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ABSTRACT: Amorphous polymer-derived silicon-oxycarbide (SiOC) ceramics  Charge — e~ o — -
have a high theoretical capacity and good structural stability, making them suitable |>*" ¢ = = ©
anode materials for lithium-ion batteries. However, SiOC has low electronic Cathode I_Electrolytﬁ]] Anode
conductivity, poor transport properties, low initial Couloumbic efficiency, and £93° /‘
limited rate capability. Therefore, there is an urgent need to explore an efficient
SiOC-based anode material that could mitigate the abovementioned limitations. In
this study, we synthesized carbon-rich SiOC (SiOC-I) and silicon-rich SiOC
(SiOC-II) and evaluated their elemental and structural characteristics using a broad

Carbon nanotube

Buckypaper
spectrum of characterization techniques. Li-ion cells were fabricated for the first
time by pairing a buckypaper composed of carbon nanotubes with SiOC-I or Separator  Silicon-oxycarbide/Graphene
SiOC-II as the anode. When mixed with graphene nanoplatelets, the SiOC-1I/ GNP . . nanoplatelet composite
o Li*ions '—’75;;;{}5‘ Graphene nanoplatelets

composites exhibited improved electrochemical performance. High specific
capacity (average specific capacity of 744 mAh/g at a 0.1C rate) was achieved
with the composite anode (25 wt % SiOC-II and 75% GNP), which was much
better than that of monolithic SiOC-I, SiOC-II, or GNPs. This composite also exhibited excellent cycling stability, achieving 344
mAh/g after 260 cycles at a 0.5C rate and high reversibility. The enhanced electrochemical performance is attributed to better
electronic conductivity, lower charge-transfer resistance, and short ion diffusion length. Due to their superior electrochemical
performance, SiIOC/GNP composites with CNT buckypaper as a current collector can be considered a promising anode material for
LiBs.

KEYWORDS: polymer-derived ceramics, silicon-anode, buckypaper, carbon nanotubes, composites, graphene nanoplatelets,
lithium-ion batteries
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1. INTRODUCTION silicon anode is an excellent alternative to the existing graphite
anodes because of the Li,,Sis storage configuration that
provides an impressive charge capacity of 4200 mAh/g.
However, Si as an anode material has failed to gain significant
momentum due to its low electronic and ionic conductivity
and significant volume expansion (~400%) upon lithiation. Si
repeatedly expands and contracts during charging and
discharging, leading to the crumbling and cracking of the
anodes, which greatly impedes the widespread commercial use
of Si-based anodes in LIBs.'”"?

Polymer-derived silicon oxycarbide (SiOC) ceramics are an
1> By tailoring

The continuous usage of fossil fuels as a source of energy for
more than a century has led us to global warming and other
environmental issues. Therefore, global efforts are underway to
generate energy via zero-emission approaches and electrifying
transportation; both require high-performance energy storage
systems. Li-ion batteries (LIBs) are widely used and
considered the most attractive type of battery in automobiles
and portable electronic devices due to their high gravimetric
energy density." A worldwide exploration of various anodes,
cathodes, electrolytes, and current collector materials is
underway to improve the performance of LIBs.”~" Moreover,
the widespread use of portable devices and the interest in

attractive alternative anode material for LIBs.
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implementing small-to-medium grid storage systems have Received: January 18, 2023 —
increased the demand for high-energy and long-lasting energy Accepted: May 29, 2023
storage devices.”'° Although traditional graphite-based LIBs Published: June 13, 2023
are available, their energy density is limited to 200 Wh/kg.'”"!
One of the current research areas in LIBs is on developing
materials capable of enhancing energy and power density. The
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the composition and microstructure according to end require-
ments, SiIOC ceramics have a unique advantage in terms of
their adaptability. Moreover, they possess excellent corrosion,
oxidation resistance, and high thermal stability and can
withstand large strains.'°”'® Notably, they can be synthesized
with a micrporous structure to improve Li" diffusion and
contain free carbon (amorphous), which acts as charge
carriers.'” Dahn et al. first used these materials as LIB
anodes,”” and Raj et al. subsequently proposed nanodomains in
SiOC formed by the domain walls of SiO, tetrahedra
surrounded by mixed SiOC bonds and an sp®> carbon
network.”"

Fukui and coworkers created a polymer-to-ceramic micro-
porous composite by combining and pyrolyzing polysilane with
phenyl-substituted polysiloxane, (Ph,Si)o¢s(PhSi),;s, polystyr-
ene layers, and SiOC glasses. Furthermore, they showed that
the interstitial spaces or the edges of the graphene layers serve
as important electrochemically active sites for lithium
storage.'” In another study, a polysiloxane and divinylbenzene
composite with phenyl substitutions was reported by Liu et al.
at a pyrolysis temperature of 800 °C, which exhibited a stable
capacity of around 660 mAh/g due to the presence of
electrochemically active silicon-lithium species.”> Nonetheless,
its low electronic conductivity, large hysteresis, and high first
cycle irreversibility are the key factors that limit the use of
these SiOC composite anodes.

