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Li redistribution processes within Si-graphite composite (SiG) electrodes are analyzed using in situ and operando X-ray diffraction
(XRD), ex situ light microscopy (LM), in situ optical microscopy of cross-sectioned full cells (CS-IOM), and 3D microstructure-
resolved simulations of full cells. First, the lithiation behavior of graphite and SiG full cells (Si content 20.8 wt.-%) is analyzed.
The results are used as validation of the methods (XRD, LM, CS-IOM, simulation). Second, the Li redistribution between the
graphite component and Si component within SiG electrodes is investigated: By operando XRD measurements during charging in
comparison with relaxed cells, a higher lithiation degree in the graphite component is found during charging compared to the
relaxed state, indicating Li redistribution from graphite to Si during relaxation. The Li redistribution is directly observed by in situ
and ex situ optical microscopy, where the golden LiC6 phase disappears during a 24 h relaxation period. The results are supported
by simulations showing the variation in the Li concentration, not only in graphite but also within the Si component. Furthermore,
all methods find that the Li redistribution is more pronounced at a higher C-rate of 0.5 C, suggesting a preference for graphite
lithiation over Si lithiation.
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In next generation Lithium-ion battery (LIB) cells, one way to
increase the energy density of the batteries is mixing Si with graphite
in the anodes.1 Although Si has a theoretical capacity of 3,579 mAh
g−1 at room temperature (Li15Si4),

2 its useable capacity is mostly
limited due to substantial expansion during lithiation (>300%) that
results in various aging mechanisms related to Si anodes.2–5

Additionally, the low electronic and diffusion coefficients of Li in
Si (Electronic conductivity: 10−3 S cm−1,6,7 DLi+: 10

−13
–10−14 cm2

s−1)8–11 compared to graphite (Electronic conductivity:
104 S cm−1,6,12 DLi+: 10−8

–10−12 cm2 s−1)13,14 further limit the
practical use of pure Si anodes.6 By combining Si with graphite-
based anode active material, the resulting Si-graphite blended and
composite electrodes (SiG) allow utilization of the advantages of
both materials: stability and electronic conductivity from the
graphite combined with high capacity from Si, and therefore overall
enhancing the performance of Si containing batteries.15

The formation of lithiated phases in both graphite and Si can be
studied with various methods: X-ray diffraction (XRD) has been
used extensively to study Li-graphite intercalation compounds (Li-
GICs) in pure graphite electrodes.16–18 In 1991, Dahn applied in situ
XRD to determine the phase diagram for the electrochemical
lithiation of graphite.16 Li-GICs are also known to exhibit optically
observable colors, with LiC18 appearing blue,19,20 LiC12 appearing
red,19,20 and LiC6 appearing yellow/gold.19 These colors have been
utilized for visual detection of lithiation fronts21–24 and strains25 in
different kinds of optical cells. Optical measurements were primarily
used for monitoring the expansion of the electrode material in Si-
containing anodes.26,27

In different operando X-ray studies, it was found that SiG
electrodes display asymmetric lithiation and de-lithiation
behavior.28–30 Yao et al.29 used graphite and SiG (15 wt-% Si)

half cells in operando XRD measurements to determine the cell
capacity contribution of Si in the SiG electrodes. Simultaneous
recording of wide-angle X-ray scattering (WAXS) and small-angle
X-ray scattering (SAXS) enabled Berhaut et al.30 to monitor the
respective contributions of the Si and graphite component to the cell
capacity in pouch cells. The two studies revealed that during
lithiation of SiG electrodes, Li is inserted into both components in
parallel, while during delithiation, Li is mostly first extracted from
graphite followed by Si.29,30

Physicochemical modeling allowed to unveil the competition of the
different components during lithiation at different C-rates and loadings
by quantifying the state-of-charge (SOC) in every part of the composite
electrode.31,32 The Li concentration in discretization compartments of
the active materials is calculated and normalized by the maximum Li
concentration of the respective material yielding a lithiation fraction
comparable to the concept of SOC.32,33 Therefore, modeling enables
differentiation not only between the active materials but also between
the exact positions within the electrode (e.g. surface or bulk) when
analyzing the lithiation fraction. Such models are primarily based on
measurable material parameters and reproduce the complexity of the
electrochemical device in an ideal setting. The recently applied models
for simulations of Si-containing electrodes focus on different scales,
electrochemical-mechanical coupling, or higher computational effi-
ciency, but either way show the interaction between Si and graphite
by treating them as separate components.31,34–36 These models repro-
duce the aforesaid experimental findings by showing, inter alia, the
detailed concentration distribution with high spatial resolution which is
not easily measurable.

Due to the different kinetic and thermodynamic properties of the
individual components in blended or composite electrodes, a so-
called “buffer-effect” can be observed where one component may be
charged preferentially under specific conditions (e.g. high current
pulses).37,38 Consequently, this results in inhomogeneous charge
distribution in the individual components. This effect has not been
extensively studied in blended and composite SiG anodes so far.zE-mail: thomas.waldmann@zsw-bw.de
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For delithiation of composite anodes in a half cell, Finegan et
al.39 found by in situ high-energy X-ray diffraction computed
tomography that Li redistribution occurred between Si and graphite
during the relaxation period after charging pulses were applied due
to crossover in the respective electrochemical potentials. Moon et
al.40 observed the direction of Li redistribution from Si to graphite
during CV charging by using operando XRD and X-ray absorption
fine structure (XAFS) spectroscopy for full cells with a SiG anode.
In an operando neutron diffraction study conducted by Richter et
al.,41 the redistribution of Li from graphite to Si was indirectly
observed through the changes in the LiCx reflections during the
relaxation period after Li metal deposition in a commercial 18650
cell. Heubner et al.42 examined this effect more deeply by using an
experimental set-up capable of directly recording the electroche-
mical interactions between the components in blended electrodes. In
their experimental set-up, a graphite electrode is short-circuited with
a Si electrode to mimic a blended electrode.42 It was observed that
during relaxation periods following charging pulses, Li is redis-
tributed from the graphite portion of their cell to the Si portion, even
at low C-rates, which is intensified at higher C-rates.42 Recently,
Berhaut et al.43 discovered in-plane and out-of-plane concentration
gradients in SiG for both the graphite and Si component. Li
redistribution was observed from graphite to Si in-plane and within
the different electrode sections.43

