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Ferenc, A.; Szuwarzyński, M.;
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Abstract: A silicon oxycarbide-carbon nanotube coating on steel was synthesized using a novel
approach utilizing unmodified carbon nanotubes (CNT), silane surfactant and large monomer-based
silsesquioxane sol. This enabled the creation of very stable carbon nanotube dispersion, which in
turn resulted in homogenous layers obtained in a simple dip-coating process. The samples were
annealed in 800 ◦ C in argon to obtain a uniform glassy silicon oxycarbide-based composite from a
silsesquioxane precursor. The layers’ morphology and nanomechanical properties were investigated
using a number of methods, including infrared spectroscopy (IR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), nanoindentation, Accelerated Property Mapping (XPM) and Quantitative
Nanomechanical Mapping—an Atomic Force Microscopy method (QNM-AFM).
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1. Introduction
Silicon oxycarbide is a very promising material, as it combines good mechanical
properties [1,2] with thermal and chemical resistance [3,4]. These properties originate from
its structure, where some oxygen atom pairs in amorphous silica bulk are replaced by a
single carbon atom. Even though the bond between silicon and carbon atoms is weaker then
between silicon and oxygen, the increased bond density enhances the material’s strength.
In most cases of silicon oxycarbide-based materials, carbon can also be found in the form of
a free carbon phase dispersed in the ceramic bulk. These can either be turbostratic carbon
nanodomains or graphene-like sheets, depending on the preparation technique, mainly the
annealing temperature [5]. This makes silicon oxycarbide well suited for being the bulk of
the composites with carbon nanotubes (CNTs), as its composite structure enables easier
integration of CNTs in the final material. Unfortunately, the creation of such a composite
can be difficult due to synthesis routes of silicon oxycarbide. The two main synthesis
procedures focus on different deposition methods, such as chemical vapor deposition and
derivative techniques [6,7] or annealing of preceramic polymeric precursors in an oxygenfree atmosphere at at least 800 ◦ C [8]. These precursors can be commercially available
siloxanes [9,10], networked siloxanes [11,12] or silsesquioxanes obtained from various
monomers via the sol–gel method [13–15]. The last method is especially interesting as it
gives the best control over the initial silicon to carbon atom ratio, either in the form of
various organic groups of siloxane monomers [16] or a mixture of monomers with different
numbers of organic sidegroups per silicon atom [17]. Unfortunately, this method cannot be
used with unmodified CNTs, as water and ethanol are needed for the polycondensation
reaction. This can be mitigated by the use of modified CNTs, which also widens the range
of deposition methods to include, e.g., electrophoretic deposition [18]. Alternative route
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of incorporating CNTs into the silicon oxycarbide matrix is freeze casting [19], which has
the additional benefit of control over the material’s porosity, but is not suited for solid
coating fabrication.
The addition of CNTs to silicon oxycarbide-based coating has a number of possible
advantages. The most direct one is the possibility of enhancing material strength, as it
was reported that even an addition of 1 wt.% of CNTs can increase it in other materials by
up to five times [20]. The other reason to include carbon phases in general is enhanced
conductivity, as it turns mostly non-conductive silicon oxycarbide into a conductor [21],
which could increase its usefulness in electric devices such as batteries [22] or fuel cells [23].
As all these properties are highly dependent on CNTs’ dispersion in the material, it is of
utmost importance to prevent CNTs’ aggregation [24]. Additionally, the main downside of
CNT usage, i.e., their toxicity [25], can be mitigated by their incorporation into hard and
resistant material with possible covalent bonds with the bulk.
