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Interface-engineered silicon nano-quill electrodes
for durable extreme temperature lithium-ion
batteries
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Developing thermally stable lithium-ion batteries (LIBs) is essential to enable hybrid and electric vehicles
with simplified thermal management and reduced pack weight. Silicon (Si)-based electrodes are widely
explored for current LIBs. However, limited attention is given to thermally resilient Si-based electrodes
with industry-relevant electrode formulation. Herein, in-house-developed Si nano-quills (SiINQs) were
transformed into interface-mediated SINQ@C-rGO, featuring a nitrogen-doped carbon coating and rGO
wrapping, and used to prepare electrodes from aqueous slurries. The electrochemical performance was
evaluated using a piperidinium-based ionic liquid electrolyte at 100 °C. The SINQ@C-rGO electrode
delivered 1000 mA h g~* at 840 mA g~* and retained 73% of its capacity after 100 cycles at 420 mA g~*.
Conversely, an identical commercial Si nanoparticles (SiNPs)-based electrode displayed poor rate
capability and rapid degradation at 100 °C. Additionally, the SINQ@C-rGO electrode exhibited stable
cycling between 50 °C and 100 °C. Post-mortem analyses verified the superior structural stability of the
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Introduction

With global energy demand projected to rise substantially,
electrical energy storage (EES) systems that safely and efficiently
store and deliver energy are vital."> Lithium-ion batteries (LIBs)
are the most used EES systems in portable electronics and
hybrid/electric vehicles. The demand for longer driving range
and faster charging is a key factor influencing the adoption of
hybrid and electric vehicles. However, operating under these
conditions can generate excessive heat within the battery pack.
To prevent this, automotive manufacturers employ complex,
expensive thermal management systems to maintain LIB cell
temperatures below 60 °C, above which rapid degradation and
thermal runaway occur.*>*® Developing battery cells that operate
safely and reliably at elevated temperatures (60-100 °C) could
simplify battery pack design, thereby significantly reducing
both weight and cost.

Traditional liquid LIB electrolytes with organic solvents pose
significant safety risks at elevated temperatures. Carbonate
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SINQ@C-rGO electrode, indicating its potential for use in thermally resilient batteries.

solvents, such as ethylene carbonate (EC), are volatile and
flammable, thereby limiting battery operation to temperatures
below 60 °C.”* Room-temperature ionic liquids (RTILs) offer
aviable approach to overcoming this challenge because of their
low vapor pressure, wide electrochemical stability window, and
structural robustness over a broad temperature range. The use
of RTILs to design batteries for operation between 60 °C and
100 °C has been previously investigated.’*® Although RTILs are
highly viscous and exhibit low to moderate ionic conductivities
at room temperature, their ionic conductivity increases
substantially at elevated temperatures.”’*> Because of their
thermal stability up to 385 °C and electrochemical stability up
to 5.0 V, piperidinium-based RTILs stand out among other
investigated RTILs.”***?* High-temperature stability of the
electrolyte is also significantly influenced by the choice of Li
salts. Commonly used lithium hexafluorophosphate (LiPFg)
dissociates into LiF and PF; at high temperatures and poses
safety hazards,?® whereas lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI, Tgecomposition ~340 °C)*” and lithium bis(oxalate)
borate (LiBOB, Tgeccomposition ~293 °C)*® exhibit excellent
thermal stability. However, LiTFSI is preferred for elevated
temperatures due to its electrochemical stability and lower
volatility.>*-

Advancing electrodes with high-temperature stability is
crucial for realizing safer batteries. Cathodes such as lithium
iron phosphate (LFP), lithium nickel manganese cobalt oxide
(NMC), and lithium cobalt oxide (LCO) were reported for
extreme-temperature batteries (see Table S1). LFP cathodes
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exhibit a thermal runaway onset temperature (Tynset) Of ~270 ©
C, maintaining structural integrity and showing minimal
capacity loss at 100 °C.***®* NMC cathode with a lower Topger at
~210 °C exhibits accelerated degradation and an increased risk
of oxygen release at 100 °C.**** LCO cathodes are less thermally
stable at =100 °C, with rapid capacity degradation and
a potential for thermal runaway risk.*>** Therefore, LFP stands
out as the safest and most stable cathode up to 100 °C.

