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Abstract

SiFeO(N,C)-based ceramic papers were prepared via a one-pot synthesis
approach by dip-coating a cellulose-based paper template with a polymeric per-
hydropolysilazane precursor modified with iron(III)acetylacetonate. The pre-
ceramic composites were subsequently pyrolyzed in ammonia atmosphere at
500, 700, and 1000°C, respectively, and the characteristics of the three resulting
ceramic papers were comparatively investigated.

Scanning electron microscopy revealed that in each sample, the morphology of
the template is successfully transferred on the ceramic system, with the cellulose-
derived fibers being converted to elemental carbon encased by a SiFeO(N,C)
coating. Electron transparent cross-sectional samples for transmission electron
microscopy (TEM) were prepared from the ceramic papers, employing a standard
ultramicrotomy slice cutting procedure, allowing for a detailed characterization
of their in situ generated micro-/nanostructure as well as occurring crystalline
phases.

TEM imaging and diffraction revealed that depending on pyrolysis tempera-
ture a different microstructure with a distinct phase assemblage is generated in
the polymer-derived ceramic papers. Crystallization from the polymer precursor
starts with the precipitation of wiistite (Fe(.,)O) nanoparticles at 700°C inside
the ceramic coating and secondary e-Fe, N at the fiber-coating interface. Upon
pyrolysis at 1000°C however, the sample primarily accommodates metallic a-
iron nanocrystals that impart ferromagnetic characteristics to the ceramic paper.
The results show that the template-assisted polymer-derived ceramic route is a
feasible approach in the production of complex ceramic compounds with fibrous
paper-like morphology. By adjusting the pyrolysis temperature, microstructure
and phase composition of the ceramic paper can be conveniently tailored to the
needs of its respective application.
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1 | INTRODUCTION

The thermal treatment of preceramic polymer precursors
is a promising approach to the fabrication of advanced
ceramic materials and thus has received increased atten-
tion in the past decades. The resulting polymer-derived
ceramics (PDCs) are monophasic or undergo phase-
separation leading to PDC-nanocomposites, depending
on the composition and processing of the precursor.!
Numerous PDCs have been investigated in the past years
and were shown to exhibit good creep and oxidation
resistance,” exceptional temperature stability,>* or inter-
esting functional properties such as high piezoresistivity,”
biocompatibility,® or sensing capabilities,” offering promis-
ing aspects for future research and applications. One of the
most compelling attributes of polymer precursors is that
they can be chemically and structurally modified with, for
instance, metal complexes or functional groups; accord-
ingly, allowing to tailor the properties of the resulting
ceramics to the needs of their respective application.>® The
homogeneous incorporation of functional or catalytic met-
als via this route and their targeted precipitation as nano-
sized metallic or metal-compound crystallites is an attrac-
tive feature that is hardly realized by employing traditional
sintering techniques. Also, by introducing filler materi-
als, inert or sacrificial templates,g or even additive manu-
facturing technology,'’ the PDC route facilitates the pro-
duction of a wide range of ceramic components such as
fibrous, porous, coated, and composite materials with engi-
neered microstructure.

Ceramic papers are a rather novel material class com-
bining the unique paper-like morphology with the mani-
fold properties of various ceramic material systems. Hence,
some ceramic papers show excellent temperature stabil-
ity, fire resistance, and insulating properties, making them
predestined for use in harsh environments and as refrac-
tory materials.""'> Moreover, chemical modification of
such papers was shown to impart attractive mechanical'®
and functional properties, such as electrical conductivity,
sensing ability,'* or energy storage.”” Also, due to their
inherently high surface area, ceramic papers can exhibit
high adsorption rates and desirable filtration behavior,
making them interesting for catalytic applications.'® The
fabrication of ceramics with paper structure was origi-
nally achieved by using fibrous compounds, for instance,
composed of silica, alumina, or zirconia, loaded with
inorganic fillers. Later, preceramic papers consisting of
organic compounds mixed with filler materials, which

undergo ceramization at high temperatures, were success-
fully employed in the production of ceramic papers.'' Nat-
urally, the tailorability of the resulting materials through
designing the preceramic composite is an engaging quality
of this approach to the preparation of various paper-like
ceramics.’~29

More recently, the demand for ceramic components
with well-defined porosity or specific morphologies led to
the exploration of template-assisted synthesis approaches.
Carbonized organic templates such as pyrolyzed wood
or cellulose were infiltrated via chemical vapor infiltra-
tion and reaction or liquid polymer precursors and treated
at elevated temperatures leading to so-called biomor-
phous ceramics with their structure inherited from the
respective template.”’?* Various materials based on, for
instance, SiC,'® Si;N,, or TiC?* have been produced this
way, illustrating the versatility of this approach. In 2008, a
study reported on the successful production of aluminum
nitride/carbon-based ceramic papers from the infiltra-
tion of regular cellulose-based filter papers by the sol-gel
process and subsequent thermal treatment. The result-
ing material was shown to exhibit a fibrous morphology
retained from the template while being composed of car-
bon fibers coated with AIN.>

