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Sustainable Silica-Carbon Nanofiber Hybrid Composite
Anodes for Lithium-lon Batteries

Anne Beaucamp,* Amaia Moreno Calvo, Deagldn Bowman, Clotilde Techouyeres,
David Mc Nulty, Erlantz Lizundia,* and Maurice N. Collins*

Alternative anode materials with increased theoretical specific capacities are
under scrutinity as a replacement to graphite in lithium-ion batteries (LiBs).
Silicon oxides offer increased capacities compared to graphite and do not
suffer the same level of material expansion as pure Si. Consequently, they are
an intermediate commercial anode material, on the pathway toward pure Si
anodes. In this study, stable Silica/carbon (SiO,/C) nanofibers are
successfully developed from tetraethyl orthosilicate (TEOS) using
poly(vinylpyrrolidone) (PVP). The fibers show excellent stability after
calcination, with silica evenly dispersed within the fibers exhibiting a surface
area of 327 m? g'. This study demonstrates that the electrochemical
performance of SiO, /C composite anodes is significantly influenced by the
silica content. SiO, /C composites with ~68 at% SiO, achieve reversible
capacities of 315.6 and 300.9 mAh g, after the 2nd, and 800th cycles,
respectively, at a specific current of 100 mA g~', with a remarkable capacity
retention of 95.3%. In a second stage, lignin is added as a potential
nanostructuring agent. The addition of lignin to the sample reduces the
amount of silica without significantly impacting its performance and stability.
Tailoring the composition of SiO, /C composite anodes enables stable capacity

retention over the course of hundreds of cycles.

1. Introduction

The demand for electrochemical energy storage (EES) systems
has increased exponentially over the past decade due to the

growing efforts toward industrial decar-
bonization and the current patterns in sus-
tainable consumption.l'! The global market
0f 27 GW in 2021 is expected to grow 15-fold
by 2030.12] LIBs, as the most prominent ex-
ample of EES, have been a leading techno-
logical solution in facilitating the ecological
transition. Important examples of LIB use
include renewable energy storage, electro-
mobility, or portable electronics. LIBs are
formed by two electrode materials where
Li* reversibly intercalate to deliver an elec-
trical power to the external circuit.’! An
electrolyte-separator pair electrically insu-
lates both electrodes while facilitates ion
transport, while aluminum or copper are
used as current collectors. Carbon-based
materials are the predominant choice for
the anode given their facilitated lithium
intercalation and de-intercalation, stability
and relatively low-cost.[) Unfortunately, cur-
rently commercialized LIBs face serious en-
vironmental sustainability issues and often
fail to adhere to Circular Economy prin-
ciples given their high content of critical
raw materials, which is further exacerbated
by their short operating lifespans.®! This, along with increasing
economic cost and exhaustion of virgin materials clearly jeopar-
dizes the long-term environmental and economic sustainability
of the battery supply chain and this is major global challenge.[®]
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A clear example underlying the relevance of this issue is the in-
clusion of lithium, cobalt, nickel, copper and natural graphite in
the 2020 list of the European Union (EU) of critical raw mate-
rials (CRMs).”#] Because of its relatively lower cost over other
battery materials, novel environmentally sound routes to obtain
graphite have been overlooked. Lignin is a carbon-rich, aromatic
polymer derived from wood. It is made of phenolic building
blocks, which can be hydroxy methylated on the meta-positions,
named p-hydroxyphenyl H, guaiacyl G, and syringyl S.I°l The ma-
terial, which is mainly found in a plant cell wall, accounts for
20-25% of its dry weight, making lignin the second most abun-
dant biopolymer after cellulose and the main renewable source of
aromatic compounds.!'% Importantly, the aromatic structure and
high amount of carbon content renders lignin an ideal replace-
ment for oil-based carbon precursor materials. Also, the phenolic
groups within the lignin allows for extensive chemical modifica-
tion, leading to a versatile range of carbon based materials.!!!]