Anodes such as graphite and lithium titanate (LTO) were
investigated for high-temperature batteries (Table S1), but
several challenges limit their performance. In graphite-based
anodes, the solid-electrolyte interphase (SEI) decomposition,
Li leaching, and flammable gas release can trigger hazardous
conditions at =100 °C.***»** Similarly, LTO anodes experience
material degradation, gas evolution, and parasitic reactions
under extreme temperatures.*>***° Lithium metal anodes were
also explored at or above 100 °C; however, issues such as
dendrite growth, SEI instability, significant volume fluctua-
tions, and the potential for thermal runaway persist and must
be addressed.**?*****%° Sjlicon (Si) has been the focus of exten-
sive research for LIB anodes due to its abundance on Earth, its
low-voltage  plateau, and high theoretical capacity
(3580 mA h ¢! at room temperature).*">* At elevated temper-
atures, the issues related to excessive volume expansion of Si,
unstable SEI, and side reactions are exacerbated.® Hence,
effective strategies must be implemented for utilizing Si-based
electrodes in high-temperature LIBs. For temperature range of
50 to 90 °C, reported approaches include: (i) incorporating
electrolyte additives, such as fluoroethylene carbonate (FEC), to
stabilize the SEI layer, (ii) employing structural engineering of
Si, such as forming Si-based composites, applying single- or
multilayer coatings, and tuning Si morphology, to accommo-
date volume changes and enhance mechanical integrity, (iii)
implementing conditioning techniques to optimize interfacial
chemistry and electrode stability, and (iv) utilizing gel or in situ
formed electrolytes.>**® Limited research has been conducted to
evaluate the electrochemical performance of Si-based anodes at
=100 °C. The existing literature primarily focuses on vapor-
assisted deposition of Si on three-dimensional current collec-
tors, resulting in relatively low Si mass loading.”* Hence, there is
a need to advance Si-based electrodes that address existing
technological gaps by incorporating (i) effective interface engi-
neering, (ii) relatively high Si loading, and (iii) compatibility
with industry-relevant electrode formulations utilizing metal
foil current collectors.

In this work, Si-containing electrodes on copper foil were
fabricated using a water-based slurry formulation with a Si mass
loading of 0.8-0.9 mg cm 2. In-house developed Si nano-quills
(SiNQs)* were used as the active material. Commercial Si
nanoparticles (SiNPs, 100 nm diameter) were also used as
a baseline for comparison. Prior to electrode preparation, these
active materials were transformed into micron-sized SINQ@C-
rGO and SiNP@C-rGO products with dual-carbon protection,*
wherein SiNQs or SiNPs are conformally coated with a nitrogen-
doped carbon layer and anchored to a reduced graphene oxide
(rGO) sheet. To evaluate electrodes’ electrochemical behavior at
100 °C, an electrolyte with LiTFSI salt and a piperidinium-based
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RTIL (without organic solvents) was used. At 100 °C, the
SINQ®@C-rGO electrode achieved a high reversible capacity of
1259 mAhg ' (1.13 mA h cm™?) at 420 mA ¢~ ' and outstanding
capacity retention of 73% after 100 cycles. However, the
SINP@C-1GO electrode exhibited a poor cycling performance
and rapid capacity decay. The degradation behavior of elec-
trodes was explored in detail through in-depth electrochemical
analysis and post-mortem microstructural studies.

Experimental
Materials and chemicals

Graphene oxide (Industrial grade, multilayer, 20 pm particle
size, <5 nm thickness, >99% purity) was acquired from MSE
Supplies LLC (Tucson, AZ, USA). Commercial SiNPs (spherical,
average diameter of 100 nm, >97% purity), carbon black
(SuperP), Li chip (99.9% purity, 16 mm diameter, and 0.6 mm
thickness), and copper foil (thickness of 10 pm, =99.8% purity)
were obtained from MTI Corporation (Richmond, CA, USA).
Sodium alginate (medium viscosity, CAS number 9005-38-3),
dopamine hydrochloride (99% purity), absolute ethanol (200
proof, CAS number 64-17-5), and Tris-HCl buffer solution
(10 mM, pH 8.5) were purchased from Fisher Scientific Chem-
icals (Atlanta, GA, USA). 1-Methyl-1-propylpiperidinium bi-
s(trifluoromethylsulfonyl)imide  (Pip;3TFSI, CAS number
608140-12-1, =99%, H,O = 500 ppm) ionic liquid, and bi-
s(trifluoromethane)sulfonimide lithium salt (LiTFSI, CAS
number 90076-65-6, 99.95% trace metals basis) were acquired
from Sigma Aldrich (St Louis, MO, USA).

