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Next-generation rechargeable lithium-ion battery anodes must have high energy densities, low costs, and
excellent cycle and calendar lifetimes to replace graphite as the incumbent chemistry. Silicon is well posi-
tioned to meet these requirements but face two obstacles before reaching commercialization: silicon'’s
large volume expansion during charge cycling causes significant mechanical degradation, and the silicon
surface is highly reactive, causing rapid irreversible capacity loss both during cycling and at rest. One strat-
egy to address the mechanical degradation is to use silicon nanoparticles that are small enough to with-
stand the volume changes without mechanical pulverization. However, even small nanoparticles that
won't fracture will still transmit strain across the electrode during battery cycling. Moreover, conventional
wisdom says decreasing the particle size will accelerate parasitic chemistry to reduce the calendar life as
the total surface area increases. In this work, we show that smaller silicon nanoparticles (~6 nm) have
higher cycle lifetimes than larger nanoparticles (~27 nm) because there is less mechanical damage to the
electrode. Moreover, we show that no significant difference in calendar lifetimes between nanoparticle
sizes exists, due to the very dense electrode structure that is formed, which limits the surface area that is
exposed to electrolyte. These results provide important information for accurately assessing the role of
particle size in silicon-based LIB anodes.

Battery-powered electric vehicles are a promising solution for integrating transportation into the electric grid. However,
there is yet to be widespread consumer adoption of electric vehicles, in part due to higher costs, smaller vehicle mileage
ranges, and inconvenience of slow charging. Important targets for new battery chemistries that could encourage electric
vehicle use include low costs, large driving ranges, many cycles, and long shelf-lives. Current, commercial rechargeable
lithium-ion batteries with graphite anodes have too low energy-density to reach the first two goals, but different anode
chemistries such as silicon could achieve the cost and range targets. There are still barriers before silicon anodes can
replace graphite anodes, however, due to the large volume expansion of silicon during lithiation and its highly reactive
surface, both of which contribute to irreversible capacity loss.

Introduction

“Materials Sciences Center, National Renewable Energy Laboratory, 15013 Denver

West Parkway, Golden, Colorado 80401, USA. E-mail: Mike.Carroll@nrel.gov,

Jaclyn.Coyle@nrel.gov

bEnergy Conversion and Storage Systems Center, National Renewable Energy

The current, commercialized lithium-ion batteries use graphite
as an anode material, as it can deliver several thousand
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charge-discharge cycles, is chemically stable for many years
even when the battery is not in use (typically referred to as
calendar life) and can be produced and processed into electro-
des at commercially relevant scales. However, graphite’s
theoretical gravimetric energy density (372 mA h g™") is too
low to enable electric vehicles to compete with internal com-
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bustion engines: batteries must have a low cost (less than $100
per kW per h) and enable long range vehicles (at least
300 miles between charges)." Other important targets for new
battery chemistries include batteries that can cycle more than
1000 times, and age for more than 10 years before reaching
80% of its initial capacity (the threshold for a battery’s useful
life).>

High-silicon content anodes are a promising candidate to
reach these targets, as silicon has a much higher theoretical
energy density (3500 mA h g™') than graphite, is earth-abun-
dant, and already has mature technologies from the semi-
conductor chip and photovoltaic sectors for its processing and
purification.> However, silicon (Si) anodes still face many
challenges before the chemistry can compete with graphite. As
silicon can store larger stoichiometric amounts of lithium
than graphite, resulting in silicon’s higher energy density, full
lithiation of silicon results in very large volume expansions
(over 300% compared to only 10% for graphite).® This volume
expansion during charge-cycling causes significant mechanical
damage to the anode during battery cycling, which contributes
to fast capacity fade. Additionally, silicon is difficult to passi-
vate, due to the high reactivity of the silicon surface and con-
tinued volume changes during cycling which break apart any
passivating layer that is formed.®™®

Particle rupturing as a function of silicon particle size has
been demonstrated as a major contribution to capacity fade
in silicon anode batteries.’ It is typically expected that silicon
NPs below ~150 nm are unlikely to rupture even with large
volume expansions.’™"! However, particles below this limit will
still expand, and even with the same total strain (300%) across
particle sizes, expanded larger particles will displace more
total volume of the composite electrode than smaller particles,
which would cause more mechanical damage and loss of
active material connectivity. Also, smaller particles tend to
lithiate faster in lithium-ion battery materials, likely due to
smaller diffusion lengths which result in faster solid-state
diffusion and more homogeneous (de)lithiation.***
Therefore, we would expect smaller NPs to provide better
cyclability; however, conventional wisdom in the battery com-
munity indicates that the increase in surface area of smaller
NPs would result in more irreversible side reactions that con-
tribute to capacity fade.' This is particularly important in Si
anodes due to the challenges in surface passivation.

