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Heterogeneity of Graphite Lithiation in State-of-the-Art

Cylinder-Type Li-lon Cells

Dominik Petz,®" Martin J. Miihlbauer,® <% Alexander Schokel,™ ® ¢ Klaus Achterhold,”
Franz Pfeiffer,” 9 Thilo Pirling,"” Michael Hofmann,”® and Anatoliy Senyshyn*®

The two-dimensional lithium distribution in the graphite anode
was non-destructively probed by spatially resolved neutron
diffraction for a batch consisting of 34 different cylinder-type
(18650) Li-ion batteries in fully charged state. The uniformity of
the lithium distribution was quantified and correlated to the
cell specifications/electrochemistry and to intrinsic cell parame-
ters like electrode thickness, position of current collectors, etc.
which were obtained by X-ray micro-computed tomography.
Non-uniformities in the lithiation state of the anode from a

[a] D. Petz, Dr. M. J. Miihlbauer, Dr. A. Schékel, Dr. M. Hofmann,
Dr. A. Senyshyn
Heinz Maier-Leibnitz Zentrum (MLZ)
Technische Universitdt Minchen
Lichtenbergstr. 1, 85748 Garching, Germany
E-mail: anatoliy.senyshyn@gmail.com
[b] D. Petz
Lehrstuhl fiir funktionelle Materialien, E13
Technische Universitdt Minchen
James-Franck-Str. 1/l, 85748 Garching b. Miinchen, Germany
[c] Dr. M. J. Miihlbauer
Helmholtz-Institute Ulm for Electrochemical Energy Storage (HIU)
Karlsruhe Institute of Technology (KIT)
P.O. Box 3640, D-76021 Karlsruhe, Germany
[d] Dr. M. J. Miihlbauer, Dr. A. Schékel
Institute for Applied Materials (IAM)
Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1,
76344 Eggenstein-Leopoldshafen, Germany
[e]l Dr. A. Schokel
Deutsches Elektronen Synchrotron (DESY)
Notkestr. 85, 22607 Hamburg, Germany
[fl Dr. K. Achterhold, Prof. F. Pfeiffer
Department of Physics & Munich School of Bioengineering
Technische Universitdt Minchen
James-Franck-Stral3e 1, 85748 Garching, Germany
[g] Prof. F. Pfeiffer
Department of Diagnostic and Interventional Radiology
Munich School of Medicine and Klinikum rechts der Isar
Ismaninger Str. 22, 81675 Munich, Germany
Dr. T. Pirling
Institut Max von Laue - Paul Langevin (ILL)
71, Avenue des Martyrs,
38043 Grenoble Cedex 9, France
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/batt.202000178
© 2020 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

[h

> 0

Batteries & Supercaps 2021, 4, 327-335 Wiley Online Library

constant plateau have been observed for the majority of the
studied cells. Their location corresponds to the positions of
current tabs connecting the electrode stripes and areas of
incomplete electrode coating at the beginning and the end of
the electrode stripes. Four commonly used schemes of current
lid connection were identified. Each of them displays its own
effect on the uniformity of the lithiation at the anode and,
therefore, variation of the intrinsic state-of-charge distribution
and, most probably, the ageing behavior of the electrodes.

1. Introduction

Energy storage media based on Li-ion technology are peaking
in their popularity for power and energy supply and imple-
mented/embedded in wearable and portable electronics,
cordless and communication tools and/or electric drivetrains.
Such a broad range of applications for Li-ion batteries and their
day-to-day use bring lifetime, cycling stability and safety issues
to the same level of significance as energy and power
density." It is well known that lithium ion batteries lose part
of their capacity upon cycling and due to calendar aging, which
involves different fading mechanisms, e.g. loss of movable
lithium, electrolyte decomposition and degradation of active
electrode material, which is supplemented by an increased
internal resistance of the cell, thus reducing efficiency.”” It is
worth to note that the majority of fading mechanisms
accompanying standard cell operation are heterogeneous in
their nature.®” This can be illustrated by a simple consider-
ation: for example, the rate of reactions occurring in lithium-ion
batteries are highly temperature dependent;® cell charge/
discharge (as a source of non-uniform current density
distribution)®'? produces temperature gradients in different
cell parts,"¥ leading to different reaction rates, and by this, to a
difference in fading. The heterogeneous character of cell
operation leads to a non-uniform lithium-ion distribution inside
the cell,"*"™ which affects the cell performance, lifetime and
safety.