Preparation of SiINP@C-rGO and SiNQ@C-rGO composite
materials

SiNQs were prepared through a templated-assisted sol-gel
process and calcination, followed by thermoreduction in
a graphite crucible, as described in our prior work.* To obtain
polydopamine (PDA) coating, 500 mg of Si-based nanoparticles
(either SiNQs or commercial SiNPs) were dispersed in 800 mL of
Tris-buffer solution using a homogenizer for 15 minutes.
Subsequently, the dispersion was mixed with 500 mg of dopa-
mine hydrochloride and stirred using a magnetic stirrer for 24
hours at room temperature. The resulting SiNQ@PDA or
SINP@PDA particles were collected via centrifugation at
7000 rpm, washed three times using a water/ethanol (50 : 50 v/v)
solution, and subsequently dried using a freeze dryer (at —84 °C
at 0.01 mbar) for 3 days. The PDA-coated particles and as-
received GO powder were separately dispersed in deionized
water using a homogenizer at 200 rpm for 15 minutes each. The
mass ratio of SINQ@PDA (or SiNP@PDA) to GO was 2:1.
Subsequently, the two dispersions were combined and
homogenized for an additional 15 minutes to achieve a uniform
dispersion. The resulting mixture was rapidly frozen in liquid
nitrogen and subjected to freeze-drying. The material was then
heated at 80 °C for 12 hours to obtain the SINQ@PDA-GO (or
SiNP@PDA-GO) material, which was subsequently annealed
under argon-hydrogen mixed gas (9:1 volume ratio) at 200

This journal is © The Royal Society of Chemistry 2026
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scem for 2 hours at 700 °C, with a 2 °C min~" heating rate to
create the SINQ@C-rGO (or SINP@C-rGO) structure.

Preparation and testing of half-cells

The slurry for the electrodes was prepared by mixing SINQ@C-
rGO (or SINP@C-rGO) powder, Super P conductive additive, and
sodium alginate binder in a weight ratio of 8:1:1 in deionized
water. The aqueous mixture was well-mixed overnight using
a magnetic stirrer. The slurry was coated onto copper foil using
a doctor blade (MTI Corporation) and left to dry overnight in
a vacuum oven (MTI Corporation) at 80 °C. The CR2032-type
coin cells were crimped inside an argon-filled Vigor glove box
(H,O and O, content <0.1 ppm) using the electrode punchout of
12 mm diameter. SiNQ (or SiNP) mass loading in the electrodes
used in this work was maintained at ~0.8-0.9 mg cm 2. A Li
chip counter electrode, Celgard 2325 separator, and ionic liquid
electrolyte (0.8 M LiTFSI in Pip,3TFSI) were used. After
assembly, the half-cells were connected to cell holders within
a Neware environmental chamber and tested over a tempera-
ture range of 25 °C to 100 °C. The temperature was increased at
a ramp rate of 1 °C min ™. Prior to electrochemical testing, the
half-cells were held at the target temperature for 10 hours.

Galvanostatic (dis)charging was conducted between 0.01 and
1.0 V using a Neware battery testing system. The cell tempera-
ture was maintained at a set temperature throughout the testing
period. Each cell was subjected to a formation cycle at a current
of 210 mA g, followed by cycling at the required currents. The
EIS measurements were conducted on SiNQ@C-rGO and
SiNP@C-1GO half cells in the frequency range of 100 kHz to
0.1 Hz, with a small AC signal amplitude of 10 mV. All EIS
measurements were performed in the fully lithiated state (i.e.,
0.01 Vvs. Li/Li") after the 1st, 10th, 50th, and 100th cycles using
a Gamry Interface 1010E potentiostat.