In this work, a novel approach to producing a CNT-enhanced silicon oxicarbide-based
coating is proposed. The method includes two vital aspects—the use of a surfactant and
large monomers in order to produce stable dispersion of unmodified CNTs in the sol. The
surfactant used was triethoxy-(2-phenylethyl)silane, as it not only serves as a surfactant in
sol stage, but also eases the integration of carbon nanotubes in both the preceramic precursor and final composite. This can be achieved due to the phenyl group that bonds with unmodified CNTs by π–π interactions and the silane part that first acts as a weakly hydrophilic
part, but in the process of polycondensation, bonds with the preceramic matrix with strong
Si–O–Si bridges. The ethyl linker enables the perfect conformation of both parts, as our
investigation has showed that this effect cannot be achieved using simple triethoxyphenylsilane. The bonds created by the surfactant in the early stages are of types that are preserved
throughout the whole preparation process, including annealing. In order to stabilize the
dispersion, large monomers, i.e., 1,3,5,7-tetraethoxy-1,3,5,7-tetramethylcyclotetrasiloxane
(T4 ) obtained from 1,3,5,7-tetramethylcyclotetrasiloxane (D4 H ), were used. Previous experiments have shown that these monomers have a greater tendency to occlude solvents in the
polycondensation process due to their rigid structure and larger size of oligomers [26]. This
effect enabled the dispersion of CNTs in sol, in which they showed no aggregation a few
hours after dispersion preparation and minimal aggregation after one week, while in the
case of a simpler monomer—triethoxymethylsilane—notable aggregation was observed
after a few minutes.
2. Materials and Methods
The preparation method of 1,3,5,7-tetraethoxy-1,3,5,7-tetramethylcyclotetrasiloxane
(T4 )-based sol can be found in a previous article [26]. In general, commercially available
1,3,5,7-tetramethylcyclotetrasiloxane (D4 H ) (95%, ABCR) underwent reactions with ethanol
(99.8%, P.A., POCH) in the presence of a palladium catalyst (5% Pd on activated charcoal,
Sigma Aldrich, St. Louis, MO, USA), which was subsequently filtered using Teflon syringe
filters (SIMAX, Porabka,
˛
Poland) with a pore size of 250 nm. The sol was prepared by the
addition of twice distilled water with hydrochloric acid (37%, P., Avantor Performance
Materials Poland S.A., Gliwice, Poland), added to obtain pH 4.5, mixed with ethanol.
The molar amount of water and ethanol was twice the amount of silicon atoms in each
monomer. Due to the relatively small number of hydrophilic groups on every monomer,
tetrahydrofuran (P.A., Avantor Performance Materials Poland S.A., Gliwice, Poland), with
a volume equal to the sum the other reagents’ volumes, was added to prevent phase
separation. The mixture was stirred for 24 h to obtain sol. The process was performed in
a closed flask filled with argon equipped with a washing bottle filled with silicon oil to
maintain a constant pressure.
To obtain the surfactant, a reaction of styrene with triethoxysilane in the presence
of Karstedt catalyst was performed. First, styrene (99%, Sigma-Aldrich, St. Louis, MO,
USA) was dried using anhydrous magnesium sulfate (99.5%, Sigma-Aldrich, St. Louis,
MO, USA) for 6 days and subsequently distilled in vacuo after the addition of calcium
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hydride (95%, Sigma-Aldrich, St. Louis, MO, USA). The purity of styrene and lack of
oligomers was confirmed using GC. Then, 5 mL of triethoxysilane (97%, Sigma-Aldrich, St.
Louis, MO, USA) were added to 3.12 mL of purified styrene dropwise in argon atmosphere.
After 5 min of stirring 3 µL of catalyst (Pt ~2%, Sigma-Aldrich, St. Louis, MO, USA) was
added. As after 5 days the reaction progress was not complete, an additional 6 µL of
catalyst were added and the temperature of the reaction was raised to 60 ◦ C. After 24 h, GC
showed no peaks originating from the presence of substrates. The product was distilled in
vacuo and 5.03 g of surfactant was obtained. The GC showed 2 products, with the second
product being triethoxy(phenylmethylmetyl)silane, which is a typical by-product of this
reaction. As the linker between phenyl and silane groups is also present in this product,
the surfactants were not separated.
