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ABSTRACT

This study investigates the impact of silicon content in the graphite anode of cylinder-type Li-ion batteries using operando neutron powder diffraction techniques. A
batch of four different Li-ion cells is analyzed, with a focus on the structural response of active cell components during electrochemical cycling. The results indicate
that high silicon content in the graphite anode causes a delay in the initial lithiation of graphite, shifting it towards higher voltages independent of the cell’s internal
resistance. Differential voltage, incremental capacity analyses and quantitative energy-dispersive X-ray spectroscopy, corroborate these structural changes. Addi-
tionally, X-ray diffraction computed tomography using a pm-sized synchrotron beam revealed local structural degradation and lithiation inhomogeneity in the high

silicon content cells during cycling.

1. Introduction

In recent years, the demand for high-performance energy storage
systems has experienced a continuous rise due to the increasing need for
portable electronic devices, electric vehicles, and the integration of
renewable energy in society [1-3]. Thus, Lithium-ion batteries (LIBs)
have emerged as the leading candidate for such applications due to their
high energy/power densities and good cycling stability [4]. The
graphite-based anode has been the common negative electrode material
in LIBs since their commercialization. It is used in most state-of-the-art
batteries nowadays due to its high theoretical specific capacity of
approximately 372 mAh/g and high structural stability during the
electrochemical de-/intercalation of Li ions in its structure [2,5,6].
However, to meet the requirements of the growing progress and to
achieve even higher energy densities with an improved electrochemical
battery performance at low costs, one has to switch from the pure
graphite electrode design to exploring alternative electrode materials.
Nowadays, one of the most encouraging materials for LIBs are
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silicon-based electrodes, which have emerged as a potential solution due
to a low working voltage, high abundance, low cost and to the signifi-
cantly higher lithiation capacity of silicon compared to graphite in the
range of 4200 mAh/g, when fully lithiated to Lis 4Si [7,8]. However, the
practical usage of silicon anodes yields significant challenges, where the
substantial volume change experienced by silicon during de-/lithiation
processes is pre-dominant. As lithium ions are inserted into silicon, its
structure undergoes a considerable expansion of approximately 300 %,
leading to high mechanical stress within the electrode [9-11]. The
repeated volume changes during cycling result in silicon particle frac-
turing, pulverization, and loss of electrical contact, leading to capacity
fading and a decreased cycle life as well as the destabilization of the
solid electrolyte interface (SEI) [7]. Such problems can be alleviated and
overcome (at least in part) by the design of nano-crystalline silicon
powders and composites [12-14], usage of silicon nanowires [15,16],
the utilization of protective coatings or with enhanced SEI stability and
most promisingly, by merging graphite and silicon to a composite ma-
terial, exhibiting relatively high energy densities, increasing structural
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integrity and mitigating volume change-induced mechanical stress
[17-22]. While in the past years the amount of silicon was in the range
of 2-3 %w/w in the anode, increase of its content is needed making
electric vehicles competitive with combustion engines [23]. Thus, novel
cells were developed using higher amounts of silicon in their anode and
showing combined higher gravimetric and volumetric energy densities.
Therefore, understanding of the interplay between the storage of lithium
ions in graphite and silicon during the electrochemical cycling and its
corresponding mechanical and structural impact on the electrochemical
performance of the silicon-graphite composite is of vital importance.
Materials, such as silicon, experience a transition from a crystalline to
amorphous state upon electrochemical alloying (LixSi), [24,25]. While
the electrochemically driven lithiation of silicon is accompanied by the
loss of long-range order, due to its amorphization, the detection of its
structural signatures, similar to those applied to graphite anodes, with
diffraction techniques is non-trivial [23,26,27]. However, X-Ray
diffraction techniques can be of use to study the Li redistribution in
Si-graphite anodes indirectly [28], for example by neutron diffraction,
which is a highly sensitive and advanced probe for non-destructive
characterisation of the lithiation graphite anodes (either
silicon-containing or not) due to its sensitivity to light elements like
lithium [29]. These techniques, when used in combination, enable a
multimodal approach to map the state of the cell non-destructively and
with high precision on various length- and time-scales [30-32].