The continued use of graphitic anodes limits the capacity and
specific energy of next generation LIBs. For significant advance-
ments to be made to increase specific energy, the intercalation
chemistry of graphite must be supplemented by anode materi-
als that are capable of lithiating with a different type of charge
storage mechanism.!"?! Silicon stands out as a potentially useful
alternative, due to its high theoretical capacity of 3579 mAh g1,
which is almost ten times that of graphite.['*} However, there
are many challenges to be overcome before pure Si can be used
in widespread commercial batteries. The main issues are the
low electrical conductivity of silicon and the significant volume
expansion (300-400%), which occurs during lithiation." The
resulting material expansion and contraction leads to material
cracking and severe capacity fading. Silicon oxides (SiO, SiO,,
SiO,) are seen as a promising interim alternative to pure Si. It has
been reported that Si oxides experience a lower volume expansion
than pure Si.[**] The formation of lithium silicates and lithium ox-
ide, during lithiation, result in a lower theoretical capacity than
pure Si.['®) However, these byproducts are thought to act as buffer
components to alleviate strain caused by the volume expansion
of Si, which may lead to increased capacity retention.['>17]

In this context, here we show the use of PVP and TEOS pre-
cursors to obtain silica/carbon anode materials offering long op-
eration lifespans with negligible capacity loss. First, the precur-
sors were blended and processed via electrospinning before heat
treatment to prepare SiO, /C nanofibers. The anodic materials ob-
tained presenta high stability with capacity of #300 mAh g~ after
800 cycles. In a second stage, the effect of the addition of lignin
to the blend was investigated with regards to its nanostructuring
properties.

2. Methodology

2.1. Materials

PVP; M,, = 1.300.000 g-mol~! TEOS; > 99.0%; ethanol (EtOH;
> 99.0%), and N,N-dimethylformamide (DMF) were purchased
from Sigma-Aldrich at reagent grade. Harwood organosolv
lignin (TcA) was supplied from Tecnaro, Germany. Carbon black
Super P was purchased from Timcal, Switzerland. Polyacrylic
acid (PAA) and sodium carboxymethyl cellulose (Na-CMC) were
purchased from Alfa Aesar. Carbon coated aluminum foil was
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Table 1. Precursor sample composition.

Sample TEOS [uL] PVP[g] EtOH [g] DMF[g] TcA|g]
PVP-5TEOS- Prec 332 1.0000 5.0 - -
PVP-10TEOS- Prec 670 0.677 5.0 - -
PVP-15TEOS- Prec 1004 0.363 5.0 - -
PVP-5TEOS+Lig — Prec 332 0.934 5.0 - 0.0655
PVP-5TEOS+DMF-Lig — Prec 332 0.934 2.5 2.5 0.0655

purchased from MTI Corp, USA. The electrolyte used in this
study was purchased from E-lyte Innovations GmbH, Germany.

2.2. Nanofibers Preparation

The dope solution was prepared by dissolving PVP in ethanol and
stirring for 90 min at room temperature. Then, TEOS was added
to the solution at 5, 10, and 15% and the mixture was left stirring
overnight before electrospinning. DMF was added as a cosolvent
to ethanol in a ratio of 1:1. Lignin TcA was put in the mixture
while it was stirring and 1 h before electrospinning. The com-
position used for the dope solution preparation are tabulated in
Table 1.

The samples were electrospun using an NE300 lab-scale elec-
trospinner (Inovenso Ltd, Istanbul). Once the precursor mixtures
were prepared, they were loaded in a 10 mL syringe and con-
nected to a 1 mm steel needle, with a distance between the needle
and the collector varying between 150 to 200 mm. The collector
was wrapped with aluminum foil. For greater homogeneity, the
collector drum rotated at 300 rpm while moving from one side to
the other. Electrospinning was set at a flow rate varying between
0.9 to 10 mL h™! under a voltage of 35 to 40 kV. After electrospin-
ning for 1 h, a layer of nanofibers was obtained.

2.2.1. Heat Treatments

Calcination: The fibers were left at least 30 min drying be-
fore being removed from the foil. They were then calcinated from
room temperature to 500 °C in two ramps, a ramp of 1 °C-min~',
and held in 500 °C for 30 min.

Carbonization: The fibers were left at least 30 min drying be-
fore being removed from the foil. To preserve the morphology
of the electrospun fibers, they were stabilized in air to 250 °C at
1 °C per min. To increase the cross-linking between the lignin,
1 h isothermals were observed at 100, 150, 170, and 200 °C. Sub-
sequently, the stabilized fibers were heated to 500 °C in nitrogen
at 10 °C per min as described in.[*8] The experimental procedure
is represented in Figure 1.