A similar approach has been applied in the synthe-
sis of SiFeN-based ceramic papers, by infiltrating a cellu-
lose paper template with an iron-modified perhydropolysi-
lazane (PHPS) polymer precursor.”® Here, the successful
high-temperature pyrolytic conversion of infiltrated cellu-
lose fibers toward elemental carbon, coated with a Si-based
ceramic nano-composite layer containing finely dispersed
Fe-based precipitates was reported. In a second temper-
ing step in nitrogen atmosphere, the iron particles catalyze
the growth of numerous ultra-long Si;N, nanowires with
Fe;Si tips inside the macropores and on the surface of the
ceramic paper via a vapor-liquid-solid mechanism.?” This
example shows the successful transfer of the paper mor-
phology onto a ceramic system while, in addition, promis-
ing various ways of functionalization through tailoring
precursor composition. However, it remained unsolved
which processes protected the temperature-sensitive cel-
lulose fibers from decomposition during pyrolysis, which
synthesis conditions directly affect the microstructure and
properties of the resulting ceramic, and how the presence
of an organic template has an influence on the polymer-to-
ceramic conversion of the precursor.

Answering these questions is paramount for establish-
ing future applications of polymer-derived ceramic papers
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Schematic depiction of the synthesis procedure of polymer-derived ceramic papers prepared for this study. First, a

PHPS-based polymer precursor is modified with iron(IIT)acetylacetonate by refluxing in toluene for 12 h at 100°C. Then, a cellulose-based
paper template is dip-coated with the single-source precursor (SSP) solution and dried via the standard Schlenk technique. Ceramization of

the preceramic composite is realized through pyrolysis in flowing ammonia atmosphere at 500, 700, and 1000°C, respectively

(PDCPs). This paper aims to fill that gap by providing a
comprehensive transmission electron microscopy (TEM)
investigation of ceramic paper samples with preserved
microstructure prepared by employing a standard ultrami-
crotomy (UM) slice cutting procedure.

2 | EXPERIMENTAL PROCEDURE

The synthesis procedure of the C/SiFeO(N,C)-based
ceramic papers is schematically depicted in Figure 1. First,
a 20 wt.% solution of commercially available PHPS in
dibutyl ether (Merck, Darmstadt, Germany) was filled into
a round flask and the solvent was removed by standard
Schlenk technique in an argon atmosphere. The pure
PHPS was then dissolved in anhydrous toluene (99.8 %;
Merck) and iron(IIT)acetylacetonate (Merck) was added,
resulting in a liquid preceramic polymer solution, which
was refluxed at 100°C for 12 h. Templates of a cellulose-
based paper (Sartorius, grade: 3hw, grammage: 60 g/m?),
which have been precut to a size of approximately 2 cm?,
were dip-coated with the single-source precursor (SSP)
for 1 s. Subsequently, the impregnated paper samples
were vacuum dried, leading to cellulose-based preceramic
papers surface modified with a SiFeN(O,C)-polymer.
A reactive ammonia atmosphere was employed during
pyrolysis in order to reduce the free-carbon content in
the Fe(acac);-modified PDC coating’®* as well as to
increase the volume fraction of metal nitrides in the
system, with the latter being considered active compounds
for potential functional applications such as for exam-

ple electrocatalysis’® and electromagnetic interference
studies.®’ Thermal ammonolysis was conducted in a
Gero high-temperature oven (Carbolite Gero, Neuhausen,
Germany) at 500, 700, and 1000°C, respectively. For each
sample, the heating/cooling rate was 100 K per h and
the designated peak temperature was maintained for 3 h,
while a constant ammonia flow (99.999 %; Air Liquide,
Paris, France) of 3 L/h during the entire ammonolysis
procedure ensured minimum amounts of O, and H,O in
the atmosphere.

The as-synthesized inherently brittle and poorly con-
ducting ceramic papers were mounted on conducting
tape and sputtered with carbon (10 nm thick coating)
for investigation via scanning electron microscopy (SEM,
JEOL JSM-7600F high-resolution SEM; JEOL Company,
Tokyo, Japan). SEM imaging was employed to assess their
morphological characteristics and microstructure, while
chemical composition information was obtained using an
Oxford (Tubney Woods, Abingdon, UK) XMAX 80 EDS
(energy-dispersive X-ray spectroscopy) detector.

