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1. Introduction

Li-ion batteries (LIBs) are widely used as energy storage in por-
table electronics, electromobility, and stationary energy storage
systems.[1] Graphite is the common choice for negative electrode

material for LIBs inter alia due to its high-
capacity retention, relatively low volume
expansion upon lithiation, low cost, and
low toxicity. Lithium plating is one of the
main ageing mechanisms in LIBs[2] and
affects many key cell properties that are rel-
evant for the cell’s application. It causes
capacity loss and a reduced coulombic effi-
ciency due to loss of Li inventory and elec-
trolyte consumption[3] as well as power fade
due to a rise in the internal resistance.[4] In
addition, it can cause safety issues due to
gas evolution, internal electrical shorting
and might also increase the risk of thermal
runaway.[5–7] Li plating is directly linked to
the intercalation process of Li-ions into
graphite, as Li plating occurs when interca-
lation is stoichiometrically or kinetically
limited or even not possible. To understand
and prevent Li plating, a profound under-
standing of the Li intercalation, distribution,
and plating processes on amicroscopic scale
is necessary.[8–11] Understanding ageing
mechanisms can help to prevent them, lead-
ing to enhanced battery life and therefore to

increased sustainability and less dependency on critical resources.
During charging, Li-ions intercalate between the graphene

layers of graphite, forming lithium-graphite intercalation com-
pounds (GICs) with different lithiation stages. The intercalation
stage refers to the number of graphene layers between two
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Li plating significantly contributes to the ageing of lithium-ion batteries (LIBs). An
in-depth understanding of Li-ion intercalation kinetics into graphite, still being
widely used as anode material, and the subsequent phase formation of LixC6

compounds, is necessary to understand kinetic limits and prevent Li plating.
Diffraction and colorimetric studies have explored these processes, noting
graphite color changes during (de)intercalation. However, these methods fall
short of examining graphite intercalation at a microscopic scale, essential for
understanding intercalation kinetics and Li plating onset conditions. This study
employs a high-resolution light microscope under inert gas to examine lithiation
processes in graphite anodes at the particle level across various C-rates.
Qualitative descriptions and quantitative assessments are achieved through
colorimetric analysis based on hue and saturation, complemented by machine
learning-based segmentation. The results show an increased spatial heteroge-
neity of lithiation stages both between particles and within individual particles,
with increasing C-rate. Notably, up to three stages coexist in one particle,
and LiC6 is present at 50% (SOC) state of charge even when lithiated with 0.2C.
At 1C charging, 4% and 32.5% of the surface is covered with Li deposits at 30%
and 50% SOC, respectively, with underlying graphite particles showing LiC6.
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adjacent, Li-intercalated layers stacked in a periodic fashion.[12]

Beginning at low Li-concentrations with the dilute Stages 1L,
4L, 3L, and 2L (LiC18) to the ordered stages 2 (LiC12) and finally
1 (LiC6).

[13] This phenomenon has been intensively investigated
by means of X-ray [12,14] and neutron diffraction[15–17] and Raman
spectroscopy.[18,19]

In addition, the lithium intercalation compounds can also be
distinguished visually as the graphite undergoes a significant
color change during intercalation, with stage 1 (LiC6) appearing
golden, stage 2 (LiC12) red, and stage 2L (LiC18) blue.[20–23]

The observed color change is well understood and results from
the absorption of photons at specific wavelengths known as the
Drude edge.[24,25] This enables the use of optical microscopy to
reveal important aspects of the kinetics of graphite lithiation with
high local resolution.

Maire et al.[26,27] developed in situ colorimetry to measure the
local SOC of a lithiated graphite electrode by measuring its color
on a millimeter scale and showed that the Li distribution in ano-
des of aged LIBs is highly heterogeneous. Harris et al.[28,29] pub-
lished a direct in situ time-dependent measurement of Li
transport in an operating Li-ion cell and transport rate measure-
ments at the mesoscale. Gyenes et al.[30] showed, based on time-
dependent color gradients, lateral redistribution to the overhang
areas of the graphite anode. Grimsmann et al.[31] report that there
are color differences at the same state of charge, depending on
the charge and discharge direction, and a current dependency
with colors that do not correspond to the average state of charge
of the graphite anode. Hogrefe et al.[32,33] developed an in situ
microscopy cell for time-resolved observation of color changes
in cross-sectioned Li-ion full cells and showed that colored lith-
iation fronts of LiC12 and LiC6 are moving through the anode
from the separator to the current collector during charging.

