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SiCO Ceramics as Storage Materials for Alkali Metals/lons:
Insights on Structure Moieties from Solid-State NMR and

DFT Calculations
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Polymer-derived silicon oxycarbide ceramics (SiCO) have been
considered as potential anode materials for lithium- and
sodium-ion batteries. To understand their electrochemical
storage behavior, detailed insights into structural sites present
in SiCO are required. In this work, the study of local structures
in SiCO ceramics containing different amounts of carbon is
presented. °C and *Si solid-state MAS NMR spectroscopy
combined with DFT calculations, atomistic modeling, and EPR

Introduction

Electrochemical energy storage has been at the forefront of
strategies for sustainable energy systems taking significant
leaps in development in the past decades. Much attention has
been drawn to lithium batteries due to their high energy
density which is considered a major requirement in energy
storage systems."! The steadily growing global market neces-
sitates the development of novel material technologies that can
provide both improved physicochemical properties for efficient
energy storage and cover environmental and economic aspects.
In this context, a variety of novel materials with tailored
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investigations, suggest significant changes in the local struc-
tures of SiCO ceramics even by small changes in the material
composition. The provided findings on SiCO structures will
contribute to the research field of polymer-derived ceramics,
especially to understand electrochemical storage processes of
alkali metal/ions such as Na/Na* inside such networks in the
future.

properties have been explored for use as electrodes in batteries,
replacing the commercially utilized graphite.*® Silicon-based
polymer-derived ceramics (PDCs) including silicon oxycarbide
(SiCO) or silicon carbonitride (SiCN) have been proven as
efficient electrode materials for rechargeable lithium
batteries,”*! and very recently for Na/Na™ cell model systems
as the basis for sodium batteries.*” The amorphous covalent
framework of SiCO/SIiCN, where Si atoms are coordinated to O
as well as to C or N and where domains of disordered free
carbon nanosheets are assumed, enables reversible lithium
storage with improved charge capacity compared to conven-
tional graphite electrodes. Hereby, the PDCs do not undergo
large volume expansion and thus supply better cycling perform-
ance than the analogous graphite materials,®® making them
excellent candidates as electrodes for all-solid-state batteries.
Additionally, PDCs are also used as catalyst supports,®'"
semiconductors,"? sensing elements,""® drug delivery systems!”
as well as for high-temperature™ and electromagnetic
applications.'™ These applications became feasible due to the
specific physicochemical properties of PDCs such as outstand-
ing mechanical strength,® high chemical’™® and thermal
stability,'”"® corrosion and oxidation resistance!®'? as well as
their low density and high porosity.”

Rosenburg et al.?" correlated the ordering and the content
of sp® carbon domains in SiCO to its charge transport
mechanism by analyzing samples with 0 to approximately
58 vol% carbon contents. Aside from the carbon content, the
thermal treatment,®'>*** and shaping conditions (spinning,
foaming, warm pressing, extrusion, printing, etc.),"*?%?¥ affect
the chemical architecture of the ceramic. Silicon oxycarbide
(SiCO) follows a corner-sharing tetrahedral structure of SiC,0,,
(x=0-4)*" and can be described as a glassy network of vitreous
silica glasses, with carbon partly replacing oxygen. Multiple
studies using various characterization techniques including IR
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spectroscopy, Raman spectroscopy, XRD, small-angle X-ray
scattering (SAXS), NMR analysis, TGA/MS, and TEM have been
conducted to validate the structural transformation of SiCO at
different thermal treatment stages.*'%%"

Despite being a valuable alternative electrode material in
energy storage systems,'*?® the structural role and the quantity
of the formed phases in PDCs have shown complexity and
require further investigations for deeper understanding.”>*”
Therefore, a more systematic evaluation of the PDC structure at
the nanoscale as a function of manufacturing parameters (i.e.
precursor composition, temperature) is necessary to successfully
optimize processing routes and performance of PDC systems.

In this study, we report the impact of various commercially
available polymeric precursors on the nanostructure of synthe-
sized SiCOs. Within the final SiCO network, the amount of
incorporated carbon and the phase distribution of the formed
species should be controlled by the composition of the
polysiloxane precursor (i.e., by modification of the alkyl side
chain to vinyl or/and phenyl groups in the polymeric precursor),
as well as by the temperature where the thermal cross-linking
reaction is performed.

