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The distribution of lithium inside electrodes of a commercial Li-ion battery of 18650-type with LiFePO, cathode
and graphite anode is investigated on different length scales using neutron diffraction, X-ray (synchrotron-based)
diffraction and X-ray computed tomography. Evolution of 2D (in-plane) lithium distribution in lithiated graphite
is monitored during charge/discharge using millimeter-sized spatial resolution. Micrometer-sized details of cell
organization and lithiation of both the positive and negative electrodes are obtained from diffraction-based to-
mography applying synchrotron radiation. In-situ lithiation of the cathode over its thickness and development

of the lithium concentration front during cell charge/discharge is traced by diffraction-based profiling with a
micrometer-sized synchrotron beam in a single-layer electrochemical cell.

1. Introduction

Lithium-ion batteries enter our daily life more and more since their
commercialization in 1991. Their outstanding energy/power density
compared to other electrochemical energy storage systems available on
the market [1] makes Li-ion batteries dominant in the segment of en-
ergy storage for portable electronics and electric drivetrains. Despite its
overall popularity the Li-ion technology still raises certain concerns, e.g.
in terms of safety [2] and performance fading [3].

The safety of Li-ion cells depends on a variety of microscopic factors
maintaining the integrity of the cell. Chemical, mechanical and mor-
phological uniformity of the cell components is crucial for optimiza-
tion, estimation and prediction of cell parameters and cell behavior
during standard operation and misuse. “Real-life” cells are complex,
closed systems exhibiting non-uniform distributions of lithium, elec-
trolyte, salt or other components that highly depend on the state-of-
charge (SOC) of the cells and properties like capacity, current, tem-
perature, pressure, etc. Cell aging leads to the development of a het-
erogeneous distribution of battery parameters, which are often hard to
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predict by modeling and require experimental input based on complex
characterizations.

Selected methodologies for probing the uniformity of cell compo-
nents are briefly reviewed in Ref. [4]. A number of microscopy [5],
spectroscopy [6] or scattering-based [7,8] techniques can be applied
for ex-situ analysis of cell components, mainly active electrode materi-
als. If non-destructive methods have to be applied (due to closed system
features), imaging [9,10] and diffraction experiments [11] using either
neutrons or synchrotron radiation are the optimal choice to examine
instrument-adopted test cells [12] or commercially available large for-
mat Li-batteries [13,14]. In recent years a number of methods to com-
bine imaging and diffraction have been developed, either in the form
of Bragg-imaging [15], spatially-resolved diffraction [16] or computed
tomography using an X-ray diffraction signal (XRD-CT) instead of at-
tenuation (X-ray CT) [17]. The XRD-CT method has created a kind of
new non-destructive insight with unprecedented sensitivity and contrast
[18-20] and is currently under active development.

When classifying Li-ion cells according to lithium uniformity, it was
shown [21,22] that cells optimized for high-power applications display
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a systematically higher lithium heterogeneity level compared to high en-
ergy cells. Among them, the ANR18650-M1A cell, which adopts LiFePO,
(LFP) as cathode and graphite (C) as anode, is quite remarkable: It ex-
hibits an unusual configuration of current lids optimized for low inter-
nal resistance and high-power output resulting in a non-uniform cur-
rent density profile along the electrode stripe; it displays a very narrow
range of constant lithium concentration (plateau) in the fully charged
state and also a cell height dependent lithiation profile. In such cells,
the heterogeneous lithium distribution is a direct consequence of the
cell layout optimized for remarkably high charge/discharge rates (nor-
mal/fast charging 1.5C/4.5C; normal/peak discharging 27C/55C).