Researchers made initial attempts to fabricate carbon-
enriched SiOC by mixing precursors with carbon backbone
polymers, such as polystyrene,'” acenaphthylene,”® and
divinylbenzene.”*"*® Although some of these systems have
less or equal electrode capacities to commercial graphite,”*
they are more efficient than commercial graphite in promoting
synergy between the carbonaceous materials for better
electrochemical performance. Due to the synergistic effect
between two carbonaceous materials, it is possible to improve
the overall capacity of the SiOC system and cyclic stability by
adding 2D carbonaceous materials. By forming a percolation
network, carbonaceous materials boost the electrical con-
ductivity of the system as well as enhance Li storage capacity
and electron transfer kinetics. Numerous studies have focused
on the incorporation of carbon materials into the SiOC
material system, including carbon nanotubes,?”* graph-
*?732 graphene nanoplatelets (GNPs),* > graphene
oxide,””*" reduced graphene oxide,"’~* and carbon nano-
fibers.*** Various processing methods have been employed to
develop 2D carbonaceous-based SiOC anodes, like ball milling,
physical mixing, sol—gel infiltration, precursor infiltration, in
situ reaction, and electrospinning.””***7#>%

However, a few recent reports on current collectors
suggested that the surface roughness, structure, wettability,
flexibility, compressibility, safety, and weight of the collector
are important factors that need to be considered.*>*” A typical
Li-ion battery uses copper foil as the conventional metal
current collector, which outweighs the overall weight of the
cells. To mitigate this problem, a lightweight buckypaper made
of carbon nanotubes has been identified as a current alternative
collector.*® Furthermore, with buckypaper electrodes, flexible
LIBs showed no signs of cracking, delamination, or structural
changes typically observed in rigid LIBs. Flexible batteries have
received enormous attention recently, especially in healthcare
and wearable electronics.” Our group previously reported™’
that due to the porous nature of buckypaper, Si nanoparticles
adhere well to the buckypaper current collector upon coating.

However, Si nanoparticle coating on copper foil did not adhere
well as compared to buckypaper. Furthermore, SEM confirms
that the bottom-most layer of Si nanoparticles is in direct
contact with Cu foil or the interfacial layer. In contrast, on
electrodes on buckypaper, the contact between the Si
nanoparticles and the current collector is not limited to the
bottom layer but is throughout the thickness. Further, using
electrochemical impedance spectrocopy, our group has shown
that electrodes based on buckypaper have two orders of
magnitude higher diffusion constants than copper foil. Finally,
it was observed that the buckypaper current collector
significantly reduces the Warburg impedance and interfacial
resistance between the current collector and the active
material.>’

The fabrication of SiOC anode materials using buckypaper
as the current collector has not been reported in the literature.
Moreover, detailed studies on SiOC graphene-based compo-
sites are still under investigation. Herein, we report the
synthesis of carbon-rich SiOC and silicon-rich SiOC polymer-
derived ceramics and then evaluate their structural, electronic,
and electrochemical properties. Thereafter, Li-ion half-cells
were fabricated with buckypaper current collectors, eliminating
the use of traditional copper foil. The synthesized SiOC
materials are thoroughly characterized by spectroscopic,
microscopic, and electrochemical techniques prior to using
them as an anode material in LIBs. This study demonstrates
that the freestanding SiOC/GNP buckypaper-based electrode
can be considered a good alternative anode material for LIBs.
To fabricate efficient LIBs, a variety of SiOC/GNP composites
were prepared by considering the synergistic effect of both
SiOC and GNP, and the best-performing composite has been
identified. An ideal combination of SiOC-II and GNP was
achieved, which showed exceptional rate capabilities (744
mAh/g at a 0.1C rate) and good cycling stability at a higher C
rate (344 mAh/g after 260 cycles at a 0.5C rate) than the
monolithic SIOC-I, SIOC-II, and the pristine GNP.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Carbon-Rich SiOC (SiOC-l). The precursors

used to synthesize carbon-rich silicon oxycarbide ceramic (SiOC-I)
were as follows: 1. linear polymethylhydrosiloxane (PHMS,
(CH,;);SiO[(CH;)HSiO],Si(CH;);) (Sigma-Aldrich), 2. divinylben-
zene (DVB, C¢H,(CH=CH,),, technical grade 80% (Sigma-
Aldrich), and 3. platinum divinyltetramethyldisiloxane complex, Pt
2% in xylene (Sigma-Aldrich). The PHMS was mixed with 60% DVB
and stirred at 600 rpm for 15 min followed by the addition of a 100
ppm platinum catalyst. For a homogeneous blend of the mixture,
stirring continued for another 20 min. Crosslinking of the mixture was
carried out in a ceramic boat for 8 h at 230 °C using a hot plate.
Following crosslinking, the sample was pyrolyzed at 1000 °C for one
hour with a ramp rate of 5 °C/min in an Ar atmosphere.”"

2.2. Synthesis of Silicon-Rich SiOC (SiOC-Il). A silicon-rich
silicon oxycarbide glass—ceramic (SiOC-II) was synthesized using the
following polymer precursors: 1. linear polymethylhydrosiloxane
(PHMS, (CH,),SiO[(CH,)HSiO],Si(CH,),, Sigma-Aldrich), 2.
vinyl-terminated polydimethylsiloxane (PDMS, CH,CH[Si-
(CH),0],Si(CH;),CHCH,, Sigma-Aldrich), 3. 2,4,6,8-tetramethyl-
2,4,6,8-tetravinylcyclotetrasiloxane [TMTVS, [—Si(CH;)(CH=
CH,)O0—-],, Alfa Aesar], and 4. platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in xylene, Pt 2%, (O[Si-
(CH,),CH=CH,],Pt, Sigma-Aldrich). As a starting point, linear
PHMS and TMTVS were taken in a 10:1 ratio, and PDMS was taken
as 75% of the linear PHMS. After mixing, curing, and pyrolysis, the
same procedure was followed as with the carbon-rich SiOC sample.**

https://doi.org/10.1021/acsami.3c00571
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Figure 1. Schematic illustration of (a) chemical structure of carbon and silicon-rich silicon oxycarbide ceramics based on their precursors and (b)

SiOC synthesis procedure.

