary parts of the dielectric
permittivity. At low frequency, the dielectric content for pure
insulating SiOC ceramics is very low, due to negligible space-
charge effects (Fig. S61). With the introduction and addition
of nanofiller, the dielectric content of ceramics increases
significantly. The addition of conductive fillers influences the
hopping mechanism, which results in a high dielectric constant
with large numbers of space-charge layers at the electrodes.***
At high frequency, the dielectric constant stops changing, which
might be due to the periodic reversal of the AC field, resulting in
no charge accumulation at the interface.

Finally, it is more interesting to investigate the hopping
mechanism used for SiOC ceramics at different measuring
frequencies (lower and higher frequency regions) and temper-
atures (Fig. S71). At lower frequency region, the conductivity is
more independent of frequency, so the effect of measuring
temperature influence on DC conductivity (oq.) is analyzed
using the relation

d4c = a3 exp[(—Ti/T)"° 9)

where o3 is an exponential factor, 7; is a characteristic
temperature, and £ is a constant that represents the conduction
mechanism at a lower frequency. From the DC conductivity
plot, pure SiOC ceramics show the best conductance fit when
B =4 (vs. 3 =1, 2, or 3) (Fig. S7at). This supports the idea that
low frequency conduction is supported by a hopping mecha-
nism where charge carriers are in between the localized
states.”®**>** In the higher frequency region, conductivity is more
dependent on frequency, so the effects of measuring tempera-
ture at characteristic frequencies (w.) are analyzed using the
relation

we = wo exp[(=To/T)""] (10)
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where w, and T, are an exponential factor and characteristic
temperature, and vy is a constant that further explains the
conduction mechanism in the higher frequency region. From
the characteristic frequency, with the temperature plot at
a higher frequency, a value of v = 4 provides the best overall fit,
again indicating the existence of a hopping mechanism at
higher frequencies (Fig. S7b¥).2%4%°

Conclusions

The physical properties of polysiloxane-derived ceramic
composites are discussed after incorporating GO and MWCNT
into SiOC composite ceramics via roll-mixing method followed
by thermally cross-linking and pyrolysis. The free-rising
composite ceramic foams were generated by incorporating
both nanofillers into a SiOC matrix. Both nanofillers had
a positive effect on thermal stability by shifting the degradation
temperature upwards. A notable increase in electrical conduc-
tivity has been observed by introducing very small amounts of
both conductive nanofillers, which forms a percolation path for
conduction in the insulating SiOC ceramics. The frequency-
dependent conductance spectra reveal non-Debye type relaxa-
tion in SiOC with a distribution of the relaxation processes. The
very low percolation threshold of 0.2 vol% has been observed for
both nanofillers (GO or MWCNT), which emphasizes that a low
concentration of nanofillers to polymer matrix yields high-
performance composites, by simply capitalizing the properties
of the nanoscale fillers. The calculated scaling exponent value
(¢) is higher than 1.35, which suggests that incorporated nano-
fillers favor three-dimensional transport within the insulating
SiOC matrix. Thus the addition of both nanofillers has a strong
influence on the morphology, porosity, surface characteristics,
and thermal and electrical properties of polysiloxane-based
ceramics. Finally, the impedance result suggests that the GO
and MWCNT into SiOC composite ceramics is an efficient
material for high-temperature fuel cells applications.
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