The use of battery modules equipped with thermal
management systems further adds to the complexity of
predicting and describing the reaction mechanisms. Further-
more, in order to reach an optimum volumetric energy density,
modern lithium-ion cells are manufactured in various shapes. A
clear trend towards an increase of capacity on the single cell
level can be observed, where issue of cell uniformity and
relevant tools for its studies gain in importance. Lithium-ion
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batteries are closed electrochemical systems, which can easily
be driven out of their thermodynamic equilibrium and change
their state upon opening (by, e.g., redox reactions of electrode
material, evaporation of the electrolyte, change of mechanical
pressure, modified wetting conditions and electrical contacts of
the electrodes and so on). Therefore, battery R&D requires non-
destructive experimental techniques capable to deliver infor-
mation under real operating conditions. As such, an in situ
technique capable to unambiguously determine the lithiation
grade of the electrodes without cell disassembly is desirable.

Another important aspect is that the technique should be

capable to deliver depth information in order to probe its

spatial distribution. Among the variety of non-destructive
techniques, neutron scattering (especially diffraction) is partic-
ularly suited due to numerous advantages:

- Neutrons are weakly interacting with matter in general,
which leads to high achievable penetration depth and, thus,
enables studies of bulky samples or objects in complex
environments.

- The wavelength of thermal neutrons is comparable to
interplanar spacings in crystal structure, enabling accurate
neutron diffraction studies. The atomic form factor is
independent from sin(®)/A because of the interaction with
the nuclei, which results in accurate structure factors and,
correspondingly, high quality structural data.

- Neutrons are not only isotope-sensitive, but also show large
variation of scattering length, i.e. light elements can be
localized next to heavy ones because of their distinctly
different scattering cross sections. Therefore, neutron diffrac-
tion displays an enhanced sensitivity to light atoms (includ-
ing lithium) and to transition metals making it complemen-
tary to X-ray diffraction, scattering and absorption. An
isotope contrast can further improve the sensitivity and
localization power, e.g., using isotope markers.

Neutron scattering is actively explored in battery research
and, indeed, neutron diffraction is one of the most commonly
used technique in the field. It offers a non-destructive way to
assess the lithiation degree of anode and cathode, which is
reflected by the response of the crystal structures on the
momentary state-of-charge (SOCQ)"® and state-of-health
(SOH)." Such kind of in situ neutron diffraction studies are
performed on Li-ion cells of different designs, either
laboratory"™®?" or commercial®?? type. In recent years a
number of neutron diffraction studies dedicated to the
lithiation of either positive or negative electrode materials,>=>"
aging behavior®>3¥ and effects of temperature.®**!

The majority of the above-mentioned reports focuses on
the structure evolution obtained by integration over a large cell
volume, assuming the studied cells to be uniform. Literature on
the experimental studies of lithium uniformity on the cell level
is quite limited: Cai et al.®® reported a non-uniform degradation
in large format pouch bag cells using time-of-flight neutron
diffraction as a local probe; Yu et al.*” proposed an approach
for simultaneous studies of local temperature, SOC and strain.
A method for probing the 2D lithium distribution in the
graphite anode using monochromatic neutron diffraction
(alternative to time-of-flight neutron diffraction) was proposed
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in literature.®® The method was successfully applied to monitor

the lithium distribution in four 18650-type cells adopting
different configurations of current tabs' and to probe the
lithium distribution in variously fatigued high energy lithium
cobalt oxide LCO|C®” and high performance lithium nickel
cobalt aluminum Oxide NCA|CP? cells. Recently, an attempt to
localize and quantify the electrolyte in frozen state was made
by a similar experimental approach at low temperatures.®” The
lithium distribution has been found strongly affected by the
configuration of the current tabs and by the cell SOH leading
to an increasingly heterogeneous character of cell fatigue.
Besides neutron diffraction there is a number of neutron-based
scattering and spectroscopic techniques capable to localize
lithium (e.g., neutron depth profiling,*” neutron imaging,*!
neutron reflectometry®”’ and small/wide angle neutron
scattering,”*? etc.), where neutron diffraction seems to be the
optimal solution for non-destructive studies of assembled cell
and spatial resolution on mm scale.