Electron transparent cross-sectional samples for TEM
investigation of the ceramic papers were prepared by
employing a standard UM slice-cutting procedure. While
originally used in the preparation of ultra-thin foils of
biological specimen, UM-assisted sectioning has proven
applicable to various inorganic materials.’” In particular,
compounds with complex morphologies such as fibrous or
porous ceramics are predestined for UM preparation due
to the large areas of homogeneous thickness generated.
Moreover, the lack of ion-thinning artifacts introduced to
the sample and the possibility to generate cross-section
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FIGURE 2 Schematic illustrating the ultramicrotomy slice cutting procedure. After embedding the ceramic paper inside an epoxy resin,

the resulting sample block is trimmed to a pyramidal shape. Then, ultra-thin slices are cut from its tip by an automatically moving sample

holding arm, passing a diamond knife. After each motion cycle, the forward movement is increased by a small increment to produce slices of

the desired thickness. Cross-sections suitable for electron transmission (<70 nm) are determined by their interference color and transferred to

a TEM sample holding grid

series that can give access to three-dimensional struc-
ture information are notable advantages.*** However,
the mechanical stress applied through the diamond knife
may affect the structure of the material, resulting in com-
pressed, sheared, fractured, or textured cross-sections.*?
Nevertheless, due to the otherwise high sample quality as
well as its time and cost efficiency, UM can be considered
a genuine alternative to classical preparation methods for
electron microscopic investigation of ceramics and other
inorganic materials.

For this study, the as-synthesized samples were embed-
ded within epoxy resin sample blocks, which are trimmed
to have a pyramidal shape, and subsequently, are sec-
tioned with a Micro-Star Technologies (Bruker Corpora-
tion, Billerica, US) diamond knife (55° mounting angle;
4° clearance angle) yielding ultra-thin sample slices (50—
70 nm thickness) with a trapezoidal area of approximately
150 X 200 um. Then, the sections are transferred to a lacey
carbon TEM grid and mildly coated with carbon to mini-
mize charging from the incident electron beam. The prin-
ciple of UM sample preparation is summarized in Figure 2.

The resulting cross-sectional sample slices facilitate
TEM investigation of the in situ generated microstructure
of the ceramic papers without the need for additional thin-
ning steps, offering valuable insights into the structural
evolution of PDCPs during pyrolysis and the correspond-
ing cellulose-based to functional ceramic paper conver-
sion.

Bright-field TEM (TEM-BF) and high-resolution TEM
(HRTEM) images, as well as selected area electron diffrac-
tion (SAED) and nano-electron diffraction (nano-ED)
patterns for micro-/nanostructural investigation, were
recorded with a JEOL JEM-2100F microscope operated at
200 kV, equipped with a charge-coupled device camera and

aJEOL beryllium double tilt-holder for sample orientation,
while EDS spectra were acquired using an Oxford XMAX
80 detector.

3 | RESULTS

SEM imaging in combination with chemical analyses was
employed to characterize the morphological features of the
ceramic papers after ammonolysis at different tempera-
tures. Moreover, to characterize their microstructure and
phase composition as well as to elucidate their tempera-
ture evolution, a combination of various TEM techniques
such as BF imaging, electron diffraction, HRTEM imaging,
and EDS analyses was employed.

3.1 | Ammonolysis at 500°C
In Figure 3, fiber of the sample prepared at 500°C is shown
being encased by a thick ceramic coating. Wherever the
evidently brittle ceramic covering is flaked off of the fiber,
a distinct elemental contrast arises in the backscattered
electron (BSE) image between the exposed fiber core being
mainly composed of carbon (A) and the SiFeO(N,C)-based
ceramic layer (B). In the higher-magnification image, the
PDC coating appears homogenous, and likely phase sepa-
ration has not taken place yet. Moreover, no porosity is visi-
ble in the secondary electron (SE) image, neither inside the
carbon fiber nor the coating after ammonolysis at 500°C.
Figure 4 depicts a TEM-BF overview of a fiber cross-
section observed in the SiFeO(N,C)-based ceramic paper
prepared at 500°C. Here, the ceramic coating is still
attached to the converted fiber suggesting a rather strong
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FIGURE 3

Scanning electron microscopy (SEM) backscattered electron (BSE) image of a fiber in the ceramic paper obtained upon

ammonolysis at 500°C. The element contrast image allows for easy distinction between the carbon-based fiber core (A) and the
SiFeO(N,C)-based ceramic coating (B), which has formed a thick layer that occasionally is flaked off of the fibers. The high-magnification
inset reveals a sharp boundary between fiber and coating, while in the corresponding secondary electron (SE) image, no porosity is evident in

either feature

bonding between the two components and also demon-
strating the suitability of UM slice cutting for preparing
such kinds of ceramic materials. Please note, however, that
the ceramic layer sometimes is fragmented with individ-
ual shards overlapping. It is clear from the SEM investiga-
tion that this is an artifact from the cutting procedure that
should be considered in future preparation attempts.

In this figure, the cellulose-derived fiber core (A) and
the PDC coating (B) are presented along with their corre-
sponding SAED patterns, high-magnification images, and
EDS spectra. It is evident from the chemical analyses
that the fiber core is almost exclusively composed of C
with some minor fraction of N and O present, while the
ceramic coating is SiFeO(N,C)-based, matching the SEM
observations. The SAED pattern of the smooth, pore-free,
and featureless fiber core displays only diffusely scattered
intensity without discrete reflections relating to crystalline
phases evident, while in the corresponding HRTEM image,
also no signs of crystalline precipitates could be observed.
This shows that the carbon fiber is entirely amorphous at
temperatures of up to 500°C. However, two diffuse con-
centric rings are marked in both the SAED pattern and the
Fast Fourier Transformation (FFT) of the HRTEM image,
possibly indicating a local near-range order of the carbon
atoms present; presumably, inherited by the former crys-

tallinity of the cellulose fiber or representing the very first
step of graphitization of the organic fibers at elevated tem-
perature.