Despite these existing studies, there is still a lack of under-
standing on the relaxation processes in SiG anodes, especially with
complimentary methods, which are validated against each other. In
this study, the Li redistribution within SiG electrodes in full cells
during relaxation was investigated. To gain insight into the anode
charging kinetics and phase relaxation, full cells with graphite and
SiG anodes of comparable cell capacity were utilized. Operando
XRD and in situ microscopy measurements were compared with
each other as well as results from in situ XRD measurements in
relaxed cells. The process of Li redistribution is directly tracked by
observing the color change of the graphite particles using the in situ
optical microscopy method. In order to gain a better understanding
of the lithiation state of the Si component, 3D microstructure-
resolved simulations were conducted using digital twins of the full
cells, as both XRD and optical microscopy only track the graphite
component of the composite. The complementary analytical methods
were validated against each other through the analysis of the
lithiation behavior of the two cell chemistries in this multi-method
approach. Finally, the results were put in context with operando
diffraction studies of Li redistribution in previous studies.

Experimental

Materials.—Two types of cell chemistries were examined in this
study, namely graphite and Si-graphite (SiG20.8) in combination
with respective NMC (LiNi0.6Mn0.2Co0.2O2) cathodes. Cells with
the same electrodes were previously studied by Flügel et al.44,45

The detailed description of the electrode preparation and the
physicochemical properties of the anodes can be found in Ref. 44.
The first cell type consisted of a graphite anode (94 wt.-% active
material from Iopsilion (China), 2 wt.-% CMC binder (TIMCAL,
Switzerland), 2 wt.-% SBR binder (ZEON, Japan), 2 wt% Super C65
(Nippon paper Industries, Japan), 3.1 mAh cm−2, 1.3 g cm−3, single-
sided anode coating thickness: 71 μm) and a NMC 622 cathode (94
wt-% active material from BASF (Germany), 2 wt.-% PVDF
(Solvay, Belgium), 2 wt.-% carbon black (TIMCAL, Switzerland),
2 wt.-% graphite (TIMCAL, Switzerland), 2.63 mAh cm−2,
3.2 g cm−3, single-sided anode coating thickness: 50 μm). The
electrolyte used for this cell chemistry was 1 M LiPF6 in ethylene
carbonate (EC): diethylene carbonate (DEC) (3:7, wt) + 2 wt-%
vinylene carbonate (VC) (Gotion, USA).

The second cell type consisted of a Si-graphite composite (SiG)
with 20.8 wt-% of Si (Si-particles: nano-silicon embedded in a
carbon matrix, 90 wt-% active material from Iopsilion (China), 3
wt.-% CMC binder (TIMCAL, Switzerland), 3 wt.-% SBR binder

(ZEON, Japan), 4 wt.-% Super C65 (Nippon paper Industries,
Japan), 3.4 mAh cm−2, 1.3 g cm−3, single-sided anode coating
thickness: 45 μm) and a NMC 622 cathode (94 wt.-% active material
from BASF (Germany), 2 wt.-% PVDF (Solvay, Belgium), 2 wt.-%
carbon black (TIMCAL, Switzerland), 2 wt.-% graphite (TIMCAL,
Switzerland), 3.30 mAh cm−2, 3.2 g cm−3, single-sided anode
coating thickness: 66 μm). The electrolyte used for this cell
chemistry is a 1 M LiPF6 in EC:DEC (3:7, wt) + 10 wt-%
fluoroethylene carbonate (FEC) (Gotion, USA). After formation,
the N/P ratio of the graphite cell and SiG cell are 1.10 and 1.13,
respectively (compare Ref. 44).

Prior to cell assembly, all electrodes were dried at 130 °C for 9 h
under vacuum conditions.

Cell manufacturing.—Pouch cells for both cell chemistries were
assembled in a dry room (dew point: −70 °C) at ZSW for the XRD
experiments. The cells consisted of a single-sided coated anode (26
cm2) and a single-sided coated cathode (23.94 cm2), and one layer of
Celgard® 2325 (thickness: 25 μm, PE/PP/PE) separator. The stack
was placed in pouch bags before drying (80 °C for 16 h under
vacuum conditions). Subsequently, 900 μl of the respective electro-
lyte solution were added to each cell in an Ar-filled glovebox
(MBraun, [H2O] < 0.1 ppm, [O2] < 0.1 ppm).

For the 3-electrode measurements, both cell chemistries were
tested in PAT-EL cells with a Li-metal ring reference (EL-Cell
GmbH). The separator used in these cells was a 260 μm GF/A
(Whatman plc, diameter 21.8 mm). Before assembly, the separator
was dried at 230 °C under vacuum conditions overnight. Anode and
cathode of equal size (2.54 cm2; diameter: 18 mm) were used. The
cells were tested at ZSW after being filled with 150 μl of the
respective electrolyte solution.

Coin half cells were manufactured at AU. There, all materials
were dried in a drying oven at 80 °C under air in ambient pressure
for 12 h. The CR2032 cell housing type was used for all cell tests.
The cells were assembled in an Ar-filled glove box (GS Glovebox
Systemtechnik GmbH; [H2O] < 0.1 ppm, [O2] < 1.0 ppm). The half
cell configuration consists of the anode of full cell chemistries
(diameter: 12 mm) and a Li foil counter electrode (Sigma Aldrich,
750 μm thickness, diameter: 14 mm), with a GF/A separators
(Whatman plc, diameter: 16 mm), and a Celgard® 2325 (Celgard,
diameter: 16 mm) in between. The cells were filled using 150 μl 1 M
LiPF6 in EC:DEC (3:7, wt) + 10 wt-% FEC.