Insight into the local chemical environment of the various
SiC,0,., tetrahedral units and sp’-bonded carbon phases in the
prepared SiCOs is provided by applying *°Si MAS NMR as well as
'H—>Si and 'H—">C CPMAS NMR. The interpretation of the
NMR spectroscopic data is supported by quantum chemical
calculations at the DFT level of theory. For these calculations,
model systems are created that realistically represent the
chemical composition of the materials.

This improved structural characterization of SiCOs combin-
ing experimental data from solid-state NMR with quantum
chemical calculations and modeling will contribute significantly
to the development of novel materials for sustainable energy
storage, especially for advancement in the battery field.®*"

Experimental Methods

Material synthesis

The synthesis of PDCs with varying carbon content is already
published in detail in Refs.?"*? Typically, SiCO-C14% (MK-PMS),
SiCO-C24% (SPR-212), SiCO-C36% (SILRES-604), and SiCO-C55%
(RD-684) were prepared from commercially available polymeth-
ylsilsesquioxane (Belsil PMS MK and Silres 604, Wacker GmbH,
Burghausen, Germany), and polysiloxanes (SPR-212 and SPR 684,
Starfire Systems Inc., NY, USA), respectively. These polymers were
cross-linked in an alumina tube furnace at 250°C for two hours
under flowing argon atmosphere. Subsequently, the cross-linked
samples were heated at 1100°C for three hours. The heating and
cooling rates were 100 Kh™'. The obtained glassy chunks were
crushed and sieved to a grain size of <40 um. The elemental
composition of each synthesized sample is given in the Supporting
Information (Table S1).

Solid-state NMR spectroscopy

The preceramic polymers (MK-PMS, SPR-212, SILRES-604, and RD-
684) and the SiCO-PDCs after thermal cross-linking were studied by
applying *Si and "C solid-state NMR (ssNMR). Measurements were
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carried out on a Bruker Avance Il HD NMR spectrometer at a
magnetic field of 7 T corresponding to frequencies of 59.62 MHz for
»Si and 75.47 MHz for "*C. Hereby, a 4 mm double resonance probe
was used allowing spinning of the samples at 10 kHz. All chemical
shifts are given with respect to tetramethylsilane (TMS=0 ppm).
#Sj spectra were referenced using kaolinite (—92.5 ppm) as an
external standard. ">C chemical shifts were referenced using glycine
as an external standard employing the signal of the C=0 group
(176.5 ppm).

For recording of *Si MAS NMR spectra of the preceramic polymers
MK-PMS and SILRES-604 as well as of all four SiCO-PDCs the Hahn-
echo sequence was applied using 90° and 180° pulses of 5 us and
10 ps, respectively. The pulse spacing T was set to two rotor periods
and a repetition time of 40 s was adopted collecting 2000 scans for
each #Si MAS NMR spectrum. The liquid preceramic precursors SPR-
212 and RD-684 were investigated by performing single-pulse
»Si NMR experiments under static conditions collecting 355 scans
using a single pulse sequence. Again a 90° pulse of 5pus and a
repetition time of 40 s were utilized in these experiments.

B3C MAS NMR spectra of the SiCO-PDCs were recorded with the
Hahn-echo sequence employing a 90° excitation pulse of 3 ps and
refocusing the magnetization by a 180° pulse of 6 ps. One rotor
period and a repetition delay of 40 s were chosen. Each spectrum
was recorded with 4320 scans except the *C MAS NMR spectrum of
the SiCO-C14% sample, which was recorded with 10720 scans. The
BC NMR spectra of the liquid preceramic precursors SPR-212 and
RD-684 were measured under static conditions collecting 355 scans
using a single pulse sequence. Again a 90° pulse of 3 us and a
repetition delay of 40 s were utilized in these experiments.

'H—?°Si CPMAS NMR and 'H—"C CPMAS NMR experiments were
performed using the ramped CPMAS sequence with a linear 50-100
ramp on the 'H channel. For the polarization transfer between 'H
and *Si nuclei, a contact time of 7.5 ms was employed, whereas a
contact time of 2 ms was used in 'H—"C CPMAS NMR experiments.
'H—%Si CPMAS spectra were recorded with a recycle delay of 8,
and 'H—"C CPMAS NMR spectra using a recycle delay of 5s. To
obtain '"H—*Si CPMAS and 'H—'C CPMAS spectra of the PDC
materials 15000 scans were collected. 3333 scans were used to
accumulate the 'H—'C CPMASNMR spectra of the starting
materials MK-PMS and SILRES-604. Due to the high conductivity of
several of the samples, no decoupling was applied during data
acquisition.