Figure 1 shows the schematic of the synthesis process including the
structure of the starting chemicals.

2.3. Chemical and Structural Characterization. Thermogravi-
metric analysis (TGA) [Shimadzu/DTG-60] was carried out on
samples cured at 230 °C to determine the final ceramic yield. The
samples were heated from room temperature to 950 °C in an argon
atmosphere at a rate of S °C/min. To investigate the chemical
structure, Fourier transform infrared (FTIR) spectroscopy was
conducted on the cured and pyrolyzed SiOC-I and SiOC-II using a
JASCO FTIR 4200, having a resolution of 4 cm™ in the range of
4000 to 400 cm™". To confirm the amorphous nature of SiOC formed
by pyrolysis at 1000 °C, X-ray diffraction (XRD) patterns were
recorded using a Rigaku Ultima IV X-ray diffractometer (Cu Ka
radiation, 4 = 1.5418 A, and a scan speed of 2°/min at a step size of
0.02°). Raman spectroscopy was performed using a LABRAM HR
Horiba with a 100 mW Nd-YAG laser (4 = 532 nm) with a lateral
resolution of 5 um and a 30 s exposure time. Bulk elemental analysis
was also carried out on ceramic samples to determine their silicon,
oxygen, and carbon compositions. Leco CS744 and ONH836
analyzers were used to determine carbon and oxygen weight % in
the ceramic individuals. Assuming that no other impurities are
present, we estimate the balance as the weight fraction of Si. This
analysis was carried out as per the reported procedure.’>*?
Additionally, to calculate the percentage and uniformity of Si, O,
and C in the sample, field-emission scanning electron microscopy
(FESEM) was performed using an FEI ApreoS (USA) equipped with
a microanalyzer for energy-dispersive spectroscopy (EDS). The
surface chemical states of the elements and their atomic and weight
percentages were analyzed by X-ray photoelectron spectroscopy
(XPS) [Thermo Fisher Scientific]. A monochromatic small-spot X-ray
photoelectron spectrometer with a 180° double-focusing hemi-
spherical analyzer was used with Al Ka radiation (1486.6 €V). Each
element’s core spectrum was scanned for 30 s and the full spectrum
for 60 s. Solid-state NMR spectroscopy (Bruker ASCEND 400 MHz/

30041

54 mm long magnets, AV NEO consoles, and double-resonance 4 mm
solid-state probes) was used to study *’Si and *C MAS NMR. To
hold the samples, a 6 mm zirconia rotor was used. Each experiment
was conducted, while the sample was spinning at 10 kHz at room
temperature. The °Si MAS NMR experiment was carried out with
15K transients, and the *C MAS NMR experiment was carried out
with 40K transients. Cross-polarization (CP) sequences with contact
times of 2.6 and 10 ms and proton decoupling were used to acquire
»Si and *C NMR spectra. In both experiments, a 1 s recycle delay
was used. The peaks in **Si NMR were deconvoluted and fitted using
a Lorentzian fit. Finally, Brunauer—Emmett—Teller (BET BELSORP-
mini II, Japan) analysis was used to determine the pyrolyzed sample
specific surface area and pore volume, whereas Barrett—Joyner—
Halenda (BJH) analysis was performed to determine the pore size
distribution. Prior to the N, adsorption studies, the samples were
degassed and preheated at 250 °C for 4 h. To ensure the
homogeneous mixing of SiOC and GNP composites, ball milling
was carried out for SiOC/GNP powders using a high-energy planetary
ball mill (Pulverisette-7, Fritsch GmbH, Germany).

2.4. Preparation of Electrochemical Half-Cells. The dry
powder ingredients were mixed and ball-milled for 30 min before
the slurry preparation to achieve homogeneous mixing. The electrode
slurry was prepared by mixing SiOC-I, SiOC-II, graphene nanoplatelet
(GNP), poly(vinylidene fluoride) (PVDF, Sigma-Aldrich), and
carbon Super P (MTI Corp) with a different mass ratio in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The composition, in
weight percentage, of all the studied electrodes is presented in Table
S1. First, PVDF was dissolved in NMP at 50 °C; then, the rest of the
components were added followed by stirring for 24 h to form a
castable slurry. It was then coated onto a 60 GSM buckypaper (BP, a
flexible and conductive paper made of carbon nanotubes (Nanotech
Lab)), using an adjustable doctor blade. To determine the active mass
of the electrodes, 10 mm-diameter disks of the tape cast foils were
punched, and the bare weight of the buckypaper was subtracted from

https://doi.org/10.1021/acsami.3c00571
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the weight of the dried tape cast foils. The mass loading of the active
material was in the range of 4—6 mg/ cm? The coated samples were
dried for 12 h at room temperature and another 12 h at 100 °C in a
precision compact vacuum oven. Working electrodes of a diameter of
10 mm were punched. Finally, CR2032-type coin cells were
assembled using MTI Corporation’s Li chip as both a working
electrode and a counter electrode (15.6 mm diameter X 0.45 mm
thickness) for the coin cell. Lithium hexafluorophosphate (LiPF) was
used as the electrolyte in ethylene carbonate and dimethyl carbonate
(v/v = 1:1, Sigma-Aldrich). As the separator, Celgard 2325 (Celgard,
LLC) was used. The cells were assembled in an argon glovebox and
maintained at less than 0.2 ppm H,O and O,.