Electrochemical testing.—The formation of the full cells was
conducted in a voltage window of 3.0 V–4.2 V. After 20 h under
open circuit conditions, all cells were charged three times with a
charge rate of 0.1 C (constant current (CC)) and were held at 4.2 V
(constant voltage (CV)) until the charging current dropped to a value
of 0.05 C. Discharge was performed with a discharge rate of 0.1 C.
The formation of the pouch cells was performed with a BaSyTec
CTS-Lab battery tester at ZSW. If not stated differently, the SOCs
and C-rates were referenced to the third discharge capacity of the
formation.

For the in situ XRD experiments, pouch cells with different
SOCs were prepared. To reach the specific SOCs (25%, 50%, 75%,
and 100%), the cells were charged with a current of 0.1 C until the
desired capacity was reached. The tests were recorded with a
BaSyTec CTS-Lab battery tester at ZSW.

After formation, the PAT EL-Cells were charged one cycle with
0.1 C and one cycle with 0.5 C (CC-CV). The stop criterion for the
CV step was 0.05 C. The cells were then discharged with 0.1 C and
0.5 C, respectively.

Testing of the half cells for ex situ light microscopy (LM) was
conducted with a BaSyTec CTS-Lab battery tester at AU in a
climate chamber (Binder) at 23 °C. The half cells were cycled
between 1.5 V and 0.01 V. Charging was performed in CC-CV mode
and discharging in CC mode. Lithiation was terminated when the
current dropped below the 0.025 C criterion. After formation, the
cells were charged in CC mode with 0.1 C and 0.5 C to 75% SOC.
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Overview on analytical methods.—An overview of the testing
parameters for the different analytical methods in this study is
presented in Table I.

Operando and in situ XRD.—Both in situ and operando XRD
experiments were recorded with a PANalytical Empyrean instrument
using Mo Kα1 (λ = 0.709 Å) radiation with an angular range in 2θ
ranging from 6° to 53.5° at MLZ. For the in situ measurement, a full
pattern was recorded within 30 min, for the operando measurement,
the time per pattern was 15 min. The measurements were conducted
in transmission geometry using special focusing optics, so that the
illumination area was 1 × 10.0 mm in the center of the pouch cells to
efficiently remove unwanted scattering from inactive cell compo-
nents and to maximize the peak to background ratio. The experi-
mental set-up is described in Ref. 46. A high efficiency GaliPIX3D

detector was used to collect the diffraction pattern. The cycling of
the pouch cells during operando XRD was carried out galvanosta-
tically between 3.0 V and 4.2 V with a BioLogic potentiostat at room
temperature.

For the operando measurements, the pouch cell was charged once
with 0.1 C CC and held at 4.2 V CV until the charge current dropped
to a value of 0.05 C. The discharge was conducted at 0.1 C. After 1 h
of rest, the CC charge and discharge rates were changed to 0.5 C in
the second cycle.

Cross-sectional in situ optical microscopy.—A detailed descrip-
tion of the cross-sectional in situ optical microscopy (CS-IOM)
method at ZSW and the preparation of the cell can be found in Refs.
22 and 24. The gap at the edge of the in situ cell measured 190 μm
for both full cell chemistries. For assembly of the in situ optical
cell, anode and cathode with the same dimensions (area 2.1 cm2,
diameter 16 mm before cutting) and two layers of 2325 Celgard
separator were used (diameter: 18 mm before cutting). The cross-section
was prepared by cutting with a scalpel at the sample holder edge.

The cut-off part of the electrodes were weight and the cell
capacity and C-rates were calculated based on the remaining
theoretical cathode capacity. Before electrolyte filling, the cells
were dried for 16 h at 80 °C under vacuum conditions. The
electrolyte solution was added to the cells in two steps: the first
being 100 μl, and an additional 50 μl being added after 1 h, inside an
Ar-filled glovebox (MBraun, [H2O] < 0.1 ppm, [O2] < 0.1 ppm).

During operation, a custom-made digital microscope (PreciPoint)
with a 40X objective was used to acquire one image every 60 s,
using the stacked image mode. For the graphite cells, 150 images in
a distance of 0.25 μm were taken and merged into one image. To
account for the expansion of the Si compound during (de-)lithiation,
150 images in a distance of 0.5 μm were taken and merged into one
image for the SiG20.8 cells.

The cells were charged using a Vertex.One potentiostat (Ivium
Technologies B.V.). After a total soaking time of 10 h (starting from
the first electrolyte filling step), the cells were charged and
discharged three times with a charge rate of 0.1 C and were held
at 4.2 V until the charging rate dropped to a value of 0.05 C. Then,
the cells were discharged with 0.1 C.

In order to observe the relaxation of the LiCX phases after charge,
the graphite cells were charged to 3.95 V during the second cycle,
while the SiG20.8 cells were charged to 3.93 V. Subsequently,
images and electrochemical data of the cells were recorded for 24 h
every 60 s in open circuit mode. For better visibility of the LiCX

phases, all images are adjusted by enhancing contrast and color
saturation.

Ex situ light microscopy (LM).—To analyze the lithiation state
of the half cell measurements, the cells were immediately shuttled
after charging to 75% SOC into the glovebox and opened at AU. The
anode was separated and rinsed with dimethyl carbonate (DMC).
The time between charging termination and rinsing was about 2 min.
Surface images of washed and dried anodes were captured with a
ZEISS Axio Observer 7 microscope with an EC Epiplan-Neofluar
100X objective. The microscope was equipped with a neutral white
(3200 K) LED and using an extended depth of field mode inside the
glovebox. The images were always taken at a fixed sample position
in the center of the electrode. After the first image was taken, the
anodes were placed in their respective electrolyte solution for one
minute for relaxation. For image acquisition, the anodes were then
rinsed again with DMC and another image was taken at the same
position in the electrode center. This procedure was repeated for
resting periods of 5 min, 0.5 h, 1 h, 4 h, and 24 h.

3D microstructure-resolved simulation.—Based on particle size
distributions and further characterizations of anode and cathode
materials,44,47 3D digital twins were assembled in GeoDict48

applying a resolution (voxel size) of 0.438 μm. It is important to
note that scanning electron microscopy images revealed that the
composite anode consists barely of pure Si but rather Si nano
particles in a C matrix (Si/C, compare Ref. 44). The full cell
geometry was obtained by the addition of a separator (20 μm
thickness) and current collectors.