Many studies use digital cameras and stereomicroscopes for
the optical investigations on amore macroscopic scale, and there-
fore lack information on the particle level. In situ optical meas-
urements are a valuable instrument to enable the observation
of Li distribution within graphite on a particle level.[32,34–40]

However, operando and in situ optical measurements are still
significantly limited in resolution, as the working distance is
increased by a glass window that protects the cell. In addition,
operando optical techniques often apply a less application-
oriented setup with electrodes placed side by side or thin electro-
des observed from the back through a sealed hole in the cell and
current collector.[34,36] Such set-ups may affect the electrochemi-
cal processes within these cells and thus, the observed lithiation
and plating processes. Furthermore, optical investigations of lith-
iation and Li plating are challenging due to their high reactivity
and sensitivity to oxygen and moisture, leading to rapid degrada-
tion of the material, especially on the surface, and inaccurate
experimental results.[41]

Besides a qualitative description of the color change, the high-
resolution images that have been acquired with this setup also
allow a quantitative analysis of the lithiation process, either
by means of colorimetric analysis or phase segmentation. As
described above, colorimetric analysis was applied to identify
the degree of lithiation in graphite anodes by Maire et al.[26] and
Grimsmann et al.[31] by analyzing the values for the red, green,
and blue (RGB) channels of the images. However, using RGB
values has the problem that the color information is ‘hidden’

within the ratio of all three channels, which can be less intuitive
and sometimes misleading, as a color shift can influence the
RGB values in either way. In a recent publication, Jansche
et al.[35] used a rather advanced approach by calculating pixel-
based parameters for colorfulness from images acquired with
an in situ light optical microscope[32] to estimate the degree of
lithiation of graphite anodes.

Phase segmentation and quantitative analysis are even more
challenging. Because of the sample topography, “classical”
threshold-based methods cannot be used as they call for a distinct
phase contrast and color values with low deviation for each phase.

To overcome the above-mentioned issues, our approach uti-
lizes a novel test setup and techniques for colorimetric analysis
and phase segmentation.

Instead of utilizing operando test cells with optical windows,
we installed a remotely controlled high-resolution light micro-
scope directly into an Ar-filled glovebox. This brings several
advantages: First, the lack of an optical window allows us to
use high-end color-corrected objectives with a very high numer-
ical aperture of up to 0.9 and a theoretical resolution of
0.305 μm to resolve the graphite particles in detail. To the best
of our knowledge, we are the first to use such a high-resolution
light microscope under an inert gas atmosphere to investigate
lithiation and plating processes in graphite anodes that have
been subjected to various charging conditions. In addition,
as we did not perform operando tests but “interrupted” charg-
ing tests, we were able to use standard coin cells without further
modifications that might have a negative effect on the electro-
chemical conditions in the cell and graphite electrodes
with compositions and microstructures relevant for industrial
applications.

To overcome the issues related to RGB colormetry, we applied
a colorimetric analysis based on the hue, saturation, and lumi-
nance (HSL) color space using the hue and saturation values
of the images. The advantage of this method is that the color
impression that corresponds to the lithiation stages is repre-
sented by a single value (hue), whereas the saturation indicates
how colorful the image is. In addition, this technique is simple
and can easily be reproduced with most image processing
software.

For quantitative image analysis and image segmentation, we
use machine learning (ML) based semantic segmentation to
quantify changes of phase fractions (LiC18, LiC12, and LiC6) as
well as Li depositions. This ML-based approach uses convolu-
tional neural networks or random forest techniques[42,43] to dis-
tinguish between the phases. It has already been applied to
battery electrodes to differentiate pores and active materials in
tomographic datasets.[44,45] In this work, graphite anodes were
studied at different C-rates.

With our approach, we were able to reveal the formation of
intercalation phases with high spatial resolution and describe
the phase distributions qualitatively and quantitatively. In addi-
tion, we could demonstrate the feasibility of ML-based phase
segmentation using images with high sample topography. In
doing so, this study provides new insights onto the inhomoge-
neous nature of Li intercalation processes and Li plating in
graphite-based anodes and how the SOC and C-rate influence
them.
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2. Results and Discussion

2.1. Lithiation and Color Change of the Graphite Anode during
0.1C Charge

To study the lithiation process and color change at low C-rates,
multiple cells were charged in CC mode with 0.1C to the desired
SOCs from 0%–100% and then disassembled. Prior to perform-
ing the in-depth microscopic analysis, we combined the data
from the voltage curve, macro images, and X-ray diffraction anal-
ysis to ensure that our samples are lithiated homogeneously and
that the crystallographic phases we would expect from the voltage
curves are actually present in the sample (Figure 1).

As seen in Figure 1b we observe the typical voltage profile
described in the literature[12,13] with steps in the voltage profile
indicating single-phase regions, whereas plateaus indicate two-
phase regions with a transformation from one phase to another.
These plateaus are particularly pronounced for the formation of
LiC12 between 30% SOC and 60% SOC and the formation of LiC6

between 60% SOC and 100% SOC. The stages that can be iden-
tified in the voltage profile are in good agreement with the color
change that can be observed in the macroscopic images.
However, the macroscopic images are only intended to give a
first impression and will not be discussed further at this point.
In the diffraction patterns (Figure 1c), the graphite peak is clearly
visible at �26.5° (2θ) for the 0% SOC sample and disappears at
10% SOC. For 10% SOC and 20% SOC, we clearly observe dif-
fraction peaks for the dilute stages (LiCx with x> 12). Between

10% SOC and 30% SOC, the d-spacing of the dilute phases grad-
ually approaches that of LiC12.