The Characterization methodology is detailed in the supple-
mentary information files.

3. Results and Discussion

3.1. Nanofibers Development

The impact of the electrospinning parameters on the spinnability
of the PVP-TEOS solution were investigated. Figure S1 (Support-
ing Information) presents the morphology of the obtained fibers
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Figure 1. Experimental procedure to obtain the nanofibers (Created with BioRender.com).

with 5% TEOS added. At low injection rate (0.9 mL h™!), a Tay-
lor Cone was observed for a 150 mm distance between the spin-
neret and the collector plate. If an adequate electrical potential
difference is applied between the droplet of polymer solution and
the collector plate, an equilibrium is reached between the electric
forces and the surface tension, forming a stable conical shape.['’]
The distance of 150 mm is optimum for the solution: poor fiber
definition was obtained for a 170 mm distance and no Taylor cone
was obtained for high distance (200 mm). The best morphology
was obtained for 5 mL h™!, 150 mm and 35 kV. At these param-
eters, the fibers are well defined, regular and thin. Outside of
these parameters, there are signs of beading, loss of definition
and doubling of the fibers. Therefore, the electrospinning param-
eters were set at 5 mL h™', 150 mm and 35 kV for the rest of
the study. The spinnability of the polymeric solutions decreased
with increasing amounts of TEOS, as shown in Table 2. The mor-

phologies of the PVP-5TEOS, PVP-10TEOS and PVP-15TEOS
precursor nanofibers produced are shown in Figure S2 (Support-
ing Information). The PVP-5TEOS-Prec nanofibers were regular
in size, with a homogenous coating and no apparent beading. As
the amount of TEOS was increased in the solution, the diame-
ter of the fibers was increased, with beading on the PVP-15TEOS
sample. When calcined at 500 °C,[2] the PVP-5TEOS fibers pre-
sented high retention of shape, while the PVP-10TEOS and PVP-
15TEOS show breakages and fusing.

Fourier transformed Infrared spectroscopy was used to de-
termine the level of interaction between PVP and TEOS in
PVP-5TEOS, PVP-10TEOS and PVP-15TEOS (Figure S3a, Sup-
porting Information). The chemical structure of the electro-
spun fibers was compared to that of pure TEOS and PVP. The
ethoxy groups sharp bands between 2980 and 2890 cm™!, from
the asymmetric and symmetric stretch vibrations of the C—H

Table 2. Processability and fibers morphology of the precursor and calcined nanofibers.

Sample Solution Spinnability Fibres Calcinated fibre Carbonised fibres
homogeneity Morphology morphology morphology
PVP-5TEOS-prec v +++ Regular Thin, homogenous Fibres /
PVP-10TEOS-prec v + Fibres with unregular Irregular
diameter
PVP-15TEOS-Prec v + Beads Irregular
PVP-5TEOS+DMF-Lig-prec v Regular Melted aspect Thin, homogenous Fibres
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Figure 2. Secondary electron micrograph of the precursor (left) and heat treated (right) nanofibres for a) PVP-5TEOS, b) PVP-5TEOS+DMF-lignin;

Transmission electron micrographs for c¢) PVP-5TEOS-Calc and d) Lig-Calc.

bonds in the Si—O—CH,—CH, branches of TEOS, fade in the
electrospun samples as the TEOS Si—O bonds with the oxy-
gen of PVP. Si—O—C stretching bands occur between 1100 and
1070 cm~!. The samples prepared present a slight displacement
of the Si—O—C stretch bands due to interaction with PVP. Simi-
larly, the bands characteristic to the carbonyl bond (1661 cm™?)
in PVP shifted toward lower wavenumber. A proposed mech-
anism is shown in Figure S3c, Supporting Information). The
FTIR spectra of the calcined fibers are shown in Figure S3b,
Supporting Information). The band at 1056 cm™! is attributed
to Si—O—Si bonds, while the band centered at 1270 cm™ is at-
tributed to C—H symmetrical vibration and the peaks at 1630 and
960 cm™! are attributed to asymmetrical stretching of Si—OH.[2!]
When the amount of TEOS increases from 5 to 15%, the C—H
peaks at 1270 cm™! sharpens while the Si—OH peaks weaken as
Si—CHj; bonds are formed.l??] The addition of lignin leads to a
loss of sharpness in the Si—C bonds and increase of absorbance
from Si—OH as the silicium is oxidized. Despite the improved
cross-linking between PVP and TEOS at higher concentration of
TEOS, the morphology and overall quality of the nanofibers is
reduced. Therefore, further work was set from the PVP-STEOS
composition.

