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ABSTRACT: Silicon in the form of nanoparticles has attracted significant interest in the
field of lithium-ion batteries due to the enormous capability of lithium intake. In the present
work we demonstrate the characterization of silicon nanoparticles using small-angle neutron
scattering and complementary microscopy to elucidate the structure changes through the
ball milling process with respect to the particle’s functionality in lithium-ion batteries. Small-
angle neutron scattering is a unique method for analysis of the nanoparticles as an ensemble,
providing information which is often not accessible by the conventional methods for
characterization of silicon nanoparticles such as microscopy. Herein we demonstrate that
the analysis of neutron scattering allows to extract the specific surface area for silicon
nanoparticles which was found to correlate with the first cycle Coulombic efficiency of the
corresponding lithium-ion battery. In addition, using neutron scattering and electrochemical
evaluation, we demonstrate that ball milling of silicon nanoparticles has different effects
depending on the amorphous or crystalline nature of the material.
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■ INTRODUCTION

Being one of the most abundant elements on earth, silicon
possesses many valuable properties which enabled its use in
various applications. Among those are solar cells as well as thin
film transistors and drug delivery in medicine, to mention a
few. The discovery of the potential of silicon as an anode
material for Li-ion batteries (LIBs) opened a great field of
research opportunities. Specifically, silicon was found to be a
promising replacement of graphitea common widely used
anode material.1 The ability to substantially increase lithium
uptake of the anode originates from the formation of the
silicon−lithium alloy, where one atom of silicon can
accommodate on average 3.75 atoms of lithium at room
temperature. That phenomenon results in a drastic improve-
ment of the capacity with the theoretical limit of 3579 mAh/
gnearly 10 times higher than that of graphite. However, the
incorporation of that many lithium atoms results in an
extremely large volume change of 280%.2 Such enormous
expansion with subsequent contraction during lithiation/
delithiation processes results in mechanical damage of the
materials, leading to rapid degradation of electrochemical
performance.3

The most promising pathway for mitigating the mechanical
damage caused by cycling of silicon was found to be the
decrease of dimensionality. The use of nanoparticles or
nanowires partially dissipates the stresses associated with the

expansion/contraction and therefore extends the battery
lifetime.4−7 The nanoparticles can be prepared through a
variety of methods, including etching of bulk silicon,8,9

colloidal chemistry,10 gas chemistry,11 or through ball milling
of larger particles.12−14 The latter, due to its low cost,
availability, and high throughput yield, represents one of the
most common approaches to prepare silicon at the nano-
scale.15 Early research in ball milling of crystalline Si was
focused on the transition to an amorphous phase containing
nanocrystallites.13,16 Ball milling has since been utilized as a
preparation step for silicon−carbon composites for lithium-ion
batteries16,17 or as a pathway for surface modification.18

Gauthier et al. indicated that ball milling of micrometric silicon
(in argon) can produce better performing silicon nanoparticles
than nanosized commercial silicon.19

The use of various sources of silicon in combination with
various treatments led to different battery performances,
resulting in a large discrepancy of the results. However,
despite a great variety of silicon materials available for LIBs,
the set of characterization methodologies to derive structure−
property correlations with respect to particle’s functionality in
LIBs is limited. Standard characterizations such as X-ray
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diffraction (XRD) provide information about the bulk
structure of the material but do not deliver necessary
information about the particle size and morphology, at least
not for the broad size ranges and the fractions of amorphous
material encountered in Si material made for LIBs. The
conventional techniques prior to (or in rare cases during)
electrochemical characterization typically involve scanning
electron microscopy (SEM) or transmission electron micros-
copy (TEM).6,20,21 Dynamic light scattering has also been
applied as a tool to gain information about the particle size and
size distribution.22 The characterization of particles inside the
electrode could also be performed by FIB/SEM tomography
and 3-D image analysis.23 Small-angle neutron scattering
(SANS) represents a unique technique for characterizing the
ensembles of particles at nanoscale.9 Recently, the SANS
technique has been successfully utilized for characterization of
battery materials ex situ and in situ.24−27 The primary
information typically extracted from such analysis is the
characteristic particle size, i.e., the z-average particle size as
weighted by volume or number depending on context, and the
size distribution. Within the present work we utilize SANS for
the elucidation of changes occurring to different crystalline and
amorphous silicon nanoparticles through ball milling and
correlate these findings with their performance in LIB anodes.
We show that SANS can serve as a tool complementary to the
conventional microscopy techniques (e.g., SEM) and can
reveal additional structural information about the battery active
material which is essential for the future optimization of silicon
and other materials with relevant application in LIB anodes.