The ceramic coating is characterized by its distinct
mass contrast, compared to the carbon fiber it is encas-
ing. The corresponding SAED pattern features a homo-
geneous Gaussian intensity distribution without signs of
crystalline phases being evident. This shows that the PDC
coating is still monophasic and completely amorphous at
this temperature. The aforementioned fragmentation dis-
plays the brittle nature of the ceramic layer expected for
a Si-based amorphous ceramic. At higher magnification,
numerous pores in the range of 2-10 nm in diameter are
visible throughout the coating. According to their size, the
majority is classified as mesopores® being too small for
observation in SEM, which rationalizes why the ceramic
layer appeared smooth in the SE image. The existence of
such uniform porosity strongly implies extensive gas-phase
processes operating during thermal treatment of the poly-
meric single-source precursor (SSP) at temperatures up
to 500°C. On the one hand, this could be a consequence
of the release of volatile species from the cellulose fiber
while, on the other hand, it certainly involves gaseous
compounds emanating from the polymer precursor itself
during ceramization, causing the porosity observed in this
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FIGURE 4 Bright-field transmission electron microscopy (TEM-BF) image of a fiber cross-section in the ceramic paper ammonolyzed at
500°C. According to the corresponding chemical analyses, sites A and B relate to the carbon fiber core (A) and the ceramic coating (B),
respectively. Electron diffraction shows that the fiber core is entirely amorphous without distinct crystalline phases present, whereas the

diffraction pattern and FFT of the fiber core’s high-resolution TEM (HRTEM) image reveal two concentric discs that hint at a possible

near-range order present in the cellulose-derived pyrolytic carbon. The ceramic coating appears highly porous in the high-magnification

bright-field image, while no indications of crystalline phases are evident from the selected area electron diffraction (SAED) pattern

sample. Please note that, during TEM observation of the
sample, beam damage phenomena such as sputtering and
redeposition of sample atoms were observed. This suggests
a still incomplete polymer-to-ceramic conversion of the
precursor, while also indicating that the pyrolytic release
of volatile compounds and thus the carbonization of the
cellulose fiber is only partial at this rather low temperature
of 500°C.

3.2 | Ammonolysis at 700°C

The structure of the ceramic paper ammonolyzed at 700°C,
as observed in SEM, is depicted in Figure 5. A single fiber is
shown with its core being exposed; overall, closely resem-
bling the morphology of the sample prepared at 500°C.
According to EDS analyses, the compositions of the fiber
core and the coating have only changed marginally com-
pared to the lower temperature sample, with the fiber
being carbon-based and the PDC coating SiFeO(N,C)-
based. The substantial carbon signal of EDS B originates
in the underlying fiber indicating a small thickness of
the encasing ceramic layer. Higher magnification imag-
ing revealed some interesting differences compared to the

500°C sample. Most notably, BSE imaging shows numer-
ous small precipitates finely dispersed over the sample sur-
face. In addition, the SE image reveals clusters of hierar-
chical pores in the fiber core, whereas the coating again
appears smooth without noticeable porosity.

A TEM-BF overview of a fiber cross-section in the
ceramic paper obtained upon ammonolysis at 700°C is
displayed in Figure 6. Again, the fiber and the ceramic
coating are distinguishable by their characteristic contrast,
with A being the carbonized fiber, while B represents the
SiFeO(N,C)-based ceramic coating, according to their EDS
spectra. The carbonized fiber appears to have undergone
only minor changes compared to the 500°C ammonolyzed
ceramic paper. No indications of crystalline features are
visible in the SAED pattern and HRTEM image, while the
EDS spectrum exhibits a slightly smaller nitrogen signal
of the fiber. However, as depicted in the BF image, some
pores are evident inside the fiber agreeing with the SEM
observations.

Conversely, the ceramic coating (B) contains numer-
ous precipitates that have not been observed in the
lower temperature sample. The crystallites are mainly
dispersed inside the amorphous ceramic matrix and
give rise to discrete reflections forming a ring in the
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FIGURE 5

SEM-BSE image of a single fiber in the ceramic paper ammonolyzed at 700°C. Energy-dispersive X-ray spectroscopy (EDS)

analyses of the fiber core (A) and a ceramic coating (B) reveal their composition to be very similar to the 500°C sample. However, the
high-magnification BSE image shows small crystalline precipitates throughout the fiber, while the corresponding SE image displays

numerous macropores that have formed inside the carbon fiber

SAED pattern assignable to the (2-11) lattice spacing of
trigonal/hexagonal ¢-Fe,N, being consistent with XRD
measurements conducted on this system.*® The high-
magnification BF image of site B shows the fiber/coating
interface where two populations of precipitates exist signif-
icantly differing in size. The larger particles being located
exclusively at the fiber-coating interface region range from
approximately 20-50 nm, while, in addition, numerous
nanosized crystallites of up to 8 nm in diameter are finely
dispersed within the ceramic coating. An in-depth char-
acterization of both populations was conducted to eluci-
date the phase evolution during thermal treatment of these
complex ceramic composites.