Characterizations

A Hitachi Regulus 8230 high-resolution scanning electron
microscope (SEM) was used for microstructural studies of
powders and electrodes. Dimensional quantization of the
particles in SEM images was performed using Image] software.
Scanning transmission electron microscopy (S-TEM) tests were
performed on composite particles using a Hitachi SU9000 ultra-
high-resolution SEM operating at 30 kV, loaded with energy-
dispersive X-ray spectroscopy (EDS). The X-ray diffraction
(XRD) measurements on powders were performed using
a Rigaku SmartLab X-ray diffractometer. Raman spectroscopy
was conducted using a Renishaw inVia Raman microscope,
equipped with a 532 nm laser and a 10x objective lens. Ther-
mogravimetric analysis (TGA) was performed under air (25
mL min ") from room temperature to 700 °C at a heating rate of
5 °C min~* using a Q5000 thermal analyzer (TA Instruments).
The specific surface area and total pore volume of pristine
SiNQs and SiNPs were determined using a Quantachrome
Autosorb iQ gas sorption analyzer with nitrogen gas.

This journal is © The Royal Society of Chemistry 2026
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Results and discussion

Both SINQ@C-rGO and SiNP@C-rGO products were synthesized
following the procedure described in our previous work.®® In
brief, SiNQs (or SiNPs) were conformally coated with poly-
dopamine (PDA) and uniformly dispersed with graphene oxide
(GO) in deionized water, followed by rapid freezing, freeze-
drying, and subsequent annealing under argon/hydrogen
atmosphere. The microstructure of SINP@C-rGO was detailed
in an earlier study.® The morphology of a PDA-coated SiNQ
(SINQ@PDA) particle, along with the corresponding elemental
maps of Si, carbon (C), oxygen (O), and nitrogen (N), is shown in
Fig. 1a and b. The Si and O maps connote the presence of silicon
suboxide in SiNQs, consistent with SiNQ's preparation via the
thermoreduction of silica nano-quills.*® A uniform N-doped C
layer, originating from PDA, encapsulates the SiNQ particle
(Fig. 1b). A representative S-TEM image of SiNQ@C-rGO
(Fig. 1c) shows a micron-sized composite particle with the
presence of an rGO sheet. The corresponding Si and O maps
(Fig. 1d) indicate a uniform distribution of SiNQs across the
rGO surface, which is further verified by SEM images (yellow
arrows in Fig. 1e). Fig. S1 presents a zoomed-in view of several
SiNQs within the SINQ@C-rGO composite shown in Fig. 1c.
Yellow arrows mark tubular SiNQ particles. The C map reveals
a thin C coating on SiNQ particles as well as their wrapping by
an rGO sheet. In addition, the N map clearly shows nitrogen
doping within the SINQ@C particles. The dual carbon coating
of active particles is expected to buffer volume fluctuations
during cycling at 100 °C.

The XRD and Raman spectroscopy results for SiNP, SiNQ,
SINP@C-rGO, and SiNQ@C-rGO are presented in Fig. 2. The
XRD patterns of all four materials (Fig. 2a) show the charac-
teristic diffraction peaks of crystalline Si. In addition, a broad
and weak peak centered at around 23° is observed for SiNQ and
SINQ@C-rGO, corresponding to amorphous silicon suboxide
(SiO,).*® Both SINP@C-rGO and SiNQ@C-rGO exhibit additional
peaks associated with hexagonal graphitic structure (PDF card
no. 00-041-1487),*" including a prominent graphitic C(002) peak
at 26.38°, along with smaller peaks near 44° and 54°. These
features originate from the dual carbon framework. The Raman
spectra of all materials (Fig. 2b) display the characteristic crys-
talline Si peak at ~520 cm™ ' and a broader band near
920 cm ™ *.5> As expected, the Si peaks in SiNQ and SiNQ@C-rGO
are broader than those in SINP@C-rGO, reflecting the presence
of silicon suboxides.** Carbonaceous protective layers in
SINP@C-rGO and SiNQ@C-rGO give rise to two peaks at 1350
and 1590 cm ', corresponding to the D-band (disordered
carbon) and G-band (sp>-hybridized carbon), respectively.® The
presence of rGO is known to enhance both electronic conduc-
tivity and Li-ion diffusivity.®***