■ RESULTS AND DISCUSSION
To cross-correlate the particle size, source, and crystallinity
with the performance as anode material, four samples of silicon
particles and nanoparticles were selected for the present
investigation. The sample set, as summarized in Table 1,

includes the following: micrometric high purity Si, charac-
terized by particles sizes between 1 and 5 μm (micro-Si);
micrometric electrochemical grade Si of comparable sizes (e-
Si); nanoscale Si, with an average particle size of or below 100
nm (nano-Si); and nanoscale amorphous Si (a-Si), which was
synthesized through silane pyrolysis.11,28−32

All samples were ball milled in the presence of air to better
replicate the conditions which could be potentially scaled up
later. Silicon samples before and after ball milling were
characterized by SEM as illustrated in Figure 1 with
micrographs of e-Si as a representative sample of crystalline
Si and of the amorphous a-Si (additional images are provided
in the Supporting Information). As expected, ball milling of the
crystalline samples (micro-Si, nano-Si, and e-Si) resulted in
reduced particle sizes which is clearly visualized in SEM
images. This effect was particularly pronounced for e-Si and
micro-Si, where the initial particles were micrometer-sized
before ball milling and nanosized after. In contrast, a-Si upon
ball milling demonstrated partial formation of micrometer-size
aggregates, while the original particles had dimensions on the

nanometer scale. However, as mentioned in the Introduction,
the microscopy analysis usually does not provide the complete
information about all particles present in the sample.
Therefore, after preliminary microscopy evaluation the samples
were analyzed using SANS.
SANS is a technique which can be utilized to investigate

nanoscale structural features and to follow changes occurring
in a material due to different handling and processing methods
as well as resulting from changes occurring in situ.33 This
technique is sensitive to structural features and changes on the
scale from ca. 1 to 100 nm if such produce a local variation in
either the mass density or the relative composition of the
material. Modifications in surface structure of particles or
crystallites can also be probed via a fractal dimension
parameter and/or the specific surface area. Thus, for crystalline
materials the information obtained by SANS can be important
for correlating modifications occurring on the atomic scales, as
probed with diffraction, with structural changes on the
nanoscale. For materials without a crystalline character, or
with crystallites of size below 5−10 nm, the diffraction
methods may not be sensitive to minor structural changes, and
SANS (or SAXS, the equivalent method based on X-ray
scattering) is an effective, if not the only, technique of
extracting bulk information about the particle structure and
features at the nanoscale.34−36 For the samples such as micro-Si
and e-Si, where the initial primary particle sizes were above the
range of SANS, this technique helps to determine the sizes of
the surface features typically not observable by other methods.
The SANS profiles are shown in Figure 2, which for the

pristine micro-Si, nano-Si, and e-Si were nearly the same. While
similarities were expected between micro-Si and e-Si due to
their sizes being above the probing range typically accessible by
SANS (from 1 to ∼100 nm), the nano-Si profile was not
expected to be featureless. However, there were no resolvable
plateaus in the signal corresponding to characteristic particle
sizes; instead, the linearity of the scattering curve indicated a
broad distribution of particle sizes. In contrast, the sample of a-
Si showed a noticeable deviation from linearity at q = 0.03 Å−1