Therefore, previous studies"” were extended to a larger
batch of cylinder cells of different type. The aim of the current
work is to establish a correlation between the experimentally
determined spatial distribution of lithiumxin lithiated graph-
ites Li,Cg, the electrochemical performance of the cell, i.e. its
capacity and/or nominal currents as well as details of the inner
cell organization and morphology like electrode thickness,
position of current tabs, etc. In the frame of the current study a
batch consisting of 34 different cells was investigated, where
their cylinder type (18650) shape, rolled electrode stacks and
graphite anode were common criteria for the cell selection.

Experimental Section

Galvanostatic cell cycling

The batch of 18650-type Li-ion secondary cells was composed of
various types produced by different manufacturers. Their electro-
chemical characterization was carried out using a Neware BTS4000
multichannel potentiostat applying constant current (CC) discharge
and constant current constant voltage (CCCV) charge protocols. For
sake of comparison to previous data and to minimize the effects
driven by relaxations and drifts on the cell parameters, the applied
current in the CC part of charging/discharging was set to 400 mA
and the cut-off current in CV region was set to 1% of the nominal
1 C current (different for each cell type). Cell-specific voltage
windows were applied, where the lower and upper voltage
boundaries were taken from the nominal voltage values provided
by the cell manufacturers. An overview of the cycling parameters is
given in Table 1.

X-ray computed tomography

A high-resolution phoenix v|tome|x 240s system was utilized for
characterization of the cells by X-ray micro-computed tomography
(X-Ray microCT). The acceleration voltage was set to 130 kV and
the current to 100 pA either using direct or transmission tube. Data
collection was performed using a CCD detector, DXR-250RT General
Electric, with a Csl scintillator of 700 mm thickness, an active area
of 1000x 1000 pixels and a pixel size of 200 um x 200 pm. For each
cell 1001 projections (X-ray radiography images) were produced
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during full cell rotation over 360°, corresponding to an angular
step of 0.36° between two projections. A single projection was
averaged over three single exposures of 2000 ms each. Data
reconstruction was performed using phoenix datos|x software. The
analysis of the reconstructed stacks was carried out using
Imagel.”

Spatially resolved neutron diffraction: experimental setup

Spatially-resolved neutron powder diffraction data on the selected
Li-ion batteries were collected at the materials science diffractom-
eter STRESS-SPEC*" at the research reactor FRM Il (Heinz Maier-
Leibnitz Zentrum, Garching, Germany) and the engineering diffrac-
tometer SALSA™ (Institut Laue- Langevin, Grenoble, France). For
the spatially - resolved neutron diffraction experiments, the
diffraction signal was collected from the scattering (“gauge”)
volume defined by neutron optics, where the dimension of the
volume is typically much smaller than the size of the studied
object. By moving the sample different regions can be irradiated
and finally a spatially resolved distribution of structural properties
can be reconstructed. A photo and a sketch of the utilized
experimental setup is shown in Figure 1a-b, where the incoming,
diffracted and transmitted neutron beams, which define the gauge
volume, are depicted. The monochromatic neutron beam with a
wavelength of A~ 1.6 A is limited to 2 mm in width and 17 mm in
height in front of the sample using a slit system. In all cases, the
data collection was performed at the center part of the battery in a
plane perpendicular to its cylinder axis. The active volume of the
studied cells can be approximated by two concentric cylinders,
where the first one corresponds to the cell housing and the second
one to the center pin. All relevant battery components like
electrode coating materials, current collectors and separators are
approximated to form an isotropic medium delivering a diffraction
signal at a desired angle 26. A radial collimator with an acceptance
width of 2 mm selects the scattered signal and defines the
horizontal cross section of the gauge volume. The achieved
distribution of the gauge volumes (points at which diffraction
patterns were collected) is depicted in Figure 1b. A 2D position
sensitive neutron detector (*He multiwire proportional chamber)
with an active area of 256 x 256 mm? was used for data collection
at a sample-to-detector distance of 1056 mm located at a central
scattering angle of 26 deg 26. The exposure times per diffraction
pattern (per gauge volume) were varied within several minutes
depending on the depth of the gauge volume location. After data

radial .~
collimator .~ /
diffracted
beam

gauge
volume

beam
stop transmitted
detecl:r’ |T{// beam

incoming neutron

corrections for detector nonlinearities, geometrical aberrations and
curvature of diffraction rings, the data was integrated into normal
1D diffraction patterns (intensity vs. 26 angle, Figure 1c). The
utilized experimental setup was very similar at STRESS-SPEC and
SALSA. The only difference was: for positioning of the cell with
respect to the incoming and the diffracted beam, linear and
rotational stages were used at STRESS-SPEC, whereas at SALSA a
hexapod (Stewart platform) was utilized. An effectively smaller
gauge volume was achieved at SALSA due to a radial oscillating
collimator with 1 mm horizontal field-of-view. The detector at
STRESS-SPEC had higher 260 x v coverage (256%x256 mm?)
compared to SALSA (80 x 80 mm?).