Deconvolutions of the line shapes of the 1D solid-state NMR spectra
were performed with the Origin Pro software using Gaussian/
Lorentzian lines. The parameters obtained from the deconvolution
are listed in Tables S2, S4, S6, and S8, respectively.

For sample SiCO-C14%, a frequency-switched Lee-Goldburg heter-
onuclear correlation (FSLG HETCOR) experiment was measured on a
Bruker Avance Ill HD NMR spectrometer at 14.1 T corresponding to
a frequency of 150.92 MHz for "C and 600.12 for 'H. Using a
3.2 mm rotor the sample was spun at 10 kHz. A 90° excitation pulse
of 2.5 us was applied to the 'H channel. During the evolution of the
'H chemical shift, homonuclear 'H decoupling was applied with a
B, field strength of 100 kHz. Cross polarization (CP) transfer was
then performed employing a linear ramp on the 'H channel during
a contact time of 0.5 ms to ensure the observation of short-range
correlations. During data acquisition, heteronuclear 'H decoupling
with the tppm15 sequence was applied.” A repetition delay of 4 s
was used and 2048 scans were accumulated for each of the 32
slides yielding a measuring time of about 3 days. The *C chemical
shift was referenced to TMS. To reference the indirect 'H dimension,
an additional 'H-"H MAS FSLG spectrum was recorded according to
ref. [34]. The 'H direct dimension in this spectrum was referenced
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to TMS using adamantane (1.78 ppm) as external standard, whereas
the indirect 'H dimension was referenced by selecting one diagonal
peak from the "H-"H MAS FSLG spectrum. The 'H indirect dimension
of the 'H-"*C FSLG-HETCOR MAS NMR spectrum was adjusted
according to this reference

EPR spectroscopy

EPR data were collected on an EPR Miniscope MS-400 (Magnettech,
Germany) equipped with an ATC HO3 temperature controller and a
rectangular TE102 resonator operating at 9.43 GHz. The room
temperature EPR spectra were recorded sweeping the magnetic
field in a range of 5.97 mT with a center B, field of 337 mT. All EPR
spectra were collected as single scans of 120 s sweeping time with
4096 points of digital resolution. The microwave attenuation was
40 dB and the modulation amplitude was set to 0.2 mT.

Atomistic modeling

Supplementing the experimental measurements, we performed
density functional theory (DFT) calculations®™” to predict theoret-
ical chemical shifts of silicon and carbon in amorphous SiCO. In
particular, we focused on the variation of such shifts originating
from a variety of different local chemical environments. The
considered local environments are depicted in Figure 1a. For silicon,
we studied ideal 4-fold coordination with O and C neighbors,
represented by SiO, (pure local silica), SiC,0,, SiC,0,, SiC;0 and SiC,
(pure local silicon carbide) structure motifs; for carbon we
considered CC; (pure local graphite / graphene), CSi, (pure local
silicon carbide) and CH,Si, structure motifs (hydrogen saturated
carbon on an O site in silica). In contrast to previous atomistic
models™' ™! that were dealing with full 3D representation of SiCO,
we here used an ideally coordinated silica network to embed the
various local building blocks (Figure 1b) and constructed an
amorphous carbon network (Figure 1c) containing 72% 3-fold-,
23 % 4-fold-, and 5% 2-fold-coordinated C. These pure models were
obtained by molecular-dynamics cook-and-quench simulations™*
using classical®”’ and machine-learned® interatomic potentials
followed by full structure optimizations based on density functional
theory relaxations.**%

Relaxed structures were subjected to further DFT calculation as to
simulate chemical shifts.?’% As reference for these shifts, we used
tetramethylsilane (TMS, Si(CH,),). For further details concerning the
embedding of C in SiO, and computational parameters, see the
Supporting Information

Figure 1. Local chemical environments for Si and C (a) and atomistic models
for SiO, (b) and disordered carbon (c). Color coding: Si: tan; C: gray; O: red; H:
white.
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Results and Discussion
Simulated NMR chemical shifts

The distributions of calculated NMR shifts for the different local
chemical environments are shown in Figure 2. For Si we obtain
—103+£11 ppm (SiO, 1070 local environments), —70+ 15 ppm
(SiC,05, 161 local environments), —39+ 10 ppm (SiC,0,, 320
local environments), —10+ 10 ppm (SiC,, 6 local environments)
and —3+16 ppm (SiC;0, 9 local environments). For C, we
obtain 80+ 18 ppm (CSi,, 47 structures) and 153+ 18 ppm (CGC,,
98 structures) for ideally coordinated atoms; for C replacing O
in a silica network, we obtain a shift of 16 +2 ppm (CSi,H,, 8
structures). These results will be discussed in the following in
the context of experimental spectra.