(see also Figure 3 and Figure S2), demonstrating the presence
of a dominant characteristic particle size of 30−40 nm
(assuming spherical particles with a diameter of approximately
2π/q). Despite that, the linear part of the scattering curve
indicated the presence of a broad particle size distribution in
the sample of a-Si. The details of acquisition and fitting of the
SANS data are described in the Supporting Information.
As mentioned above, ball milling changes the sizes and size

distribution of the particles, typically resulting in more particles
at the nanoscale, which should be reflected in the SANS
scattering profile. After ball milling, despite the substantial
reduction in sizes as observed in SEM, the SANS of the micro-
Si and e-Si samples do not show any plateau in the data (Figure
2), which would be expected if the process led to formation of
a preferred particle size at the nanoscale. Instead, the signal
intensity for those two samples broadly increased across the
entire q-range (with nearly unchanged slope), indicating a
greater number of small particles formed by the milling of
larger particles without formation of a preferred particle size.
This is equivalent to an overall increase in the specific surface
area for these samples, which will be discussed later. The
intensity for the nano-Si sample increased only in the high q-
range, suggesting the preferential formation of smaller particles.
The slight drop in intensity seen at low q (below ca. 0.02 Å−1)
after ball milling for this sample indicates a corresponding

Table 1. Characteristics of the Different Samples
Investigated

micro-Si e-Si nano-Si a-Si

particle size 1−5 μm 1−5 μm <100 nm <100 nm
state crystalline crystalline crystalline amorphous
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reduced fraction of the larger particles. This is understandable
since the average particle size (APS) of pristine nano-Si is 100
nm or less, and it does not contain any larger particles that
could be broken down by milling and provide a SANS signal in
this range. This also confirms the earlier observations of the
changes in size distribution after ball milling of small
particles.19

Interestingly, the amorphous a-Si undergoes more dramatic
changes than the crystalline samples as reflected by its SANS
profile. After ball milling the slight plateau around 0.03 Å−1

that existed in the pristine sample due to a characteristic
particle size (cf. dashed area in Figure 2) was lost, and the
signal intensity at high q was increased substantially more than
observed for the nano-Si. The additional increase can be
explained through the following mechanisms: upon ball milling
of the amorphous silicon, the formation of the smaller particles
was accompanied by formation of a highly activated surfaces,
which results in greater oxidation and possible water
absorption on the surface. Small particle formation and the
presence of additional light elements both contribute to the
increase observed in the SANS signal at high q for a-Si.
Besides general information about the particle sizes typically

extracted from a SANS measurement, the specific surface area
can also be estimated from the analysis of the scattering data.
The specific surface area is the internal surface area (cm2) per
volume unit (cm3) of the material, which can be translated to
surface area per gram if the mass density of the material is
known. This is particularly useful for nanomaterials and
materials whose surface is expected to participate in chemical
transformations. The specific surface area can be calculated by
considering that in the high-q range the SANS intensity is
proportional to the surface per volume unit, SV:

S qd /d (2 )/ bgdq V
2 4π ρΣ Ω = |Δ | +→∞ (1)

where dΣ/dΩ is the normalized SANS intensity (in units of
cm−1), Δρ is the difference in scattering length density
between the material and the surrounding matrix, and the bgd
term is the incoherent background. Thus, if one plots q4(dΣ/
dΩ) vs q4, SV can be found from the intercept of the regression
line with the vertical axis. Further details of the calculations
and detailed results are presented in the Supporting
Information. It should be noted that small-angle scattering
using X-rays (SAXS) would be an alternative to SANS, but
SANS has the advantage that accurate absolute normalization
is straightforward (data in units of cm2/g), allowing for a more
direct calculation of the surface area. For all crystalline samples,
the specific surface area increased after ball milling, while it was
nearly unchanged for the amorphous sample. In addition to
SANS measurements, estimation of surface area by BET was
also performed and collected in Table S3. For micro- and nano-
Si, the trends observed by SANS were confirmed by BET
according to expectation. However, for e-Si and in particular a-
Si the changes in surface area after ball milling measured by
BET were quite different. We explain this by sintering of
particles, formation of internal cavities (not measurable by
BET), and formation of very small SiO2 nanoparticles,
complicating the analysis of SANS for a-Si after ball milling.
It should also be noted that the SANS analysis is not sensitive
to the presence of larger agglomerates formed during ball
milling.
Further insights into the structure and morphology of the Si