To combat this problem of increased surface area, one
potential solution is to structure the particles into larger
agglomerates, to protect the surfaces of nano-crystallites from
electrolyte contact. This micro-structuring technique can be
found in commercial high-performing cathode systems such
as nickel-manganese-cobalt oxide particles (NMC) which are
comprised of nano-crystallites arranged in a micron-sized
spherical particle.'®*® There is a preponderance of evidence
that this strategy could be useful for silicon anodes. However,
micro-structured Si electrodes tend to either have high poros-
ities, which make meeting energy-density targets challenging,
or require different electrode processing techniques, which
pose barriers to industry-level scale up and production.'®>®
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Recent progress on high-silicon content anodes has demon-
strated that careful control of surface chemistries and the use
of very small (<10 nm) silicon nanoparticles allows for an
anode that can deliver more than a thousand charge-discharge
cycles.?*' Hydrophilic coatings on silicon nanoparticles act
as an electric insulator and ionic conductor, similar to an
ideal solid electrolyte interphase (SEI), and this surface
functionalization promotes good nanoparticle dispersion in
solution, resulting in more-stable slurries and ideal composite
electrodes.”>*® While these silicon NPs can reach the energy
density and cycle life metrics needed, there is still a technical
gap between current silicon anode calendar aging perform-
ances and the 10-year target, which means that the characteriz-
ation of silicon anode performance is not complete without
calendar aging.?* To the authors’ knowledge, there is yet to be
a study investigating how important the size of ultra-small
nanoparticles (well below the rupture limit of 150 nm) is to the
cycle and calendar aging performance of Si anodes.

To address this knowledge gap, we investigate the role of
silicon particle size on anode cycle stability and calendar life.
Through systematic particle size synthesis and integration into
composite anodes, we find that smaller NPs have better cycle
life than larger NPs, and counter-intuitively, there is no signifi-
cant difference in calendar life. We show that despite the
larger surface-to-volume ratio of small NPs, the dense micro-
structure afforded by these small Si NPs limit the electrolyte
contact with the Si, enabling the use of smaller NPs without
increasing parasitic reactions. Notably, we find that while the
volume expansion of Si NPs affects the structural integrity of
the electrode, smaller NPs cause less damage, which we
hypothesize contributes to their improved cycle stability.

Methods

Nanoparticle preparation

Silicon nanoparticles ranging from 3-27 nm in diameter were
made using a plasma-enhanced chemical vapor deposition
(PECVD) process, in a custom nonthermal RF-enhanced
plasma reactor.”>***> Growth conditions are shown in the
ESI, Table S1.} Average particle diameters were confirmed by
X-ray diffraction, shown in Fig. S1.f Nanoparticles were
surface-coated with an excess volume (~10 mL) of allyloxy
(poly)ethylene oxide (PEO), where the oligomer length was
chosen such that the molecular coating was approximately
20% of the total particle weight assuming an average packing
density of 2 PEO nm >?° An excess (5-10 mg) of a radical
initiator azobis-cyclohexanecarbonitrile (ABCN) was added to
the PEO and nanoparticle mixture, and the particles were left
to react at 220 °C for at least 3-4 days, stirring constantly.”®*°
Then the particles were washed with toluene (~10 mL) and
hexane (~20 mL) and centrifuged at 12 500g for five minutes.
The supernatant was decanted, and the particles were centri-
fuged a second time with fresh toluene and hexane.?® The par-
ticles were dried under vacuum, weighed, and suspended in
N-methyl pyrrolidone (NMP) at 100 °C and mixed overnight.
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Table S2t reports the weight percentages of SIi@PEO in NMP
for each particle size; if a mixture was too viscous (which was
typical for smaller particle sizes) more NMP was required.
Previous reports on these coated nanoparticles confirm that
they form uniform colloidal suspension in NMP, which is
essential for homogeneous slurry formulation, and is why it is
necessary to coat these nanoparticles with PEO, as their native
surface chemistry is too reactive to form homogenous
slurries.>**° It was more difficult to suspend the 3 and 4 nm
Si@PEO NPs in solution than the other particles, indicating
that the quality of the PEO coating was not as good for these
particles, which might have affected slurry formulation and
subsequent electrochemical performance.

Slurry and electrode preparation

Slurries were made with 89 wt% Si (not including the weight
of the PEO coating, as it is removed during annealing), 1 wt%
single-walled carbon nanotubes (SWCNTs), and 10 wt% polyi-
mide binder (P84). The CNTs (Tuball™ Batt NMP, 97% NMP,
2% polyvinylidene fluoride (PVDF), and 1 wt% SWCNT) were
added to the Si@PEO and NMP solution and stirred for at
least 4 h. The binder (polyimide P84, 5 wt% solution in NMP)
was then added to the slurry. The slurry was planetary mixed
(using a Mazerustar KK-250S planetary mixer, at a rotation rate
of 430 rpm and revolution rate of 1450 rpm for 270 s, followed
by 60 s of 1700 rpm rotation and 1700 rpm revolution rate)
and left to stir overnight. Right before casting the electrode,
the slurry was planetary mixed for an additional 180 s (at revo-
lution and rotation rates of 1700 rpm). Slurries were blade
coated onto roughened copper foil (18 pm nominal thickness)
using a Zehntner ZAA 2300 automatic film applicator with a
casting speed of around 1 cm s'. Two thicknesses for each
particle size were cast. To account for the different slurry visc-
osities found in smaller particles, wet gaps were normalized to
50 and 100 pm for a slurry with 10 wt% Si (where the total
weight includes the NMP and other components). Therefore, a
slurry with 12.5 wt% Si would have wet gaps of 40 and 80 pm.