Cells of similar type have already been investigated in various stud-
ies using electrochemical characterization and impedance spectroscopy
[23], theoretical simulations [24] and thermophysical characterization
[25]. Details of lithium intercalation in LiFePO, [26,27] and aging
behavior have been investigated using synchrotron radiation (either
in monochromatic [28] or energy-dispersive [29] mode) and neutron
diffraction [30], where a high cycling stability at high charging rates
was observed in LFP|C cells. Recently, a capacity recovery effect of up
to 10% after continuous shallow cycling reported for APR18650-M1A
cells [31] has been attributed to more heterogeneous lithium distribu-
tions in the electrodes during fast cycling.

Therefore, a detailed study of the lithium distribution in high-power
Li-ion batteries based on a LFP|C cell chemistry will contribute to the
improved understanding of the important type of lithium-ion batter-
ies. In the present work we focus on monitoring the uniformity of the
graphite lithiation in a high-power LFP|C cylinder-type cell during cell
charge/discharge as well as probing the lithium distribution in a LFP|C
cylinder-type cell non-destructively on pm scale in the fully charged
state. The work is based on our systematic studies of lithium unifor-
mity in “real-life” Li-ion batteries using a combination of diffraction and
imaging methods along with electrochemical characterization.

2. Experimental methods
2.1. Spatially resolved neutron powder diffraction

A fresh lithium-ion battery (18650-type cylinder, ANR18650-
M1A!, A123 systems) with LFP|C chemistry was electrochemi-
cally charged/discharged, while diffraction data were collected non-
destructively by spatially-resolved neutron powder diffraction.

Cell charging/discharging was carried out using a SP-240 potentio-
stat from BioLogic applying a CCCV-charge/discharge protocol. The con-
stant current was set to 2 A (approx. 2C) for both charging and discharg-
ing between the lower voltage limit of 2.0 V and the upper limit of 3.6
V, covering the full voltage range of the battery. The cut-off current for
the CV phase was set to 55 mA (~C/20) as a good compromise between
cycling time, neutron exposure and cell relaxation. The measurements
started in the fully discharged state.

The spatially-resolved neutron powder diffraction experiments were
carried out at the materials science diffractometer STRESS-SPEC
[32] (FRM II, Garching b. Miinchen, Germany). The incoming neu-
tron beam with a wavelength of 1=1.615 A obtained from a 311 Ge
monochromator was formed to 2 mm width and 17 mm height by a
slit system in front of the sample. A 2D-detector (*He position sensitive,
250x250 mm?, 256x256 pixels) was placed at a distance of 1056 mm
from the sample position and a central angle of ~27° in 26. A radial
oscillating collimator with a fixed field of view of 2 mm was placed in
front of the detector. In combination with the incoming beam, a gauge
volume with a rhomb-like planar cross-section is formed (Fig. S1 a, b).
Combined sample rotation and translation allowed for a relative move-
ment of the gauge volume throughout the whole cell volume, scanning

1 Nominal capacity 1100 mAh (observed: 995-1005 mAh); voltage window
2.0-3.6 V; nominal charge/discharge range (CC) 4/30 A
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a horizontal plane enabling a 2D reconstruction of the lithium distribu-
tion.

The exposure time per pattern was 300 s, while the diffraction data
was acquired continuously during a full cell charge/discharge cycle per
gauge volume. The start and stop points of the data collection per single
gauge volume were externally triggered by the potentiostat. Altogether,
diffraction data were collected for 32 gauge volumes covering half of
the cell (Fig. S1c). Taking into account a rotational symmetry for this
type of 18650-type cell (see cell #34 in [33]), these data are sufficient
for the reconstruction of the phase composition of the lithiated graphite
anode and, correspondingly, the lithium concentration x in Li;Cg. The
evolution of diffraction patterns for selected gauge volumes is plotted
in Figs. S2.