Spatially resolved neutron diffraction: data evaluation

The central angle of the flat detector at 260 =26° had been chosen
to collect the evolution of the diffraction signal from two lithiated
carbons - stage | (LiCs) and stage Il (LiC,,), where corresponding
001 and 002 reflections are typically present in charged batteries.
Crystal structure of stage | and stage Il responds weakly on
lithiation so that their structure factors and cell volumes can be
assumed SOC independent. The relative fraction of the two phases
can be used to determine the lithiationxin Li,Cs, which has been
found extremely sensitive to state-of-charge, state-of-health and
temperature and, thus, is often used for monitoring the cell
performance.'*"7%4 The 001 and 002 reflections for LiC, and LiC,,
are well separated in 26, characterized by high intensity and are
well suited for the calculation of the relative phases of stage I/stage
IIl. Molar quantities were calculated as n = I [V/Fp] lo/M], where
I,y represents the observed intensity of the Bragg reflection with
Miller indices hkl, F,, is the corresponding structure factor, V is the
unit cell volume, M is the molar mass and p corresponds to the
density. The molar phase ratio y = nL,-Cs/(nL,-C‘S + nL,CQ) can be
transformed to a relative lithium concentrationxof the lithiated
graphite anode Li,C; with x =1/(2 — y). Thusxyields 1 for pure
stage | with y = 1 and x = 0.5 for pure stage Il and it can be used
as a measure for the SOC. Typically the 001 reflection for LiCg
vanishes at SOC < 50 %, so that x in Li,Cs cannot be unambiguously
determined. For the current study of cells in fully charged state at
least traces of the LiCs 001 reflection were present throughout all
collected datasets. No signal from low lithiated graphites (LiC,- ;,)
were noticed for the studied cell series with the given instrumental
peak and spatial resolution.

» experiment
b) B < 10 c) simulation
N cell > LiCg 001
ousing 3
. ) ({é 08 LiC,, 002
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electrodes N
=
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Figure 1. Photo of experimental setup (a); scheme of neutron flight path of incoming, diffracted and transmitted beam in the spatially-resolved diffraction
experiment (b) along with the sketch of studied gauge volumes and the scanned area; example diffraction pattern taken from the gauge volume showing LiCg4

001 and LiC,, 002 reflections (c).
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2. Results and Discussion

Relevant cell parameters are listed in Table 1. In the current
study the cells were cycled at 400 mA, which is much smaller
than the nominal charge/discharge current recommended by
the cell manufacturers. Nevertheless, despite the relatively
“mild” cycling conditions, the obtained cell capacities were
generally less than the nominal capacities specified by the cell
manufacturers by 5% in average. No clear correlation between
capacity differences and other cell parameters could be found
on first glance.

From Table 1 it can be seen that the cell capacity displays a
complex correlation character to the voltage window, charge/
discharge currents, thickness of electrodes, etc. The correlations
can hardly be drawn by direct comparison, but become evident
when the electrical transport in the cells is included into
consideration. As mentioned in Ref. [14], the current tabs/lids
play a crucial role for the cycling performance of the battery.
The position of the electrical connection to positive and
negative current collectors defines the shape of the current
distribution along the electrode stripe and determines the
maximum allowed cycling (discharge) current. Temperature is
another factor defining the magnitude of the current: the area
where a current tab is electrically connected to a current
collector becomes significantly heated due to resistive current
losses (Joule heating), in comparison to the rest of the cell.
Therefore, applications of extensively high discharge currents
can hardly be achieved using a single current tab at the
negative current collector and, therefore, two or more current
collectors are often required on the anode side. It is worth to
note that besides the electrode length the current density does
also affect the lithium distribution over the thickness either on
positive™® or negative® electrodes. When no current is applied
the instantaneous lithium distributions are relaxed to an
intermediate lithium concentration, where time constants
depend on the applied current density.””