After casting, electrodes were dried in a vacuum oven at
150 °C for four hours, and then annealed under nitrogen in a
tube furnace at 550 °C for four hours. Weight calculations for
the 89/1/10 wt% ratio assumed that all the PEO and PVDF are
burned off during this annealing step. Previous studies have
demonstrated that it is essential to burn off the PEO surface
coating prior to electrochemical cycling, as the PEO limits the
capacity of the electrode and hinders cyclability.’® After
annealing, the surface of the nanoparticles is silicon oxide, as
surface characterization indicates the PEO does not leave
behind a carbon layer.’® The polyimide binder is chosen
because it is stable at this annealing temperature, and under-
goes cross-linking, which improves the mechanical integrity of
the electrode.®®

Coin cell fabrication and testing

All coin cells were made in a 2032 configuration, with a 19 mm
diameter Celgard 2325 separator and 40 pL of electrolyte (1.2
M lithium hexafluorophosphate LiPF, in EC:EMC 3:7 w/w
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with 3 wt% fluoroethylene carbonate added). Coin cells were
cycled with a Maccor 4300 tower in a temperature-controlled
oven. Half cells were made with a 14 mm diameter Si electrode
against a 9/16” diameter Li metal reference (Alfa Aesar 10769,
0.75 mm thick, 99.9% metals basis) to check the capacity of
each electrode (voltage range 0.01-1.5 V, temperature 30 °C, C/
20 rate). The electrodes with an areal capacity closest to 0.8 mA
h cm™ were chosen for this study. Half-cell results are
reported in the ESI, Fig. S2-S5.}

Full cells were made with a 15 mm diameter Si anode and a
14 mm diameter LFP cathode (1.7 mA h cm™? at C/10, 92 wt%
Johnson Matthey LFP, with 3.9 wt% Timcal C-45, 0.1 wt%
Tuball™ Batt NMP SWCNT, and 4 wt% Solvay 5130 PVDF) fab-
ricated by the Cell Analysis, Modeling, and Prototyping
(CAMP) facility at Argonne National Laboratory. LFP was
chosen to avoid aging contributions from the cathode, such as
the voltage slipping problem that occurs in NMC cathodes, as
LFP’s voltage profile is flat. Full cells were formed with a four-
hour rest followed by two full C/10 cycles (2.7-3.4 V), a
48 hours hold at 3.4 V to allow the electrolyte to wet the anode,
and then ten C/3 cycles. Cells were formed at the same temp-
erature as the following protocols. Calendar aging was tested at
45 °C, with three C/10 cycles followed by a hybrid pulse power
characterization (HPPC) step, every 30 days. During the 30-day
aging period, a daily pulse discharge at 1C was applied to test
the impedance rise of the cells, and then the cells were then
charged back to 3.4 V. Additional cells at 45 °C performed only
the three C/10 cycles and HPPC protocol, without the 30-day
calendar aging in between, to account for the aging effects of
cycling. Cycle aging at C/3 was tested at 30 °C, with three C/10
cycles and a HPPC steps repeated every 50 C/3 cycles.
Electrochemical protocols are plotted in Fig. S6.}

Microstructure experimental characterization

Cross-sections of pristine and cycled electrodes were made
using a JEOL cooling cross-section ion beam (IB-19520CCP). A
Hitachi S-4800 scanning electron microscope (SEM) was used
to image the cross-sections, at 3 kV energy and 7 pA current.

To characterize electrode electrochemically active surface
area (ECSA), symmetric 2032-type coin cells were made, with
two 15 mm diameter pristine Si electrodes, a glass fiber
separator, and 100 pL 0.5 M tetrabutylammonium hexafluoro-
phosphate (TBAPF;) in EC: EMC 3:7 w/w as a blocking elec-
trolyte that cannot alloy with Si. A BioLogic® VMP3 potentio-
stat was used to measure cyclic voltammetry (CV), from —0.1 to
0.1 V at five different sweep rates (10, 20, 30, 40 and 50 mV
s7).%%%” The specific capacitance of silicon was measured
using the symmetric cell setup with a thin film (60 nm thick)
of Si sputtered onto copper; it was assumed this thin film was
approximately flat.

Microstructure computational modeling

Four-phases (i.e., pore, Si, SWCNT, and P84) anode microstruc-
tures were modeled using the Microstructure Analysis Toolbox
(MATBOX), an open-source collection of algorithms for seg-
mentation, characterization, numerical generation and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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meshing of heterogenous microstructures embedded in a user-
friendly graphic user-interface®®?° and available at ref. 40.
Microstructures are first numerically generated up to a defined
porosity and weight loading, and then other metrics (e.g,
interface area) are characterized. Details of the generation
algorithms are available in an upcoming paper and briefly
summarized here.*!