3.2. Addition of Lignin as a Nanostructuring Agent

In the second stage of the nanofibers development, lignin and
DMF were added to the solution. The resulting fibers present
a reduced diameter when compared to the PVP-5TEOS-Prec
electrospun fibers with a homogenous morphology, as seen in
Figure 2. The calcinated samples from PVP-TEOS+DMF-Lig-

Macromol. Mater. Eng. 2024, 2400202 2400202 (4 of 13)

Prec show significant shrinkage and loss of shape. However,
when the nanofibers were carbonized in nitrogen, their shape
was fully retained. The transmission electron microscopy (TEM)
micrographs show nanoparticles of SiO, regularly dispersed at
the surface of the calcined nanofibers for both PVP-5TEOS-Calc
and Lig-Calc samples. The chemical structure of the nanofibers is
affected by the addition of DMF and lignin, as seen in Figure 3a.
When DMF and lignin were added to the dope solution, the dou-
ble Si—O—C band was replaced by a wide band centered at 1050
cm™!. This peak is characteristic of the hydrolyzed Si—O—Si bond
as TEOS condensates.

The thermal degradation of the fibers was investigated using
thermogravimetric analysis (TGA). The results are presented in
Figure 3b. The weight loss before 100 °C is the same for all
the samples, indicating the desorption of water. Between 190—
260 °C, the second weight loss for PVP-5TEOS-Prec samples is
attributed to the polycondensation process in TEOS, with the
formation of Si—O—Si bonds. The decomposition of the PVP-
STEOS-Prec structure takes place for temperatures between 370—
470 °C.122* The addition of lignin to the mixture increases
the yield of the degradation as more carbon is added to the
nanofibers.

The Raman spectra for the calcinated samples is presented in
Figure 3d. All samples present a high amount of disordered car-
bon, with a ratio between the D band (1350 cm™') and the G band
(1590 cm ™) ranging between 0.98 and 1.40. The position of the G
band was observed at 1583 cm™! for PVP-5TEOS-Calc, 1584 cm™!
for Lig-Calc and 1590 cm™ for Lig-Carb. The shift of G band to-
ward higher wavenumber has been reported as linked to the in-
crease of defects such as intercalants,[*’! as Si intercalates itself
between graphite layers.

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. a) Fourier transformed Infrared spectra of i) PVP-5TEOS-Prec, ii) PVP-5TEOS+DMF-Lignin-Prec, pure TEOS and pure PVP; b) thermogravi-
metric analysis for i) PVP-5TEOS-Prec and ii) PVP-5TEOS+DMF-Lignin-Prec, c) powder X-Ray diffraction for the precursor samples i) PVP-5TEOS-Prec
and ii) PVP-5TEOS+DMF-Lignin-Prec, d) Raman spectra for the calcinated samples and (e) powder X-Ray diffraction for the heat treated samples for i)

PVP-5TEOS-Calc, ii) Lig-Calc and iii) Lig-Carb.

X-ray diffraction (XRD) patterns in Figure 3c are characterized
by two main broad peaks centered at 260 ~11 and ~21° that re-
main superimposed over an amorphous hump (originating from
PVPI26)), The PVP-5TEOS-Prec sample presents 26 diffractions
at 11.73° and 21.00°. These peaks are assigned to the spacing be-
tween silicon atoms attached to the alkyl group and to the spac-
ing of Si atoms and angle of the group Si—O—Si, respectively.!’]
when DMF-Lignin is incorporated, the peaks are displaced to-
ward lower angles (10.95 and 20.9°) due to increase in the lattice
interspacing as lignin intercalates in the TEOS lattice. Upon cal-

Macromol. Mater. Eng. 2024, 2400202 2400202 (5 of 13)

cination (Figure 3e), a single and wider peak located at 26 = 22.7—
26.3 ° is observed, which is related with a highly disturbed (002)
interlayer carbon packing.[?! Whilst no traces of aromatization
are seen given the lack of the (100) diffraction plane at 20 = 43°
for the calcinated samples, Lig-Carb presents a well-defined peak
for amorphous graphite at this scattering angle. Besides, the shift
from 26 = 24.3° for PVP-5TEOS-Calc to 25.2° for Lig-Carb are
indicative of a reduced interlayer spacing. According to Bragg”s
law, the d,,, average graphite interlayer spacing decreases from
3.75 to 3.62 A, respectively. Overall, as structurally disordered

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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materials suffer from lower polarization and volume expan-
sion events during successive charge/discharge processes,?’! the
amorphous character of obtained SiO,/carbon show interesting
features to function as long-life cycle anodes in LIBs.