Figure 7 depicts an HRTEM image of one of the larger
precipitates exhibiting a prominent core-rim structure.
The corresponding SAED pattern is single-crystalline and
matches a low-indexed zone axis of the ¢-Fe,N structure.
Based on the diffraction data (Figure 7B) and the EDS spec-
tra of these larger precipitates (Figure 7C), which always
accommodate a distinct nitrogen signal, it is concluded
that Fe-based nitrides are one of the principal crystalline
phases in the 700°C prepared sample. While the shell
of the precipitate appears to be well crystallized in the
HRTEM image, only very faint additional reflections occur
in the diffraction pattern, which could not unequivocally
be indexed as a distinct phase. However, as depicted in

the EDS spectrum, the notable carbon signal indicates the
presence of an iron-carbon-based phase such as cementite
Fe;C or could resemble a phase with an intermediate com-
position of an iron-based carbo-nitride.

Apart from e-Fe,N, the smaller crystallites were also
extensively studied to analyze their composition and struc-
ture. Figure 7D depicts an HRTEM image of a nano-
sized crystalline precipitate, embedded in an amorphous
ceramic matrix. Nano-ED was employed to obtain struc-
tural data of individual crystallites being too minuscule
for conventional selected area diffraction. The single-
crystalline pattern (Figure 7E) matches iron oxide with
wiistite structure (Fe(;_,)O, Fm-3 m), while EDS analyses of
precipitate and surrounding matrix indicate that the phase
is iron-based (Figure 7F). Since no significant N signal was
collected and indexing of the diffraction pattern yields no
solution for either a-Fe or Fe-based nitrides nor silicides,
wiistite is concluded to be the nanosized phase precipitated
in the PDC coating.

3.3 | Ammonolysis at 1000°C

Figure 8 depicts a fiber in the ceramic paper obtained upon
ammonolysis at 1000°C. Compared to the samples pre-
pared at lower temperatures, no clear distinction between
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FIGURE 6 TEM-BF image of a fiber cross-section in the ceramic paper prepared at 700°C. Again, the fiber core (A) is almost exclusively
composed of amorphous carbon showing no signs of crystalline features in the corresponding SAED pattern and HRTEM image. Please note
that some pores are visible inside the carbon fiber (arrows). In the SiFeO(N,C)-based ceramic coating (B), crystalline precipitates are present

giving rise to discrete reflections in the SAED pattern that can be assigned to e-Fe,N. The high-magnification BF image of site B displays some

of the e-Fe, N crystallites and, in addition, reveals another population of nanosized crystallites between the larger ones, being dispersed inside

the SiO(N,C)-based amorphous matrix
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FIGURE 7 Summary of the crystalline phases observed in the 700°C ceramic paper. Most notably, nano-sized iron-based nitrides (A)

with trigonal/hexagonal structure were identified as e-Fe N via SAED and nano electron diffraction (nano-ED) (B) in combination with EDS

analyses (C). A second population of much smaller precipitates (D) dispersed inside the amorphous ceramic matrix was investigated similarly.

Nano-ED (E) and comparative EDS analyses of the nanocrystals and surrounding matrix (F) show that the smaller precipitates are iron oxides

that exhibit a wiistite (Fe(;.,O) structure
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FIGURE 8

SEM-BSE image of a fiber in the 1000°C ammonolyzed ceramic paper, where no clear distinction between fiber core and

coating based on elemental contrast is possible. Again, numerous precipitates are visible being much larger compared to the 700°C sample

and are widely dispersed throughout the fiber. EDS analyses of and next to those features show that the precipitates contain iron while the

surrounding matrix is SiOC-based. Moreover, large interconnected pores are visible in the corresponding SE image

carbon core and coating is possible based on the contrast
observed in the BSE image. Again, numerous precipitates
are visible throughout the fiber, which are considerably
larger than in the 700°C sample and hence, noticeable
even in the low-magnification SEM image. The EDS spec-
tra show that the precipitates are iron-based, while the
surrounding matrix consists mainly of carbon and silicon
with an additional weak oxygen signal present. The high-
magnification SE image shows large interconnected pores,
which were observed throughout the sample forming hier-
archical pore clusters, while other sample areas appear
comparably smooth. This hints at the existence of preferen-
tial pathways for volatile species leaving the sample during
pyrolysis.