In the current study, different commercial LIBs are investigated to
analyze the impact of silicon-containing graphite anodes on the
diffraction signature of cycled LIBs, carrying out systematic neutron
powder diffraction techniques. The samples are measured operando at
low currents to map the de-/lithiation of silicon-containing graphite
anodes in detail. The focus is set on the delayed intercalation of lithium
ions into the graphite structure. In addition, the effect of aging on anodes
with high silicon content, is further investigated with diffraction and
imaging techniques, focusing on the degradation of the cell electrodes
and the role of silicon in this process.

2. Experimental
2.1. Galvanostatic Cycling

Four different types of lithium-ion cells, LG INR21700 50H (short:
50H), Samsung INR21700 40T (short: 40T), Panasonic NCR18650 B [33,
34] (Short: NNP), and LG INR18650 HG2 (short: HG2) with different
manufacturer’s specifications were analyzed. Cell types, selected spec-
ifications, and cycling parameters are listed in Table 1. Furthermore,
incremental capacity analysis (ICA) and differential voltage analysis
(DVA) calculations during charging with corresponding diffraction data
are presented in the SI (Fig. S1-S4) as well.

2.2. Neutron powder diffraction

High-resolution neutron powder measurements were performed
operando at the powder diffractometer ECHIDNA at the Australian Nu-
clear Science and Technology Organization (ANSTO, Sydney) [35] for
cells 50H, 40T and HG2. The instrument was used in Debye-Scherrer
configuration with a vertically focusing Ge (331) monochromator and
a high monochromator take-off angle of 140°, supplying a
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monochromatic neutron beam with a wavelength of A = 2.44 A and a
tailored size of 20 x 45 mm? at the sample position. The detection of
scattered neutrons was carried out by a curved multidetector consisting
of 128 position sensitive >He tubes, covering a 158.75° angular range
[35]. The data acquisition was carried out with 20 steps and a detector
step size of 0.125° with an exposure time per diffraction pattern of
approx. 15 min. The samples were connected via soldered cables to a
Biologic SP-300 Potentiostat and were mounted at the beamline on the
gripper of the EPSON robotic sample changer [36]. Data collection was
performed upon continuous cell rotational oscillation carried out by the
robotic arm in the range of [—-180:180°].

Additionally, operando high-resolution neutron powder measure-
ments were carried out at SPODI [37-39] (FRM II, MLZ, Germany) on
the NNP cell (data taken from Ref. [40] and previously reported in Refs.
[41,42]) with experimental parameters similar to these mentioned
above. The used wavelength of A = 2.536 A is maintained by the vertical
focusing germanium monochromator (331) at 155° take-off angle with a
beam size of 20 x 40 mm?. The cell was mounted at the sample goni-
ometer and connected to a Biologic VMP3 Potentiostat for electro-
chemical cycling. The vertical sensitive curved multidetector at SPODI
consists of 80 He detector tubes and Soller collimators (10) in front.
Stepwise positioning of the detector was achieved with 40 steps and
0.05° 20 offset/resolution step to cover the angular range of 160°.
Diffraction data were acquired with 45 s exposure per step resulting in a
total acquisition time of ca. 30 min per pattern.