[46]

At 30% SOC (Figure 1b) x= 0.3 in LixC6) we observe the
beginning of the transition from the dilute stage 2L (LiC18) to
ordered stage 2 (LiC12). At this point, we can only see a peak
at the position associated with the LiC12 phase at �25.25° 2θ,
which increases in intensity until it reaches its maximum at
60% SOC. This clearly indicates an increase in the amount of
the LiC12 phase between 30% and 60% SOC, which is in good
agreement with the voltage profile. The data obtained by Yao et al.
with operando energy dispersive X-ray diffraction (XRD) shows
that the peak intensity for the 2L stage quickly drops between
20% and 30% SOC, and that at 30% SOC, the peak intensity
for the LiC12 peak is lower than that of the stage 2L peak at
20% SOC.[46] This is exactly what we observe, and thus, we
can assume that the dilute stages are still present, yet not visible
as separate peaks due to the increasing crystallographic similarity
with LiC12.

From 60% SOC to 100% SOC, phase transformation from
LiC12 into LiC6 takes place, and peak intensity for the LiC12 peak
decreases, whereas the peak intensity for the LiC6 peak (at 24.1°
2θ) increases, reaching its maximum at 100% SOC. After verify-
ing the phases by means of XRD, high-resolution light optical
microscopy was performed.

Figure 2a-l shows the microscope images of the anode surfa-
ces from 0% to 100% SOC in 10% SOC steps, demonstrating the
color changes from gray (unlithiated graphite), through blue
(LiC18) and red (LiC12), to gold (LiC6). Again, the color change

Figure 1. Correlation between color, electrode potential and the crystallographic phases of graphite anodes: a) macro images of electrodes, b) cell
potential versus Li/Liþ with corresponding SOCs for XRD measurements, c) diffraction patterns from XRD measurements at different SOCs between
23° and 27.5° (2θ) showing the peaks for graphite, the dilute stages (LiCx with x> 12), LiC12, and LiC6 (right).
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is in good agreement with our XRD measurements and obser-
vations from the literature.[21,31]

Upon closer examination, we can extract more details on
the particle and sub-particle level. The surfaces of the pristine
graphite anode (Figure 2a), the 0% SOC sample after forma-
tion (Figure 2b), and the anode charged to 10% (Figure 2c) are
homogeneously gray in color. The intercalation of a small
amount of Li (x< 0.2, in LixC6) has little effect on the color.
In Figure 2b and Figure 2c’, small graphite particles with a red
or red–gold coloring, indicating higher stages of lithiation
(LiC12 and LiC6), can occasionally be observed on the surface.
As the electrodes have undergone a formation process prior to

charging them to a specific SOC, the color of these particles
can be explained by the loss of electrical contact during the
previous charging or discharging process. Similar discon-
nected particles with a different lithiation degree in a
different graphite anode coating were also observed by
Hogrefe et al.[32]

A first visual change of the entire surface can be observed at
20% SOC (Figure 2d), where the electrode surface turns slightly
blue, indicating the presence of LiC18, which is well in line with
the finding of the stage 2L peak in the XRD data. This blue col-
oration of the surface and within individual particles becomes
significantly stronger at 30% SoC (Figure 2e) and can also be

Figure 2. Light microscope images of the graphite anode surfaces: a) pristine before building into the cell, b-l’) after cell opening and washing in DMC
from 0% to 100% SOC in 10% SOC steps, showing color changes from gray (unlithiated graphite), through blue (LiC18) and red (LiC12) to gold (LiC6).
c’,e’-h’,l’) are high magnifications of (c,e-h,l) respectively.
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recognized to a small extent in the images taken with the digital
camera (Figure 1a).

At 30% SOC, several particles possess two colors—the blue
indicating LiC18 and a pink reddish color, indicating LiC12

(Figure 2e’). Note that there are some completely pink particles
(Figure 2e’), which in turn is consistent with the first appearance
of the XRD peak at 25.25° (2θ). 30% SOC marks the start of the
two-phase transition (stage 2L-2). This explains why the blue of
LiC18 is still the predominant color. Two colored particles indi-
cate different lithiation states within one particle, which was also
shown by Migge et al. via Raman spectroscopy[18] and by Hogrefe
et al. via in situ optical microscopy.[32] It becomes obvious that Li
intercalation does not proceed homogeneously over the graphite
anode surface even at a comparatively low C-rate of 0.1C.