Silicon particles are generated using a stochastic algorithm
with overlapping control to overcome packing density limit
while maintaining spherical shape. SWCNTs are generated
using another stochastic algorithm which samples candidate
locations for implicit control points of 3D Bezier curves.
Particles and tubes are allowed to be in contact but cannot
overlap through the use of masks. While the generation tool
allowed multi-modal size distributions, microstructures were
generated with a single particle and tube diameter for a
simpler interpretation of the results. Four Si diameters (3, 9,
15 and 30 nm) and one SWCNT diameter (2.75 nm) were
investigated. SWCNT length (~1-5 um) vastly exceeds the gen-
erated field of view (a cubic domain with 135 nm length),
therefore tube length was not limited in the generation. The
order of generation between different phases is constrained by
the difficulty to generate them. For instance, generating large
objects in a dense domain already filled with smaller objects
is more challenging than the opposite. Also, generating tubes
in a dense domain is more challenging than for particles, as
each tube requires finding a sequence of implicit control
points for the 3D Bezier curve that does not result in an
overlap with any pre-existing objects, while particles require
finding only one location. Therefore, tubes were generated
first, except for the 30 nm Si diameter case. For the latter,
tube orientation is de-facto controlled by the location of the
silicon particles. For the other particle diameters, the orien-
tation of the tubes is either isotropic or transversal anisotropic
(Fig. S197).

Binder phase is systematically generated last using a dis-
tance-based deterministic algorithm that glues together solid
components not far from each other while letting the largest
pores be vacant.*” For microstructures with dense silicon par-
ticles agglomerates, this results in removing Si-pore interfaces
within the agglomerates (as distances are much smaller within
the agglomerates), while letting the outer surface of the
agglomerates be mostly binder-free. While real distribution of
the binder is unknown at this scale, this approach is neverthe-
less coherent with the calendar life not being penalized with
using small Si particles, as only the agglomerate surface is sus-
ceptible to parasitic reactions with the as-generated
microstructures.

All microstructures have been generated with 1 wt%
SWCNT, 10 wt% P84, and 89 wt% Si. Three porosities (20, 30,
40%) have been investigated. While the theoretical maximum
density for unisize sphere packing is 74%, a more relevant
limit, not based on an ideal periodic packing, for electrode
microstructures is the maximum density for randomly distrib-
uted unisize spheres, estimated at 63.4%.**** The minimum
porosity achievable without overlapping is thus only 36.6%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This means it is unavoidable to have some overlapping
between the particles.

Interface area between pore and silicon particles and
between multiple silicon particles are then calculated by
summing the area of voxels in contact between the two phases
(or between two particles in contact). Surface overestimation
due to voxel discretization is amended applying a 2/3 corrective
factor.*® Specific interface area is then deduced by normalizing
it with the domain’s volume.

Results and discussion
Cycle and calendar lifetimes

Full coin cells were made with an approximately 0.8 mA h
em~? silicon anode paired with an oversized 1.7 mA h em™
lithium iron phosphate (LFP) cathode. LFP was chosen for its
flat voltage plateau, to minimize any impact the cathode had
on cycle and calendar aging. Silicon utilizations varied across
electrodes, so the N/P ratio (anode capacity to cathode
capacity) of the full cells ranged from 0.40 to 0.85 after for-
mation; see Fig. S7 and Table S37 for further discussion.
Periodic reference performance testing (RPT) steps were per-
formed to check cell capacity and impedance, with a single
RPT test composed of three C/10 cycles and a hybrid pulse
power characterization (HPPC) step. Cycle lifetimes were tested
at a C/3 rate, with an RPT step every 50 cycles.

The average relative discharge capacity of the C/3 cycling
cells is plotted in Fig. 1a. Shaded regions indicate standard
deviations from 2-3 replicate cells (see Fig. S8t for a larger
format of Fig. 1a, for clarity). In general, as particle size
decreases, the capacity retention increases, resulting in better
cycle performance. We note that the 3 and 4 nm electrodes do
not perform better than the 6 nm electrode (discussed below).
Additionally, the 12 nm electrode performs equivalent to the
6 nm electrode, possibly due to this electrode being lower in
areal capacity. While the cells do not reach 1000 charge-dis-
charge cycles before reaching 80% relative capacity, previous
work in this system proved this target could be reached with
careful optimization of Si@PEO NP coating chemistry, elec-
trode processing and available lithium inventory, of which is
beyond the scope of this paper.>=' Average coulombic
efficiencies (CE) of the cells for the first 50 C/3 cycles and last
50 C/3 cycles is plotted in Fig. 1b. Electrodes with smaller par-
ticle sizes have higher efficiencies, with the exception of the 3
and 4 nm-sized electrodes.