Preliminary research has shown that the most stable dispersion of CNTs (multiwall
carbon nanotubes with a diameter over 50 nm and a length of 10–20 µm, NanoAmor,
Houston, TX, USA) can be obtained using 2 µL of surfactant per 2 mg of CNTs per 1 mL
of ethanol. The mixture was sonicated for 2 min, then added dropwise to sol to obtain
a 1 wt.% addition of CNTs in gel. To prepare the dispersion, the mixture was sonicated
for 15 min. It should be noted that longer sonication promotes agglomeration of CNTs.
The large amount of surfactant needed originates from the large surface area of carbon
nanotubes. The coatings were prepared on type 316L stainless steel sheets via the dipcoating method. The sheets were cleaned by polishing, sonicated for 15 min in acetone,
sonicated for 15 min in ethanol, immersed in aqua regia for 30 s and then rinsed thoroughly
with twice distilled water. The dip-coating process was conducted in a glovebox to keep
humidity at 34% throughout all experiments. Every deposition step consisted of immersing
the sample in sol for 60 s, with immersion speed of 15 cm/min, after which the sample was
left for 20 min to dry and form the initial gel. The samples containing two (SC-2) and five
(SC-5) deposited layers, as well as reference samples with same number of layers (Ref-2
and Ref-5, respectively) but without the addition of CNT/surfactant, were prepared. The
specimens were dried at 70 ◦ C for 2 weeks, then were annealed in a tube furnace in argon
atmosphere. The annealing steps were: 2 h at 70 ◦ C, 4 h at 120 ◦ C, 4 h at 200 ◦ C and finally
30 min at 800 ◦ C. The heating speed was 10 ◦ C/minute and this time was not included in
the abovementioned steps. After the last step, the furnace was cooled passively to room
temperature. At 200 ◦ C, the flow of argon was cut.
The XRD experiment was conducted using an X’Pert Pro MD X-ray diffractometer
(Malvern Panalytical Ltd, Malvern, UK). It employed a Cu Kα X-ray lines with the Bragg–
Brentano standard setup with a Ge(111) Johansson monochromator at the incidence beam.
The scanning range was 5◦ –90◦ with a 0.008◦ step size. The measurements were performed
at room temperature.
The MIR experiment was performed using a Vertex 70V (Bruker, Billerica, MA, USA)
spectrometer equipped with a Harrick Scientific “Seagull” Variable Angle Reflection Attachment. The measurements were performed in vacuum with a measurement range of
4000–400 cm−1 , a 4 cm−1 resolution and accumulation of 128 scans, giving the final spectra.
The SEM images were collected using a Nova Nano SEM 200 (FEI, Hillsboro, OR,
USA) equipped with a field emission gun (Schotky FEG-emitter) and EDS analyzer (EDAX,
Mahwah, NJ, USA). Due to the carbon content, the layers were not covered with an
additional conductive layer. The samples of sections were first cut with a high-energy laser,
embedded in epoxy resin and polished. Due to delamination and breaking of layers, the
last steps of polishing with sub-micrometer diameter powders had to be omitted.
The nanoindentation experiment was performed using a G200 nanoindenter (Agilent,
Santa Clara, CA, USA) equipped with a calibrated Vickers indenter (Synton MDP, Nidau,
Switzerland). The measurements were conducted in stiffness continuous mode with a
maximum pressure of 1 g. Ten measurements in random places were performed for
each sample.
The nanoindentation mapping was performed using a TI 980 TriboIndenter (Bruker,
Billerica, MA, USA) equipped with a diamond Berkovich probe with tip area function
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calibrated on a fused quartz sample. The measurements were conducted in Accelerated
Property Mapping (XPM) mode.