The SiNQ and SiNP contents in composite materials were
quantified by TGA conducted in air. The resulting thermograms
and corresponding derivative weight profiles are shown in
Fig. 2c and d. Both SiINQ@C-rGO and SiNP@C-rGO exhibit
a two-step weight loss between 350 and 650 °C, attributed to the
sequential oxidation of amorphous carbon and rGO. In the

J. Mater. Chem. A
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Fig. 1

(a) S-TEM image and (b) the corresponding elemental maps of a SINQ@PDA intermediate particle, (c) S-TEM image, and (d) the corre-

sponding elemental maps of the final SINQ@C-rGO composite particle with a dual carbon protection technology, and (e) SEM micrographs of
SINQ@C-rGO product, confirming distribution of SINQ@C particles (marked by yellow arrows) over the surface of a rGO sheet.

derivative weight profile of SINP@C-rGO, two distinct peaks are
observed, whereas for SINQ@C-rGO, the first peak partially
overlaps with the second peak, appearing as a shoulder. This
difference is attributed to the morphologies of pristine SiNPs
and SiNQs. As summarized in Table S2, SiNQs possess
a significantly higher surface area and pore volume than SiNPs.
With a similar amount of PDA, the resulting carbon coating on
SiNQs is therefore expected to be thinner than that on SiNPs.

J. Mater. Chem. A

This results in a shorter thermal degradation step for SINQ@C-
rGO, characterized by a shoulder. After completing thermal
degradation of carbons, both thermograms reach a minimum
(inset, Fig. 2c), followed by a gradual mass increase due to the
oxidation of SiNQs or SiNPs. The minimum points in the ther-
mograms indicate the estimated contents of SINQ (~76.0 wt%)
and SiNP (~61.5 wt%) in the composite materials. It is observed
that the SINP@C-rGO composite exhibits significantly lower

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) XRD patterns and (b) Raman spectra of pristine SiNPs, SiNQs, SINP@QC-rGO, and SiINQ@C-rGO. (c) TGA thermograms and (d) their

corresponding derivative weight curves for SINPQC-rGO and SINQ@C-rGO. TGA tests were conducted in air to oxidize all carbonaceous

materials.

specific surface area and pore volume than pristine SiNPs,
whereas dual carbon coating of SiNQs increases the specific
surface area and pore volume (see Table S2). The formation of
a thick PDA-derived carbon layer on solid SiNPs appears to
block available interparticle pores, resulting in a marked
decrease in both total pore volume (from 0.12 to 0.05 cm® g™ )
and specific surface area (from 56.2 to 23.0 m> g~ ). In contrast,
applying a thin conformal carbon coating to highly porous
SiNQs slightly increases the total pore volume (from 0.64 to 0.88
cm® g~ ) and enhances the available surface area (from 399.5 to
488.0 m* g '), suggesting that the porosity of SiNQs is preserved
after composite formation.

The SINQ@C-rGO and SINP@C-rGO composites were
employed to fabricate robust electrodes using water-based
slurries. The SEM micrographs of electrodes (Fig. S2) indicate
a uniform distribution of composite particles over the surface
and cross-section of the electrode coating. Half-cells were
prepared using these electrodes, and their electrochemical
performances at 100 °C are presented in Fig. 3. The charge-
discharge profiles of both cells at currents of 210, 420, and
840 mA g ' are shown in Fig. 3a. At the low current of
210 mA g ', the SINP@C-rGO cell delivers a higher reversible
capacity, but undergoes a sharp capacity decline at higher
currents. In contrast, the SINQ@C-rGO cell exhibits a more
gradual capacity decay with increasing the applied current.
With increasing current, the SINP@C-rGO cell exhibits a left-
ward shift in the discharge plateau onset, suggesting
a pronounced reduction in capacitive contributions at higher
currents. Conversely, the nearly unchanged discharge plateau
onset of SINQ@C-rGO indicates minimal variation in capacitive
behavior, implying improved charge transport and structural

This journal is © The Royal Society of Chemistry 2026

robustness under high-rate operation. Since both half-cells use
the same electrolyte, this contrasting behavior can be attributed
to the structural integrity and high porosity of SINQ@C-rGO,
which facilitates ion diffusion and buffers mechanical stresses.