particles before and after ball-milling could be gained from the
analysis of the particle size distribution. Knowledge of the
particle size of the active material is particularly valuable, as the
mechanical stability and electrochemical performance of Si-
based anodes are dependent on the size of the primary
particles.37 SANS represents a method that allows one to
extract the particle size distribution for the ensemble of

Figure 1. SEM images for (a) pristine e-Si, (b) e-Si after ball milling, (c) a-Si as synthesized, and (d) a-Si after ball milling.
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Figure 2. Small-angle neutron scattering for Si samples before and after ball milling (BM). The dashed curve in the plot for a-Si shows a specific
contribution to the overall intensity from particles with a size centered around a diameter of 30−40 nm.

Figure 3. (a) SANS data for a-Si and nano-Si before ball milling with corresponding fits (continuous lines) based on size distributions obtained via
a Monte Carlo analysis. (b) Particle sizes (particle volume) plotted as cumulative distributions. A log scale was used in these plots to better show
the changes taking place in the lowest size range. Inset: illustration showing how smaller particles that are generated from ball milling will result in
an increase in the effective surface area (cm2/g) within the size range that can be probed by SANS (cf. dashed box).
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particles. Specifically, the information about size distributions
could be obtained from SANS via a Monte Carlo regression
analysis as described by Bressler et al.38 Figure 3a shows the
SANS data for a-Si and nano-Si before ball milling with fits
from which the corresponding size distributions could be
extracted (Figure 3b). The analysis assumes particles with a
spherical shape and a size within the range accessible by SANS,
with the upper limit set to 1000 Å. The incoherent background
was subtracted from the SANS data before the analysis.
Figure 3b demonstrates that pristine a-Si has relatively more

particles with radius around 100 Å (corresponding to a
diameter of 200 Å) than the pristine commercial nano-Si. The
plot also presents the corresponding size distribution for a-
SiBM, showing that the number of particles in the lowest size
range have increased after ball milling. The effect of ball milling
on the particle size distribution was also similar for nano-SiBM.
To utilize the information obtained through the combina-

tion of SANS and electron microscopy, it would be important
to correlate it with the electrochemical performance of the
corresponding Si-based anodes. To assess such correlation, a
set of half-cells based on Si nanoparticles were fabricated and
tested. This is particularly necessary to gain the understanding
of which material type and postprocessing would be beneficial
for Si as a material for LIB anodes.
The initial steps of lithiation/delithiation in battery anodes

strongly depend on the surface of the active material
participating in this electrochemical transformation. This
should be reflected in the Coulombic efficiency (CE),
specifically that of the first cycle, where the formation of the
solid electrolyte interphase (SEI) typically takes place. The
specific surface area calculated earlier from SANS was found to
increase after ball milling for the whole ensemble of crystalline
silicon particles due to formation of smaller particles and
increased number of nanoscaled surface features. This increase
is accordingly reflected in the decrease of Coulombic efficiency
as visualized in Figure 4a. Therefore, for crystalline samples,
the specific surface area estimations for silicon nanoparticles
from SANS data represent a relevant characteristic which can
be effectively utilized to predict the initial behavior of the
silicon-based batteries. However, this approach will be strictly
limited to a particular size range, and such an increase only
reflects the changes at the nanoscale.
According to SANS data, the ball milling of a-Si did not