#Si solid-state NMR spectroscopy

The #Si MAS NMR spectra of the siloxane polymer precursors,
as well as the Hahn-echo *Si MAS and 'H—?*’Si CPMAS NMR
spectra of the PDCs containing different carbon content
together with the line shape analysis and signal assignment are
shown in Figure 3. Details on the line shape analysis for each
spectrum are given in Tables S1-S4. By comparing the signal
widths in the °Si MAS NMR spectra of the PDCs (Figure 3b) with
the *Si MAS NMR spectra of their corresponding precursor
polymers (PMS-MK, SPR-212, SILRES-604, and RD-684; Figure 3a)
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Figure 2. Simulated NMR chemical shifts for (a) Si and (b) C with various local
bonding environments relative to TMS.
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Figure 3. a) Hahn-echo *Si MAS NMR spectra of the preceramic precursors PMS-MK and Silres-604, and static °Si NMR spectra of SPR-212 and SPR-684
obtained with single pulse excitation. b) Hahn-echo *Si MAS NMR spectra and c) '"H—?°Si CPMAS NMR spectra of the SiCO-PDCs with various carbon content
between 14-55%. Note: All spectra were recorded at 7 T. Black solid lines show the experimental °Si NMR spectra of the PDCs, the deconvolutions are
represented by blue lines, and cumulative curves are shown in red. Vertical dashed lines indicate averaged calculated chemical shifts for various local
environments. # denotes imperfect phase correction. The detailed overview of the line shape analysis is provided in Tables S2-S5. MAS spectra were recorded

at 10 kHz spinning.

significant changes are detected. Whereas the precursors
exhibit very narrow signal widths between 425 Hz and 1355 Hz,
a significant broadening to widths between 1700 and 5600 Hz
is obtained for the PDCs. These changes are attributed to an
increase in local structural disorder leading to a broader
distribution of isotropic chemical shifts in the PDCs.*® More-
over, also the ranges of isotropic chemical shifts have changed
significantly. Whereas the *Si NMR spectra of the precursor
polymers MK-PMS and SILRES-604 contain isotropic signals in
the region between —50 and —75 ppm, the SPR-212 and RD-
684 preceramics yield resonances between —25 and —60 ppm.
Additionally, the *Si MAS NMR spectrum of RD-684 contains a
broad signal in the region between —100 and —160 ppm
attributed to impurities. This signal probably originates from
siloxane groups known as Q* and Q’ sites present in the
synthetic process of RD-684.>

In contrast to the precursor materials, the Hahn-echo *Si
MAS NMR spectra of the C-rich PDCs contain isotropic chemical
shifts distributed along the whole spectral region between 0
and —150 ppm arising from different environments of SiC,0,,
sites. These spectral changes clearly indicate cross-linking of the
four precursor materials into the PDC network with high
disordered structure.

The Hahn-echo #Si MAS NMR spectra (Figure 3b) of the C-
rich PDCs can be deconvoluted into four combined Gaussian—
Lorentzian lines. The results of the deconvolution [isotropic
shifts (0) and signal widths (fwhm)] are collected in Tables S2
and S3. Hereby, attention should be paid to a challenging
deconvolution analysis due to the signal broadening and
overlapping signals caused by the presence of dipole-dipole
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interactions, anisotropic interaction, and paramagnetic species.
From the deconvolution a tentative peak assignment based on
the literature®?>?73043552 js performed. The averaged isotropic
chemical shifts at —102, —72, —38, and —17 ppm are assigned
to SiC,, SiC,0,, SiCO;, and SiO, structural units present in the
PDC network.