The specific capacities versus anode mass loadings of the
full cells are shown in Fig. 1c. Generally, the specific capacity
decreases slightly with decreasing size where the 3 and 4 nm
display a significantly lower capacity. The voltage curves for
each electrode from the third C/10 cycle in each RPT after for-
mation are shown in Fig. 1d. The corresponding differential
capacity (dQ/dV) for this cycle, normalized by the nominal
capacity of the cell, is plotted in Fig. 1e. No evidence of
lithium plating is seen, which would manifest as a plateau in
the voltage profile and an additional peak in the dQ/dV

EES Batteries, 2025, 1,298-309 | 301
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Fig. 1 Electrode electrochemical characterization in full cells with LFP cathodes. (a) Average relative discharge capacities for C/3 cycling. The
shaded region indicates the standard deviation across 2-3 replicate cells. The spikes in capacity every 50 cycles are the RPT steps. (b) Average cou-

lombic efficiencies (CE) of the electrodes during the first 50 and last 50

C/3 cycles. (c) Average nominal specific capacities versus mass loading for

each electrode, where error bars are one standard deviation for at least six coin cells. (d) Voltage curves for each electrode after formation (C/10

rate). (e) Differential capacity curves for each electrode after formation.

(f) C/3 cycle lifetimes (defined as how many cycles the cell takes to reach

80% relative capacity) versus applied current density at a C/3 rate for each coin cell.

curves.*® As particle size decreases, the overpotential increases;
in particular, the smallest particle-sized electrodes (3 and
4 nm) have very large overpotentials compared to the rest of
the electrodes, and only one dQ/dV peak shows up in the
voltage range; likely the other peak has shifted to a voltage
outside of the range. These electrodes have slightly worse
cycling performance and lower CEs for the 3 and 4 nm par-
ticles. Also, larger impedances could be attributed to the
higher mass loadings of the 3 and 4 nm electrodes (chosen in
an attempt to compare electrodes with the same areal
capacity), as previous results from similar electrodes indicate
that electrode mass loadings can affect electrode perform-
ance.?® Half cell results with Si NPs ranging from 3 to 150 nm
in electrodes with a higher (50 wt%) carbon content showed a
clear correlation between better cycle life and smaller Si NPs,
even for particles smaller than 6 nm (Fig. S5t). This demon-
strates that the trend of better cyclability for smaller particles
holds even for different electrode morphologies (i.e. electrodes
with a much higher carbon content), and indicates that the 3
and 4 nm results shown in Fig. 1 are likely outliers due to chal-
lenges with electrode processing rather than a fundamental
mechanism limiting cycle life at the smallest NP sizes.

There are several possible reasons why the electrodes with 3
and 4 nm Si NPs display anomalous behavior related to elec-
trode processing: (1) they have been improperly surface-coated
with PEO, leading to poor slurry formulations (see Table S2}

302 | EES Batteries, 2025, 1, 298-309

for more discussion) (2) the PECVD synthesis may not have
been optimized for surface functionalization® (3) the purifi-
cation steps in the synthesis may not have been effective.
Whatever the reason may be, we do not believe particles of this
size offer any practical use outside of simple model systems as
used here and given the resource intensity required to fabri-
cate particles of this size (ESI, Table S11 and associated discus-
sion) we have chosen not to pursue further optimization.
Despite issues with material synthesis and fabrication, we have
chosen to include data from the 3 and 4 nm Si NP electrodes
for completeness.

The cycle lifetimes, defined as the number of cycles needed
to reach 80% relative capacity, are plotted against the applied
current density at C/3 in Fig. 1f. While there appears to be
some correlation between applied current densities and cycle
life, electrodes tested at equivalent current densities to the
lowest capacity electrodes (3 and 4 nm) performed similarly to
the C/3 cells (as shown in Fig. S9 in the ESIt). Based on the
results shown in Fig. 1, the optimal Si NP size seems to be
around 6-8 nm. Electrodes with particles larger than 8 nm
might suffer from mechanical instability due to large volume
expansions, and electrodes with particles smaller than 6 nm
might be limited by electrode morphology due to slurry proces-
sing issues.

To isolate the role of calendar aging, coin cells that were
calendar aged (with periodic RPTs) were compared to cells that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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continually repeated RPT steps. Calendar aging and RPT
cycling cells were tested at 45 °C, with calendar aging cells
aging for 30 days in between RPT steps. The relative capacity of
the calendar aging and RPT cycling cells after three months of
calendar aging (or four RPT steps for the RPT cycling cells: a
zero condition and then three subsequent RPTs) is plotted in
Fig. 2a. Also plotted is the calendar-aging-only-contribution to
relative capacity loss, calculated by removing the amount of
capacity loss measured from the RPT cycling cells from the
calendar aging cells, which results in a slightly higher capacity
retention. Differential voltage curves and voltage hysteresis are
shown in Fig. S11 and S12.T The area specific impedance (ASI)
for each cell was calculated using the maximum resistance
during the HPPC discharging pulses. The ASI rise over three
months is plotted in Fig. 2b. With the exception of the 3 and
4 nm-based anodes, anodes across all silicon sizes display
nearly equivalent impedance gain rates with calendar aging.
The average daily resistances, calculated from the 1C dis-
charge pulse taken every day in between RPT steps for the
calendar aging cells, is shown in Fig. 2c. Again, across most
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sizes, electrodes have similar resistances (except for the 3 and
4 nm electrodes). After four months, both the 3 and 4 nm
cells’ daily resistances start to drop, as there is no charge in
the cell left, so the current pulse does not accurately measure
cell resistance. All cells experience a drop in resistance every
month after the RPT steps, potentially indicating that some of
the solid-electrolyte-interphase (SEI) is broken up or dissolved
during cycling, and then continually builds up during the
month-long calendar aging term.