change significantly the specific surface area, while noticeable

changes could be observed in the microscopy studies. Clearly,
the formation of small particles, in the range below 10 nm, can
provide partial explanation for the changes in the SANS
pattern (as can be seen in Figure 2, lower right panel).
However, considering the SEM imaging results, the formation
of large aggregates from smaller particles is also evident. We
believe those were formed by fusing together smaller particles
during the ball milling of a-Si. Such formation of two
populations of particles through ball milling has been reported
previously, however, for crystalline silicon.19 In the case of
amorphous Si, we believe that the mechanism of such change
was different: The ball milling proceeds with two competing
processes: formation of smaller particles, which can either
oxidize or undergo the fusing process to create larger particles.
The oxidized particles may not participate in the formation of
the larger aggregates as was suggested recently in the
literature.39 Therefore, because of the widening of the size
distribution, the average specific surface area for a-Si is nearly
unchanged after ball milling. The formation of the small
nanoparticles of a-Si is also accompanied by oxidation, which
results in higher intensity of the SANS signal in the high-q limit
(Figure 2) and also confirmed by the size distribution analysis
(Figure 3b). In addition, the presence of highly oxidized
particles will negatively affect the battery performance, which is
clearly indicated by the large drop of CE after ball milling
(Figure 4a).
As expected, using particles from different silicon sources as

well as applying ball milling had dramatic effects on the
stability of the battery anodes, as illustrated by the cycling
lifetime in Figure 4b. For all crystalline samples, the ball milling
negatively affected the initial anode capacity, though it simulta-
neously reduced the rate of the capacity degradation. Again, a-
Si demonstrated a different behavior: after ball milling, the
performance of the anodes was reduced to a level not greater
than the performance of graphite. The formation of two types
of particlesextremely small (most likely oxidized) and very
largewas the most likely the reason for the diminished
capacity and CE after ball milling of a-Si. The changes of the
electrochemical performance upon ball milling might be
attributed to the surface changes occurring during the milling
process as surface chemistry dictates the binder bonding.40

However, the analysis of the particle’s surfaces confirmed the
presence of oxide passivating the surface before and after ball
milling (Figure S5). The TEM with elemental composition

Figure 4. (a) First-cycle Coulombic efficiency as correlated to specific surface area calculated from SANS curve fitting. (b) Cycling performance for
all types of Si.
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analysis confirmed the substantially increased amount of
oxygen after ball-milling. The TEM images with elemental
mapping are presented in the Supporting Information.
Additional structural information complementary to SANS

and microscopy studies was extracted from the electrochemical
behavior of the anode active material. For instance, the
differential capacity often provides additional information
about the chemical nature of the processes taking place during
lithiation/delithiation. Figure 5 demonstrates examples of such
measurements for the most representative samples: e-Si
(crystalline) and a-Si (amorphous). Similar plots for nano-Si
and micro-Si (both demonstrated behavior similar to e-Si) are
shown in Figure S6. The main difference between the samples
is in their respective first lithiation and delithiation stepthat
step is the most structure dependent, as further cycling of the
crystalline Si leads to amorphous phase formation.41 In
particular, the initial lithiation for the crystalline Si requires
more energy than for amorphous Si due to the more defective
structure of the latter. The difference is reflected in the
difference in lithiation voltage: 0.11 V for crystalline and 0.21
V for amorphous. Furthermore, the initial lithiation step for the
crystalline material results in the formation of the crystalline
phase of Li15Si4, which is reflected by the presence of the sharp
peak at 0.44 V in the delithiation curve.42 The formation of
such phase was hypothesized by the presence of preordered
clusters in the lithiated crystalline material which serve as
nucleation sites for the Li15Si4 phase formation. As noted in
earlier work, after the first formation cycles the crystalline
material becomes amorphous and behaves accordingly,19,43

which is clearly reflected by the similar profiles of differential
capacity for e-Si and a-Si.19,43

Differential capacity also reveals the changes occurring with
the materials after ball milling. For instance, the ball milling
of a-Si, as mentioned above, led to destruction of the structure
of the active anode material, which was confirmed by an
extremely small lithiation capacity and almost negligible
delithiation compared to the pristine material (Figure 5d).