In order to perform the simulation in the in-house software
package BEST (Refs. 33, 49) at DLR, the electrolyte parameters are
taken from De Lauri et al.,50 the cathode parameters from Kremer et
al.,51 and the anode parameters are either measured, fitted, or taken
from literature as summarized in Table II. Si composite material
parameters are applied based on the given volume fraction. Direct
exchange of Li at the interfaces of Si and graphite is neglected. Note
that equilibration happens via transfer in the electrolyte. In our

Table I. Overview of the used analytical methods in this study.

SOC Method Graphite anode SiG20.8 anode State

0% In situ XRD Pouch cell Pouch cell Relaxed
25% In situ XRD Pouch Cell Pouch Cell Relaxed
50% In situ XRD Pouch Cell Pouch Cell Relaxed
75% In situ XRD Pouch Cell Pouch Cell Relaxed
100% In situ XRD Pouch Cell Pouch Cell Relaxed
0–100% Operando XRD: 0.1 C Pouch cell Pouch cell Not relaxed
0–100% Operando XRD: 0.5 C Pouch cell Pouch cell Not relaxed
0–100% CS-IOM: 0.1 C In situ optical full cell In situ optical full cell Not relaxed
75% CS-IOM + 24 h relaxation In situ optical full cell In situ optical full cell Not relaxed → relaxed
75% Ex situ LM+ 24 h relaxation Coin half cell Coin half cell Not relaxed → relaxed
0–100% Simulation of 0.1 C charge 3D digital full cell 3D digital full cell Not relaxed
25% Simulation of 24 h relaxation 3D digital full cell 3D digital full cell Not relaxed → relaxed
50% Simulation of 24 h relaxation 3D digital full cell 3D digital full cell Not relaxed → relaxed
75% Simulation of 24 h relaxation 3D digital full cell 3D digital full cell Not relaxed → relaxed
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simulations, volume changes of the Si/C composite particles are
neglected, assuming that the carbon matrix acts as a buffer on
particle level. For the simulation of the relaxation process, the digital
twins were first charged with constant currents of 0.1 C and 0.5 C to
a defined cut-off voltage corresponding to the targeted SOC (25%,
50%, and 75%). Note, that the overall transferred charge in
simulation at 0.1 C and 0.5 C is therefore different due to polariza-
tion effects. The CC charging step is followed by a relaxation phase
of 24 h. These simulations provide the spatial distribution of Li
concentration throughout the cell for each time step of the operation,
which is extracted in the results such that the bulk Li concentration
corresponds to all voxels of the graphite or SiG particles, respective.
The surface Li concentration corresponds to the first voxel slice
towards the separator.

Results and Discussion

Method validation: differences in lithiation behavior during
charging.—In order to gain a better understanding on the Li
redistribution behavior of the SiG composite electrodes, a graphite
electrode and a SiG electrode are compared, referred to as SiG20.8,
where graphite powder is mixed with 20.8 wt.-% of Si.44 It is noted
that the graphite compound is the same in both cases. Since graphite
and Si exhibit different kinetic, electronic, and thermodynamic
characteristics during lithiation,2,57,58 more pronounced differences
in Li redistribution with higher C-rates are expected. Therefore, C-
rates of 0.1 C and 0.5 C were chosen as 0.5 C still allows for a
sufficient time-resolution in the operando XRD measurements.

In 3-electrode full cells, the cell voltage and the corresponding
electrode potentials were measured for the two C-rates used in this
study. The results are shown in Fig. 1, indicating that compared
between 0.1 C and 0.5 C charge, the graphite cells (Fig. 1a) exhibit a
higher overvoltage than the SiG20.8 cells (Fig. 1c). Noticeable
differences in anode potentials are observed between 0.1 C and 0.5 C
for the graphite cells, while only minimal differences are present in
the SiG20.8 cells. During discharge (Figs. 1b, 1d), both cell
chemistries exhibit smaller overvoltage compared to the charge. In
the graphite cells (Fig. 1b), the primary source of the overvoltage
during discharge arises from the anode side. For discharge in the
SiG20.8 cells (Fig. 1d), differences in the anode potential between
0.1 C and 0.5 C are observed between 100%–50% SOC, where the
graphite component is the main contributor to the cell
capacity.29,30,42,59 However, there are no significant differences
noticeable below 50% SOC during discharge, where Si is the main
contributor.

The lithiation of graphite can be tracked through operando XRD
by observing the changes in the interlayer distance of the graphene
sheets in the graphite crystals.16 In Fig. 2, we follow the evolution of
the (001) and (002) reflections of graphite and its lithiated structures
in the obtained diffraction pattern during charging and discharging
steps of the two C-rates. During charging, the well-known (002)
Bragg reflection of graphite transforms gradually to the (002) Bragg
reflection of LiC12, and finally the (001) Bragg reflection of LiC6

appears at even higher lithiation states. These reflections can offer a
reasonable representation of structural changes in the graphite and

SiG20.8 cells occurring during cycling. From Fig. 2a, one can
observe that in the graphite cells, the (002) reflection appears at a 2θ
angle of 12° at the beginning of charge, which deviates from the
expected 2θ angle of delithiated graphite (12.2°, dotted line C(002)).
Since the operating voltage ranges from 3.0 V to 4.2 V in this study,
the graphite cell was not fully delithiated during discharge in the
formation cycles. In contrast, in Fig. 2b, it is evident that the graphite
component is completely delithiated in the SiG20.8 cell. The
observed shifts in the (002) and (001) reflections in the SiG cell
are consistent with the patterns recorded by others.28–30 In the
beginning of charge, the (002) reflection in the SiG20.8 cells shifts
constantly, but less steeply as in the graphite cells (compare d-
spacing changes in Fig. S2 in the supplementary data), which
indicates that Si is being preferentially lithiated, especially until
minute 200 of the measurement. After about 200 min of measure-
ment (SOC >23%) (Fig. 2b, black arrow in Fig. S2 a in the
supplementary data), the slope of the shift becomes steeper and is
closer to the changes observed in the graphite cell, indicating
simultaneous lithiation of the Si compound and graphite.