2.3. X-ray Diffraction computed tomography (XRD-CT)

In addition to operando diffraction measurements, XRD-CT was used
to probe non-destructively and locally the structure and the lithium
distribution of the electrodes within a fresh and an aged 50 H cell at a
state-of-charge (SOC) of 100 %. The studies were carried out at the
Swedish materials science beamline P21.2 [43] at PETRA III synchro-
tron (DESY, Hamburg) in Debye-Scherrer geometry with a mono-
chromatic photon beam of A = 0.1503 A (fixed photon energy of 82.45
keV), focused to a beam size of 3 x 8 pmz. Data was collected with a
DECTRIS EIGER 2X CdTe 4M detector with a sample-to-detector dis-
tance of 1.382 m. The samples were mounted and pre-aligned at a
goniometer head placed on the large goniometer of the main diffrac-
tometer. The diffraction tomography dataset was collected by horizon-
tally scanning over a range of 22 mm with 550 translation steps at 825
individual angles ranging over 360° cell rotation. The data set was
collected for one horizontal plane in the center of the cell. Data reduc-
tion and radial integration were done using the python library PyFAI
[44,45]. The XRD-CT dataset was reconstructed with the filtered
back-projection algorithm as implemented in the MATLAB suite.

2.4. X-ray Computed tomography (X-ray CT)

The configuration and structural deformation of the 50H cell after
the electrochemical cycling was non-destructively mapped in a fully
charged state using X-ray CT at a phoenix v|tome|x 240 s CT system (GE)
equipped with a DXR-250RT CCD detector coupled to a Csl scintillator
(200 x 200 mm? field of view, with 200 x 200 pmz pixel size and ~ 27
pm pixel resolution). Data was collected with an acceleration voltage set
to 120 kV and a current of 100 pA using a direct tube at a focus-to-

Table 1

Specifications of the studied cells.
Manufacturer Name Cell type Q Voltage Cathode Silicon content Cycling Rest phase Rint

[mAh] vl [Y%ow/w] CCCV [mA] [h] [mQ]

LG INR21700 50H 21700 5000 2.0-4.2 NMC 10.5 200 5 33.2
LG INR18650 HG2 18650 3000 2.0-4.2 NMC 4.6 250 1 52.4
Samsung INR21700 40T 21700 4000 25-4.2 NCA 4.7 300 1 28.4
Panasonic NCR18650 B 18650 3350 25-4.2 NCA 0 75 1 228.8




T. Holderle et al.

detector distance of 800.358 mm, collecting over the angular range of
360° with 1001 projections. The reconstruction of the data was carried
out using the software X-AID and rendering of the reconstructed data
was done using the open-source software package Paraview [46], and
ImageJ [47].

2.5. Scanning electron microscopy (SEM)

Morphology and elemental composition of the electrodes of the aged
50H cell were analyzed post mortem using a ThermoFisher Scientific
Quattro S field emission environmental scanning electron microscope
(ESEM), which is operated jointly by the Helmholtz-Zentrum Hereon
and the Jiilich Center for Neutron Science (JCNS). The qualitative and
quantitative studies were conducted using a standard Evenhart-
Thornley secondary electron detector (ETD), sensitive to the material’s
topography, and a circular backscattered electron detector (CBS), sen-
sitive to material contrast at 15 kV and 880 pA probe current. In addi-
tion, energy-dispersive X-ray spectroscopy was carried out with a
ThermoFisher EDS UltraDry-Si-drift detector for mapping elemental
composition. For cross-section measurements, an Ion Milling System
ArBlade 5000 by Hitachi was used to prepare wide cross-sections of 2
mm within the extracted electrodes. Argon milling was carried out with
an acceleration voltage set to 7.5 kV and a current of 600 pA. The
airtight transport of the electrodes between the glovebox and the SEM or
milling system was maintained by an airtight sample holder delivered by
Hitachi and the one reported in Ref. [48].