2.5. Electrochemical Studies. The galvanostatic charge—
discharge cycles were conducted using a battery tester (8-channel
battery analyzer, 0.005—3 A, up to S V, BST8-WA, MTI Corporation)
with a constant-current constant-voltage (cccv) mode between 0.005
and 3 V. The first step was to test the initial capacity, and then, the
rate capability was studied at different C rates (0.1, 0.5, and 1C)
followed by cycling stability at a 0.1C rate (1C = 372 mA/g). The
best device’s cyclic stability was performed at a C rate of 0.5C.
Further, the electrochemical properties of the best performing anode
were determined by cyclic voltammetry (CV) at a scan rate of 0.1
mV/s using a Gamry-3000 potentiostat. Electrochemical impedance
spectroscopy (EIS) was conducted at a voltage amplitude of 10 mV to
measure impedances (1 MHz to 0.1 Hz at 0.005 to 3 V). Gamry
Echem Analyst software was used to fit the EIS data.

3. RESULTS AND DISCUSSION

3.1. Chemical and Structural Characterization. By
analyzing the thermogravimetric studies, it was concluded that
SiOC-I and SiOC-II lost 26 and 34% of their weight,

30042

respectively (Figure 2a). The higher weight loss of about 8%
observed in SiOC-II is due to the presence of PDMS. This
PDMS acts as a sacrificial pore former and decomposes at
elevated temperatures, leaving behind pores. It is also observed
that the decomposition took place in two stages for both
samples, as confirmed by the derivative of the TG plot (DTG)
(Figure 2b,c). The first decomposition began at temperatures
between 350 and 550 °C, whereas the second stage of
decomposition was observed between 600 and 800 °C in both
SiOC-I and SiOC-IL This two-stage decomposition is due to
the reduction of silicon-containing oligomers in stage 1 and the
redistribution reaction taking place due to the exchange of Si—
O, Si—H, and Si—C bonds with the release of volatile
compounds.”>*#>

FTIR spectroscopic studies of cured and pyrolyzed samples
(Figure 3ab) were conducted to examine the structural
evolution of the two SiOC systems. The characteristic FTIR
bands of cured precursors corresponding to 800, 900, 1020—
1090, 1263, 1400, 1600, and 2963 cm™! are assigned to Si—O,
Si—C, Si—O-S8i, Si—CH;, CH,=CH,, C—H, and Si—OH,
respectively. The band intensity of CH,—CH, appears to be
relatively higher in the cured precursor corresponding to
SiOC-], and it could be due to the addition of the carbon
source DVB to the polymeric precursor.

Upon pyrolysis, the cured polymeric precursors undergo
decomposition leading to the formation of bands at 1050,
1605, 2900, and 3400 cm™!, which are assigned to Si—O—S5i,
C=C, C-H, and Si(OH), bonds, respectively. The
evaporation of CH, and H, groups from the materials during
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Figure 3. FTIR spectra of (a) cured precursors of SiIOC-I and SiOC-
II and (b) pyrolyzed SiOC-I and SiOC-IL

pyrolysis accounts for the broadening of the Si—O-Si
stretching bond.” It can be seen that both SiOC systems
showed the same bands except for a variation in the band
intensity at 1605 cm™’, inferring the presence of more free
carbon in SiOC-I. Based on the FTIR spectra of the pyrolyzed
samples, it appears that there are trace amounts of hydrogen
present in both the pyrolyzed samples at 1000 °C. Previous
research has noted the presence of a trace amount of residual
hydrogen, which is typically less than 0.3 wt %.°>*” Hence, we
have neglected the presence of hydrogen, in the pyrolyzed
samples, in our study. Since FTIR did not show significant
differences between the two SiOC systems; XPS, Raman, and
solid-state NMR spectroscopy studies were carried out to
gather further insights into the structural differences between
the SiOC-I and SiOC-IL

The XRD study confirmed that both SiOC-I and SiOC-II
are amorphous in nature (Figure 4a). In SiOC-1I, a broad halo
hump at 20 = 23° (Figure 4a) was observed and is assigned to
amorphous SiO,.** The diffraction peak corresponding to free
carbon is absent in both SiOC-I and SiOC-II samples,
suggesting that the free carbon present in both these systems
is disordered. XRD of the pristine GNP (Figure 4b) displayed
a sharp diffraction peak at 20 = 26.25°, ascertaining the
presence of crystalline carbon (JCPDS reference card 01-075-
1621). Hence, it could be inferred that structural differences
exist between the free carbon present in the pyrolyzed sample
and externally added GNPs.