During discharge, the (002) reflection changes strongly from the
2θ angle associated with the LiC12 structure to the 2θ angle
associated with the C structure in the patterns from 850 min to
950 min (from 73% SOC to 55% SOC) of the operando measure-
ment of the SiG20.8 cell. Later, only small changes are observed,
indicating that mainly the Si component is active in this region. For
0.5 C data, similar asymmetric behavior of the changes in the (002)
reflection is observed (compare Fig. S2b).

XRD was used to obtain information on the average lithiation
state of the graphite within the bulk of the electrode. Additionally,
CS-IOM was selected as a surface-sensitive method considering the
expected influence of the surface concentration of the graphite
particles on Li redistribution processes. The surface-sensitivity was
discussed in prior measurements with the CS-IOM: In graphite-LFP
full cells, the color change of the electrode occurred at the beginning
of the voltage plateaus associated with the respective two-phase
transitions (LiC18 → LiC12 and LiC12 → LiC6) during a 0.1 C
charge.24 Furthermore, there is a color hysteresis between charging
and discharging, as described in Ref. 22, suggesting that the CS-
IOM a surface sensitive method, meaning only the color change of
graphite particle’s surfaces are observable, however not the inside of
the particles.

Figure 3 compares the operando XRD patterns with CS-IOM
images at selected SOCs: 0%, 25%, 50%, 75%, and 100%. The
corresponding cell voltages for both the operando XRD measure-
ments and CS-IOM cells are given in Fig. 4a. Upon examining the
CS-IOM images in Fig. 3b (see full video S1 for graphite and video
S2 for SiG20.8 in the supplementary data), it is noticeable that the
observed colors are very similar in the graphite and SiG20.8 cells at
the same SOC values. This observation is unexpected considering
the delayed lithiation of the graphite component in the SiG20.8 cells
compared to the graphite cells. Nonetheless, when looking at the
anode potentials from the 3-electrode measurements in Fig. 4b at the
shown SOCs of both the graphite cells and SiG20.8 cells, it becomes
clear that they are similar above 50% SOC. Since the operando XRD
cells, the CS-IOM cells, and the 3-electrode EL-cells all display

Table II. Overview on measured, fitted, and literature values for the relevant parameters of the simulations.

Graphite Si

Maximum concentration/mol cm−3 29,426.5 · 10−6 (calculated) 111,333.4 · 10−6 (calculated)
Open-circuit potential of active material vs
Li/Li+ U0/V

Measured with GITT (Fig. S1, supple-
mentary data)

Extracted from graphite and SiG5.8 (from GITT (Fig. S1)
measurements (as in Ref. 32)

Diffusion constant of Li in active material DLi

/cm2 s−1
3.9· 10−10 (Ref. 52) 1· 10−12 (Ref. 53)

Rate constant of Butler-Volmer flux k/A
cm2.5 mol−1.5

0.079 (Ref. 54) Equal to graphite (assumed)

Electronic conductivity κ/S cm−1 10 (Ref. 55) 0.33 (Ref. 56)
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comparable cell voltage curves (Fig. 4), we assume that the anode
potential for all cell types are comparable at 0.1 C. This explains
why no significant difference can be observed above 50% SOC,
where the microscopy method is most sensitive to the color change
Fig. 3b.

In the XRD measurements (Fig. 3a), more distinct differences in
the lithiation state between graphite and SiG20.8 are observable,
particularly at low SOC (0% and 25%), which also fits the anode
potential differences (Fig. 4b). At higher lithiation states (SOC:

50%, 75%, and 100%), both cell chemistries demonstrate the same
reflections (LiC12 at 50% SOC, both LiC12 and LiC6 for 75% and
100%) with different intensities. The reflections of LiC6 were
recorded in both graphite and SiG20.8 full cells at 75% and 100%
SOC, which is consistent to the golden color of the electrode in the
CS-IOM measurement (Fig. 3b).

When examining the calculated Li content in the graphite
component during the 0.1 C charge at 75% SOC (Table S3), it is
noticeable that the Li content in graphite is very similar under these

Figure 1. Cell voltage and corresponding anode and cathode potentials in 3-electrode full cells at 0.1 C (black lines) and 0.5 C (red lines) during charge of for
the graphite cells (a) and SiG20.8 cells (c) and during discharge (b) and (d), respectively. The dashed line highlights 0 V vs Li+/Li. The SOC was normalized to
the end-of-charge or end-of-discharge capacity, respectively.

Figure 2. (a) Contour plot representation of the operando XRD measurements for the graphite pouch full cell at 0.1 C and 0.5 C. The corresponding
galvanostatic cycles are shown in the left panel. The 2θ positions of the (002) Bragg reflections of the C and LiC12 structures as well as the (001) Bragg reflection
of LiC6 structure are highlighted by vertical dotted lines. (b) Contour plot representation of the operando XRD measurements for the SiG20.8 pouch full cell.
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conditions. However, comparing the operando XRD measurements
to the in situ XRD measurements, a slightly increased Li content in
the graphite component of 0.04–0.06 is noticeable in the operando
measurements. This indicates internal Li redistribution between
graphite and Si, which will be discussed in the subsequent section.
It has to be noted that Li content from XRD in graphite in both
graphite cell and SiG cell is only a rough estimation due to the low
intensity and low signal-to-noise ratio of the in situ and operando
measurements. Additionally, it is noticeable for the 0.5 C charge that
the Li content in the graphite component in the SiG20.8 cell is
considerably higher than during the 0.1 C charge, indicating a
preferred lithiation of graphite at higher C-rates. We can attribute
this effect to kinetic limitations of Li in the Si material. This is
illustrated in simulated concentration distributions presented in Fig.
S4.