A plausible chemical pathway for the blending is displayed in
Figure 4. PVP and TEOS bond via the N atom in the pyrole group.
As TEOS cross-links, siloxane structures are formed, with the
Si—O—Si bonds repeating into an 8 atoms ring. When lignin is
introduced, the hydrogen bonding disrupts this cycle by interpos-
ing itself between the siloxane groups, increasing the interspatial
distance between each siloxane repeat unit.

As the surface area and mesoporous structure of the anodes is
key to maximize the electroactive surface and thus electrochemi-
cal performance, we assessed the pore characteristics of the ma-
terials using N, adsorption—desorption experiments. A Type IV
isotherm with H4 hysteresis loop is observed in Figure 5a, sug-
gesting the formation of a hierarchical porous carbon/Si struc-
ture having a wide range of pore-size distribution that ranges
from the micro-meso- to macro-pore regime.*"! In particular, an
average pore radius as low as 1.3 nm is observed, with a total pore
volume (for pores <139 nm) of 0.22 cm?-g~! (see Figure 5b pore
size distribution). A Brunauer-Emmett—Teller surface area (Sygr)
of 327 m?.g7! is extracted from the N, adsorption—desorption
isotherm (5-point method), indicating that the carbonization pro-
cess efficiently opened additional pores in the composite ma-
terial. It is worth noting that the obtained Sy is well above
the 1.2-19.4 m?.g~! reported for natural and synthetic graphite
anodes.*'"33] This high specific surface area together with the
mesoporous structure offers a high amount of available mate-
rial for interaction with Li* during charge/discharge processes
allowing Li* diffusion through the material by shortening diffu-
sion paths.34

Figure 6 shows the XPS survey of the three samples, which all
contain C, O, N, and Si at various amounts. The C 1s XPS of the
two calcinated samples presents 5 peaks, corresponding to C—C
(284.8 eV), C—N (285.9 eV), C=0 (287.0 eV), N—C=0 (288.3 eV)
and CO; (289.9 eV). The C 1s XPS of Lig-Carb presents an addi-
tional peak at 285.0 eV and a displacement of the C—C peak to
284.5 eV, which has been reported to be due to the presence of
carbon atoms in another state than typical graphitic pure sp?.1**]
Additionally, the spectrum shows the inter-band IT-IT" peak at
292.1 eV, typical of graphitic carbon. It is to be noted that the
relative intensity of the defect peak is more than half of that of
the graphitic peak, which is typical of a large amount of defects
within the graphitic structure.**! The deconvolution of the high-
resolution N 1s spectra for PVP-5TEOS-Calc presents 2 peaks,
for tertiary graphitic-N (400.7 eV) and pyrrolic N (398.9 eV).[¢]
The samples mainly present pyrrolic nitrogen bonds, due to the
large presence of PVP in the sample. After lignin addition, the
calcined sample presents similar a higher amount of graphitic-N
than pyrrolic. The carbonization in nitrogen modified the carbon-
nitrogen bonding from pyrrolic to pyridinic with a N1s peak cen-
tered at 398.6 eV, as the nitrogen atoms are embedded into carbon
rings. Nitrogen doping has been reported to enhance the cyclic
stability of graphene-based Li batteries, with pyridinic-N being
more effective for Li-storage than pyrrolic and graphitic-N.37] The
high-resolution Si2p spectra of PVP-5TEOS-Calc sample present
a single peak centered at 103.9 eV and attributed to Si in SiO,.
Similarly, Lig-Calc sample presents a single peak centered at
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103.0 eV for SiO. The displacement of the Si2p peak toward lower
energy (102.5 eV) for Lig-Carb is indicative of introduction of
Si—C bonding in the structure, which has been linked to high
stability and structural integrity of the hybrid material.l®¥! The
XPS analysis (Table S1, Supporting Information) demonstrates
that sample surface composition is dependent on the prepara-
tion and heat treatment methods used. PVP-5TEOS-Calc con-
tains 68.5 At% SiO,, which is significantly higher than values ob-
served for Lig-Calc and Lig-Carb, (10.8 and 10 At%, respectively).
Overall, the samples were lignin was added show a reduction
in the amount of silica while the formation of carbon graphitic
structures are preferred. This, coupled with the embedment of N
within the carbon rings, participate to the cyclic stability of the
samples.