3. Results and discussion

The obtained operando diffraction datasets consist of diffraction
contributions from the positive electrode (LiNiMnCoOs (NMC), or
LiNiCoAlO5 (NCA)), the negative electrode made up of graphite/silicon
composite, the separator, either aluminum (cathode) or copper (anode)
current collectors, the steel housing, and center pin. The organic elec-
trolyte and the dissolved lithium salt (LiPF¢) are in a liquid (short-range
ordered) state, scattering incoherently and contributing to the back-
ground in the collected data. During the electrochemical cycling, various
structural changes can be detected, either by a series of phase transitions
dedicated to the lithiation of the graphite [49] or by a shift of the pos-
itive electrode reflections due to its lithium de/-intercalation, visible for
each cell analyzed (Fig. S1). However, the focus is set on the influence
and structural response of the amount of silicon contained in the nega-
tive electrode of the cells. In Fig. 1, the interatomic spacing d of the 003
cathode reflection, as well as the first order 00I(I = 1, 2) reflections of the
intercalated graphite, are plotted against the normalized capacity during
the charging process for the cells 50H, 40T, NNP, and HG2. All cells
display a similar behavior for the 003 reflection of the NaCrSy-type
cathode. While there is a constant shift of the d spacing towards higher
capacities, the slope displays gradual changes starting at ca. 80 % SOC,
showing a maximum interatomic spacing at 4.85 A before returning back
to a lower d spacing of 4.65 A at high SOCs. The observed behavior is
already well known and can be attributed to the deintercalation of
lithium ions from the cathode host structure, causing a structural change
visible by an increase in the unit cell dimension c followed by a subse-
quent decrease [40]. The negative electrode also responds to the po-
tential change via an intercalation mechanism of 2H graphite already
reported in Ref. [48,49]. Intercalation starts from a pure graphite phase
with interatomic distances of 3.35 A, followed by a continuous transi-
tion® - the coexistence of low lithiated phases (LiyCg with x < 0.5) - and a
biphasic intercalation behavior represented by stage II - LiC15 (3.5 A)
and stage I - LiCg (3.7 f\) (Fig. S2). Note: a similar behavior occurs for the

! Limited experimental resolution does not permit detailed observation of
diffraction signal from lithium intercalated graphite stage 3L and 4L reported in
the literature [49].
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second-order reflections of 00ltype (Fig. S3).

On the contrary, due to its short-range structural order and relatively
low chemical content, no dedicated diffraction signal from silicon was
observed in the diffraction measurements using thermal neutrons. The
onset of observed phase transitions, whose signatures are visible in the
diffraction data, can directly be associated with the calculated peaks of
the DVA plotted in Fig. 1, while the peaks in the ICA (Fig. S2) indicate
the phase transitions itself. DVA calculations show dedicated peaks
following a similar profile for all cells, and are consistent with the data
reported by Ref. [50]. At low SOC, indicated by the blue area (Fig. 1),
the DVA data of cells 50H, 40T, and HG2 display a characteristic
shoulder, which is missing in the DVA data of the NNP cell, followed by a
DVA valley. At higher SOC (gray area), three distinct peaks are observed,
representing the lithiation stages of graphite 4L, 3L, and 2L [51]. The
following peak (G3) corresponds to stage 2 of lithiated graphite, and
indicates the onset of the phase transition from LiCjy to LiCg phase,
which marks 50 % of the graphite lithiation [52]. The final peak
observed in the DVA data corresponds to the onset of the phase transi-
tion of the cathode, marking decreasing d spacings of the 003 reflection.
Complementary, the calculated ICA peaks were observed in accordance
with the characteristic valleys of the DVA data, describing a plateau in
the classical capacity/voltage plot (Fig. S4a-d).

Observed characteristic signals at both DVA and ICA data can be
associated with the phase change of the electrode materials. Besides this,
further differences in the DVA signals can be distinguished by the SOC at
which the signals occur. Thus, the first DVA peak in the 50H cell arises at
higher SOC (~30 %), when compared to the 40T/HG2 cell (~22 %), and
the NNP cell (~13 %). In addition, a similar behavior is observed in the
ICA data, showing the lowest voltage ICA peak in the 50H cell arising at
a higher potential (3.5 V), in contrast to the 40T/HG2 cell (3.45 V) and
the NNP cell (3.36 V), thus creating a specific “voltage delay” taking
place at the initial stage of Li intercalation in the graphite. Furthermore,
the observed delay correlates with the appearance of a shoulder visible
at the lowest voltage ICA peak, strongly pronounced in the SOH data,
more minor in the 40T/HG2 data, and not present in the NNP data
(Fig. 1).