The experimental findings are supported by the results of the
normalized Li concentrations obtained in the simulations as depicted
in Fig. 5. Figure 5a shows the average normalized Li concentration
in the bulk of the anode as well as the maximum at the anode surface
near the separator in the digital twins for both the graphite (Fig. 5b)
and the SiG20.8 cell (Fig. 5c) during the 0.1 C charge simulation.

While on the one hand the operando XRD data and the bulk
concentration in the graphite matches up, on the other hand, the CS-
IOM and the surface concentration also fit together. It is important to
note that our measurements were conducted in full cells and
therefore, 100% SOC does not correspond to a fully lithiated anode,
which is represented by the normalized Li concentration of 0.8 at
100% SOC in the graphite full cell.

As expected, a linear increase in the average Li concentration is
observed in the graphite cell (black solid line in Fig. 5a). At the
graphite electrode surface, a higher Li concentration than the
average value was observed. This is due to lithiation gradients
arising from transport limitations in the electrolyte. This observation
is consistent with previous CS-IOM observations with different cell
chemistry.22,24

In case of the SiG20.8 cell, a delayed lithiation of the graphite
component in SiG20.8 is evident. At the beginning of the charging
process (SOC < 75%) the average normalized Li concentration of
graphite in the composite electrode (cyan solid line in Fig. 5a) is well
below the normalized Li concentration in the electrode consisting of
graphite only. This observation is similar to the results from
operando XRD measurements (Fig. 3). In contrast, the average
normalized Li concentration in Si of the composite electrode
increases rapidly at the beginning of the charging process (Fig. 5a,
dark blue solid line). However, above 50% SOC we observe
preferential lithiation of graphite in the composite, where the slope
of the normalized concentration over SOC is an indicator for
lithiation rates. Lithiation of the materials is mainly driven by the
open-circuit potentials (OCP) of graphite and Si (see Fig. S1). Due
to the higher OCP of Si compared to graphite for normalized Li
concentrations smaller than 80%, Si is lithiated preferentially at the
beginning. At 50% SOC the lithiation fraction at the surface of Si
particles, represented by the lithiation fraction close to the separator,
reaches 80%. Eventually, the graphite OCP is higher than that of Si
favoring the rapid lithiation of graphite. Above 80% SOC the
normalized concentration in Si is higher than in graphite for the

Figure 3. (a) 1D XRD patterns from the operando XRD measurement in Fig. 2 at selected SOCs: 0% (grey), 25% (blue), 50% (red), 75% (orange), and 100%
(yellow) for both graphite (upper panel) and SiG20.8 (lower panel) full cells for the 0.1 C charge. The vertical dotted lines highlight the 2θ positions of the (002)
reflection of the C and LiC12 structures as well as the (001) reflection of the LiC6 structure. The pattern is shifted in y-direction for better visibility. (b)
Corresponding images of the graphite (video S1 in supplementary data) and SiG20.8 (video S2 in supplementary data) anodes from the CS-IOM measurement at
the same SOC values as in (a).
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composite materials. Qualitative trends are consistent with previous
reports.31,34,42

At 100% SOC, the lithiation state of the graphite component is
higher than in the Si component (compare cyan and dark blue solid
lines at 100% SOC in Fig. 5a). The LiCx reflections measured with
XRD are in good agreement with the simulation outcome when
comparing them to the normalized Li concentrations of the bulk at
25%, 50%, 75%, and 100% SOC. However, only at 0% SOC
significant deviations between the experimental and simulation
results are observable. The simulation does not consider the residual
Li in the graphite electrode after formation for the graphite cells (cell
voltage from simulation in Fig. S3 in the supplementary data).
Overall, the observations emphasize the agreement of the methods.
Note, that the surface dynamics of Li insertion (dashed lines in
Fig. 5a) are qualitatively similar. In the composite electrode,
graphite is the first material to reach high local concentrations.
This indicates a risk of Li depositions on the graphite particles of
SiG electrodes at high SOCs.

In the in situ optical measurements, distinction of the colors blue
(LiC18)

19,20 and red (LiC12)
19,20 is very difficult and no real

differences between the graphite cells and SiG20.8 cells can be
observed in the images (Fig. 3b). However, the simulations in
Fig. 5a reveal a lower lithiation degree in graphite. At 50% and 75%
SOC, the normalized Li concentration at the surface is comparable
for the graphite cell and the graphite component in the SiG20.8
(Fig. 5a, black and cyan dashed lines). Such small differences in
normalized Li concentration (50%: 0.5 both; 75%: 0.8 or 0.9) cannot
be differentiated with the CS-IOM, as the graphite electrodes in
the CS-IOM cells appeared golden at SOC values higher than 70%
in previous publications.22,24 Therefore, the results obtained by the
simulations in Fig. 5a support the CS-IOM observations in Fig. 3b.

Overall, our findings demonstrate the agreement and the com-
plementary aspects of the utilized methods. XRD effectively tracks
the average lithiation degree in the graphite component, while the
CS-IOM is better suited to examine the phases formed at the surface
of the graphite particles. Moreover, 3-electrode measurements and
3D microstructure-resolved simulations validate the observed lithia-
tion states in both XRD and CS-IOM. Furthermore, the simulations
allow for the deduction of the Li concentration in Si, which cannot
be directly measured by the other two methods. With this, not only

Figure 4. (a) Comparison of cell voltage of the graphite cell (red/orange
lines) and SiG20.8 cell (blue lines) in the different cell formats (dark red/dark
blue: EL-Cell; medium red/blue: CS-IOM; orange/light blue: operando XRD
pouch cell) at 0.1 C. The vertical dashed lines highlight the SOC values
shown in Fig. 3(b) Anode potential from the 3-electrode cells.

Figure 5. (a) SOC dependent normalized Li concentration in graphite in the graphite cell (black), and graphite (cyan), and Si (blue) in the SiG20.8 cell from 3D
resolved microstructural simulations of 0.1 C charge. The dashed line gives the concentration at the electrode surface near the separator, the solid line the
averaged value of the electrode bulk. The vertical dashed lines emphasize the SOC values from Fig. 3. (b) Digital twin of the graphite cell and (c) the SiG20.8
cell. The blue particles represent Si (70%) in a carbon matrix (30%). The separator is not in scale for improved visualization.
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are the methods validated, but a foundation for an even more precise
analysis of the Li dynamics is established. Thus, these methods are
utilized for studying the Li redistribution processes after charging in
detail in the next section.