Comparing the 'H—?Si CPMAS NMR spectra (Figure 3c)
with the Hahn-echo #Si MAS NMR spectra (Figure 3b) of the
PDCs, significant changes in the signal line shapes are noticed.
The "H—>Si CPMAS NMR spectra of the PDCs show a wider
spectral range up to around 180 ppm compared to the Hahn
echo °Si MAS NMR spectra. '"H—?’Si CPMAS NMR spectra are
deconvoluted with five Gaussian/Lorentzian lines. The parame-
ters isotropic chemical shift (6) and line widths (fwhm) of the
deconvolutions are listed in ESI in Table S4-S5. The obtained
chemical shifts are attributed to SiO, (ca. —104 ppm), SiCO; (ca.
—73 ppm), SiC,0, (ca. —40 ppm) and SiC, (ca. —16 ppm),
respectively. In addition, a new signal at around —7 ppm has
appeared in the 'H—®Si CPMASNMR spectra, which is
attributed to SiC;O moieties®™*" containing protons in their
close vicinity which are most probably located close to the
surface. The locations of these five peaks are in good agree-
ment with our theoretical calculations as indicated by the
dashed vertical lines in Figure 3¢, thus verifying association of
the various peaks with the respective local chemical environ-
ments. Compared to the Hahn-echo #°Si MAS NMR, the signal
intensities in "TH—Si CPMAS NMR show significant differences,
and there are apparent small shifts of the resonances. Such
differences are well-known from silica materials (for example,
see ref. [53]) and caused by the cross-polarization (CP) from
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'H—2Si. The CP selectively detects the signal of silicon nuclei in
the close vicinity of a hydrogen atom. Thus, signals of silicon
nuclei in sites without neighboring hydrogen nuclei are strongly
suppressed or invisible in "TH—>Si CPMAS NMR spectra.

3C solid-state NMR spectroscopy

The *C MAS NMR spectra of the silicon-based PDCs including
the NMR studies of their precursor polymers are shown in
Figure 4. The *C NMR spectra of the precursor materials (MK-
PMS, SPR-212, SILRES-604, and RD-684; Figure 4a) all consist of
a narrow signal between —2 and —6 ppm. This signal is
assigned to sp® organic moieties such as CH; and CH, groups
bonded to silicon atoms.’**® Furthermore, signals in the
chemical shift range between 100 and 150 ppm are obtained,
which are typical for carbon atoms in functionalized vinyl and
aromatic side chains.®**® In contrast, in the Hahn-echo C
MAS NMR spectra of the PDCs after thermal cross-linking
(Figure 4b), significantly wider isotropic chemical shift ranges of
—50 and 200 ppm are covered. This observation is similar to the
findings obtained in the ?°Si ssNMR studies (Figure 3) and again
clearly suggests cross-linking of the used preceramic polymers
into the PDC with the increased structural disorder.

Comparing the Hahn-echo *C MAS NMR spectra of the four
PDCs, a significant signal intensity increase with growing carbon
content in the network is obtained. This improvement of the
signal-noise ratio in the Hahn-echo *C MAS NMR spectra most
probably refers to the increased formation of free carbon
phases in the PDC network when carbon-richer polymer
precursors are cross-linked.

a) b)

RD-684

. SiCO-C55%
(SiCO-C55%) %

sp2-C

Each Hahn-echo *C MAS NMR spectrum of the PDCs (Fig-
ure 4b) was deconvoluted by several Gaussian/Lorentzian lines.
The parameters isotropic shifts (0) and signal widths (fwhm)
used in these deconvolutions are given in Tables S6 and S7. In
all Hahn-echo *C MAS NMR spectra of the ceramics, a large
spread of the chemical shifts within the range of 50 to 200 ppm
is noticed. This indicates various local environments of sp*
bonded carbon atoms in the structure. In addition, the Hahn-
echo C MAS NMR spectra of SiCO-C14% and SiCO-C24%
exhibit an isotropic signal at approximately 24 ppm originating
from sp® hybridized C5” This signal does not appear in the
Hahn-echo spectra of materials with higher carbon content
such as SiCO-C55% and SiCO-C36 %. Such observation is most
probably related to the limited formation of sp® carbon species
when carbon-rich precursor polymers are used in the manufac-
turing process of PDCs.