In order to ascertain the structural differences between the
GNP and free carbon in these SiOC systems, Raman
spectroscopy studies were performed. Three spectra were
taken for each sample at different locations, and the results
were identical. For carbon-rich SiOC, the disorder-induced D
bands typically derived from 6-fold aromatic ring structures
appear at ~1322 cm™' due to the Ay, vibration. The G band
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Figure 4. XRD patterns of (a) SIOC-I and SiOC-II and (b) pristine
GNP.

results from in-plane bond stretching of sp>-hybridized carbon
atoms, which is observed at ~1584 cm™, as shown in Figure
Sa. As a result of the background flourescence associated with
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Figure S. Raman spectra of (a) SiOC-I and SiOC-II and (b) SiOC/
GNP composites with varying wt % showing the characteristic D band
and G band.
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the amorphous nature of SiOC, the spectra recorded for the Si-
rich SiOC system were noisy.”® Even then, relatively low-
intensity D and G bands were observed in SiOC II. The D
band is the same for both SiOC-I and SiOC-II, but a shift of 20
cm™ is observed in the G band compared to SiOC-L In the
samples, other atomic species, including Si and O, are present
around the nanographitic domains, which caused the shift of
the G band. Despite this, the ratio of area intensity Ip/Ij is
almost the same for both the systems (Table S2). Based on the
peak intensity of the D band, it can be seen that the free
carbon formed is disordered. The I,/I; ratios reveal that both
SiOC systems have more disordered carbon than the pristine
GNP (Figure S1).”” Additionally, the cluster size of graphene-
like free carbon (L,) and the point defect separation distance
(Lp) in the pyrolyzed amorphous samples are calculated using
the formula developed by Cangado et al.’>" and are included
in eqs 1 and 2, respectively.

-1
_ I
L, =24x10 1°></14><[—D]

Ig (1)
I -1

Lp=18x10"x 4*x [—D]
Ig @)

The relatively lower L, and Ly, values for the free carbon
present in SiOC systems compared to the pristine GNP
confirm the disordered nature of free carbon in SiOC (Table
S2). From Figure Sb, it can be inferred that when the amount
of GNPs in the composite increases, the relative integrated
intensity of the D band decreases and the G band increases.
This can be ascertained to decrease of disorderliness of the
carbon within the composite. However, no other Raman bands
were observed that signify that chemical or structural changes
occurred with the addition of GNPs in the SiOC-II/ GNP
composites.

The elemental compositions of C, O, and Si along with the
O/Si and C/Si ratios calculated using bulk elemental analysis
are presented in Table S3. If any additional elements are
present in the system, they will be in trace amounts and are not
considered in the calculation.”” Based on the results of the
elemental analysis, SiOC-I is found to be carbon-rich, whereas
SiOC-II is silicon-rich. We have also measured the elemental
composition of the powdered samples by FESEM-EDX and
XPS to support the results obtained from bulk elemental
analysis. The elemental composition and EDX mapping of
SiOC-I and SiOC-II are presented in Tables S4 and SS and
Figures S2 and S3. These studies further confirmed that SiOC-
I has a carbon percentage almost twice that of SiOC-II, which
is corroborated by bulk elemental analysis. The atomic and
weight percentages were also measured from the surface depth
profiling of XPS spectra, and the results are presented in Table
S6. These results are in good agreement with that of bulk
elemental analysis and FESEM-EDX. The slight variation in
the weight percentages observed among XPS, EDX, and bulk
elemental analysis may be due to the limitation of each
technique used for the characterization.

XPS spectra were recorded to determine the types of
chemical bonding and functional groups that are present on
the surface of SiOC-I and SiOC-II material. The full survey
scan spectra reveal the existence of C, O, and Si elements in
these SiOC samples, as shown in Figure 6. The origin of the
peaks is assigned based on the literature.”” The carbon % in
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Figure 6. XPS spectra of full-range scanning for SiOC-I and SiOC-IL

SiOC-I is 50% higher (Table S6) than that of SiOC-II; this
high percentage of carbon in SiOC-I could be attributed to the
addition of the DVB precursor as the carbon source.

The high-resolution core-level spectra of individual elements
obtained for both SiOC-I and SiOC-II samples are presented
(Figure 7a—f). Upon deconvolution, the spectra unveil the
different chemical bonds present among the elements. The
deconvolution of C 1s spectra in Figure 7a,d implies the
presence of 4 peaks at 283.95, 284.89, 286.5, and 288.9 eV and
can be assigned to C—Si, C—C, C—0, and O—C=0/C=0,
respectively, for both samples.””*> The O 1s spectra (Figure
7b,e) upon deconvolution reveal the presence of SiOC ceramic
and exhibit three characteristic peaks at 531.6, 532.5, and 534.2
eV and can be assigned to C-O, Si—O, and Si—0—8i.>%3°
From the Si 2p spectra (Figure 7c) of SiOC-], various binding
states were identified, such as SiOC;, SiO;C, and SiO,, and
their binding energies are 101.2, 102.8, and 103.6 eV,
respectively.””**** However, in the case of the SiOC-II sample
(Figure 7f), the binding states are SiO,C,, SiO;C, and SiO,
having bindin(g energies of 101.7, 102.8, and 103.6 eV,
respectively.””*~°° The binding energies, various chemical
states, and their atomic percentages are presented (Tables S7
and S8). The different SiOC-II/GNP composite anodes
prepared on buckypaper substrates were also characterized
by XPS analysis (Figure S4a—i). The various chemical states of
the element within the composite remain the same as observed
in individual SiOC and the pristine GNP. Moreover, the
binding energy of the corresponding bond is found to be more
or less the same. In contrast, the intensity of all the peaks
corresponding to the carbon is increased due to the additiom
of GNPs to the composite. Two additional peaks are observed
in all the composites corresponding to CF (290.4 V) and CF,
(292.0 eV) bonds. These extra two peaks are due to the
presence of the PVDF binder that was used in the preparation
of the composite anode slurry.