Lithiation still occurred during the following few cycles but was
barely noticeable compared to the original sample. Such large
irreversibility in lithiation can suggest significant SEI formation
on the surface of the remaining silicon, which ultimately leads
to complete disability of the active material. On the other
hand, crystalline silicon (e-Si) after ball milling demonstrated a
stable behavior. Specifically, the lithiation and delithiation
during the first cycle demonstrate a superposition of patterns
characteristic for crystalline and amorphous silicon, which is
reflected by the change of the lithiation profile and
substantially diminished peak at 0.44 V in the delithiation
curve. The position of the two peaks in the lithiation curve is
quite close to the potentials of crystalline (∼0.11 V) and
amorphous (∼0.25 V) lithiation peaks for the first cycle. These
peaks indirectly confirm some of the observations made earlier,
which suggested that ball milling of crystalline Si results in the
formation of amorphous material.12,13 Partial amorphization
was also confirmed by observing significant peak broadening in
X-ray diffraction (Figure S7). In addition, the lithiation profile
indirectly confirms the formation of core/shell structures, with
crystalline core and amorphous shell.43 Moreover, ball milling
of crystalline material performed in the presence of oxygen
(air) will result in the formation of an oxide shell on the
surface of the particles, which prevents further sintering and
formation of larger agglomerates. However, that was not the
case of amorphous Si as discussed above. We speculate that
such differences are due to the different degree of breakdown
during ball milling of the particles and the thickness of the
oxide layer on amorphous particles. SEM also supports the
formation of agglomerates, which may be easier to form due to
the less dense and more defective structure of amorphous Si.

■ CONCLUSIONS

In conclusion, herein we demonstrate the potential of SANS as
a complementary characterization technique for the analysis of
silicon particles as anode active materials for LIBs. SANS can
serve as a parallel method to conventional electron microscopy

Figure 5. Differential capacity plots for (a) pristine e-Si (crystalline) and (b) after ball milling and (c) pristine a-Si (amorphous) and (d) after ball
milling. For better visualization, an expanded plot for a-SiBM is included as an inset.
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and X-ray diffraction revealing useful information about the
ensemble of the particles and allowing to obtain the specific
surface area of the material and size distribution, which can be
affected by postprocessing treatments such as ball milling. The
ball milling of silicon proceeds differently for amorphous and
crystalline silicon: while crystalline silicon forms structures
with crystalline and amorphous fractions resulting in slightly
diminished anode capacity and slower degradation rates, the
ball milling of amorphous silicon leads to almost complete
destruction of its usability as a battery material.

■ METHODS
Silicon Nanoparticles Synthesis and Characterization. Both

micro-Si and nano-Si were purchased from Alfa Aesar; e-Si was
obtained from Elkem (Norway), and a-Si was prepared through silane
pyrolysis as it has been described previously.32 Silane and other gases
(99.999% purity) were purchased from Praxair. Note: special
precautions should be in place while handling silane gas due to its
hazardous pyrophoric behavior in air.
All manipulations with the silicon particles were performed under