The rate capability results (Fig. 3b) further support this
observation. At 210 mA g ', the SINP@C-rGO cell exhibits
a higher initial capacity of 2700 mA h g™ ' compared to
1600 mA h g~ for the SINQ@C-rGO cell. However, upon cycling
at higher currents, the SiNP@C-rGO cell experiences severe
capacity fading, retaining only ~300 mAh g ' at 840 mA g *. In
contrast, the SINQ@C-rGO cell maintains a significantly higher
capacity of ~1000 mA h g™ at the same current, demonstrating
the superior rate capability and structural resilience of the
SINQ@C-rGO electrode for fast-charging applications under
elevated-temperature conditions.

The cycling stability of both half-cells was evaluated at
a current of 420 mA g~ " and 100 °C (Fig. 3c). The SINP@C-rGO
and SiINQ@C-rGO cells initially delivered reversible capacities
of 2607 and 1260 mA h g, respectively. After 10 cycles, the
SINQ@C-rGO cell slightly outperformed SiNP@C-rGO (1210 vs.
1198 mA h g ). Remarkably, after 100 cycles at 100 °C, the
SINQ@C-rGO cell retained a capacity of 924 mA h g%, corre-
sponding to an outstanding 73% capacity retention. A survey of
the literature on Si-based electrodes tested at 100 °C or higher
(Table S1) indicates that the SINQ@C-rGO electrode uniquely
integrates several advantages desirable for high-temperature
battery applications. These include (i) a relatively high Si mass
loading of 0.8-0.9 mg cm ™2, (ii) an industry-relevant electrode
fabrication process using an aqueous slurry and copper foil, (iii)
robust cycling stability with 73% capacity retention after 100

J. Mater. Chem. A
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Fig. 3 Electrochemical performance of SINP@QC-rGO and SINQ@C-rGO half-cells: (a) charge—discharge profiles of the cells at 100 °C at
different currents, (b) rate capability of the cells at 100 °C, (c) cycling stability of the cells at 100 °C at a current of 420 mA g~ (d and e) differential
capacity curves corresponding to the formation cycle, and (f and g) differential capacity curves related to selected cycles. (h) Cycling perfor-
mance of a fresh SINQ@C-rGO half-cell over a temperature range of 25 °C to 100 °C at a current of 420 mA g~*. This electrode retained its
capacity during thermal cycling, although some capacity reduction was observed at temperatures above 90 °C, as expected given the large
number (>70) of cycles. Thermal cycling between 100 °C and 50 °C demonstrates the cell's ability to retain capacity, indicating its thermal
resilience across a range of temperatures.
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cycles at 420 mA g~ ', and (v) a high rate capability, delivering
~1000 mA h g™' (equivalent to 0.9 mA h cm™>) at 840 mA g~ .

The engineered dual carbon coating on SINP@C-rGO and
SINQ@C-rGO electrodes promotes self-healing in response to
stress-induced pulverization.®® Unlike SiNPs, pulverization of
SiNQs is expected to be minimal. As shown in our prior work,*
SiNQs exhibit robust cycling behavior due to their inherently
porous tubular structure and the presence of a SiO, matrix,
which together buffer volume variations. Furthermore, the high
porosity of SINQs enables superior performance at high current
densities. Through both modeling and experiments, it was
demonstrated that SiNQs carry most of the current at higher C-
rates in SiNQ-graphite composite electrodes,* indicating that
a high surface area promotes faster (de)lithiation reactions.
Cycling SINQ@C-rGO electrodes at elevated temperatures is
associated with faster (de)lithiation reactions. Under these
conditions, the high porosity of SINQ@C-rGO (Table S2) is ex-
pected to contribute to the improved electrode performance.
Additionally, Si oxides are known to exhibit greater thermal
stability than elemental Si.®*°® The presence of SiO, matrix in
SiNQs* is therefore expected to provide enhanced thermal
stability during extreme-temperature cycling at 100 °C.