To evaluate the nature of the bonding in the Si—O—C
network, *°Si MAS NMR analysis was performed for both
samples (Figure SS). The deconvoluted peaks of *’Si MAS
NMR spectra of SiOC-I and SiOC-II are shown in Figure 8a,b.
The share of the mixed-bond silicon tetrahedra (SiO,, SiO;C,
Si0,C,, and SiOC;) was different for the two samples,
although there was no significant change in the chemical shift
values (Table 1). It was observed that the SIOC-I conferred a
lower amount of SiO, bonds (47.8%), while the silicon-rich
SiOC system showed a higher amount of SiO, bonds (78%);
this is in good agreement with the literature.”” The C-rich
SiOC-I exhibited a higher share of mixed-bond silicon
tetrahedra (21.8% SiO;C, 15.9% SiO,C,, and 14.5% of
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Figure 7. Deconvoluted peaks of the Si, O, and C individual XPS spectrum for SiOC-I (a—c) and SiOC-II (d—f).

SiOC;). On the other hand, Si-rich SIOC-1I showed a relatively
lower share of mixed bonds with 19.5% SiO;C, 2.5% SiO,C,,
and a lack of SiOC;. *C MAS NMR spectra of SiOC-I and
SiOC-II are shown in Figure S6. The broad peak at ~125 ppm
corresponds to the sp*-hybridized carbon region, which is the
free carbon formed in both the SiOC samples. It also revealed
that during pyrolysis with PHMS and DVB in the preparation
of SiOC-I, the amount of free carbon formed is more in
comparison with SiOC-II. The peak ranging from 0 to —20
ppm for the SiOC-II can be assigned to aliphatic sp® carbon,
which might have formed due to the asymmetric distribution
of CH groups during pyrolysis at around 800°C.%*

While synthesizing SiOC-II, the porosity induced by the
addition of the PDMS precursor was evaluated by performing
the nitrogen sorption technique. The BET specific surface area,
pore volume, and mean pore diameter are presented in Table
S9. It should be noted that BET analysis was carried out only
for SiOC-II since pore-forming agents were added only to
SiOC-II. The adsorption—desorption isotherms of SiOC-II
exhibited type IV isotherms (Figure S7a), and it suggests that
mesopores are present in their microstructure. From the BET
studies, the specific surface area of the SiOC-II is found to be
179.3 m?/g, and the mean pore diameter calculated from the
BJH plot (Figure S7b) for SiOC-1I is 2.59 nm.

3.2. Electrochemical Characterization Studies. A
CR2032 coin-type half-cell was prepared by employing
buckypaper as the current collector. We have used buckypaper
as the current collector since there was a lack of adhesion of
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the ceramic particles with the Cu collector. The electro-
chemical performance of the individual anode materials,
namely, SiOCs (SiOC-I and II) and GNPs (with and without
Super P), was first evaluated using galvanostatic charge/
discharge cycling at a 0.1C rate (1C = 372 mAh/g). Figure 9a
shows the initial charge/discharge curves of different anode
materials. Among the two SiOC anode materials tested, SiIOC-
IT delivered a high initial discharge capacity of 1337 mAh/g
and a charge capacity of 788 mAh/g with an initial Coulombic
efficiency (ICE) of 58.9%, whereas SiOC I delivered a good
initial discharge capacity of 1113 mAh/g but a low charge
capacity of 414 mAh/g, giving an ICE of 37.1%. The initial
irreversible capacity loss in both SiOC systems can be mainly
attributed to the formation of the SEI layer, electrolyte
decomposition on the surface, and side reactions. The SEI
layer results in irreversible first-cycle capacity leading to a
lower ICE value, which is similar to ICE values reported by
another group.”® The high first-cycle irreversibility of SiOC-I
can be attributed to the presence of the irreversible nature of
SiOC; units that disappear upon initial cycling, whereas the
absence of the SiOC; phase in SiOC-II might have led to the
improved reversible capacity (Table 1). Further, the presence
of SiO,, SiO;C, and SiO,C, tetrahedral silica species in SiOC-
II could have been attributed to its reversible lithium
insertion.”” Although SiOCs are inherently porous, the higher
specific surface area (179.3 m?/g) (Table S9) of SiOC-II
achieved by adding PDMS would have efficiently accom-
modated the volume expansion during the lithiation. This
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Figure 8. Deconvoluted peaks of °Si MAS NMR spectra of (a)
SiOC-I and (b) SiOC-II samples.

might be the reason for the structural stability of SiOC-II
leading to large reversible capacity. Although it is ascertained
that an increase in the free carbon domain would lead to
improved storage capacities,'””” it was difficult to correlate it
in our studies due to the diverse microstructures exhibited by
the PDCs. Moreover, at the 10th cycle, SiOC-I shows a
discharge/charge capacity of 376/352 mAh/g with a
Coulombic efficiency of 93.6%; similarly, SIOC-II shows a
discharge/charge capacity of 693/677 mAh/g with a
Coulombic efficiency of 97.6%. These high Coulombic
efficiencies signify that the system is structurally stable.