ambient conditions. Ball milling was done by a planetary ball mill
(Pulverisette 6, Fritsch) at 800 rpm for 20 min (loaded in air) with
zirconia balls (3 mm diameter) and zirconia vial and a 25:1 ball-to-
powder mass ratio. 200 mg of Si particles was used for each Si type.
For SEM characterization, silicon nanoparticle samples were dispersed
in ethanol solution, ultrasonicated, and pipetted onto TEM grids.
SEM analysis was performed on the TEM grids using a Hitachi S-
4800 instrument operating at 30 kV equipped with a retractable
transmission detector (so-called low voltage STEM). X-ray diffraction
(XRD) was performed with a one-dimensional LynxEye detector on a
Bruker D8 Advance diffractometer (Cu Kα1,α2 radiation). XRD
samples were loaded in 0.5 mm diameter quartz glass capillaries.
Transmission electron microscopy (TEM) analysis was conducted
using a probe corrected instrument FEI Titan G2 60-300 equipped
with a FEI SuperX energy dispersive spectrometer (EDS) and a Gatan
GIF Quantum 965 electron energy loss spectrometer (EELS) and
operated in scanning mode (STEM) at an acceleration voltage of 300
kV.
Battery Cell Fabrication. All the slurries for battery electrodes

fabrication were prepared using the following general procedure: 15
wt % binder (sodium carboxymethyl cellulose, average Mw ∼ 90000,
Aldrich), 10 wt % graphite (TIMCAL KS6 L), 15 wt % carbon black
(TIMCAL Super C65), and 60 wt % silicon (later defined as the
active material) were used. The procedure was adopted from early
work44 and modified to accommodate the amounts used in the
present work. Each slurry was made using ca. 150 mg of Si. The
binder was dissolved in buffer solution (pH of 2.87) prepared from
KOH, citric acid, and deionized water (0.7 mL) using a Thinky mixer
(ARE-250CE, Thinky Co.). Then, graphite, carbon black, silicon, and
an additional 0.3 mL of deionized water were added and mixed again.
The slurry was then mixed using an ultrasonic mixer (Sonopuls
HD2070, Bandelin Electronic) for six cycles each consisting of 2 min
mixing at frequency mode 2 at 10% power.
The slurry was tape casted in repeated layers onto an 18 μm thick

dendritic copper foil (SE-Cu58, Schlenk) with a blade setting of 76.2
μm (3 milli-inch) using a mini-coater (MC20, Hohsen). After casting
and drying overnight, the electrodes were dried in a vacuum oven at
120 °C for 3 h before being punched into 15 mm discs and weighed.
Half-cells were then made in an Ar-filled glovebox (MBraun) with
<0.1 ppm of oxygen and water vapor, using Li foil as the counter
electrode (99.99%, LinYi Gelon LIB Co., 15 mm in diameter and
0.250 mm thick), CR2032 stainless steel casing (Hohsen), and 18 mm
disc of monolayer polypropylene (Celgard 2400, 25 μm thick) as
separator.
Active material loading varied from 0.09 to 0.15 mg/cm2. Four cells

for a given silicon nanoparticle batch were assembled. The electrolyte
(∼35 μL per cell) was a custom mixture from Solvionics consisting of
1.2 M LiPF6 in 3:7 ethylene carbonate:ethyl methyl carbonate

(EC:EMC), respectively, with 10 wt % of fluoroethylene carbonate
(FEC) and 2 wt % of vinylene carbonate (VC) as additives. The half-
cells were tested using an Arbin BT-2000 cell tester between 0.05 and
1.0 V vs Li+/Li with three initial formation cycles at C/20 (0.18 A/
gSi) followed by continuous cycling at C/10 (0.36 A/gSi).

SANS Measurements. The SANS experiments were performed at
the JEEP II reactor at Kjeller, Norway. The q-range employed in the
experiments was 0.008−0.35 Å−1. The samples were filled in 1 mm
quartz cuvettes (Hellma Analytics), which were placed onto a copper
base in the sample chamber. The space between the samples and the
detector was evacuated to reduce air scattering. For all samples it was
ensured that the transmission was sufficiently high (>90%) to
disregard multiple scattering. Standard reductions of the scattering
data, including transmission corrections, were conducted by
incorporating data collected from an empty cell, a beam without
cell, and blocked-beam background. The data were transformed to an
absolute scale (dΣ/dΩ) by calculating the normalized scattered
intensity from direct beam measurements.
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