Experimentally observed systematic behavior raises questions about
the cause and origin of such structural and electrochemical peculiarities.
Analysis of the internal apparent resistance (Table 1) of the cells,
calculated at the initial voltage drop during discharge according to
Rpc = (Vo —Vi)/(Io —I) [541, yields values that cannot solely explain
the observed SOC shifts. For example, the 50H and 40T cells (displaying
the first intercalation of graphite at the highest potentials during
charging) possess internal resistances at the lowest edge compared to the
other cells. Both 50H and 40T cells are of 21700-type, while the
remaining studied cells are of 18650-type, inhibiting a higher internal
resistance [55] naturally. Instead, a shift of the initial lithiation of
graphite towards higher SOC is attributed directly to an increasing sil-
icon content in the graphite electrode [26], indicating an additional
lithiation occurring before the graphite lithiation. In other words,
silicon-containing graphite displays a multistep lithiation behavior,
where a lithiation of the silicon grains occurs first with a subsequent
lithiation of the remaining graphite structure. The lithiation of silicon
prior to graphite arises from their different standard potentials (Poten-
tial, V vs. Lit/Li), where silicon has a standard potential of 0.4 V and
graphite has a standard potential of 0.1 V [56,57]. The higher standard
potential of silicon compared to graphite results in an increased ther-
modynamic preference (driving force) for lithium-ions alloying with the
silicon (reduction) rather than intercalating into the graphite. After the
full lithiation of silicon is finished, lithium ions can additionally inter-
calate into the graphite structure [58], as it becomes apparent from
diffraction data. The shift of DVA peaks towards higher SOC in all the
cells can be unambiguously correlated with the amount of silicon con-
tained in the electrode, which corresponds to the alloying of lithium
with silicon. In line with this, the NNP cell represents a graphite elec-
trode with small or no amount of silicon, the 40T and HG2 cell possesses
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Fig. 1. Differential voltage analysis (DVA) combined with powder diffraction data for different commercial lithium-ion cells (a) 50H, (b) 40T, (c) NNP [40],
and (d) HG2, showing structural response of normalized reflection intensities, and electrochemical response, with corresponding DVA peaks marking onsets of
dedicated graphite stages (4L, 3L, 2L, 2) and cathode (NMC/NCA) phase transitions [50,51]. The background color marks silicon lithiation (blue) [53], the lithiation
in solid solution regime Li,Ce with x < 0.5 (gray), and the final lithiation of graphite to LiCg (red).

a certain (non-zero) silicon content, and the 50H shows the highest
silicon content of all cells with more than 20 % capacity attributed to the
lithiation of silicon.

To validate this assumption, EDX measurements were carried out to
reveal the amount of silicon in the anode (Table S1) and cathode
(Table S2), quantitatively. The measurements revealed no silicon within
the NNP negative electrode, while the highest amount of silicon (10.5 %
w/w) is observed for the 50H cell (Table 1). The remaining cells contain
a moderate (intermediate) silicon content (4.6 — 4.7 %w/w). This sug-
gests that an increasing content of silicon is directly associated with the
growing delay in the graphite lithiation, having experimental signatures

(i) by the shift of DVA peaks, representing graphite stages, towards
higher SOC;
(i) by the shift of the initial graphite lithiation towards higher
voltages, visible in the diffraction data;
(iii) by the increasing shoulder size close to the lowest voltage peak in
the ICA data.