The 'H—"C CPMAS NMR spectra (Figure 4c) exhibit better
resolution than the Hahn-echo *C CPMAS NMR (Figure 4b). The
parameters 0 and fwhm used for the deconvolution of the
'H—"C CPMAS NMR spectra are given in Tables S8 and S9. The
overlapping resonances at 15 and —13 ppm are assigned to sp*
bonded carbon species such as CSi, and SiC,0,,, and probably
remaining aliphatic carbons from the manufacturing process,
whereas the signals at 135 ppm originate from sp”> carbon
according to the literature.”>*'*¥ Note, that the shift of the
signal at —13 ppm in the '"H—"3C CPMAS NMR to higher field
compared to ref”V is caused by its overlapping with the
spinning side bands. Interestingly, an additional signal at
around 175 ppm is obtained in each 'H—'"C CPMAS NMR.
Deeper analysis of this signal by 'H—'C CPMAS NMR experi-
ments at different spinning rates (for SiCO-C14 % sample shown

SILRES-604 —_r
(SICO-C36%) N )
sp*-C
x1.8
SPR-212 -
(SICO-C24%) SICO-C24% SiCO-C24% 4
x 10
MK-PMS ) v
(SICO-C14%) SIE/\O—ClAl% -
~ v
300 250 200 150 100 50 O  -50 100 300 250 200 150 100 50 O  -50 100300 250 200 150 100 80 0 -850  -100

13C chemical shift (ppm)

13C chemical shift (ppm)

13C chemical shift (ppm)

Figure 4. a) "H—">C CPMAS NMR spectra of the preceramic precursors MK-PMS and SILRES-604 at 10 kHz and static '>C NMR spectra obtained with single
pulse excitation of SPR-212 and RD-684. b) Hahn-echo '*C MAS NMR spectra of PDCs SiCO-C14 %, SiCO-C24 %, SiCO-C36 %, and SiCO-C55%. c) "H—"C

CPMAS NMR spectra of the PDCs with various carbon amounts. Note: All spectra were recorded at 7 T. The experimental >*C NMR spectra are shown by black
lines, the deconvoluted spectra by blue lines, and cumulative curves are shown in red. MAS spectra were recorded at 10 kHz spinning. The chemical shifts are

listed in Tables S6 — S9. The green lines are to guide the eyes.
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in Figure S1) shows that this signal does not refer to a spinning
side band as proposed in the literature.”®” Moreover, the
isotropic signal at 175 ppm indicates the presence of carbonyl
containing sites (C=0-group) such as carbonates.®® This signal
is not clearly visible in the Hahn-echo C MAS NMR spectra,
probably due to signal broadening or slow relaxation of C=0
carbons.

To resolve the carbon-hydrogen environment in the SiCO
network, a 'H-">C FSLG-HETCOR MAS NMR spectrum of SiCO-
C14% as a model system was recorded. The spectrum achieved
at 141 T after 3 days of measurement is shown in Figure 5.
Applying this experiment, different sp* hybridized carbon
resonances with similar >C NMR chemical shifts in the range
between 25 and 50 ppm are resolved clearly. These resonances
show strong correlations to hydrogens at 2.6 and 8.7 ppm in
the 'H indirect dimension. Furthermore, the signal at 175 ppm
assigned to C=0 containing sites also correlates to these
protons. Finally, a signal at around 15 ppm is visible which
correlates with hydrogens at 1 ppm in the indirect dimension.
Such correlation signal most probably originates from remain-
ing aliphatic carbons from the manufacturing process. This is in
good agreement with the results from 'H—'">C CPMAS NMR
spectroscopy (Figure 4c), where a clear assignment of the
aliphatic carbon species was not feasible since signals in the
aliphatic region are overlapping with CSi, and SiC,O,, reso-
nances.

The protons at 2.6 ppm, which are in the typical range of
aliphatic protons, seem to be surrounded by sp® carbon species,
whereas the strong deshielded protons at 8.7 ppm indicate the
presence of paramagnetic centers in their local environment.
Most probably, the protons at 8.7 pm originate from defects in
aggregated carbon phases.

In contrast, the signal at around 135 ppm attributed to the
sp* bonded carbon obtained in the 'H—"C CPMAS NMR
spectrum at 7 T (Figure 4c, sample SiCO-C14 %) is not visible in
the 'H-">C FSLG-HETCOR MAS NMR at 14.1 T. Furthermore, the
signal at 135 ppm is also not visible in the 'H—"C CPMAS NMR
spectrum recorded at 14.1 (Figure S2). A plausible explanation

spi-C

CO-group,

5 o o AN O
(wdd) Jiys [eanusyo H,

12

i
S

300 250 200 150 100 50 0
13C chemical shift (ppm)

&
3

Figure 5. The 'H-*C FSLG-HETCOR MAS NMR spectrum of SiCO-C14%
recorded at 14.1 T shows the correlation between the *C resonances of the
sp? carbon species and C=0 containing sites with the 'H resonances at

2.6 ppm, 8.7 ppm, and 1 ppm. Note: The spectrum was recorded at 14.1 T.