A spatial nonuniformity can be observed starting at 30% SOC,
which is well in line with the study of Panitz et al. investigating
the lithiation of polycrystalline graphite.[19] The solid solution of
the dilute stages (1L-4L) prevents noticeable phase separations
and leads to a homogeneous appearance.[36] At 30% SOC, the
stochiometric phases LiC18 and LiC12 can be distinguished,
and the lithiation tends to start in particles or areas with a,
for example, favorable crystallite orientation.[47–49] Other reasons
for spatial variation are tortuosity, electrical contact resistance,
and/or solid electrolyte interphase (SEI) film resistance and crys-
tallographic misfits.[18,34,50–52]

With further lithiation to 40% SOC, the graphite surface
shows an increasingly stronger red/pink coloration, and the blue
component decreases obviously (Figure 2f,f’). At 50% SOC, we
find mainly pink particles that only have punctual blue areas
(Figure 2g,g’). The color changes observed are in line with the
findings of the XRD results, where an increase in the LiC12

peak was detected, and the voltage curve indicates a near end
of the 2L to 2 transition. However, the color impression obtained
from the microscopic images is more differentiated than the
XRD, as a gradual transition from blue to red can be seen
between 30% and 50% SOC—while no LiC18 phase is detected
in the XRD anymore.

At 60% the transition from stage 2 to stage 1 has already
started, manifested in a red and golden (LiC6) anode surface,
and many of the individual particles start to turn golden
(Figure 2h,h’). Again, there are rarely monochromatic particles,
i.e., most of the particles exhibit different GICs at the same time.
It seems that intercalation starts at various interfaces, and there is
no visible preferential surface structure for preferred intercala-
tion. In contrast, the XRD measurements at 60% SOC do not
reveal a LiC6 peak. We assume that the formation of LiC6 on
the electrode surface has already begun, but to such a small
extent that the resolution of the XRD is not sufficient to detect
this. A stronger lithiation of the anode surface during charging is
consistent with in situ optical microscopy measurements of
cross-sectioned full cells[32,33,53] and with simulations.[54–56]

As the SOC continues to increase, the LiC12 phase continues
to decrease, while the proportion of LiC6 is increasing, which also
fits well with our XRD results. Above 90% SOC, the LiC12 phase
is present only very sporadically (Figure 2k). At 100% SOC, we
basically observe only completely lithiated particles (Figure 2l,l’),
and the XRD-plot reveals a maximum of the LiC6 peak (at 24.1°
2θ). The small LiC12 peak originates likely from areas close to the
current collector that have not yet been completely lithiated.

To summarize, the high-resolution microscope under an inert
gas atmosphere enables the optical examination of charged
graphite anodes at a microscopic scale to gain a deeper under-
standing of the lithiation processes. In addition to the color
changes that an anode undergoes, it can be shown that the dif-
ferent lithiation stages are coexisting and visible even within one
particle at a low C-rate.

2.2. Influence of the C-rate on the Lithiation of a
Graphite Anode

To study the lithiation process and color change at higher C-rates,
a minimum of three cells were charged in CC mode with various
C-rates (0.1C; 0.2C; 0.33C; 0.5C; 1C) to 30% and 50% SOC, after-
ward disassembled and microscopically investigated (Figure 3).
The corresponding voltage curves can be found in the supple-
mentary data (Figure S1, Supporting Information).

2.2.1. 30% SOC

The increase in the C-rate leads to a clear color change on the
anode surface and within individual particles. Already at a C-rate
of 0.2C (Figure 2c), the anode surface appears significantly red-
der compared to the 0.1C reference (Figure 2a), thus indicating a
higher proportion of the LiC12 phase. This effect becomes
increasingly pronounced at 0.33C (Figure 2e) and 0.5C (Figure 2g).
Increasing the C-rate leads to a more inhomogeneous Li interca-
lation and a fast saturation at the surface of the anode with
Li-ions, thus resulting in a gradient across the graphite anode
and within the graphite particles.[17,32,57,58] At 0.5C the potential
falls below 0 V (Figure S1, Supporting Information), but without
showing any visual signs of plating, and Li-intercalation appears
to be the predominant mechanism. After charging with 1C, some
gold-colored particles appear, and Li deposition can be confirmed
visually (Figure 3i,i’). Even though the potential is significantly
below 0 V (see supplementary data Figure S1, Supporting
Information), the lithium deposition is only local, as also
observed by Ref.[39] This deposited Li appears white, with an
often needle-type structure, as also observed with optical confocal
microscopy by Uhlmann et al.[59] As described by Ref,[60] Li depo-
sition occurs when the Li-ion current in the electrolyte exceeds
the intercalation current or the transport rate through solid dif-
fusion. In consequence, the anode potential drops below the
potential of metallic Li deposition due to the involved overpoten-
tials, i.e., charge-transfer and diffusion overpotentials.[61,62]

Lithium appears to be predominantly deposited on the fully
lithiated (golden–yellow) regions of the graphite particles
(Figure 3i’) as they favor nuclei for Li deposition as proposed
by Gao et al.[38] and Chen et al.[63] Occasionally, some depositions
can be found in darker areas. Note that with our method, we only
gain a top view of the electrode. It is possible that a small region
of LiC6 lies directly underneath the depositions or that the dep-
ositions have grown into the darker regions. Even after an imme-
diate transfer to the glovebox after charging, it might also be
possible that the deposited Li re-intercalates during this time.
Hogrefe et al. presented a systematic study on the Li transport
pathways in the reaction of Li metal with a graphite electrode.
They showed that the re-intercalation of electrically connected
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Li is possible even in dried areas and that this can increase the
degree of lithiation of the graphite particles near the local Li
plating.[64]