While the increasing amount of silicon in the negative electrode has a

positive effect on the cell capacity, increasing energy density, it nega-
tively influences the structural integrity of the cells due to the sub-
stantial volume expansion. To characterize this effect, the 50H cell was
aged by continuous cycling. The electrochemical cycling (detailed pa-
rameters in SI) was carried out until the state-of-health (SOH) of the cell
fell below 80 %. The cycling showed a linear capacity decrease > 82 %
SOH with a subsequent acceleration of capacity degradation at this
level, potentially marking a different degradation regime during the cell
aging (Fig. S5a). The ICA signal during aging (Fig. S6) displays a
decrease in its intensity, due to capacity loss and a shift towards higher/
lower voltages during charging/discharging for almost all peaks, due to
increasing internal cell resistance, unambiguously reflecting the cell
degradation. Reference electrochemical measurements performed at
SOH < 80 % revealed a decrease in the intensity and a shift of the first
ICA peak 1a (with a decrease and a shift of its shoulder, accordingly)
towards higher voltages, which may be attributed to silicon degradation
in the battery anode. The effect co-exists with a quasi linear increase of
internal resistance (as confirmed by Rp¢ estimations) mediating the
potential window and cell self-heating (Fig. S5b) [59].

Besides electrochemical characterizations, a set of studies focusing
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on the structural degradation of the cell and its electrodes was per-
formed. The internal layout of the fully charged 50H cell was probed
non-destructively using X-ray CT measurements at distinct states,
namely fresh one, after 100-, and 400-cycles, and at the end of cycling. It
has been found that the cell is built on a classical high-energy cell
scheme with negative current tabs near the cell housing (35 mm in
height), and close to the center pin (57 mm in height) located on the
anode electrode strip (Fig. S7). The positive current tab (64 mm in
height) is located within the cathode electrode strip by ca. 48 cm away
from the beginning of the cathode strip, starting at the center of the cell.
The overall length of the anode is slightly longer with respect to the
cathode, where the negative electrode extends beyond the edge of the
positive strip at its beginning and end, with ca. 3 %5 windings in surplus.
The electrodes are wound up as a stack of alternating layers of double-
coated cathode electrode strips (on Al current collector), separator,
and double-sided coated anode electrode (on Cu current collector),
yielding a ~240 pm (fresh state), and ~250 pm thick electrode stack
after ~700 cycles (Fig. S8), respectively. This is confirmed by individual
SEM cross-section measurements (Fig. 2c) corresponding to 115 pm
thick double-sided cathode strip, consisting of a 25 pm thick Al current
collector with two 45 pm thick coated cathode layers; the double-sided
anode strip displays a total thickness of 115 pm, consisting of two 50 pm
thick anode layers coated double-sided on a 15 pm thick Cu current
collector.

The effect of extended electrochemical cycling is directly visible in
the X-ray CT data, showing a deformation of the electrode spiral in the
50H cell. In the fresh state, the cell shows a relatively ordered structure
of the winded electrodes, forming a regular spiral. However, close to the
center of the cell, the beginning of the cathode strip is sandwiched be-
tween the anode ones, causing the anode layers to fold locally. During
electrochemical cycling, the structural expansion and contraction of
electrodes [60] results in the rearrangement of the electrode strips. Such
movement leads to deformation, cracking, and exfoliation and proceeds
to the fold of the electrode layers/windings with increasing cycle
number (Fig. 2b) [61,62].

Besides the morphological changes, rapid cell aging typically results
in the non-homogeneous lithium/electrolyte distribution at various