The tab configurations were extracted non-destructively
using X-ray microCT, where the number of current tabs, their
dimensions and positions in the stack were determined. Four
connection schemes were observed utilizing either two — or
three - tab connections to the current collectors'. In cells with
three-tab connections two negative (“—") current tabs to the
anode were present against one positive (“+") current tab at

the cathode. In all studied cells at least one “— “ current tab
was contacted at the outer end of anode stripe and to the cell
housing. In cells adopting three-tabs another “— “ current tab

was placed at the opposite end of the anode stripe and the “ +
" current tab was located at the middle of the electrode stripe
(Scheme 3). In the two-tab schemes the “+" tab was observed
either at the center pin connecting the cathode stripe at its

'Ten out of 34 studied cells had three current tabs.

2Current tabs utilized in Scheme 4 are short and, therefore, not visible in the
collected diffraction data of the middle of the cell height.

*Except cell 20, where the current tab at the negative collector has been
found longer and cells 8 and 30 exhibiting nearly equally long current tabs
at positive and negative current collectors.
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opposite (inner) end (Scheme 1) or at the middle of the stripe
(Scheme 2). As mentioned in Ref.[14], the connection of the
electrode stripes via Scheme 1 usually produces a more
uniform current distribution than Scheme 2 with the current
supply at the middle. Interestingly, no preferences to one or
another connection scheme was noticed (Scheme2 was
realized in 11 out of 34 cells; Scheme 1 in 12 out 34). Cell 34, a
high power LiFePO,-based cell from A123, is characterized by a
unique connection configuration (Scheme 4), where the pos-
itive and the negative current tabs both are connected in the
middle of the positive and the negative current collectors/
electrodes’ leading to a configuration potentially providing the
lowest internal resistance.

The surface uniformity is affected by the current tabs.
Besides the number and the position of the current tabs, their
length is another crucial parameter defining the maximum
current flow and the out-of-plane (vertical) uniformity of a
18650-type cell. Analysis of the current tab dimensions yielded
a few empirical relationships:

- Cells suited for nominal discharge current above 15 A have
two current tabs at the negative electrode;

- Length of “positive” current tab is linearly proportional to
the applied currents;

- All studied cells can be split into four groups adopting a
specific relationship between the length of the positive and
the negative current tabs.

Indeed, X-Ray microCT revealed, that current tabs at the
positive electrode have a length typically varying from 4.90 to
5.68 mm. In general, current tabs at the negative electrode
(either single or double) are shorter’ and their length is
proportional to the ones at the opposite electrode (see
Figure S1-S2). The analysis of length ratios of the current tabs
displays several discrete values, which are characteristic to the
cell manufacturer and the number of current collectors in the
cell. There is a certain relationship between the cell capacity
and the way how the current collectors are connected (Fig-
ure S3): in accordance with Table 1 the 18650-type cells built
on Scheme 1 are suited for low power applications and are
characterized by capacities in the range of 2000-3000 mAh;
highest cell capacities are achieved applying Scheme 2;
Schemes3 and 4 are justified for cells in high power
applications.

Another important parameter is the electrode thickness,
which tunes the cell-specific C-rate capability and capacity.
Thicknesses of the complete electrode stack including separa-
tor, negative and positive battery electrode coating and current
collectors are listed in Table 1; thickness vs. discharge C-rate
dependence is plotted in Figure S4. It can be seen that the
electrode thickness in high power 18650-type cells (built either
via Scheme 3 or 4) does not exceed 300 um. For cells with
electrodes connected via Scheme 1, the typical thickness of the
electrode stack is spread from 300 to 390 um, whereas the
thickest electrode stacks (up to 420 um) are found in cells using
Scheme 2, which leads to the highest cell capacities.

The lithium concentrations obtained by spatially-resolved
neutron powder diffraction are depicted in Figure 2 by false
colors for all studied 18650-type cells. All data were collected at
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Figure 2. Lithium concentration in the graphite anode of different 18650-type cells. Data were taken at middle height. Lithium concentrations are presented
by false colors, color scheme and scales are chosen to be the same for all cells. Negative and positive current tabs are presented by the black bars inside the
concentration plots; blue and red colors correspond to anode and cathode current tabs. Schematic representation of electrode connections according to
Schemes 1-4 is represented at the upper left corner.
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Figure 3. Spider chart diagrams of statistical parameters defining the lithium distribution (a), amount of the constant concentration plateau in the distribution
histogram (Figure S5) (b), distribution of a plateau-quality parameter 77/w over the studied 18650-type cells (c) and its correlation to discharge C-rate and

electrode connection Schemes 1-4 (d).