2.2.2. 50% SOC

Charging to 50% SOC, the increase of the C-rate leads to an even
more pronounced color change of the anode surface and within
individual particles. The effects and correlations described above
for 30% SOC are in principle the same but even more

pronounced. While at 0.1C most of the particles are pink
(LiC12) and there is nearly no LiC6 phase (Figure 3b), at higher
C-rates the degree of intercalation shows again significant differ-
ences from particle to particle and even on the surface of specific
particles, i.e., at 0.2C there are several yellow or at least yellow
dotted particles (Figure 3d). For example, one specific particle
(Figure 3d’) shows the co-existence of the blue, red, and golden
phases, which can also be seen in the samples charged to 30%
SOC in Figure 3i’ and Figure 3j’. This phase separation has been
reported by several in situ optical studies[36–38] but is resolved in

Figure 3. Light microscopy images of the graphite anode surfaces after cell opening and washing in DMC. Anodes were charged to 30% SOC (a,c,e,g,i,
blue frames) and 50% SOC (b,d,f,h,j, red frames) with increasing C-rate from 0.1C (first row) to 1C (second last row). Images in the lowest row show
enlargements of the color-marked areas: d’) – green. i’) – orange. j’) – turquoise.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2025, 2500181 2500181 (6 of 12) © 2025 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aesr.202500181 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [28/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


much more detail here. The results of Agrawal and Bai[36] indi-
cate only two coexisting phases. Gao et al.[38] also observed three
phases, however, in a considerably larger particle of highly ori-
ented pyrolytic graphite.

The phase separation is present in both larger and smaller
particles, which is consistent with the optical observations made
by Argawal and Bai.[36] Basal plane orientation is often dis-
cussed in relation to graphite lithiation.[65–68] Judging by the
visual appearance of the surface morphology and color of the

particles, it seems that the lithiation starts at a particle’s edge,
with phase separation fronts running perpendicular to the basal
planes of the particle. However, commercial graphites are usu-
ally rounded to some degree,[69] making it difficult to determine
the crystallographic orientation of the graphite surface. It can be
expected that after calendering, the graphite basal planes are to
a high degree oriented parallel to the current collector sur-
face.[70] Migge et al.[18] observed a three-phase separation with
Raman spectroscopy and pointed out that the intercalation

Figure 4. Colorimetric analysis of microscopy images. a) Hue value histogram of specimens charged to 0%-100% SOC (see Figure 2) with 0.1C showing
the distinctive regions ① and ②. b,c) Hue value histograms of specimens charged to (b) 30% SOC and to (c) 50% SOC with different C-rates (see
Figure 3). d) Extracted Hue value maxima for regions ① and ② and saturation value from samples shown in (a). e) Extracted Hue value maxima
for values from histograms shown in (b) and (c).
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starts at the parts of the particle pointing toward the electrolyte
reservoir.

When charged to 50% SOC with 1C, the appearance of the
lithium dispositions changes from the local spots to a layer with
a grainy and dendritic structure, as observed by Ref. [71–73], cov-
ering whole regions (Figure 3j). Besides the visual confirmation,
we applied energy-dispersive X-ray spectroscopy (EDS) with a
windowless detector and laser-induced breakdown spectroscopy
(LIBS) to confirm that the observed structures are lithium dep-
ositions (Figure S2, Figure S3, Supporting Information). There is
clearly more Li deposition than on the anode that was charged to
30% at the same C-rate.

The observation made shows a clear correlation between SOC,
C-rate, and amount of plating, and 1C was identified as the criti-
cal C-rate for lithium plating. However, it has to be noted that
these observations are only valid for the given test conditions.
Considering fast charging, the temperature is an important fac-
tor.[39,74,75] Changing the temperature to lower values would
most probably lead to a more severe plating at lower SOCs

and C-rates.[39,40,75,76] In addition, the choice of the electrolyte
(and its additives) is curtail and can successfully prevent or even
facilitate plating in a LIB.[77,78]

2.3. Quantification of Lithiation and Li Plating Using
Colorimetric Analysis and ML-Based Phase Analysis

In Figure 4a, the histograms for the hue value from electrode
images charged from 0% SOC to 100% SOC with 0.1C are plot-
ted (original images shown in Figure 2).