In Figure 9, a TEM-BF overview of a fiber cross-section
observed in the ceramic paper obtained upon ammonolysis
at 1000°C is displayed. The EDS spectrum of the cellulose-
derived carbon (A) closely resembles that of the sam-
ples prepared at lower temperatures; however, missing the
nitrogen signal that was evident therein. Interestingly, a
structural transformation of the carbon is indicated by the
corresponding SAED pattern containing discrete, yet dif-
fuse concentric rings. The innermost ring closely corre-
sponds to the (002) lattice spacing of semicrystalline tur-
bostratic carbon (TC), an intermediate state between amor-
phous carbon (AC) and graphitic carbon, representing pro-

gressing graphitization of the cellulose-derived fiber. In the
HRTEM image, sets of curved lattice planes, characteris-
tic for TC, are visible, exhibiting a lattice spacing slightly
below 3.5 A, being in close agreement with the 3.44 A
d(002) spacing stated in the literature,’” which however is
considerably larger than that of planar graphite with 3.34
A8 Please note that a slight intensity modulation of the TC
d(002) reflex ring is visible in the SAED pattern. This is a
result of the TC lattice planes being preferentially oriented
parallel to the fiber axis, which likely is a consequence of
the original orientation of the cellulose molecular chains.

As evident from the EDS spectrum, site B corresponds
to the SiFeO(C)-based PDC coating containing numerous
crystalline precipitates. In the corresponding SAED pat-
tern, a discrete reflection ring is visible, which matches
the d(110) spacing (2.022 A) of metallic a-iron (Im-3m)
implying elemental iron to be the principal crystalline
phase in the sample. The HRTEM image shows several
nanocrystallites exhibiting a rather uniform size distri-
bution of 8-15 nm, dispersed inside the SiO(C)-matrix,
which still is entirely amorphous upon pyrolysis at 1000°C.
Figure 10A-C displays one of the nanosized precipitates
with its corresponding diffraction pattern and composi-
tional data, confirming that a-iron is the prevalent Fe-
based phase inside the PDC coating. Consequently, the
ceramic paper prepared at 1000°C shows ferromagnetic
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FIGURE 9 TEM-BF image of a fiber cross-section observed in the sample ammonolyzed at 1000°C. The SAED pattern of the
carbon-based fiber (A) shows diffuse rings that can be attributed to the presence of turbostratic carbon with d(002) spacing of approximately
3.44 A, exhibiting typical phase contrast of curved lattice planes in the HRTEM image. A discrete reflection ring that corresponds to the (110)
spacing (2.022 A) of a-iron is evident in the SAED pattern of the ceramic coating (B), while additional reflections are present originating from
individual iron nitride particles that are typically found only at the fiber-coating interface. The HRTEM image of the coating depicts
nanosized iron precipitates dispersed inside an amorphous SiO(C)-based matrix
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FIGURE 10 Display of the crystalline phases present in the sample prepared at 1000°C. A Fourier-filtered HRTEM image (A) of a
nanosized precipitate embedded in the amorphous SiO(N,C) coating is shown along with its nano-ED pattern (B) and EDS analyses of the
crystallite and the surrounding matrix (C), suggesting metallic a-iron to be the prevailing crystalline phase at this temperature. However,
much larger crystallites (D) typically found at the fiber-coating interface were identified to be e-Fe, N according to electron diffraction (E) and
EDS analysis (F)
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Schematic of the temperature evolution in the C/SiFeO(N,C)-based ceramic papers, showing the observed microstructure

of the samples upon ammonolysis at 500, 700, and 1000°C. The proposed mechanisms leading to the phase composition of the respective
temperature step are schematically depicted. For a detailed description, it is referred to the text

behavior when exposed to an external magnetic field, as
opposed to the sample prepared at 700°C.

Asindicated in the BF overview of Figure 9, much larger
Fe-nitride particles reaching diameters of up to 100 nm,
were also found typically discontinuously occurring along
the fiber-coating boundary, analogous to the sample pre-
pared at 700°C. As shown in Figure 10D-F, these particles
are single-crystalline exhibiting trigonal/hexagonal e-Fe,N
structure, with their composition being close to stoichio-
metric e-FesN. No nitrides were located inside the ceramic
coating or the cellulose-derived carbon; a peculiarity that
implies distinct chemo-physical conditions to be present at
the fiber-coating interface during ammonolysis of the pre-
ceramic composite.

4 | DISCUSSION

The comparative investigation of cross-sectional TEM
samples prepared from SiFeO(N,C)-based PDCPs shows
that very different microstructures are generated in the
ceramic composites by changing the pyrolysis temper-
ature. Figure 11 summarizes the overall findings of
this study, displaying the micro-/nanostructural features
observed in the samples prepared at their corresponding
temperatures of 500, 700, and 1000°C.

4.1 | Polymer-derived SiFeO(N,C) coating
Upon ammonolysis at 500°C, the iron-modified polymer
precursor is converted into a mesoporous SiFeO(N,C)-
based ceramic coating. Typically, pyrolysis of PHPS in
ammonia atmosphere leads to the formation of Si-N-based
ceramics,” while in this case, a Si-O-based coating was
generated with only subordinate N present. Without O, in
the atmosphere, the oxygen originates from the cellulose
template and from the Fe(acac); used in precursor modifi-
cation. The ceramic matrix is still monophasic and amor-
phous at this temperature and precipitation of iron-based
or any other phases has not yet taken place. This suggests
that the ceramization of the precursor is incomplete with
its polymeric structure at least partially retained. Since it
is well established that the pyrolytic reactions of PHPS
take place from 100 up to 1000°C,***° the comparably low
temperature and short duration of pyrolysis in this sample
cause incomplete ceramization of the ceramic layer.