3.3. Battery Performance

SiO, is a dual mode electrode material, which stores charge via a
combination of conversion and alloying mode mechanisms. As
such, SiO, can be referred to as a conversion/alloying material
(CAM).l'2 Unlike other CAMs such as GeO,, which has a rela-
tively straight forward charge storage mechanism,3%! the mech-
anism for SiO, is a complex process consisting of the formation
of reversible and irreversible compounds, as described by Equa-
tions 1-5.140

5Si0, + 4Li* + 4~ < 2Li,Si,0; + Si (1)
3Si0, + 4Li* + 4e~ — 2Li,SiO, + Si 2)
2Si0, + 4Li* + 4e~ — 1i,SiO, + Si (3)
SiO, + 4Li* + 4~ — 2Li,0 + Si (4)
4Si+ 15Li* + 15¢” « Li;;Si, (5)

It has previously been reported that the Li,Si,Os phase is
electrochemically active and reversible whereas that the forma-
tion of other lithium silicates (Li,SiO;, Li, SiO,) is irreversible.[*!]
The lithiation process of SiO, can be divided into three main
stages: i) the formation of lithium silicates, ii) the reduction
of SiO, to Si and iii) the alloying of Si with Li, as shown in
Figure 6a— c.*?] The gradual sloping segment (Region I) from
OCV to =1.0 V (vs Li/Li*) corresponds to the formation of
Li, Si,O5 and initial reduction of SiO, to Si (Equation 1). Re-
gion II from ~1.0 to ~0.4 V, corresponds to the continued re-
duction of SiO, to form other lithium silicates, lithium oxide
and Si (Equations 2-4). The sharp sloping Region III from
~0.4 to 0.01 V, is typically for alloying mode anode materi-
als and corresponds to the formation of Li;sSi, (Equation 5).
The cathodic (delithiation) scan demonstrates the dealloying of
Li;sSiy, (Region IV) and the subsequent oxidation of Si to SiO,
(Region V).

The sharp sloping region, associated with the alloying of Si
with Li (Region III), can be seen for all three samples despite
their varying SiO, contents. This indicates that even for Lig-Calc
and Lig-Carb samples that initially contain ~10.8 and 10% SiO,,
respectively, the reduced Silicon formed during lithiation is
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Figure 5. N, adsorption—desorption isotherm of Lig-Calc sample (the calculated Brunauer—Emmett—Teller specific surface area is provided) and the

corresponding pore size distribution.

significantly contributing to the overall charge stored. There
is a significant difference in Region IV for Lig-Calc and Lig-
Carb samples, shown in Figure 7b,c, respectively, compared
to PVP-5TEOS-Calc, shown in Figure 7a. The shape of the
oxidation (delithiation) curves from 0.01 to ~0.5 V are more
raised and rounded compared to the flatter curves observed
for PVP-5TEOS-Calc. This is most likely due to differences
in sample chemical composition. Both Lig-Calc and Lig-Carb
samples have >80 at% C, compared to ~26 at% C for PVP-

STEOS-Calc. Rising, rounded delithiation CV curves in this
voltage range are common for disordered carbons.[** Addi-
tionally, Region V is not as pronounced in Figure 6b,c, as it
is in Figure 7a. This suggests that there may be less Si being
oxidised to SiO, for Lig-Calc and Lig-Carb samples, compared
to PVP-5TEOS-Calc. Subsequently there would be less SiO,
available in the following cycle to be reduced to Si, result-
ing in less charge being stored, and lower specific capacity
values.
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Figure 6. XPS survey spectrum and corresponding deconvoluted high resolution spectra for C 1s, N 1s and Si 2p for a) PVP-TEOS Calc, b) Lig-Calc and

c) Lig-Carb.
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Figure 7. Cyclic voltammograms showing the 1st and 2nd, 5th and 10th cycles, for a) PVP-5TEOS-Calc, b) Lig-Calc and c) Lig-Carb samples cycled at

0.1mV s~" in a potential window from 3.00 - 0.01 V.