As a control experiment, galvanostatic charge/discharge tests
for the GNP material system were performed with and without
the addition of carbon black (Super P). The anodes made of
GNPs (with and without the addition of Super P)
demonstrated the initial discharge capacities of 1003 and 859
mAh/g and corresponding charge capacities of 634 and 592
mAh/g, with ICE values of 63.2 and 68.9%, respectively
(Figure 9a). At the 10th cycle, both the GNP systems showed
a stable discharge and charge capacity of 647/632 mAh/g and
598/580 mAh/g with Coulombic efficiencies of 97.6 and
96.9%, respectively. The results obtained for the GNP system
are in good agreement with the previous study.”” The lower
capacity values of the GNP system without the addition of

Super P may be because of the effect of the PVDF binder that
acts as an insulating site in the electrode leading to a reduction

5i04 in the lithiation kinetics.
— SiosC Since SiOC-II exhibited better electrochemical performance
N ——Si0C2 compared to SiOC-I, composite anodes were prepared by
z ——SioC3 adding varying weight fractions of GNPs to SiOC-II. The
c
o
£

galvanostatic charge—discharge tests were conducted under
similar conditions as considered earlier. The three composite
anodes, namely, 75 SiOC-II + 25 GNP, 50 SiOC-II + 50 GNP,
and 25 SiOC-II + 75 GNP, delivered the initial discharge
capacities of 1030, 1026, and 1204 mAh/g, and the
corresponding charge capacities are 561, 583, and 744 mAh/
g as shown in Figure 9a. The ICE values of these composites
are 54.4, 55.7, and 61.7%, respectively. At the 10th cycle,
composites demonstrated stable discharge/charge capacities of
414/411, 526/526, and 726/692 mAh/g with Coulombic
efficiencies of 99.2, 100, and 95.3%, respectively. The
exceptional Coulombic efficiencies exhibited by the composite
systems can be attributed to the improved structural stability
and the formation of a highly conductive electrically
percolating network of GNPs in the SiOC-II matrix.”° Further,
the porous network of amorphous SiOC-II facilitates the liquid
electrolyte to penetrate to the interior of the electrode and
provides unobstructed pathways for Li-ion transport, reducin%
the diffusion lengths as well as exposing more active sites.”

Due to its high conductivity and robust nature, the buckypaper
used here as a current collector is postulated to offer very low
internal contact resistance between the anode and the current
collector, leading7 to eflicient electron transport upon lithiation
and delithiation.”

The rate capability of all the electrodes was evaluated and
compared. The specific capacities at different current rates
(0.1, 0.5, and 1C rate) are shown in Figure 9b. It is obvious
that with the increase in the current rates, the specific capacity
of the system decreases because of mechanically induced
damage of active particles, which would lead to an increase in
the internal resistance. In the case of 25 SiOC-II + 75 GNP
electrodes, specific capacities of 744, 592, and 472 mAh/g were
obtained at 0.1, 0.5, and 1C, respectively. The specific
capacities obtained for the 25 SiOC-II + 75 GNP electrodes
were found to be the best among all the electrodes investigated
in this study and other studied graphite anodes.

Table 2 displays the initial charge—discharge capacity, initial
Coulombic efficiency, average discharge-specific capacities at
different C rates (0.1, 0.5, and 1C), and specific capacity
retention after 35 cycles. The rate capability studies indicate
that capacity was almost fully recovered in all compositions
when the current was switched back to 0.1C, indicating that
high-rate cycling was not damaging to the structure of the
electrode materials. A nearly 100% Coulombic efficiency was
seen with all electrodes up to 35 cycles, demonstrating stable
electrochemical reactions.

The CV plot (Figure S8) shows four cycles of voltammo-
grams for 25 SiOC-II + 75 GNP at a scan rate of 0.1 mV s~

Table 1. Data Representing the Various Bonds and Their Percentage Were Identified from the Deconvolution of *°Si MAS

NMR Spectra of SiOC-I and SiOC-II Samples

SiO, SiO;C Si0,C, SiOC,
material 6/ppm % 6/ppm % 6/ppm % 6/ppm %
SiOC-1 -101.5 47.8 —64.8 21.8 —27.6 15.9 -1.7 14.5
SiOC-II —107.6 78.0 —65.4 19.5 —28.6 2.5
30046 https://doi.org/10.1021/acsami.3c00571
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Figure 9. (a) Initial discharge/charge capacity of GNPs, SiOC-1, and SiOC-II and their composites at 0.1C. (b) Plot showing the rate capability of

various anode materials at 0.1, 0.5, and 1C rates.