At an ammonolysis temperature of 700°C, countless
iron oxide nanoparticles dispersed within a pore-free and
amorphous SiO(N,C)-based matrix are observed. With
most of them being smaller than 10 nm, and considering
their homogeneous distribution, they represent the first
precipitation step of iron phases from the Fe(acac);-
modified PHPS precursor. According to TEM analysis, the
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crystallites were identified as the non-stoichiometric oxide
wiistite (Feq.,)0), which is a metastable phase below
560°C*! that is expected to be either oxidized toward
magnetite or reduced to metallic iron, depending on the
thermodynamic conditions. At 700°C, the existence of
Fe(1.x)O, without substantial magnetite or a-iron present,
requires a narrow window of the oxygen content of about
23-24 wt.%, according to the Fe-O phase diagram.*' Upon
cooling below 560°C, wiistite decomposes to form a-iron
and magnetite for a wide compositional range. Below
300°C, however, the decomposition of wiistite is consid-
ered immeasurably slow,* suggesting that the comparably
fast cooling of the sample preserved the metastable
wiistite.

No wiistite precipitates were identified in the 1000°C
sample with a-iron now being the prevalent crystalline Fe-
phase. Iron particles occurred homogeneously dispersed
within the otherwise amorphous and pore-free SiO(N,C)-
based coating, implying an in situ formation directly
through the local reduction of the nanosized wiistite parti-
cles. Unfortunately, many processes that lead to the reduc-
tion of the FeO precipitates are conceivable and thus, the
exact mechanism cannot be determined. Several poten-
tial reducing agents exist in the system, with carbon and
its monoxide being abundant in presence of the cellulose
template during pyrolysis, especially, since the Boudouard
equilibrium is changed at temperatures above x700°C
favoring CO formation.*” Moreover, generating CO con-
sumes available oxygen, thus lowering pO, and shifting
the composition in the Fe-O system toward the a-iron +
wiistite two-phase field at 700°C.*!

Another possible reducing agent in the crucible atmo-
sphere is molecular hydrogen originating in the thermal
decomposition of ammonia.*

2NHj(g) = 3Hy(g) + Nyg) — AH = 46kJmol™! (1)

While this reaction is more favorable at a higher
temperature,** the employment of a flowing ammonia
atmosphere could considerably mitigate the effects of
hydrogen accumulation in the atmosphere. Still, elevated
H, concentrations may be present inside the macropores
in between the fibers, potentially acting as a local reducing
agent that, in addition, features comparably high diffusion
rates in most materials.*> Also, the reduction of iron oxides
in both H, and CO atmospheres is considerably promoted
with increasing temperature.

For instance, it was shown that at moderate H, con-
centrations of 10 vol.%, a temperature increase from 600
to 800°C considerably decreases the AG of the reaction*®
from +1 kcal mol™! to -0.3 kcal mol ™.

FeO(s) + H2(g) - Fe(s) + HZO(g) 2)

eramic Society

4.2 | Cellulose-derived carbon fiber

The pyrolytic decomposition of cellulose has been exten-
sively studied in the past and the processes that lead to
its gradual carbonization at elevated temperatures can be
divided into four successive steps: (i) loss of adsorbed
water, (ii) removal of structural water, (iii) depolymeriza-
tion, and (iv) aromatization or graphitization.*’

In the sample prepared at 500°C, the cellulose fiber
has been converted to a large extent into amorphous ele-
mental carbon as is evident by the low oxygen signal col-
lected. However, the observation of electron-beam dam-
age of the sample during TEM investigation with asso-
ciated redeposition of hydrocarbons indicates pyrolytic
release of volatile species from the cellulose fiber and
thus, its imperfect carbonization. The maximum carbon
yield of pyrolytic cellulose is close to 44.4 wt.% derived
from its stoichiometry; however, due to depolymerization
and carbon removal through oxygen from the cellulose
itself, this is reduced to only 10-30 wt.%.*® However, in
the case of PDCPs, it is reasonable to assume that the
polymeric coating inhibits the degassing of CO, CO,, and
other carbon-based volatile compounds from the cellulose
fiber, significantly decreasing the mass loss of the cellulose
fibers.

In the 700°C samples, SEM and TEM imaging revealed
some pores inside the fibers, potentially acting as preferen-
tial pathways for gases during pyrolysis. While the carbon
was found to be still entirely amorphous, no beam damage
effects were observed suggesting a rather advanced stage
of carbonization.