a) Fresh

Smm Smm
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length scales [63,64]. XRD-CT was applied to probe the interior of the
50H cell non-destructively at 50 % cell height. With 40 um effective
resolution, one can resolve structural information of double-coated
electrode layers, the separator, and the cell housing with their individ-
ual signals in the mean diffraction patterns (see Fig. S9). For the anode,
the lithiation was estimated from fractional molar concentrations,
calculated from diffraction intensities associated with different lithiated
graphite phases (see SI). Corresponding reconstructed anode lithiation
across the cell displays a uniform distribution for the fresh cell, with
regions of low lithiation corresponding to the current tabs positions and
the overlap of the anode at the endpoints of the anode strip [65]. In-
tensities of the 110 Fe, and 200 Al peaks (which cannot be distinguished
due to the overlap of the diffraction signals) correspond to the cell
housing and the current collector of the cathode strip (Fig. S10). In the
fresh state the anode displays a high and uniform lithiation over the
whole electrode thickness (Fig. 2a). Due to the loss of lithium inventory,
aging causes the overall lithiation of the anode to decrease, which is
accompanied by the increase of heterogeneity, i.e., the inhomogeneous
lithiation over the electrodes’ thickness and length. In addition, the
deformation of the electrode layers also influenced the lithiation of the
anode, due to the bending of the current collector, as visible in the
reconstructed Al+Fe reflections (Fig. S10). Thus, the lithiation is lower
along the tear-off, and higher at the neighboring fold. Similar to the
fresh cell, locations of lowest lithiation in the aged cell were observed at
the current tabs position and the endpoints of the electrode strips
(Fig. §10). In addition, a lithiation gradient was observed over the
cross-section of the aged cell. While such behavior is hard to follow in
the reconstructed image, the lithiation x in LixC¢ was decomposed into
an average value (x) and its deviation Ax as x = (x) £ Ax with Ax
plotted at Fig. 3a (fresh - top and aged - bottom).

The calculated average value decreased from an initial 0.96 in a fresh
state to ~70 % of the initial value (0.65) in an aged state, while the
observed capacity showed a loss of ~20 % after cycling (700 cycles) in
the electrochemical data. This discrepancy arises due to the additional
capacity contributed by the silicon, which is not taken into account for
the calculated average lithium content in the graphite. Within the
calculated deviations, lithium non-uniformities can be observed from

c)

~100 Cycles

W v U°

~ 400 Cycles ~700 cycles

Fig. 2. Interior (electrode layout) of 50H cell. XRD-CT measurements (a) of the fresh and aged 50H cells, showing internal structural degradation, lithiation of
region of interest and intensities of anode, cathode, separator, and housing (mean patterns and selected phases in Fig. $9/10); X-ray CT measurements (b) of 50H cell
at different SOH showing the structural deformation of electrode layers during electrochemical cycling; cross-section SEM images (c) of the extracted aged anode

(upper image) and cathode (lower image) coated on current collectors.
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Fig. 3. Deviation from lithium distribution (a) and virtual electrode unrolling (b) for the 50H cell in a fresh and in an aged state.

the aged cell’s outer region towards the inner of the aged cell, showing a
higher lithiation starting from the cell housing followed by a region of
decreasing lithiation at half the cell’s radius. Towards the center of the
cell, the lithiation increased with a subsequent decrease, marked by the
ending of the cathode strip. In addition, the reconstructed images were
virtually unrolled by transformation into polar coordinates (Fig. 3b:
fresh - top, and aged — bottom) to bypass the circular geometry of the
50H cell [31], and to focus on the electrode stack thickness (Fig. S11),
calculated from unrolled reconstructed Fe and Al intensities (detailed
description in SI). While the electrodes of the fresh stack show a smaller
average thickness of 248 + 14 pm, electrochemical aging of the cell
results in an increased average electrode stack thickness of 254 + 17
pm.? Furthermore, the thickness of the electrodes varies across the cell
diameter. The highest thickness was observed at the endpoints of the
electrodes, and locally at the position of the positive current tab, within
the jelly roll, as observed by Ref. [66]. Thus, the degradation of the
electrodes results in an average increase in layer thickness. In contrast,
the thickness variations along the length of the electrodes are
degradation-independent, as observed in the fresh and aged state.