Finally, while the ASI rise and capacity fade are not linear,
to compare trends between electrodes, a linear fit was per-
formed to estimate average capacity fade per month and
impedance rise, shown in Fig. 2d. Note, only ASI and capacity
data was used for the fit when the batteries capacity was
above 75% of its initial capacity as below that level, the behav-
ior is nonlinear (as can be seen in Fig. S10 in the ESI{).
The rate of capacity fade and impedance rise is about the
same for particles 6 nm and larger, further showing that the
size of the silicon nanoparticle is not predictive for calendar
aging rates.
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Fig. 2 Calendar lifetimes. (a) Average capacity retention after three months for the calendar aging cells and the corresponding retention of the RPT
cycling cells and calculated calendar aging contribution. (b) ASI rise of the calendar aging, RPT cycling, and calendar aging contributions at three

months. (c) Average (absolute) impedances from the daily pulses for the c
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Electrode microstructure analysis

To understand why the cycle life, but not the calendar life, of
these anodes is significantly affected by the size of the Si NPs, the
microstructure of each electrode was characterized. Fig. 3a shows
SEM images of 6, 14, and 27 nm electrode cross-sections, before
and after cycling, with measurements of electrode thickness vari-
ations. Before cycling, the electrode microstructure is very dense,
with cracks spanning the thickness of the electrodes. After
cycling, the electrode structure is significantly expanded, with sec-
tions of electrode delaminated from the copper foil. The volume
increase is the combination of SEI accumulation and additional
void space as can be seen in Fig. 3a. Further SEI characterization
can be found in the ESI, Fig. S13-S15,f and SEM images of all
electrodes are shown in Fig. S16-S18.1 While exact values of the
electrode thickness could be affected by sample preparation (air
exposure, slight angles in cross-sections) the relative trend is
clear: the expansion increases with particle size. An estimate of
the total volume expansion of each anode is plotted in Fig. 3b.
This trend might be a function of when the samples were col-
lected; all cells were cycled to around 350 cycles, which meant
that the relative capacity of cells varied in correlation with particle
size (see Fig. S19 in the ESIf). Regardless, less electrode volume
expansion is clearly correlated with better cycle performance.

This effect could be explained by the thin-walled pressure
vessel theory, which explains how the stress is affected by the
radius of the vessel, as shown in eqn (1), where o, is the tan-
gential stress in the vessel, p is the pressure inside the vessel, r

a)

Pristine ‘

ZZ28\Coppent N
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is the radius, and ¢ is the thickness of the walls.”” We assume
the silicon and surrounding electrode matrix is a thin-walled
pressure vessel, and that diffusion-induced stress is negligible,
so all stress buildup is related to silicon expansion being con-
strained by the surrounding matrix.*® Assuming the volume
expansion of a Si NP is the same with lithiation across particle
sizes, then internal pressure should be similar, or scale with
particle size. If we also assume that the thickness ¢ of the sur-
rounding electrode matrix coating is similar across all electro-
des regardless of particle size, then only radius is varying with
each electrode. Therefore, larger NPs, even if they are below
the 150 nm limit for particle fracture, will still transmit more
strain to the surrounding electrode matrix than smaller NPs. If
this tangential stress exceeds the von Mises stress of the elec-
trode matrix, then the volume expansion of the larger Si NP
will cause mechanical damage to the electrode, even if it
doesn’t rupture the Si NP itself. This argument could also be
applied to a thin SEI layer formed around a Si NP; if the thick-
ness of the SEI layer does not vary with particle size, then
larger particles will transmit more stress to the SEI shell,
making it more likely to break the SEL

.
m:% )

Fig. 3c shows SEM images of the 6, 14, and 27 nm electrode
cross-sections at higher magnification. Pristine electrodes have
a very densely packed structure, and electrodes with smaller

27 nm

Average Electrode Expansion After Cycling

0 5 10 15 20 25 30
Particle Diameter (nm)

Estimated Porosity of Pristine Electrodes

-
o

5 10 15 20 25 30
Particle Diameter (nm)

Fig. 3 Electrode microstructure. (a) Electrode thickness variations, before and after cycling, for the 6, 14 and 27 nm electrodes. (b) Average elec-
trode expansion versus particle size. (c) SEM images of 6, 14, and 27 nm electrode cross-sections, before and after cycling. (d) Porosity estimations

from image segmentation.
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particle sizes had pore sizes smaller than the resolution of the
SEM. Though it is possible the nanoparticles form agglomer-
ates during electrode drying and annealing steps, these
agglomerates are not visible in the SEM images due to the
closely-packed structure. After cycling, there is significant
mechanical damage and increased porosity, as well as signifi-
cant SEI build-up, that contributes to irreversible volume
changes.