The atomic force microscopy imaging and mechanical property investigation were
conducted using a MultiMode VIII (Bruker, Billerica, MA, USA) microscope in quantitative
nanomechanical investigation mode (PeakForce Tapping mode derivative) using silicon
probes with a nominal tip radius of 8 nm and spring constant of 200 N/m. The absolute
calibration method was used.
A simple conductivity experiment was performed using a custom setup with two
electrodes 1 cm apart mounted in a holder that ensured the same pressure force for every
measurement. The electrodes were attached to a BM811 (Brymen, New Taipei City, Taiwan)
multimeter with ohmmeter function. Ten measurements in random places chosen blindly
were performed for each sample.
3. Results and Discussion
3.1. Structure Characterization
The structure of obtained layers was investigated using IR (Figure 1) and XRD
(Figure 2) analysis. The IR spectra contain broad peaks, which are a typical profile of
glass. The most notable vibrations visible on the spectra are typical for silicon oxycarbide,
carbon nanotubes and corroded steel substrate. Information on most bands including their
range and bibliography source attribution can be found in our previous article [26]. Starting
from higher wavenumbers, the bands can be attributed to Si–OH stretching vibrations
(~3650 cm−1 ) and O–H stretching vibrations (3000–3550 cm−1 ). The C–H stretching vibration bands are visible around 3000 cm−1 . The peak, visible in the case of CNT composite
coating spectra, below that value can be correlated with C–H stretching vibrations of hydrogen atoms bonded to carbon atoms with sp2 hybridization, which can be present on the
surface of damaged CNTs. A barely visibly band at about 2150 cm−1 can be attributed to
Si–H stretching vibrations. The peak at about 1610 cm−1 is correlated with C=C stretching
vibrations and is more prominent in composite samples than the reference. The bands
between 800 and 1250 cm−1 can be attributed to numerous groups found in materials,
including Si–O–Si bridges (1000–1225 cm−1 ) and Si–O− stretching (1000–1070 cm−1 ) vibrations and non-bridging Si–O stretching (940–980 cm−1 ), as well as C–C (~940 cm−1 ) and
Si–C (825–845 cm−1 ) stretching vibrations. This region also includes stretching vibrations
of iron oxides (850–1250 cm−1 ) [27] as well as C=C bending vibrations (~950 cm−1 ) [28].
The peaks found in CNT composite spectra between 500 and 650 cm−1 can be correlated
with C=C bending vibrations in carbon nanotubes [28]. Lastly, bands at 455–470 cm−1
can be attributed to O-Si-O bending vibrations. This confirms the structure of obtained
composites as being CNT-modified silicon oxycarbide, as the differences in spectra at about
1610 and 950 cm−1 and in the 500–650 cm−1 range can all be attributed to the presence of
CNTs. The further proof of the glassy structure of obtained layers comes from XRD analysis
(Figure 2), as a halo typical for such systems is visible in all samples. The difference in halo
intensity is most probably caused by different amounts of material found on the surface
originating from layer thickness, delamination or both. The peaks can be attributed to iron,
magnetite and eskolaite and can be correlated with stainless steel substrate.
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3.2. Coating Morphology and Thickness
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SEM images (Figure 3) show that unmodified silicon oxycarbide covers the steel
SEM with
images
(Figure
3) that
showenables
that unmodified
silicon of
oxycarbide
the steel subsubstrate
a thin
layer
the recognition
the steel covers
grain structure.
EDS
strate
with
a
thin
layer
that
enables
the
recognition
of
the
steel
grain
structure.
analanalysis (Table 1) showed that clusters on the surface are products of steelEDS
oxidation,
ysis
(Table 1) showed
thatamounts
clusters of
on chromium
the surface and
are products
of steelcan
oxidation,
as proas
proportionally
larger
oxygen atoms
be found
in the
portionally larger
amounts
of chromium
andin
oxygen
atoms can
be found
measuremeasurement
volume.