In the ceramic paper prepared at 1000°C, the cellulose
fibers have now to a large extend been converted to porous
TC indicating progressing graphitization. At this temper-
ature, elemental carbon is expected to be the main com-
ponent of the fiber, with only subordinate oxygen present.
The lattice planes of the semi-crystalline carbon are pref-
erentially aligned along with the fiber axis, as is evident
from the intensity modulation in the electron diffraction
pattern. Most likely, this results from the original cel-
lulose fiber structure being an assemblage of nanofibril
molecule chains running parallel to each other. It is shown
that for different cellulose precursor structures, different
microstructures and crystallinities are generated inside
the corresponding cellulose-derived carbon when exposed
to elevated temperatures. In particular, graphitization of
cellulose fiber bundles was shown to result in an inten-
sity modulation of the graphite d(002) ring,*’ similar to
that observed in this study. Therefore, the structure of
the cellulose directly affects the properties of the result-
ing carbon-based fiber, which has to be considered when
employed as a template in the production of functional
PDCPs.
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4.3 | Fiber-coating interface

With hexagonal e-Fe, N, another iron-based compound was
found to be present within the 700 and 1000°C prepared
ceramic papers, occurring exclusively at the fiber-coating
interface. While it is not surprising to have metal nitrides in
asample prepared in a hot ammonia atmosphere,” the fact
that these precipitates only exist along the contact zone of
the cellulose-derived carbon and PDC coating hints at dis-
tinct chemo-physical processes operating at the boundary.

In contrast to the dense ceramic coating, the highly
porous structure of pyrolytic carbon facilitates diffusion
along the free volume of the fiber.”! With progressing pyrol-
ysis, a substantial increase in meso- and microporosity
is observed, enabling potentially high diffusion rates of
gaseous species inside the carbon fiber. Moreover, carbon-
based membranes were shown to have gas separation
properties®? favoring permeation of smaller species such
as H, (kinetic radius: 289 pm),”®> ammonia (260 pm),>*
and water (265 pm) from gas mixtures containing larger
species such as CO, (330 pm)>* or N, (364 pm).”*

In consequence, diffusive NH; transport is expected to
occur inside the fibers and along with the fiber-coating
interface. Ammonia diffusing though the carbon fiber
readily reacts with iron oxide precipitates along with the
contact to the ceramic layer to either directly form Fe-based
nitrides™ or, if carbon is present, carbothermal reduction
nitridation takes place.*

N(g) + C(s) + FexO(s) - FexN(S) + CO(g) (3)

Conversely, fast permeation through the ceramic layer is
limited, rationalizing the absence of nitrides inside the
coating.

At 1000°C, the e-Fe,N precipitates have not only with-
stood reduction but also undergone considerable growth
compared to the sample prepared at 700°C, while FeO
enclosed in the ceramic layer has been reduced to a-iron
by either CO or H,. According to Equation (1), ammonia
decomposes due to both elevated temperature**** and cat-
alytic conversion at e-Fe, N sites,” likely generating H, and
N, inside the fiber. Hydrogen diffuses through the fiber,
whereas N, is retained presumably resulting in a locally
increased nitriding potential. Therefore, the proposed con-
ditions exclusively present at the fiber-coating interface
enable hexagonal e-Fe N to be stable even at temperatures
of up to 1000°C instead of being converted to cubic y-Fe,N
or metallic a-iron.

5 | CONCLUSIONS
The present work provides insights into the micro- and
nanostructural characteristics and temperature evolution

of PDCPs prepared by a one-pot synthesis approach.
Cellulose-based paper templates dipped with an iron-
modified PHPS-based single-source precursor were
pyrolyzed in an ammonia atmosphere, yielding paper-like
ceramic composites consisting of carbon fibers with a
SiFeO(N,C)-based coating.

Electron microscopic investigation revealed that upon
ammonolysis of the polymer-modified templates at 500°C,
the cellulose fibers are converted to amorphous car-
bon (AC) encased by a monophasic and amorphous
SiFeO(N,C)-based coating, while in the paper pyrolyzed
at 700°C precipitation of wiistite nanocrystallites from the
ceramic layer has taken place. At 1000°C, the oxide par-
ticles have been reduced to metallic a-iron and a struc-
tural transformation of the AC toward semicrystalline tur-
bostratic carbon is observed, resulting in a ceramic paper
with a notably distinct phase assemblage and microstruc-
ture. Moreover, at both 700 and 1000°C, e-Fe,N particles
were found to exclusively occur at the fiber/coating inter-
face, implying a higher nitriding potential inside the car-
bon fiber compared to the ceramic layer, which in turn
is attributed to selective diffusivities of nitriding species
along the free volume of the porous carbon fibers.

It was shown that the phase composition and
microstructure of the PDCPs are significantly influ-
enced by the pyrolysis temperature, offering extended
pathways for the production of highly designable ceramic
composites. However, employing cellulose as a template
for PDCPs gives rise to complex interactions with the pre-
cursor and atmosphere during thermal treatment, which
can directly affect the properties of the resulting ceramic
and thus, has to be considered in future functionalization
attempts.
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