Using image segmentation, an estimate of the visible poro-
sity of selected electrodes was calculated and plotted in
Fig. 3d. Electrodes with particles smaller than 8 nm were hard
to segment as the pore size of the electrode is likely below the
resolution of the SEM. In general, electrodes with larger par-
ticles have slightly increased porosity, though even the largest-
sized particle electrodes still have very dense microstructures
(around 15% porosity, which correlates with previous esti-
mates for similar electrodes).*

In porous electrodes, it is expected that smaller spherical
particles would result in an electrode with more surface area,
thus increasing the amount of irreversible side reactions.
However, from Fig. 2, we do not see a significant difference in
calendar aging in these electrodes, indicating that the very
limited porosity of the electrodes might lower the actual
surface area exposed to electrolyte. To measure this, electro-
chemical active surface area (ECSA) of the electrodes was quan-
tified using cyclic voltammetry (CV) in symmetric blocking
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electrolyte cells using eqn (2), where Cy, is the double layer
capacitance (measured using the symmetric cells with pristine
silicon electrodes) and Cs is specific capacitance (3.7 pF cm™>
for silicon, measured with a symmetric cell with sputtered

silicon thin films).?¢”
ECSA = 20 2)

Cs

Fig. 4a shows an example of the CV curves from a blocking
electrolyte symmetric cell; Fig. 4b shows the maximum and
minimum currents at the cells’ initial open-circuit voltage fit
to a line versus the scan rate. Fig. 4d plots the measured ECSA
of each electrode using this method, showing no clear trend
with particle size. Also plotted is an estimation of the surface
area calculated assuming the Si NPs are isolated spheres,
assuming a density of silicon to be 2.33 g cm™?, which predicts
a much higher surface area than the measured ECSA. We do
not expect the silicon particles to be isolated spheres, however,
as they likely would have some overlap that would lower the
effective surface area of the silicon. To model this surface area,
electrode microstructures with 3, 9, 15 and 30 nm Si NPs were
generated using a MATLAB-based microstructural modeling
tool, MATBOX (see ESI Fig. S20 and S21f for further
details).*®*° Examples of generated microstructures using this
toolbox are shown in Fig. 4c. The resulting silicon-to-pore
surface areas (with electrode porosities fixed to 20%, and

CV Results (6 nm) 4 Electrochemically Active Surface Area
a) : ;0.01 V/s ——0.04 V/s ‘ C) @ SiNPs SWCNTs d) 10 ‘ —6— Measured ‘
3+ =——0.02V/s 0.05 V/s 1 . . —6—Isolated Spheres
——0.03 V/s /r 3 nm (tranversal anisotropic SWCNTs) g Computational Model
2F 1 10°F 1

2+t
3t
4~ L L L .
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b) 25 Fit for CV Results (6 nm)
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Fig. 4 Electrode surface area calculations. (a) Example cyclic voltammetry results in a symmetric cell with a blocking electrolyte. (b) The minimum
and maximum currents at open-circuit potential are fitted to a line versus scan rate. (c) Examples of microstructures numerically generated by
MATBOX (with some particles removed to show nanotubes). (d) Electrochemically active surface area as a function of particle diameter, from the
symmetric CV measurements, estimations from isolated spheres, and the microstructural model results. (e) Silicon-to-silicon contact area, calcu-

lated from the microstructural model, fit to an exponential decay.
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assuming transverse anisotropy for the SWCNTs) are plotted
in Fig. 4d, compared to the measured ECSA calculated from
the symmetric cell CV results. As expected, the computational
model predicts a lower surface area than the isolated spheres
estimate, as there is significant overlap in a low porosity elec-
trode. However, the measured ECSA is still several orders of
magnitude lower than the computational results. This indi-
cates that even the larger nanoparticles form electrodes so
dense that the liquid electrolyte is unable to infiltrate through-
out the electrode (see Table S41 for more discussion). As such,
only the top surface of the electrode is in contact with the elec-
trolyte, which explains why no significant difference in calen-
dar aging was observed for different-sized particles despite
higher surface-to-volume ratios for smaller spheres. Therefore,
the Si NP dense electrode structure acts like a micron-thick
layer, allowing for smaller NPs to be used without a penalty
from additional side reactions due to increased surface-to-
volume ratios.

Due to the blocking conditions necessary for the ESCA
measurement, electrodes that have been exposed to Li" cannot
be quantified (i.e. calendar aged or cycled samples). It is worth
noting that electrodes that have been cycled more than the
calendar aging cells (>40 cycles) might calendar age more
aggressively than the results shown in Fig. 2, because of the
mechanical damage to the electrode structure shown in Fig. 3.
Therefore, it is imperative that the electrode structure is pre-
served as much as possible to realize the benefits of this dense
microstructure.