the center height of the 18650-type cell. The anode and the

cathode current tabs, obtained from X-ray CT, are depicted by

black bars in the concentration plots with blue and red marks

(corresponding to negative and positive electrodes) in the cell

schematics. The obtained 2D distributions of lithiation levels

have been found very different in shape and magnitude. The
studied cells are suited for different applications and therefore
adopt different cell chemistries and are specified for a variety
of cycling currents. Different cell balancing along with an

individual initial capacity loss during cell formation leads to a

non-trivial correlation between cell capacity and lithiation of

the anode*.

Each cell displays its unique lithium distribution, which is
characterized by a certain degree of heterogeneity, never-
theless several systematic observations can be listed:

(I) at places, where current tabs are attached to electrodes,
clearly reduced graphite lithiation is observed, which can
be attributed to a lack of electrode coating at these
positions. Similar regions occur at the beginning and the
end of each electrode stripe due to missing electrode
coatings.®?

() cells with electrode connections according to Scheme 1
and 2 display the most uniform lithium distribution—
characterized by a clearly defined 2D plateau behavior;

(I lithium non-uniformities at the center of the electrode
stripes are observed for cells with electrode connection of
Scheme 2 and 3, where the area of the observed non-
uniformities was quite different.

Observation (lll) is to a large extent affected by the spatial
resolution of the experimental setup. Nevertheless, the pres-
ence of rather “narrow” non-uniformities in the middle of the
electrode roll of cells 4-5 to highly non-uniform cases (ring
shaped) as in cells 15, 19, 26 or 27, point to the real character
of heterogeneous distribution in these cells. Furthermore,
statement (I) has to be extended by considering the temper-
ature: near the current tabs the highest current density and,

“Excess of carbon used for cell balancing purposes was determined on the
basis of observed cell capacities and experimental lithium concentrations in
the graphite and is listed for each cell in Table 1 (column 20).

*An isotropic lithiation level x in Li,Cs for the entire anode is expected to
reach an equilibrium state after charging with extended CV with low current
cut-off values, e.g., |. < Q/100 or less
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correspondingly, the highest temperature is supposed to occur
being a potential reason for non-uniformity.

A more detailed analysis of the 2D lithium distributions
presented in Figure 2 requires quantitative indicators capable
to characterize the properties of the distribution, its uniformity
and conformity. In Ref. [32], several statistical parameters were
proposed to characterize the observed 2D distribution, namely
the mean value and its standard deviation describing the
average lithium concentration <x;>, the median of the
distribution and the plateau value x,. As recently shown, these
statistic indicators perform well for a set of variously aged cells
belonging to a common cell type and the same batch.
However, practice shows that “mean”, “median” and “plateau”
parameters obtained for different cell types cannot be corre-
lated directly to other cell properties listed in Table 1 due to
different chemistries, balancing and irreversible capacity loss
upon cell formation. A direct comparison, consequently,
requires a more generalized approach. For example, instead of
using integral statistical parameters, the uniformity of the
distribution can adequately be quantified by the analysis of
distribution histograms. The histograms of the lithium distribu-
tions displayed in Figure 2 are shown in Figure S5. Their shape
is significantly different from a d-function expected for an ideal
uniform system®. Instead of that it can be represented by a
main peak corresponding to the constant lithiation plateau and
a broad hump caused by non-uniformity. The plateau peak was
fitted with a gaussian to obtain the estimate forxin Li,C, for
the plateau value corresponding to the peak position x., and
the homogeneity of the plateau — width of the peak w. Degree
of homogeneity corresponding to the amount of plateau area
in the whole histogram was calculated as 7 = A,/A., where A,
is the integral intensity of the gauss fit and A, = [ histogram is
the integral over the whole histogram.

The x. parameters were obtained for each cell (see Table 1)
and are plotted in Figure 3a together with “mean” and
“median” indicators in the form of a “spider” chart. All three
indicators are very close with the best agreement between x,.
and the “median” values. Besides x. and w describing the
constant concentration plateau and its “width”, the integral
uniformity parameter 1 was estimated for each cell and are
plotted in Figure 3b. A list of cells (Nr. 13, 2, 14, 33, 17) is yield
where a uniform plateau-like behavior is dominating. Accord-
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ingly, evaluation of “1-n” (Figure S6a) creates a list of cells with
the most heterogeneous lithiation levels (22, 23, 15, 8, 9), where
no obvious correlation to cell capacity, nominal discharge
current, electrode thickness etc. (Figure S6) can be established.