Galvanostatic cycling of SiO, NF samples was performed to
determine the specific charge values they can deliver and to in-
vestigate their capacity retention. Voltage profiles, collected dur-
ing galvanostatic cycling at an applied specific current of 100 mA
g~! of active material (SiO,/C composite) in a voltage window of
3.0-0.01V (vs Li/Li*), are shown in Figure 8. As discussed, all
three samples are composites of SiO, and C, however XPS anal-
ysis in Table S1 (Supporting Information) revealed that there is
a significant difference in the SiO, content for the PVP-5TEOS-
Calc sample (68.5 at%), compared to the Lig-Calc and Lig-Carb
samples (10.8 and 10 at%, respectively), due to varying amounts
of precursors used during NF synthesis. The amount of silica
present in the electrodes will play a significant role in their over-
all performance in terms of specific charge values, as SiO, has
a high theoretical capacity of 1965 mAh g=!, which is five times
greater than the theoretical capacity of graphite (372 mAh g™).
It is worth noting that the carbon present in the samples in this
study are not graphitic, instead they are primarily disordered car-
bons, as shown from Raman spectra in Figure 3d. Consequently,
the practical capacity of the carbons present in these samples
will be lower than that of graphite. The initial charge (lithiation)
curves for PVP-5TEOS-Calc, Lig-Calc and Lig-Carb demonstrate
how varying SiO, content can influence the potentials at which
the reduction process that lead to the formation of lithium sil-

Macromol. Mater. Eng. 2024, 2400202 2400202 (9 of 13)

icates, lithium oxide and Si. To analyze this further differential
charge curves for the first charge for each sample were calculated
and are shown in Supporting Information. Figure S4 (Support-
ing Information) demonstrates that the most significant reduc-
tion process for PVP-5TEOS-Calc and Lig-Carb begins at 0.5 V,
whereas this begins at a significantly lower potential for Lig-Calc,
occurring at 0.2 V.

The initial charge capacities for PVP-5TEOS-Calc, Lig-Calc and
Lig-Carb were 683, 598, and 830 mAh g!, respectively. When
coupled with the corresponding initial discharge capacities, PVP-
5TEOS-Calc, Lig-Calc and Lig-Carb had initial Coulombic effi-
ciency (ICE) values of ~56, 38, and 43%, respectively. However,
these relatively low ICE values are commonly reported for alloy-
ing mode materials including Si and Ge.[***7] Additionally, the
reduction of SiO, leads to the formation of irreversible phases
including 1i,SiO; and 1i,SiO,, as well as the solid electrolyte
interface layer, which also contributes toward low ICE.*?] Lig-
Calc and Lig-Carb have a similar chemical composition, in terms
of the atomic weight percentages of the elements present, how-
ever there are differences in their surface chemistries as listed in
Table S1 (Supporting Information). These differences may lead
to Lig-Carb demonstrating higher initial specific charge values
than Lig-Calc. From approximately cycle 50 onward, there are
no significant changes in the trend of the voltage profiles for
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Figure 8. A range of galvanostatic discharge and charge curves for a—c) PVP-5TEOS-Calc, d-e) Lig-Calc and f-h) Lig-Carb samples All samples were
cycled at an applied specific current of 100 mA g=". The cycles shown are for the Tst, 2nd, 5th, 10th, and 25th cycles and then every 50th cycle from the

50th to the 500th cycle.

PVP-5TEOS-Calc, Lig-Calc, and Lig-Carb, which indicates that,
beyond this point the reduction and oxidation of these samples
is a highly reversible process.