We can basically identify two regions in the histogram with
distinct peaks. One between a hue value of 0 and 30 region ①

representing an orange–yellow color, and one between a hue
value of 135 and 165 region ② representing a blueish color. The
integrated intensities for both regions are plotted in Figure 4d
together with the mean value for saturation. At 0% SOC, both
peaks are of similar intensity with a low saturation value, indi-
cating a grayish color of the sample. The saturation value
increases constantly during lithiation, indicating that the image

Figure 5. ML-based phase analysis using ZEN Intellesis of microscopy images. Left: Segmented microscopy images of the graphite anode surfaces. The
anodes were charged to 30% SOC a) and 50% SOC b) with an increase in the C-rate from 0.1C (first column) to 0.5C (last column). On a particle level, a
good separation of LiC18 (blue), LiC12 (red), LiC6 (yellow), and porosity (black) is possible. Right: Quantification of LiCx phase fractions using ML-based
segmentation.
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becomes more colorful. Between 0% SOC and 30% SOC, the
samples shift their color toward blue; hence, the intensity of
region ② increases, whereas the intensity of region ① decreases.
Between 30% SOC and 100% SOC, we observe the opposite
trend, representing a color shift toward the golden–yellow color
of LiC6. For SOC≥ 60% the intensity of region ② is almost 0
(Figure 4a,d). Considering this, we cannot only observe and
quantitatively describe the color shift, but we are also able to cor-
respond 30% SOC and 60% SOC with the onset of the LiC12 and
LiC6 formation of the samples, as shown by the XRD results,
where we found these onsets at 30% and 60% SOC.

When applying higher C-rates, we observed a heterogeneous
lithiation with LiC6 forming already at low SOCs in the images.
This is also reflected by the colorimetric analysis. Figure 4b and c
show the histograms for the hue values of electrodes charged to
30% SOC (Figure 4b) and 50% (Figure 4c) with C-rates up to
0.5C. The integrated peak maxima were again plotted against
the SOC for all C-rates (Figure 4e). At 30% SOC, we observe
a significant decrease in the intensity of region ② with increasing
C-rate, indicating a decrease in the blue colored LiC18. At 50%
SOC, the intensity of region ① is growing remarkably with the
C-rate, indicating the pronounced formation of LiC6. As the
region ② does not disappear completely, we can interpret a het-
erogeneous lithiation as implied by the qualitative analysis of the
images.

Figure 5 shows the results of the segmentation of the different
phases using ZEN Intellesis (left) and the evaluation of the phase
fractions at different SOCs (right).

In the segmented images, light blue was used to represent
LiC18, red was used to represent LiC12, and yellow was used
to represent LiC6. The qualitative impressions of the segmenta-
tion results are in good agreement with the already described

color impressions from the microscopic images. The segmented
images underline the generally inhomogeneous nature of the
lithiation process. A more homogeneous surface is only pro-
duced (see Figure 5a) at SOCs at the end of phase transitions
2L-2 (corresponding to 100 % LiC12) and 2-1 (corresponding
to 100 %LiC6). The quantified phase proportions confirm the
qualitative impression while charging with 0.1C to 30%–100%
SOC and are shown in Figure 5a, right. At 30% SOC, the ratio
of LiC18 to LiC12 is 87%/13%. With an increase up to 50% SOC,
the LiC12 becomes dominant with a proportion of 85% whereas
the LiC18 proportion drops close to zero, e.g., to 1% at 60% SOC.
This is well in line with our colorimetric results, where we found
that the intensity of the region ②, indicating LiC18, dropped
almost to 0. At this SOC, the onset of the LiC6 phase is detected
and already accounts for 47%. The proportion of LiC6 phase
increases continuously with higher SOC, up to 92% at 100%
SOC, which correlates well with the results of the colorimetric
measurements and with the increase in the range ① observed
there.

As C-rates increase, surface color changes are visible
(Figure 5b, left); surfaces turn redder at 30% SOC with fewer
blue particles. Phase proportions align with color changes
(Figure 5b, right), with the LiC12 phase growing from 13% at
0.1C to 59% at 0.5C. At 50% SOC, yellow particles emerge at
0.2C, while blue and red particles decline. The LiC6 phase frac-
tion rises at 0.33C, but stagnates at 0.5C, while the LiC12 phase
increases and the LiC18 decreases. This is well in line with the
almost disappearing region② in our colorimetric results and con-
firms the picture of heterogeneous lithiation.

In addition to quantitatively evaluating GIC-fractions, we were
also able to quantify Li depositions on the surface of anodes
by segmentation (Figure 6). A distinction was made between

Figure 6. ML-based Li plating quantification using ZEN Intellesis. Anodes were charged with 1C to 30% SOC (top row) and 50% SOC (bottom row).
Origin (left column) and segmented (right column) images are shown. A good separation between the unplated surface (black) and the Li deposition
(white) is possible.
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deposited Li (white segmented area) and the rest, which corre-
sponds to different GICs (black segmented area). Segmented
images show significantly more deposited Li on an anode surface
charged to 50% SOC with 1C than for an anode charged to 30%
SOC with 1C. In quantitative numbers, we found 4.15% and
32.5% of the surface covered with deposited Li for 30% SOC and
50% SOC, respectively. Note that with the microscopic top-view
images, we are not able to get reliable information about the
thickness of the deposited Li, and thus, a quantification of the
total amount of Li plated is not possible.

3. Conclusion

In this work, high-resolution microscopy under an inert gas
atmosphere was utilized to gain further insights into the lithia-
tion and Li deposition mechanisms in graphite anodes for LIBs.