To add more detail, a set of SEM measurements was carried out post-
mortem on the aged 50H cell (Fig. S12). Surface morphology measure-
ments revealed a homogeneous distribution of graphite and silicon
particles; while the graphite grains display a more regular (round)
shape, the silicon grains/flakes show a more edgy shape, forming
together a relatively rough surface (Fig. S13). Contrary to the anode, the
cathode surface is more structured, with particle sizes smaller than those
of graphite. However, some grains display a fractured morphology,
while others display irregularities (Fig. S14). When zooming into the
cathode cross-section (Fig. S12), similar morphological features persist:
most of the cathode grains are fractured, creating a strong contrast to the
negative electrode displaying layer-like structure with overall less
deformation than the cathode grains. Probing the silicon grain compo-
sition with EDX revealed signals from silicon, oxygen, and magnesium

2 The small averaged deviations affecting the estimates from X-Ray CT are
expected, due to the unrolling process and averaging with deformed electrodes.

(Fig. S15). This may point to the small addition of magnesium to
enhance cycling stability upon maintaining structural integrity [67].
However, such structures decrease the effective capacity of the silicon
and do not contribute to Li storage during the electrochemical cycle
[67-70]. A small dark layer on the surface of silicon grains can be
localized as well and the corresponding EDX signal is composed from
fluorine, phosphorous, and sulfur. While the fluorine and phosphorous
could be attributed to residues of the electrolyte and lithium salt (LiPFg)
[48], the3 detected sulfur is likely to be a part of the silicon coating
[71-74].

4. Conclusion

The structural and electrochemical behavior of commercial LIBs with
varying silicon content in the graphite-based negative electrode was
examined. Operando neutron diffraction techniques are utilized to
monitor structural changes during electrochemical cycling, with a
particular emphasis on the influence of silicon content on the negative
electrode. The sequential lithiation of silicon and graphite during
charging, driven by their different standard potentials, is observed, with
silicon undergoing lithiation at lower cell potentials compared to
graphite. This sequential lithiation causes an increasingly delayed
structural response in the graphite as the silicon content in the electrode
increases. Independent DVA and ICA analyses corroborate the diffrac-
tion data, demonstrating that cells with higher silicon content exhibit
distinct electrochemical characteristics, including phase transitions at
increased SOCs/voltages, as evidenced by the shift of DVA/ICA peaks,
and the appearance of a characteristic shoulder in the data for 50H cell
(containing the highest silicon content), in contrast to the NNP cell (with
no silicon), as confirmed by EDX measurements. The 50H cell, due to its

3 A positive effect of silicon nanoparticle coating with sulfur on cycling rate
and performance of silicon anodes is reported [71,72], as well as Nafion [73], a
proton conductor membrane used as SEI on silicon oxide grains [74], con-
taining a sulfonate group, and suiting to the detected fluorine and sulfur signals
of the EDX measurements.
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high silicon content, exhibits the highest energy density, prompting
further investigation of its morphological and structural evolution,
particularly the effects of silicon volume expansion during cycling. The
aging process was tracked until the 50H cell’s SOH reaches < 80 %,
revealing an initial linear capacity degradation followed by accelerated
aging, coinciding with the decrease of the characteristic shoulder in the
ICA data, which is attributed to the degradation of silicon.

Multiscale analysis using X-ray CT, XRD-CT, and SEM revealed sig-
nificant inhomogeneities in graphite lithiation, electrode deformation,
particle cracking, particularly in the cathode grains, and electrode
delamination, all of which adversely impacted cell lithiation and per-
formance. Besides this, aging-induced swelling and non-uniform thick-
ness variations within the electrode stack are also observed, directly
affecting the mechanical integrity of the cell. EDX analysis identified the
presence of magnesium silicon oxide particles, with fluorine and sulfur
coatings on the silicon grains.

In conclusion, while silicon within the graphite electrode is in an
amorphous state, its presence can be unambiguously inferred from the
delayed lithiation of graphite. Increased silicon content enhances the
energy density of Li-ion cells, which, however, is supplemented by the
remarkable structural degradation, leading to a loss of silicon lithiation
and/or non-uniform anode lithiation, which detrimentally affects cell
lifespan and performance. Future research should prioritize improving
the structural stability and integrity of silicon-containing electrodes
either alone or in combination with cathodes to reconcile the advantages
of increased energy density with the need for long-term durability and
stability.
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