Oxidation
may occur
the annealing
process
duein
tothe
trace
amounts
ment
volume.
may
in the
annealing
dueThis
to trace
amounts ofbyoxof
oxygen
andOxidation
cracking of
theoccur
coating
due
to layer process
shrinkage.
is supported
the
ygen
and
cracking
of
the
coating
due
to
layer
shrinkage.
This
is
supported
by
the
aboveabovementioned XRD experiment, where the existence of oxide was confirmed. Small
mentioned
XRD
experiment, where
confirmed.
cracks in
cracks
in the
silsesquioxane
coatingthe
areexistence
created of
byoxide
layerwas
shrinkage.
TheSmall
CNT-modified
the
silsesquioxane
coating
are
created
by
layer
shrinkage.
The
CNT-modified
layers
crelayers created in two deposition cycles (SC-2) have a similar morphology with two distinct
ated
in
two
deposition
cycles
(SC-2)
have
a
similar
morphology
with
two
distinct
differdifferences: there are carbon nanotube-like structures visible on the surface of the coating
ences:
there
are carbon
nanotube-like
visible
surface
of magnified
the coatingimage
and
and
much
fewer
oxide formations
canstructures
be observed
on on
thethe
surface.
The
much
fewer
oxide
formations
can
be
observed
on
the
surface.
The
magnified
image
shows
shows that these structures are distributed quite evenly on the surface. Their shape is
that these
structures
are distributed
quite evenly
on be
thefound
surface.
shape is similar
similar
to the
CNTs used,
with distortions
that can
onTheir
unprocessed
materialtoas
the
CNTs
used,
with
distortions
that
can
be
found
on
unprocessed
material
as
well as
well as caused by annealing processing, which can further deteriorate of CNTs. Moreover,
caused
by
annealing
processing,
which
can
further
deteriorate
of
CNTs.
Moreover,
phase separation in silicon oxycarbide can result in carbon diffusion onto the CNT phase
surface,
separation
inpatches
silicon oxycarbide
canadditional
result in carbon
ontohand,
the CNT
surface, thus
thus
creating
of incomplete
walls. diffusion
On the other
the CNT-modified
creatingcreated
patchesinof
incomplete
additional
walls.
On layers
the other
CNT-modified
sample
five
deposition
cycles shows
thick
thathand,
lack athe
substrate
structure,
sample
created
in
five
deposition
cycles
shows
thick
layers
that
lack
a
substrate
structure,
yet it does not cover the whole sample. The magnified image shows a similar good
CNT-like
yet it doesdistribution,
not cover the
whole
sample.
The magnified
image shows
a similar
goodstructure
CNTstructure
with
only
slight aggregation
occurring,
as well
as similar
like
structure
distribution,
with
only
slight
aggregation
occurring,
as
well
as
similar
strucmorphology. Delamination can be caused by layer thickness, which is typical for silicon
ture morphology. coatings
Delamination
oxycarbide-based
[3]. can be caused by layer thickness, which is typical for silicon oxycarbide-based coatings [3].

Figure 3. Cont.

Coatings 2021, 11, 920
Coatings 2021, 11, 920

7 of 12
7 of 12

Figure
of of
thethe
surface
of obtained
layers.
(A): CNT
silicon silicon
oxycarbide,
2
Figure 3.
3. SEM
SEMimages
images
surface
of obtained
layers.