Table 2. First-Cycle Discharge/Charge Capacity, Initial Coulombic Efficiency, Average Discharge Capacities at Different C

Rates, and Capacity Retention after 35 Cycles

initial cycle initial
discharge initial cycle Coulombic average specific ~ average specific capacity average specific cyclic stability after
anode capacity charge capacity efficiency capacity of S cycles  of S cycles (0.5C rate) capacity of S cycles  3S cycles (0.1C rate)
material (mAh/g) (mAh/g) (n) % (mAh/g) (mAh/g) (1C rate) (mAh/g) (mAh/g)
GNP 859 592 68.9 582 386 202 530
GNP and 1003 634 63.2 651 533 352 618
Super P
SiOC-1 1113 414 37.1 388 255 183 402
SiOC-1I 1337 788 58.9 738 480 300 585
75Si0C- 1030 561 54.4 482 270 180 352
1/
25GNP
50SiOC- 1046 583 55.7 550 462 317 536
1/
SOGNP
25Si0C- 1204 744 61.79 728 592 472 688
iy
75GNP

for a voltage range of 0.005—3.0 V. The peak at 0.58 V in the
cathodic scan is attributed to the decomposition of electrolytes
at the electrode surface. Peaks at 0.005 and 0.32 V are
attributed to the insertion and extraction of Li" ions in SiOC-
II, respectively. Moreover, the CV curves for the composite
electrodes of 25 SiOC-II + 75 GNP overlapped from the
second to fourth cycle, suggesting excellent reversibility of
lithiation and delithiation. The galvanostatic charge—discharge
profiles of the 25 SiOC-II + 75 GNP electrodes for the 1st, Sth,
10th, 15th, 20th, and 40th cycles at 0.1C are displayed in
Figure 10a. The Coulombic efficiency is nearly 100% for all the
cycles showing good cycling stability. At all C rates, the 25
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SiOC-II + 75 GNP electrode exhibited the highest specific
capacity.

Finally, the best-performing 25 SiOC-II + 75 GNP anode
has been characterized by its cyclic stability. At 0.5C, the initial
discharge-specific capacity of 25 SiOC-II + 75 GNP electrodes
is 374 mAh/g, and after 260 cycles, it maintains a reversible
capacity of 344 mAh/g (Figure S9). The increase in discharge
capacity in the intermediate stage of the test may be accounted
for by the dense surface and large average particle size, which
might prolong the activation process. Furthermore, direct
contact between SiOC-II and the electrolyte results in the
decomposition of the electrolyte, which leads to some capacity
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Figure 10. (a) Galvanostatic charge—discharge profile of the 25
SiOC-11/75 GNP composite at the 1Ist, Sth, 10th, 15th, 20th, and 40th
cycle. (b) Comparison of EIS data of all 3 SiOC/GNP composite
samples at the 10th cycle.

loss with the increasing number of cycles, and this
phenomenon has also been reported.**””

To gain insights into the Li-ion storage of the SiOC/GNP
composites, electrochemical impedance spectroscopic (EIS)
characterization was performed to determine equivalent circuit
diagrams. The Nyquist plot and equivalent circuit are shown in
the Supporting Information (Figure S10). For the composite
electrodes, EIS measurements were recorded at the end of the
1st, 4th, 7th, and 10th cycles (i.e., discharged to 0.005 V), and
Nyquist plots are presented in Figure Slla—c. It is evident
from Figure S1la that the 25 SiOC-II + 75 GNP composite
has the smallest semicircle diameter, indicating that it has the
lowest contact and charge transfer resistance (R).

According to the EIS results, the total resistance decreases
from the 1st cycle to the 10th cycle. In all cycles, the 25 SiOC-
I + 75 GNP electrode showed a lower series resistance than
the others. The series resistance values of 19, 15, and 8 Q are
measured for 75 SiOC-II + 25 GNP, 50 SiOC-II + 50 GNP,
and 25 SiOC-II + 75 GNP electrodes, respectively, in the 10th
cycle (Figure 10b). A lower series resistance corresponds to a
higher specific capacity value, i.e., the 25 SiIOC-II + 75 GNP
electrode, with the lowest series resistance leading to the
highest specific capacity at all C rates. The porosity present in
the SiOC-II might have improved the kinetics of Li-ion
transport, which led to the improved reversible capacity in
SiOC-IL*® The highly conducting buckypaper current collector
helps in the fast transfer of electrons when the Li ions
intercalate and deintercalate during cycling.

4. CONCLUSIONS

In this article, we synthesized carbon-rich and silicon-rich
SiOC ceramics and characterized them using various
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spectroscopic (FTIR, Raman, XRD, XPS, and solid-state
NMR), microscopic (FESEM-EDX), thermogravimetric
(TGA/DTG), and bulk elemental (CHNO) techniques.
Electrodes were made using carbon- and silicon-rich SiOC
ceramics and their composites with graphene nanoplatelets
(GNPs). This is the first time that buckypaper has been
successfully used as a current collector for SiOC anodes. The
best electrochemical performance was achieved by a SiOC/
GNP composite anode composed of Si-rich SIOC. Compared
to monolithic SiOC-I, SiOC-II, and GNPs, a SiOC-II/GNP
composite containing 25 wt % SiOC-II and 75 wt % GNP
demonstrated superior battery performance (average specific
capacity of ~744 mAh/g at a 0.1C rate) and stability. In
addition to a reduced charge-transfer resistance, low ion
diffusion distance, and less agglomeration, better electronic
conductivity contributed to an enhanced specific capacity.
After 35 cycles at a 0.1C rate, 25 SiOC-II + 75 GNP
demonstrates excellent cycling stability, achieving 688 mAh/g
and high reversibility. At a 0.5C rate, the initial capacity is 374
mAh/g, and after 260 cycles, it maintains a reversible capacity
of 344 mAh/g. In this study, composite electrodes and
buckypaper to serve as a current collector provide a new
direction for developing highly efficient LIBs.
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