We were able to show that, unlike the visual impression of a
homogeneous color we get frommacro images of electrodes, at a
microscopic scale, different lithiation stages are coexisting even
within single particles, and even at low C-rates. At high C-rates,
lithiation becomes more inhomogeneous and high Li stages such
as LiC6 are locally visible already at a SOC of 30%. This indicates
“hotspots” of lithiation, which most likely serve as nuclei for Li
deposition. This effect is even more pronounced when charging
the electrodes to 50% SOC.

As expected, Li deposition starts at a microscopic level with
spot and needlelike deposits in the range of a few micrometers.
The Li deposits can mostly be found on top of LiC6 particles,
which supports the theory of high Li phases serving as nuclei
for Li deposition. However, it cannot be ruled out that this visual
appearance is partly affected by re-intercalation of deposited Li
into the graphite.

The quality of the images significantly surpasses that of in situ
optical studies and allows for colorimetric analysis and ML-based
image segmentation to quantify the phases and their evolution.
The results show a clear correlation between the hue value, the
applied C-rate, and the achieved SOC.

The combination of high-resolution optical microscopy with
ML-based and colorimetric analysis is an advantageous and pow-
erful tool to investigate the lithiation of graphite and gain a com-
prehensive understanding of the influence of C-rate and SOC on
the graphite lithiation and Li deposition behavior. Compared to
XRD, glovebox optical microscopy provides a significantly higher
spatial resolution. Additionally, optical microscopy focuses on
where Li deposition starts and actually takes place, namely,
the anode surface. XRD, in contrast, provides information that
also comes from the bulk of the sample. However, the situation
in the bulk is much less relevant to the question of Li deposition
than the situation on the surface. This is also indicated by the
electrochemical measurements. Although the electrode as a
whole is still far below 100% SOC, we already find significant
Li depositions on the surface since gradients in Li-concentration
cannot be leveled fast enough.

With the described glovebox optical microscopy setup and
workflow, we were able to establish a base for further studies
to examine also the influence of electrode properties e.g., layer
thickness and porosity, as well as materials properties such as
graphite type or particle size.

4. Experimental Section

Cell Setup and Electrochemical Tests: The experiments were carried out
using graphite anodes coated in ZSW’s pilot line with an area capacity of
3.1 mAh cm�2, a loading of 8.7 mg cm�2, a porosity of 42.4� 0.3% and a
density of 1.3 g cm�3. The anodes were also used in previous studies.[79–82]

The anode properties are described in detail by Flügel et al.[80] The material
manufacturer (Iopsilion, China) listed the specific capacity of the active
material as 355mAh g�1.

All samples were dried in a drying oven at 80 °C under air at ambient
pressure for 12 h. The cell housing type CR2032 was used for all cell tests.
Coin half cells were built in an Ar-filled glovebox (GS;< 0.5 ppm O2

&< 0.5 ppm H2O). Half-cell setup consists of a (graphite) anode
Ø12mm and a Ø14mm Li foil (Sigma Aldrich, 750 μm thickness), with
a GF/A separator Ø16mm (Whatmann plc) and Celgard 2325 (Celgard
LLC) in between. The cells were filled with 150 μl 1 M LiPF6 in EC: DEC
(3 : 7 wt.-%)þ 10 wt.-% VC.

Half-cell testing was done with a BASYTEC CTS-Lab battery tester, and
all cells were set in a climate chamber (Binder) at 23 °C. The formation was
carried out by cycling the cells three times between 1.5 V and 10mV with a
0.1C lithiation in constant current-constant voltage mode (CC-CV) with a
termination criterion of<0.025C and 0.1C delithiation in CCmode. For the
three formation cycles, charge and discharge currents were calculated
using the electrode mass loading and the theoretical specific capacities
given by the supplier. The discharge capacity of the third 0.1C formation
cycle is then defined as the rated capacity of the cell. That capacity is used
to determine current rates for further cycling. For the subsequent inves-
tigations, the cells were lithiated (charged) in CC mode at different C-rates
to different SOCs.

X-Ray Diffraction Experiments: For XRD experiments, a GE Seifert Sun
3003 fast in situ XRD (XRD Eigenmann GmbH) with three Meteor1D
detectors was used. Samples were prepared by gluing the washed and
dried electrodes charged to the different SOCs on a stainless-steel spacer
and sealing them in a PP/PE-coated aluminum pouch foil bag with a
25 μm-thick Kapton window. This bag protects the integrity of the sample
over the time duration of the measurements up to several hours.
Diffraction patterns were acquired between 15° and 110° (2θ) with steps
of 0.013° (2θ) approximately utilizing Copper-Kα radiation (λ= 1.5406 Å)
with the tube set to 35 kV and 50mA.

High-Resolution Light Microscopy: Sample Preparation and Image
Acquisition: The formatted cells were disassembled directly in an Ar-filled
glovebox (GS;< 0.5 ppm O2 &< 0.5 ppm H2O) and the electrodes were
washed with dimethyl carbonate (DMC). Transport to the glovebox and
cell opening took less than 2min.