To elucidate the underlying reasons for the superior perfor-
mance of SINQ@C-rGO, differential capacity (dQ/dV) plots are
presented in Fig. 3d-g. A small SEI formation peak observed at
~1.7 V for the SINQ@C-rGO electrode (Fig. 3d) is attributed to
the presence of amorphous SiO,. Although SiNPs have a thin
native oxide layer, this formation peak is absent for the
SINP@C-rGO electrode. Both electrodes exhibit a major SEI
peak in the 0.85-0.95 V range, corresponding to electrolyte
decomposition and subsequent reactions with the electrode
surface. The sharper SEI peak observed for SiNQ@C-rGO
corresponds to the high surface area of SiNQs (Table S2).
Additionally, minor SEI peaks appear at ~0.5-0.6 V for both
electrodes. The lithiation process of SINQ@C-rGO and SINP@C-
rGO (related to Li uptake by both Si/SiO, and carbon species)
occurs between 0.1 and 0.2 V, as indicated by a deep reduction
peak in Fig. 3e. During the initial charge, both electrodes
exhibit a two-step delithiation behavior within the 0.3-0.5 V
range, associated with lithium extraction from both Si and
carbon domains. The initial coulombic efficiencies (ICEs) for
SINQ@C-rGO and SiNP@C-rGO cells were determined to be
~35% and ~55%, respectively (data not shown). The lower ICE
observed for SINQ@C-rGO can be attributed to (i) irreversible
Li" interactions with oxygen in the SiO, matrix (to form Li,O and
Li,Si0,)*® and (ii) the higher surface area of SiNQs (Table S2),
which leads to more extensive SEI formation. Fig. 3f shows that
as cycling progresses, the dQ/dV curves of SINP@C-rGO display
a pronounced decrease in peak intensities, along with
a noticeable increase in curve roughness. This roughening
reflects differences in fracture-driven local porosity, tortuosity,
and resistance between SiNP and SEI In contrast, the dQ/dV
curves for structurally stable SINQ@C-rGO (Fig. 3g) retain their
shape, position, and peak intensities far more consistently over
cycling. The oxide phases produced during the initial lithiation
of SiNQs, together with a uniform and robust SEI, ensure
SINQ@C-rGO's enhanced cycling stability at 100 °C.

This journal is © The Royal Society of Chemistry 2026
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Electrochemical stability of SINQ@C-rGO electrodes was
assessed over a temperature window from 25 °C to 100 °C
(Fig. 3h). Initially, a fresh SINQ@C-rGO half-cell was cycled at
25,50, 75, and 100 °C at a current of 420 mA g~ ". It is noted that
at each temperature, the cell was first cycled at 210 mA g~ to
allow SEI formation, followed by cycling at 420 mA g~ '. As
shown in Fig. 3h, the cell delivers negligible capacity at 25 and
50 °C, likely due to the relatively high viscosity of the IL elec-
trolyte. Cycling at higher temperatures yields average reversible
capacities of 1210 mAh g ' at 75°C and 1570 mA h g~ " at 100 ©
C. Interestingly, the capacity achieved at 100 °C through this
stepwise temperature increase exceeds that obtained when
a fresh half-cell is directly tested at 100 °C (see Fig. 3c). This
gradual temperature increase may promote the formation of
a more robust SEI, thereby enhancing capacity at 100 °C. The
half-cell was then subjected to a thermal cycle in which the
temperature decreased from 100 °C to 50 °C and then returned
to 100 °C. The SINQ@C-rGO electrode retained its capacity
during this thermal cycling, although some capacity reduction
was observed as the temperature increased to 90 °C and above,
as expected given the large number (>70) of cycles.