Li redistribution processes after charging.—Significant differ-
ences in the lithiation degree of graphite and Si in SiG20.8 during
the charging process suggest the occurrence of Li redistribution if
the cells are allowed to relax at different SOCs. For further
investigation, in situ XRD measurements in pouch cells at different
SOC were performed. The results are presented in Fig. 6, including
the patterns of the same SOC values from the operando measure-
ments. As expected, the graphite cells exhibit no significant
differences between relaxed cells (solid lines in Fig. 6a) and those
during operation at 0.1 C (dash-dotted lines in Fig. 6a). At 0.5 C,
differences in the intensities at 50% SOC and 75% SOC for the
reflections associated with LiC12 and LiC6 are noticeable, indicating
equilibration within the graphite electrodes due to lithiation
gradients.60–62

For the SiG20.8 cells, shifts in the Bragg reflections are already
observed at 0.1 C (Fig. 6b). A shift of the (002) reflection towards
lower lithiation degrees compared to the operando measurement is
observed in the relaxed cells at 25%, 50%, and 75% SOC. This
phenomenon is even more pronounced at 0.5 C. For instance, the
LiC6 phase is already detected at 50% SOC in the operando cell,
which is similar to the graphite cell. This indicates that at higher C-
rates graphite lithiation becomes more favorable, which is consistent
with findings in model blended SiG electrodes.42 In the relaxed state,
the 2θ position of the (002) reflection is not at the LiC12 position
anymore but shifted towards lower lithiation degrees. Presumably,
both the equilibration due to lithiation gradients between graphite
particles and the redistribution of Li from graphite into Si occur
during the relaxation after charging at 0.5 C.

To directly observe the redistribution of Li, the CS-IOM cells
were charged to 75% SOC with 0.1 C, followed by a 24 h relaxation
period (compare supplementary data video S3). The SOC of 75%
was chosen, since the optical measurements are most sensitive to the
color change at the corresponding lithiation degree, as discussed in
the previous section.

The graphite cell images (Fig. 7, upper panel) display a subtle
color change from yellow to red, indicating equalization of charge
within the particles. During relaxation in the SiG 20.8 cell (Fig. 7,
lower panel), the color change is more pronounced. At the beginning
of the relaxation (0 min), both red (LiC12) and gold (LiC6) are
observable. However, the golden color disappears within the first
4 h. For instance, comparing the color of the graphite particle with
the blue border for SiG20.8 at 24 h (LiC18) and the particle during
0 min–1 h at the same position (Fig. 7, lower panel) shows that this
particle was golden (LiC6) before. By the end of the relaxation, the
electrode appears predominantly blueish-grey, indicating a lithiation
degree below LiC12. This observation is consistent with the XRD
measurements and suggests a redistribution of Li from graphite to Si.

Due to the reduced resolution of the CS-IOM images, especially in
the SiG20.8 cells, ex situ LM was conducted to confirm the observed
colors in Fig. 7. The results of the top view images are shown in
Fig. 8. At 0.1 C (Fig. 8a), no color changes during the relaxation
period are observable in the graphite cells. For the SiG20.8 cells, most
of the visible LiC6 disappears within the first 4 h of relaxation similar
to the in situ CS-IOM measurement. The color of the electrode
appears blue and red after 24 h relaxation. A preferred lithiation of
graphite is evident by the more apparent presence of LiC6 on the
electrode surface after the 0.5 C charge. Again, the majority of color
changes occur during the first 4 h of the relaxation. Furthermore, the
Li redistribution appears to be more pronounced in the SiG20.8
electrode after 0.5 C charging (Fig. 8b), which corresponds to the
observations from the XRD measurements (Fig. 6).

Figure 6. Operando (dash-dotted lines) and in situ (solid lines) 1D XRD patterns at selected SOCs: 0% (grey), 25% (blue), 50% (red), 75% (orange), and 100%
(yellow) for the graphite full cell (a) and SiG20.8 full cell (b) at 0.1 C (upper panel) and 0.5 C (lower panel). The patterns are shifted in y-direction for better
visibility. The in situ 1D XRD pattern is from the relaxed cells in all cases. The bold arrows indicate the signal shift during relaxation.
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Finally, the results gained from relaxation simulations after
charge are considered. Figure 9 shows the normalized Li concentra-
tion in graphite and Si during the relaxation period after charging to
different SOCs (25%, 50%, and 75%) with 0.1 C and 0.5 C. In all
cases, the most significant changes are noticeable in the initial few
hours of relaxation.

Li was redistributed from graphite to Si in the SiG20.8 cell as
shown by the change in the respective bulk concentrations. This is in
line with the XRD and microscopy measurements. Even at a low C-
rate of 0.1 C (Figs. 9a, 9c, 9e), the average Li concentration in
graphite particles decreases during relaxation, while the Li concen-
tration in Si increases. This trend is even more pronounced at 0.5 C
(Figs. 9b, 9d, 9f). At 75% SOC (Fig. 9f), the normalized Li
concentration in the graphite compound is even higher than in Si,
in contrast to the other cases. These results show that the lithiation of
graphite is kinetically favored compared to Si with higher C-rate as

higher normalized concentrations are reached at the end of CC
charging (see Fig. S1). This aligns with the observations of the
operando XRD measurements (Fig. 6a), where graphite exhibits
higher degrees of lithiation at 25%, 50%, and 75% SOC during the
0.5 C charge, in contrast to the 0.1 C charge. Qualitative agreement
of simulations and operando measurements indicates that effective
Li dynamics of the Si material in our study are indeed slower
compared to graphite (Fig. 9, Table II).