From the microstructural model,
contact area was calculated and shown in Fig. 4e, with an expo-
nential fit. Like the silicon-to-pore surface area shown in
Fig. 4b, the microstructural model predicts that smaller par-
ticle sizes would result in higher silicon-to-silicon connectivity.
This could result in faster diffusion times, though galvano-
static intermittent titration technique (GITT) results (shown in
ESI Fig. S41) show no significant difference in diffusion coeffi-
cients with respect to particle size. This indicates that the lim-
iting transport in these electrodes is likely solid-state diffusion
of Li through Si, as these thin electrodes likely do not have
ionic transport.

the silicon-to-silicon

Electrode property correlations

To understand how the silicon NP size relates to performance
and electrode properties, a linear correlation analysis was per-
formed and is shown in Fig. 5. Each square represents a pair
of electrode properties, with standard deviation error bars (if
present) plotted, and each point is color-coded for particle size
(larger particles are represented as lighter in color, consistent
with other figures). The Pearson correlation -coefficient
(accounting for error) for each correlation is shown, and the
statistical significance of that correlation was calculated (see
the ESI and Table S51 for more details).*® If a correlation is sig-
nificant, the square is shaded gray; a darker gray indicates
greater significance.

As the 3 and 4 nm electrodes performed consistently
different than the other electrodes, possibly due to differences
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size. For each pair, the Pearson correlation coefficient (accounting for
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if the correlation is significant. The best fit line, including error, is shown
for each square. Correlations exclude 3 and 4 nm electrode outliers.

in electrode quality (as opposed to a fundamental difference in
mechanics), the correlations in Fig. 5 only include electrodes
with nanoparticles of 6 nm or greater. See Fig. S22+ for corre-
lation plots including all electrodes. As can be seen in Fig. 5,
several correlations are statistically significant. This includes a
correlation between particle diameter and silicon-to-silicon
contact area, which is unsurprising as the silicon contact area
follows an exponential decay with respect to diameter. Also as
expected, areal and specific capacity are correlated.

There is also a correlation between diameter and electrode
expansion after cycling. As stated before, this could be due to
when the cycled samples were harvested from the coin cell
(Fig. S197). Nonetheless, this correlation between particle dia-
meter and electrode volume expansion suggests that the main
mechanism of capacity fade is related to the mechanical
damage to the electrode matrix caused by the volumetric
expansion of the Si NPs. More mechanical damage leads to
more opportunities for electrolyte contact with the silicon, and
potentially islands of disconnected, inactive material.

Particle diameter, cycle life, and coulombic efficiencies are
all correlated with each other. This is supported from Fig. 1,
which shows a clear trend in cyclability, coulombic efficiency,
and particle size. The Si-Si specific contact interface is also
strongly correlated with other metric (average absolute Pearson
correlation coefficient = 0.44, surpassed by the particle dia-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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meter average at 0.51). For a given diameter, a high Si-Si
specific contact interface implies less Si-pore interface, and
therefore less surface available for parasitic reaction, and a
higher emphasis on the need for a fast solid-state diffusion.

No significant correlations between calendar aging and
impedance rise metrics exist. This is consistent with Fig. 2,
which shows electrodes with particle sizes 6 nm and greater
don’t have an obvious connection between aging and particle
diameter. This underscores the advantages of these dense elec-
trodes, which protect the additional surface area from smaller
Si NPs from electrolyte contact. Therefore, we do not have a
trade-off between better cycle or calendar life performance. We
also see no correlations with the N/P ratio and cycle or calen-
dar aging parameters, indicating that the oversized cathode
did not contribute to the cyclability or aging differences
between silicon particle sizes.

These correlations elucidate why smaller Si NPs are key to
enabling high-content silicon anodes that can reach key targets
for electric vehicle batteries. This shows that the particle size of
the silicon, even below the 150 nm threshold where silicon
should not fracture, still greatly affects the performance of the
battery, and that the microstructure of the anode can prevent
additional irreversible losses due to more surface area. A second
article further guides the choice of the particle size by correlating
the optimal diameter with the SWCNT weight loading through a
microstructure scale analysis.*!

Conclusions

In summary, we made high silicon content anodes with ten
different Si NP sizes. We tested these electrodes’ cycle and
calendar aging performances. We found that the smaller Si
NPs 6-12 nm in diameter are correlated with increased cycle
life and higher coulombic efficiencies. There is no significant
difference in calendar aging performance, despite more
theoretical surface area for smaller particles, with average ASI
rise of ~3 Q cm® per month for particles 6 nm and greater, at
45 °C. Through microstructural characterization, we show that
these Si NPs form a dense electrode with less than 15% visible
porosity. This compact structure acts almost like a solid layer,
and limits electrolyte contact with the silicon surface, which
reduces SEI formation. Therefore, we can make high-silicon
content electrodes with small nanoparticles to get the benefit
of improved cycling performance without increasing the active
surface area exposed to electrolyte. These promising results
suggest that with careful optimization of Si NP electrodes,
high-content Si electrodes could be a viable option for electric
vehicle batteries that are competitive in cost and energy-
density to traditional graphite anode batteries.

Data availability

The data supporting this article have been included in the
main text or as part of the ESL.{
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The analysis software MATBOX used to generate the compo-
sitional model is publicly available at: https:/www.nrel.gov/
transportation/matbox.html. This is included in the citations
in the main text.
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