Even in cells with a dominant plateau region the lithiation
plateau is often not ideally flat (constant), i.e. its perfectness is
determined by the width w; (Figure S6c) defining its deviation
from the constant. Again, several cells with relatively high w
can be identified (Nr.21, 24, 17, 1, 16) along with the list of
cells (3, 6, 12, 31, 25) where deviations of the plateau values are
minimal. Based on this, a plateau-quality parameter 7/w
(Figure 3¢) can be proposed®, which is an area fraction of the
plateau with respect to its “width”. The best plateau-quality
parameters were observed for cells 12, 3, 31, 6, 25.

A closer look on the cell properties revealed a clear
correlation between plateau-quality parameter, location of the
lids and discharge current (Figure 3d). Although the rather
qualitative fitting approach, the results in general have been
found in good agreement with Figure 2. One can notice that
cells built according to Scheme 1 are characterized by the best
defined plateau of constant lithium concentration. Electrode
connection schemes 2-4 generally lead to a more heteroge-
neous behavior resulting in a non-uniform spread and less
pronounced concentration plateaus, which might be an inten-
tional compromise maintaining internal cell resistance low.

3. Conclusions

A number of 34 Li-ion cells of 18650-type from different
manufacturers was studied. The chosen cells were based on
different cell chemistries and were designed for different
applications, charge currents, protocols and voltage windows.
Common features of the studied cells are their cylinder type
shape, rolled electrode stacks and graphite anode, which were
the factors defining the cell selection. The distribution of
lithium in the graphite anode for the set of Li-ion batteries was
probed using a combination of spatially-resolved neutron
diffraction, X-ray computed tomography and electrochemistry.
Studies were performed in fully charged state using low cycling
currents and CCCV charging protocol with small cut-off’.

All studies were performed non-destructively. The cell
layout: thickness of electrode stacks and details of its winding,
position, length and the number of current tabs, center pins,
gas vent and electric contacts were determined for each cell.
Correlations between the number, length and position of
current tabs, thickness of electrode stack, cell capacity and
nominal cycling currents (C-rates) were established.

The 2D lithium distributionxin Li,C; was extracted from
diffraction intensities at the middle height of each cell. The
location of the current tabs and their connection to the

®Obtained distributions of dividend and divisor in 57/w quality parameter (3
and 1/w) are showed vs. C-rate in Figure S7a-b along with their relationship
to each other 1/w vs. 5 (Figure S7c).

7Use of high charging currents and cut-off values would potentially
introduce even larger non-uniformities.
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electrode stripes have been found correlated to the lithium
distribution inside the graphite anode. Four commonly used
schemes of the current lid connection were identified, where
cells with an electrode connection in line with Scheme 1
display the most uniform lithiation; electrode connections via
schemes 2 and 3 lead to lithium non-uniformities at the center
of the electrode stripes: the cell build on Scheme4 is
characterized by the largest non-uniformity with a very narrow
concentration plateau and a vertical gradient of lithium
concentrations.™

The performed experiments suffered from the limited
spatial resolution of the experimental setup for neutron
diffraction, i.e. it would be highly desirable to improve spatial
resolution down to um or even sub um range. A straightfor-
ward approach using the same experimental geometry along
with a drastic reduction of the gauge volume would lead to
scattering signals below the detection limit. Therefore, new
strategies and methodologies of data collection, capable to
add depth resolution to the diffraction data, are highly desired,
e.g. synchrotron radiation using small focused beams or
developing a data collection strategy enabling inverse Radon
transforms and so on.

In summary: lithium uniformity depends on different factors
such as spatial current distribution, electrode morphology,
electrolyte distribution and wetting, state and type of solid-
electrolyte interphase, different kinds of geometrical boundary
conditions etc.. Nature and origin of the underlying processes
defining lithium distribution inside the anode are highly
relevant for building safe, stable and high-performance next
generation Li-ion cells. The current tabs inside the electrode
rolls have been found to positively affect the cycling perform-
ance (C-rates), but cause irregularities in the electrode coating.
This along with incomplete coating of the electrodes at both
ends effects the shape of lithium distribution and define the
islands of heterogeneity limiting the local lithium exchange.
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