(A): enhanced
CNT enhanced
oxycarbide,
cycles of sol deposition (SC-2), 5000× magnification; (B): unmodified silicon oxycarbide, 2 cycles of
2 cycles of sol deposition (SC-2), 5000× magnification; (B): unmodified silicon oxycarbide, 2 cycles of
sol deposition (Ref-2), 5000× magnification; (C): CNT enhanced silicon oxycarbide, 5 cycles of sol
sol deposition (Ref-2), 5000× magnification; (C): CNT enhanced silicon oxycarbide, 5 cycles of sol
deposition (SC-5), 5000× magnification; (D): unmodified silicon oxycarbide, 5 cycles of sol deposideposition
× magnification;
(D):
unmodified
silicon
oxycarbide,
5 cycles
sol deposition
tion
(Ref-5),(SC-5),
5000× 5000
magnification;
(E): CNT
enhanced
silicon
oxycarbide,
2 cycles
of solofdeposition
(Ref-5),
5000
×
magnification;
(E):
CNT
enhanced
silicon
oxycarbide,
2
cycles
of
sol
deposition
(SC-2),
(SC-2), 20,000× magnification; (F):
silicon oxycarbide, 5 cycles of sol deposition (SC5),
20,000×
magnification.(F): CNT enhanced silicon oxycarbide, 5 cycles of sol deposition (SC-5),
20,000
× magnification;
20,000× magnification.
Table 1. Summary of EDS measurement results of atomic content of SC-2, Ref-2, SC-5, Ref-5 samples, crystallites on Ref-2 sample surface (Ref-2-crystallite) and material above SC-2 sample layer
Table 1. Summary of EDS measurement results of atomic content of SC-2, Ref-2, SC-5, Ref-5 samples,
in section image (SC-2-above layer). Mean results include information about layer, substrate (due
crystallites on Ref-2 sample surface (Ref-2-crystallite) and material above SC-2 sample layer in section
to layer thickness) and oxidation products, depending on samples. Ref-2-crystallite and SC-2image layer
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to layer
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are pointlayer).
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In the
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material. In the case of SC-2-above layer, other atoms than the ones listed are not shown.
Atoms
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O
27.01%
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17.52%
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1.62%
1.11%
0%
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16.75%
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13.09%
7.65%
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12.68% 4.83%
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12.92%
14.44%
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4.40%
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The SEM
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Ni
3.69%
4.12% (Figure
0.73%
4.40%
2.77%
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ence silicon oxycarbide layers show low thickness of about 250 nm for coating deposited
in two cycles and about 400 nm for five-cycle deposition. The thicker layer also exhibits a
The SEM section images (Figure 4) are in line with previous experiments. The reference
greater number of cracks. The CNT–silicon oxycarbide composite coating, on the other
silicon oxycarbide layers show low thickness of about 250 nm for coating deposited in two
hand, has a greater thickness of about 500 nm in the case of the one created in two depocycles and about 400 nm for five-cycle deposition. The thicker layer also exhibits a greater
sition cycles and up to 3.69 μm in the case of five deposition cycles. Additionally, CNTnumber of cracks. The CNT–silicon oxycarbide composite coating, on the other hand, has a
modified coating has fewer cracks, although a thicker layer is not present on the whole
greater thickness of about 500 nm in the case of the one created in two deposition cycles
surface of the steel substrate. The area above the SC-2 layer is damaged resin, which was
and up to 3.69 µm in the case of five deposition cycles. Additionally, CNT-modified coating
proved by EDS (Table 1). This explains the differences in halo intensity in the XRD experhas fewer cracks, although a thicker layer is not present on the whole surface of the steel
iment, which mainly correlates with layer thickness. In the case of samples Ref-5 and, essubstrate. The area above the SC-2 layer is damaged resin, which was proved by EDS
pecially, SC-5, large areas without coating are the reason for lower halo intensity.
(Table 1). This explains the differences in halo intensity in the XRD experiment, which
mainly correlates with layer thickness. In the case of samples Ref-5 and, especially, SC-5,
large areas without coating are the reason for lower halo intensity.
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3.3. Mechanical Properties
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after
the
addition
of
CNTs.
In
the
case
of
layers
deposited
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in the
of nanoindentation,
the substrate
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the obtained
results
as the indenter
case
of case
nanoindentation,
the substrate
affects the
obtained
results as
the indenter
pierces
pierces through
the reference
layer
or misses
the CNT-modified
one.
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comparisonof
of
through
the reference
layer or
misses
the CNT-modified
one.