Electrochemical impedance spectroscopy (EIS) was per-
formed on both SiNP@C-rGO and SiNQ@C-rGO cells at 100 °C
(Fig. 4a and c). Variations in series resistance (Rs), SEI resistance
(Rsg1), and charge-transfer resistance (Rcr) are illustrated in
Fig. 4b and d. For the SINQ@C-rGO cell, the Rs, Rggr, and Reor
remain relatively unchanged over 100 cycles. A relatively slight
increase in Rg after 50 cycles may be attributed to SEI rupture
and reformation of a new SEI layer after the 50th cycle onwards.
The variations in charge and discharge capacity of the cells
during cycling are presented in Fig. S3a and b, and a detailed
explanation is provided in the SI. A large increase in Rcr for the
SINP@C-rGO cell (see Fig. 4d) indicates SiNP pulverization.
However, the Rs decreases slightly with cycling due to the
formation of new surfaces, thereby lowering electronic resis-
tance. This compensates for the increased tortuosity caused by
pulverization and SEI rupture, further enhancing capacitive
impedance and ionic migration resistance. On the other hand,
the decrease in capacitive impedance over cycling for the
SINQ@C-rGO cell (c¢f Fig. 4a), despite constant SEI pulveriza-
tion, may be explained by the fact that while SEI pulverizes,
SINQ preserves its morphology over cycling,* and thinner,
porous, freshly formed SEI (after pulverization) facilitates easier
electrolyte access.

Post-mortem microstructural studies were conducted. The
SINP@C-rGO electrode (after the formation cycle) and the
SINQ@C-rGO electrode (after 100 cycles) were retrieved, and
digital images of the electrodes and separators are presented in
Fig. 4e and f. The SINP@C-rGO electrode appears to be severely
pulverized even after formation, with a significant portion of the
electrode coating adhering to the separator. In contrast, the
cycled SINQ@C-rGO electrode largely retained its structural
integrity. The separator shows only minimal coating material
deposition. The residual electrolyte on the separator exhibits
a pale yellow coloration, indicating decomposition and para-
sitic side reactions that occur during prolonged cycling at 100 °©
C. Cross-sectional SEM analysis of the cycled SINQ@C-rGO
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and separator after the formation cycle at 100 °C, and (f) digital images of the SINQ@C-rGO electrode and separator after 100 cycles at 100 °C.

The scale bars in panels e and f represent a length of 12 mm.

electrode (Fig. S4) reveals pronounced electrode thickening
from 31 pm (pristine) to 64 um (cycled), indicative of substantial
SEI growth and surface roughening. These observations
confirm that although the SINQ@C-rGO electrode demonstrates
exceptional performance among Si-based electrodes under
high-temperature (100 °C) conditions, SEI stability remains
a critical challenge. Given that accelerated aging tests are often
conducted at high temperatures, achieving high-capacity
retention of ~73% over 100 cycles, despite elevated tempera-
tures, high mass loading, and the use of a commercial poly-
meric separator, demonstrates the impressive thermal and
electrochemical robustness of the SINQ@C-rGO material
design.

J. Mater. Chem. A

Conclusions

Novel SiNQs, characterized by a porous one-dimensional
morphology and a unique structure comprising elemental Si
pockets distributed within an amorphous Si suboxide matrix,
were employed in this work as the active material for high-
temperature battery anodes. The surface of SiNQ nano-
particles was modified using a dual-carbon protection strategy
to form micron-sized SINQ@C-rGO particles. The resulting
SINQ@C-rGO electrode combines several advantages desirable
for high-temperature battery applications. These include (i)
a relatively high SiNQ mass loading of 0.8-0.9 mg cm 2, (ii) an
industry-relevant electrode fabrication process based on an

This journal is © The Royal Society of Chemistry 2026
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aqueous slurry and copper foil current collector, (iii) robust
cycling stability at 100 °C, with 73% capacity retention after 100
cycles at 420 mA g, and (v) high rate capability, delivering
~1000 mA h g7 * (0.9 mA h cm™?) at 840 mA g~ * at 100 °C. In
comparison, the SiINP@C-rGO electrode (prepared using
commercial solid SiNPs) exhibited poor cycling stability, rapid
capacity decay, and premature electrode pulverization at 100 °C.
Although coupled electrochemical and microstructural analyses
indicate that further improvements could be achieved by
enhancing the stability of the SEI layer, the SiNQ-based anodes
show strong potential for advancing thermally resilient LIBs for
next-generation lightweight hybrid and electric vehicles.
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