Surface images of washed and dried anodes were taken with a ZEISS
Axio Observer 7 with an EC Epiplan-Neofluar 100x/0.9 BD objective using
a neutral white (3200 K) LED and an extended depth of field mode inside
the glovebox. The microscope was controlled completely from outside the
GB, and images were always taken at a fixed sample position in the center
of the electrode.

Colorimetric Analysis Based on the Hue and Saturation Values: We used
ImageJ (Fiji)[83,84] for the procedure; however, this can be done by almost
every image processing and analysis software, which is an additional
advantage of our approach. For the analysis, the images were converted
from the (RGB) red, green, blue color space into the (HSL) hue, saturation,
luminance color space. Subsequently, the hue and saturation channels of
the image were separated, and the histograms for each channel were cal-
culated. Two distinct regions of the hue value were identified (0–30 for
region 1, 135–165 for region 2) and the mean value of each peak was cal-
culated by integrating the peak height over the hue value.

ML-Based Phase Analysis: ZEN Intellesis was used for segmentation and
phase analysis based on the original RGB images. This was done using
pixel classification based on ML algorithms. We created a segmentation
model using training data in the form of the images in this publication.
During training, precise labeling and covering distinctive regions and espe-
cially boundaries for each phase were prioritized. The labeled pixels were
then characterized by a feature vector of 50, and the model was used to
segment single images.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2025, 2500181 2500181 (10 of 12) © 2025 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aesr.202500181 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [28/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors gratefully acknowledge the support of the German Federal
Ministry of Education and Research (BMBF) within the project
CharLiSiKo (grant no. 03XP0333) as part of the AQua-Cluster. In addition,
the authors want to thank Dr. Ute Golla-Schindler for providing the EDS
Measurements with a windowless Bruker Extreme Detector at Aalen
University. Publication funded by Aalen University of Applied Sciences.

Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
colorimetric analysis, high-resolution light microscopy, Li plating
quantification, lithium-graphite intercalation phases, lithium-ion cells

Received: May 2, 2025
Revised: July 30, 2025

Published online:

[1] J. B. Goodenough, K.-S. Park, J. Am. Chem. Soc. 2013, 135, 1167.
[2] T. Waldmann, B.-I. Hogg, M. Wohlfahrt-Mehrens, J. Power Sources

2018, 384, 107.
[3] X. Hu, L. Xu, X. Lin, M. Pecht, Battery Lifetime Prognostics, Joule

2020, 4, 310.
[4] S. P. Rangarajan, Y. Barsukov, P. P. Mukherjee, J. Mater. Chem. A

2019, 7, 20683.
[5] Y. Liu, Y. Zhu, Y. Cui, Nat. Energy 2019, 4, 540.
[6] B. Ng, P. T. Coman, E. Faegh, X. Peng, S. G. Karakalos, X. Jin,

W. E. Mustain, R. E. White, Energy Mater. 2020, 3, 3653.
[7] T. Waldmann, J. B. Quinn, K. Richter, M. Kasper, A. Tost, A. Klein,

M. Wohlfahrt-Mehrens, Post-Mortem Electrochemical, J. Electrochem.
Soc. 2017, 164, A3154.

[8] Q. Liu, C. Du, B. Shen, P. Zuo, X. Cheng, Y. Ma, G. Yin, Y. Gao, RSC
Adv. 2016, 6, 88683.

[9] R. V. Bugga, M. C. Smart, ECS Trans. 2010, 25, 241.
[10] Z. Li, J. Huang, B. Yann Liaw, V. Metzler, J. Zhang, J. Power Sources

2014, 254, 168.
[11] W. Lu, C. M. López, N. Liu, J. T. Vaughey, A. Jansen, W. Dennis,

J. Electrochem. Soc. 2012, 159, A566.
[12] J. R. Dahn, Phys. Rev. B 1991, 44, 9170.
[13] M. Heß, P. Novák, Electrochim. Acta 2013, 106, 149.
[14] D. Billaud, F. X. Henry, Solid State Commun. 2002, 124, 299.
[15] J. Hattendorff, S. Seidlmayer, H. A. Gasteiger, R. Gilles, J. Appl.

Crystallogr. 2020, 53, 210.
[16] K. Richter, T. Waldmann, N. Paul, N. Jobst, R. Scurtu, M. Hofmann,

R. Gilles, M. Wohlfahrt-Mehrens, ChemSusChem 2020, 13, 529.

[17] V. Zinth, C. Von Lüders, J. Wilhelm, S. V. Erhard, M. Hofmann,
S. Seidlmayer, J. Rebelo-Kornmeier, W. Gan, A. Jossen, R. Gilles,
J. Power Sources 2017, 361, 54.

[18] S. Migge, G. Sandmann, D. Rahner, H. Dietz, W. Plieth, J. Solid State
Electrochem. 2005, 9, 132.

[19] J.-C. Panitz, F. Joho, P. Novák, Appl. Spectrosc. 1999, 53, 1188.
[20] R. Juza, V. Wehle, Naturwissenschaften 1965, 52, 560.
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