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Young’s
modulus
values
with
the
topography
of
CNT-modified
silicon
oxycarbide
in
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Young’s modulus values with the topography of CNT-modified silicon oxycarbide in the
areaofofmeasurement
measurement(Figure
(Figure5)5)shows,
shows,the
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greatlyaffects
affectsthe
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measurements.
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indentation
size
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par
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CNT
diameter,
raised
features
on
the
surface
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most
As indentation size is on par with CNT diameter, raised features on the surface are
probably surface-most
surface-most CNTs,
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namely
nonprobably
CNTs,as
asseen
seenininSEM
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namely
perpendicular indentation
due to
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between
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due
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between
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in mechanical
properties
of carbon
and silicon
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properties
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andoxycarbidesilicon oxbased
bulk.
ycarbide-based bulk.

Figure
inin
Accelerated
Property
Mapping
of of
CNT-modified
Figure5.5.InInsitu
situSPM
SPMimage
imageafter
afterindentation
indentation
Accelerated
Property
Mapping
CNT-modified
silicon oxycarbide coating obtained after 5 deposition cycles (SC-5). The inlet of the 2-dimensional
silicon oxycarbide coating obtained after 5 deposition cycles (SC-5). The inlet of the 2-dimensional
image shows Young’s modulus values in the area of indentation.
image shows Young’s modulus values in the area of indentation.
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Figure6.6. Quantitative
Mapping
of CNT
modified
silicon
oxycarbide
coatingcoatobFigure
QuantitativeNanomechanical
Nanomechanical
Mapping
of CNT
modified
silicon
oxycarbide
tained
after
5
deposition
cycles
(SC-5).
(A):
3
dimensional
topography
representation;
(B):
3
diing obtained after 5 deposition cycles (SC-5). (A): 3 dimensional topography representation;
mensional
topography
representation
with Young’s
modulus
map;map;
(C): 3(C):
dimensional
topography
(B):
3 dimensional
topography
representation
with Young’s
modulus
3 dimensional
topogrepresentation with adhesion map; (D): Young’s modulus map; (E): map of adhesion between tip
raphy representation with adhesion map; (D): Young’s modulus map; (E): map of adhesion between
and surface.
tip and surface.

3.4.Coating
CoatingConductivity
Conductivity
3.4.
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thelayout
layoutofof
AAsimple
CNTs
inside
the
material.
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reference
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the
resistance
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CNT-modified
oxycarbide
layer
± 127
and
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94 was
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for
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of the former.
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of the former.
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the
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onthe
the surface
surface of the
at at
the
oxycarbide
the topmost
topmostCNTs.
CNTs.Additionally,
Additionally,the
thelayer
layerthickness
thickness
point
of of
measurement
phase pathways
pathwaysthat
thatcan
canbebe
the
point
measurementand
andthe
thenumber
numberof
of unbroken
unbroken carbon phase
traced
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Theexfoliation
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in in
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SC-5
sample,
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sample,
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that
either
one
or or
both
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can
can
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the steel
substrate,
directly
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withwith
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eithereither
directly
or through
the oxide
such,As
the
such,
the
main
benefit
of
these
measurements
is
proving
the
existence
of
interconnected
main benefit of these measurements is proving the existence of interconnected carbon
carbon
in the composite,
from nanotubes.
carbon nanotubes.
Thisproves
in turn
proves
the
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in the composite,
createdcreated
from carbon
This in turn
the
dispersion
dispersion
of CNTs
not only
near the
surface,
but throughout
the whole layer.
of CNTs not
only near
the surface,
but
throughout
the whole layer.

4.4.Conclusions
Conclusions
The
proved to
to be
bemade
madeofofsilicon
silicon
oxycarbide
with
CNTs
modifying
Thelayers
layers were
were proved
oxycarbide
with
CNTs
modifying
their
their
structure.