As expected, the surface concentration is higher than the average
value and exhibits a significant decline throughout the relaxation
period (dotted lines in Fig. 9). Since a similar phenomenon is
observed in the pure graphite cell as well, it confirms the
simultaneous occurrence of two relaxation processes within the
SiG20.8 electrode by our simulations: (1) Equilibration throughout
the electrode due to local differences in the lithiation state, as
previously reported by others,43,62 and (2) equilibration between
graphite and Si particles, as previously observed in experiments
conducted by others.39,41–43

Figure 10 provides a summary of the observed Li redistribution
processes within SiG composite electrodes. Even after charging at a
low C-rate of 0.1 C, Li is moving from graphite to Si at the selected
SOC values (25%, 50%, 75%). At 0.5 C, an additional equilibration
process is assumed between particles close to the surface and those
closer to the current collector, as it was observed in the pure graphite
electrodes and by Berhaut et al.43 in SiG electrodes. Richter et al.41

reported a similar redistribution of Li from graphite to the Si
compound in a commercial 18650 cell during low temperature
operando neutron-scattering measurements following Li metal
deposition and re-intercalation. After Li metal deposition, the
authors initially observed an increase in the lithiation degree in the
graphite component due to the intercalation of the deposited Li metal
into the graphite,41 as it was also previously reported for pure
graphite electrodes.60,61 Nevertheless, during the second part of the
relaxation period, a decrease in the lithiation degree of the graphite
component was observed,41 consistent to the operando XRD
measurements in the present study. Richter et al. interpreted their
results as a redistribution of Li from graphite to Si.41 Our findings in
lab-scale pouch cell experiments on Li redistribution confirm their
results41 as well as the experiments by Heubner et al.42 on model
blended SiG electrodes, who observed similar Li redistribution after
pulse charging.

In everyday battery use, such as home storage, portable devices,
or battery electric vehicles, batteries are seldomly charged from SOC

Figure 8. Ex situ LM images of the graphite and SiG20.8 electrode after charging to 75% SOC with 0.1 C (a) and 0.5 C (b) in half cells.

Figure 7. Selected images from the image sequence during the relaxation
time (0–24 h) from the CS-IOM measurements in full cells for the graphite
anode (upper panel) and SiG20.8 anode (lower panel, video S3) cell, after
being charged to 75% SOC with 0.1 C. The insets on the right-hand side are
magnifications of the particles with the same border color in the image
sequences.
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0% to SOC 100%. Instead, they are more likely charged to SOC
values in between. Consequently, Li redistribution processes in
blended or composite electrodes are a real event and might affect the

aging of the different active materials and therefore also the battery.
In previous studies, one reported source of aging in Si electrodes was
Li trapping in the core of Si particles.11,63 Delithiated Si has a lower

Figure 9. Normalized Li concentration from the 3D microstructure-resolved simulations in the anode bulk (solid lines) and at the surface (dotted lines) for
graphite in the graphite cell (black) and graphite (cyan) and Si (blue) in the SiG20.8 cell during the 24 h relaxation period after being charged (a) to 25% SOC
with 0.1 C, (b) to 25% SOC with 0.5 C, (c) to 50% SOC with 0.1 C, (d) to 50% with 0.5 C, (e) to 75% SOC with 0.1 C, and (f) to 75% SOC with 0.5 C.
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Li diffusivity compared to lithiated Si.11 As a result, Li becomes
trapped inside the core of the Si particle during discharge, creating
lithiation gradients within the material.11 Therefore, Li redistribution
from graphite to Si might lead to Li trapping in the subsequent
discharge. Further research is required to draw conclusions on this
subject. Overall, the understanding of internal Li redistribution
processes can be beneficial for a better understanding of material
aging and optimization of electrode design for LIBs.

Conclusions

The charge and redistribution mechanisms of Li within SiG
electrodes were analyzed in full cells by using bulk sensitive
methods (in situ and operando XRD), surface sensitive methods
(ex situ and in situ optical (light) microscopy), and 3D microstruc-
ture-resolved simulations. The methods were successfully validated
against each other through the comparison of the Li distribution
during charging, building the foundation for an even more precise
characterization.

The simulations allowed the analysis of the Li content in Si
particles within the composite electrode, as both XRD and optical
microscopy are not able to monitor the lithiation state in the Si
component. Our study connects these complementary analysis
methods and enables their validation by comparison of their results.
All methods yielded consistent results, showing the simultaneous
lithiation of the graphite and Si components in the SiG electrodes
during charging.

The analysis of relaxed cells and cells during operation, in
combination with direct monitoring of the relaxation period,
provided insights into the Li redistribution after charging of full
cells with anodes containing 20.8 wt.-% Si to 25%, 50%, and 75%
SOC with 0.1 C and 0.5 C. The changes of the intensity and 2θ
position of the (001) and (002) Bragg reflections of the graphite
compound in the SiG20.8 cells in operando XRD and in situ XRD of
the relaxed cells at the respective SOC values showed a shift towards
a lower lithiation degree, suggesting Li is distributed from graphite

to Si. During in situ optical microscopy and ex situ LM measure-
ments, the disappearance of the yellow LiC6 within 24 h after
charging was directly observed in the SiG20.8 cells at both C-rates,
whereas the graphite cells exhibited no significant color change
during the 24 h relaxation period. In the simulation, the reduction of
the Li content in the graphite component could be seen, while the Li
content in Si increased simultaneously.

The redistribution of Li from graphite to Si was found at SOC
25%, 50%, and 75% SOC for all applied analytical methods, even
after 0.1 C charging. This effect was more pronounced at 0.5 C. An
overview on the proposed redistribution processes is shown in
Fig. 10. The graphite component exhibited a higher lithiation state
in the SiG20.8 cells at the analyzed SOCs at 0.5 C (operando XRD,
ex situ LM, simulation), implying a favored lithiation of graphite
over Si at higher C-rates. Potential impact of Li redistribution
processes on battery aging are briefly discussed, as they might favor
Li trapping inside the Si component.

Our study shows the clear advantage of combining complemen-
tary advanced experimental methods and simulations. For further
understanding, the development and application of new methods
which are sensitive to the Li concentration in Si are required.
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