The specific charge values recorded for SiO, NF samples dur-
ing a minimum of 500 cycles at an applied specific current of
100 mA g~!, and the corresponding CEs, are shown in Figure 8.
It is immediately clear that, out of the three samples examined in
this study, PVP-5TEOS-Calc achieved the highest specific charge
values, coupled with impressive capacity retention. The specific
charges for PVP-5TEOS-Calc after the 2nd and 800th charges
were 315.6 and 300.9 mAh g~!, corresponding to a capacity re-
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tention of 95.3% over the course of hundreds of cycles. The ca-
pacity retention from the 2nd to the 500th charge for Lig-Calc
and Lig-Carb were 57.8 and 49.3%, respectively. Figure 9a shows
that the cycling performance for Lig-Calc and Lig-Carb follow a
similar overall trend, however the specific charge values for Lig-
Carb are ~50 mAh g™ higher than those obtained for Lig-Calc.
The increased at% of carbon present in C=C bonds may result
in increased electrical conductivityl*®] leading to higher specific
charge values. The impressive capacity retention of PVP-5TEOS-
Calc is also demonstrated in the CE values, shown in Figure 8b.
After the first 5 cycles the CE values were >95% and they
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Figure 9. Comparison of a) the specific capacity values and b) the Coulombic efficiency values obtained for SiO,/C composites over 500 cycles for i)
PVP-5TEOS-Calc, ii) Lig-Calc and iii) Lig-Carb. All samples were cycled in a potential window of 3.00—0.01V (vs Li/Li*) at an applied specific current of

100 mA g,

remained above this value for the remainder of the 500 cycles.
The specific charge and Coulombic efficiency values presented
in Figure 9, clearly demonstrate the influence of silica content on
the electrochemical performance of SiO,/C composite anodes.
Comparing our results with previous studies that have in-
vestigated SiO,/C composites with lower silica contents, it is
likely that there is an optimized range of silica content that
results in higher specific charge values and increased capacity
retention.[***%) Increasing silica content will result in improved
performance to a point, however having too much silica present
will have a negative influence on capacity retention. In this work
we demonstrate the best performance with a relative silica con-
tent of 68.5 At% (PVP-5TEOS-Calc), decreasing this to 10.8 and
3.6 At% (Lig-Calc and Lig-Carb, respectively) only serves to de-
crease specific charge values. The higher values observed for
PVP-5TEOS-Calc are due to the significantly higher silica con-
tent compared to the Lig-Calc and Lig-Carb samples and the

Macromol. Mater. Eng. 2024,2400202 2400202 (11 of 13)

higher theoretical capacity of SiO, compared to disordered car-
bons. The specific capacity values obtained for PVP-5TEOS-Calc
are comparable to and in many cases, greater than previously re-
ported capacities for SiO,/C composite anodes.>=8] A compar-
ison of specific charge values obtained with PVP-5TEOS-Calc in
this study with SiO, /C composites from the literature is shown in
Figure S5 (Supporting Information). It is worth noting that many
reports on the electrochemical performance of SiO,/C compos-
ites show relatively short-term cycling (<100 cycles). In this study
we demonstrate long-term cycling (800 cycles) with impressively
stable capacity retention.

4. Conclusion

In this report we have shown that the silica content of
Si0,/C composites has a significant influence on electrochem-
ical performance. Three samples were investigated with varying
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precursors and synthesis conditions. Samples were derived from
electrospun PVP and TEOS precursors with increasing amount
of TEOS in the samples. Samples containing 5% TEOS as a func-
tion of the solid content were found to have the best spinnabil-
ity and thermal stability. When calcined, PVP-5TEOS-Calc sam-
ples had the highest silica content (68.5 At%) and demonstrated
the highest specific charge values. The specific charge values
obtained by PVP-5TEOS-Calc samples are comparable and, in
some cases, greater than previously reported values for other
SiO,/C composite anode materials. Galvanostatic cycling at an
applied specific current of 100 mA g~! demonstrated the impres-
sive capacity retention properties of PVP-5TEOS-Calc, achieving
reversible capacities of 315.6 and 300.9 mAh g1, after the 2nd,
and 800th cycles, respectively, corresponding to a remarkable ca-
pacity retention of 95.3%, over the course of hundreds of cycles.
The addition of lignin to the electrospinning dope solution sig-
nificantly reduced the amount of silica present in the sample,
due to the disruption of the formation of siloxane from TEOS,
with limited impact on its stability and performance, as a result
of increased Si—C bonding and pyridinic N doping within the
graphitic structures. This report highlights the benefits of tailor-
ing the composition of SiO,/C composite anode materials to im-
prove electrochemical performance.
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