The
silicon
oxycarbide
structure
was
confirmed
by
IR,
while
CNT-like
structure. The silicon oxycarbide structure was confirmed by IR, while CNT-like strucstructures
clearly
visible
in microscopic
images.
presence
of CNTs
surface
tures are are
clearly
visible
in microscopic
images.
TheThe
presence
of CNTs
on on
thethe
surface
was
was confirmed using QNM-AFM. The coatings are amorphous, and the intensity of the
confirmed using QNM-AFM. The coatings are amorphous, and the intensity of the amoramorphous halo correlated not only with the thickness of the coating, but also with surface
phous halo correlated not only with the thickness of the coating, but also with surface
coverage, as the CS-5 sample exhibits smallest halo. In the deposition process, CNTs act as
coverage, as the CS-5 sample exhibits smallest halo. In the deposition process, CNTs act
scaffolding, enabling deposition of greater amounts of material. Due to CNTs being built
as scaffolding, enabling deposition of greater amounts of material. Due to CNTs being
into the matrix using strong bonds, the annealing process creates a smaller number of cracks
built into the matrix using strong bonds, the annealing process creates a smaller number
caused by material shrinkage, despite thicker layers. Unfortunately, very thick layers are
of cracks caused by material shrinkage, despite thicker layers. Unfortunately, very thick
prone to exfoliation. The dispersion of carbon nanotubes throughout the coating both in the
layers are prone to exfoliation. The dispersion of carbon nanotubes throughout the coating
layer’s plane and perpendicular to the surface was confirmed. Although the increase in the
both in the layer’s plane and perpendicular to the surface was confirmed. Although the
coating conductivity was confirmed, the mechanical properties of the layers are lower than
increase in the coating conductivity was confirmed, the mechanical properties of the layin the case of unmodified samples. There are two reasons for this phenomenon, depending
ers are lower than in the case of unmodified samples. There are two reasons for this
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on the size of indentation. The addition of carbon nanotubes changes the smooth silicon
oxycarbide surface into a corrugated one with height differences of 0.5 µm. This can greatly
change the indentation readings, as non-perpendicular measurements tend to overstate
indentation depth, which affects the calculations. Additionally, indentation depth tends
to be on par with layer thickness, which causes the values to include substrate properties.
On the other hand, on a nanometric scale, the readings are affected by the existence of two
phases on the surface—silicon oxycarbide bulk and CNTs—with further differentiation
depending on the disorder level of the graphene sheets. These can have two origins, as
they depend on CNT quality that can be further degraded by the annealing process and
diffusion of carbon in silicon oxycarbide to existing carbon phases in the form of CNTs.
This shows that in these materials, it is better to perform measurements tailored to their
projected application than more general ones.
This article is a proof of concept on using unmodified carbon nanotubes for modification of silicon oxycarbide-based solid layers. The preparation process enables the
use of nearly any type of CNT and can be easily adjusted to accommodate other forms
of carbon. The amount of CNTs added can be tailored without much problem and the
whole methodology can be applied to other polymer-derived ceramics. Additionally, due
to dispersion stability, these layers can be applied using various techniques other than
dip-coating, such as spin-coating or spray-coating.
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Niemiec, W.; Szczygieł, P.; Jeleń, P.; Handke, M. IR investigation on silicon oxycarbide structure obtained from precursors with
1:1 silicon to carbon atoms ratio and various carbon atoms distribution. J. Mol. Struct. 2018, 1164, 217–226. [CrossRef]
Waseda, Y.; Suzuki, S. 4. FT-IR and UV for Iron Hydroxides and Oxides. In Characterization of Corrosion Products on Steel Surfaces;
Springer Science & Business Media: Berlin, Germany, 2006.
Sbai, K.; Rahmani, A.; Chadli, H.; Bantignies, J.-L.; Hermet, P.; Sauvajol, J.-L. Infrared spectroscopy of single-walled carbon
nanotubes. J. Phys. Chem. B 2006, 110, 12388–12393. [CrossRef]