ChemSusChem 2023, 16, €202202241 (6 of 8)

for this observation is the strong effect of paramagnetism which
influences the relaxation time of the protons. As a result of the
large electronic magnetic moment, a rapid nuclear relaxation is
induced diminishing the efficient magnetic polarization transfer
on the sp? bonded carbon spins at 14.1 T. The impact of the
unpaired electrons on the enhanced nuclear relaxation results
in reduced signal intensity or signal blending into the baseline
at the higher magnetic field. For a deeper discussion of this
effect, the reader is referred to refs.>”

A comparison of experimental to calculated ">C chemical
shifts shows considerably less good agreement as compared to
the *°Si chemical shifts. In addition to an overall drift of
calculated peak positions towards higher shifts, the peak
separation between sp’-like C and CSi, is underestimated by
~20 ppm. Yet here we emphasize that CH,Si, structure units (H-
saturated C on an O site in amorphous silica) are expected to
result in a sharp peak at ~—60+2 ppm relative to the CSi,
signal. However, no sharp peak to the right of the CSi, signal is
observed in the experimental spectra. This points towards the
presence of only a minor fraction of CH,Si, units in SiCO, if at
all, thus challenging theoretical predictions based on models
obtained by replacing O by C in amorphous silica networks.*'*

EPR spectroscopy

The EPR spectra of the cross-linked PDCs are shown in
Figure 6a. These spectra show a significant decrease in line
width from 0.35 mT to 0.15 mT with increasing carbon content
in the SiCO ceramics from 14% to 55% (Figure 6b). This
observation can be explained by changes of the hyperfine
interactions between the nuclear and electronic magnetic
moment of hydrogen atoms bonded or adjacent to carbon.
With the increase of the carbon content the density of dangling
bonds and thus paramagnetic defects grows, which causes an
increase of electron spin exchange interactions, which reduces
the line width in the EPR spectra, as explained by Adronenko
et al® This finding is in good agreement with the Hahn-echo
3C MAS NMR data (Figure 4b) discussed above. Cross-linking of
the carbon-richer polymer precursors favors the formation of
free carbon phases and leads to an increasing number of
paramagnetic dangling bonds.

Conclusion

The structural composition of polymer-derived silicon oxy-
carbide ceramics (SiCO) containing different carbon contents
(SiCO-C14 %, SiCO-C24 %, SiCO-C36 % and SiCO-C55 %) has been
investigated by applying *C and *Si solid-state MAS NMR
spectroscopy. The *Si MAS NMR spectra of SiCO ceramics show
significant line broadening compared to the ?°Si MAS NMR
spectra of the preceramic precursors (PMS-MK, SPR-212, SILRES-
604 and RD-684), which indicates increased structural disorder
in the PDC networks caused by cross-linking. From deconvolu-
tion of the *Si MAS NMR spectra, the formation of different
SiC,0,, structural units such as SiO,, SiCO,, SiC,0,, SiC, and

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 6. a) EPR spectra of the SiCO samples synthesized from preceramic polymers with different carbon content recorded at RT. Spectra are normalized on
the peak maximum. Note: Although spectra were not centered, the center positions only vary by 0.02 mT, which is within the error margins. b) Signal widths
in the EPR-spectra of the PDCs displayed as a function of the total carbon content calculated from the elementary analysis.

SiC;0 is identified. These chemical shifts are in good agreement
with the calculated values at the DFT level of theory. The "*C
MAS NMR spectra indicate that the SiCO-PDCs contain sp?
bonded carbon species such as CSi,, SiCO,, as well as aliphatic
carbons originating from the manufacturing process, sp’
bonded graphene layers and C=0 containing sites. This assign-
ment of carbon structures has been exemplary proved by 'H-">C
FSLG-HETCOR MAS NMR of SiCO-C14% at 14.1 T.

In the EPR spectra of the PDCs, the decrease in the line
width with increasing carbon content indicates the formation of
paramagnetic dangling bonds, when carbon-richer preceramic
precursors are used for the cross-linking.

To summarize, the formation of carbon-free phases and
paramagnetic defects strongly depends on the composition of
the preceramic polymers. This basic work provides important
local structural information on SiCO ceramics which are the
basis to understand their electrochemical properties in energy
storage devices based on alkali metal/ion such as Na/Na™ in the
near future.
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