2.2. High-resolution neutron powder diffraction

Structural characterization of the entire cell was performed using the
high-resolution neutron powder diffractometer SPODI (FRM II, Garch-
ing b. Miinchen, Germany) [34,35] and monochromatic neutrons with
a wavelength of 1.5482 A (551 Ge monochromator, vertically focusing,
155 deg. take-off angle). The 18650-type cell was mounted on the sam-
ple table of the diffractometer and the data collection was performed
at SOC = 0 % and 100 % (see Figs. S3). With a sample slit opening
of 40x20 mm (v x h) in front of the sample, the irradiated cell vol-
ume corresponds to ca. 85% of the whole electrode material, where the
diffraction data reflects an average over the irradiated volume. Due to
the different scattering power of the cell components, the contribution
from the LFP cathode to the neutron powder diffraction pattern is rather
small and the majority of the signal is due to graphite, cell housing and
current collectors (Fig. S4).

2.3. X-Ray computed tomography (X-ray CT): attenuation based

The internal cell layout of the studied cell was examined by X-ray
CT using a v|tome|x s 240 tomography scanner (General Electric). The
direct tube was used at a voltage of 130 kV and a current of 100 pA. Data
collection was carried out in cone beam geometry with a high-resolution
amorphous silicon 2D detector (200x200 mm?, 1000x1000 pixels). The
magnification was adjusted to get an effective pixel size of 40 um. For
every sample two data sets of 1001 projections each were collected,
where each projection corresponds to an average of 3 single exposures
of 1000 ms. The reconstruction was performed with the phoenix datos|x
software. Two 3D datasets (top and bottom part) were merged for every
cell using the software ImageJ [36]. The final visualization of the data,
including the separation/segregation and color coding of the different
parts, was carried out in VGStudio MAX from VolumeGraphics.

2.4. X-Ray diffraction radiography (XRDR)

The X-ray diffraction radiography studies were carried out using
synchrotron radiation at the id11 beamline (ESRF, Grenoble, France)
[37] and the P02.1 beamline (PETRA III at DESY, Hamburg, Germany)
[38]. At id11, the experiment was using a photon beam with a wave-
length of A ~ 0.18 A and a diameter of ca. 10 ym. The data collection
geometry was similar to the reported one in Ref. [4]. The scan was per-
formed over the whole cell height with 0.25 mm steps. The 2D diffrac-
tion data were collected using a Frelon position-sensitive detector and
integrated using Bubble package [39]. A typical diffraction pattern is
presented in Fig. S5. Broad reflections with double peak features were
attributed to the pronounced self-collimation effect caused by large sam-
ple/cell diameter. At P02.1 the experiment was carried out using a pho-
ton energy of 60 keV, beam size of ca. 1x1 mm? and sample-to-detector
distance of ca. 2.4 m. 2D diffraction data were collected using a 16-
inch (~409.6 mm) 2D flat panel detector of the XRD 1621N ES Series
(PerkinElmer) with 2048x2048 pixels and a pixel size of 200x200 um?2.
Masking and radial detector integration was carried out using Dioptas
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[40]. An exemplary diffraction pattern is presented in Fig. S5. Besides
this, the evolution of the diffraction signal vs. electrochemical state of
the cell was measured along center lines of the cell in vertical and hor-
izontal direction. A stack of diffraction data with color-coded intensity
is shown in Fig. S6.

2.5. X-Ray diffraction computed tomography (XRD-CT)

The X-ray diffraction computed tomography experiment was carried
out at id15A beamline (ESRF, Grenoble, France) [41]. The photon beam
was focused and shaped down to a beam dimension of 30x30 um?. A
wavelength of 4 ~ 0.18 A was used as a compromise between the ab-
sorption of the sample and the resolution of the diffraction data. 2D data
were collected using a flat PerkinElmer 2D detector with 2048x2048
pixels and a pixel size of 200200 pm2. The XRD-CT data collection
was performed using a standard “scanning” approach (continuous tra-
verse scan and stepped angular scan according to [42]) comprised of
660 translations over the range of [-9.9 : 9.9] mm and 420 rotation
steps covering [-94.5:94.5] deg. A diffraction pattern, obtained by av-
eraging over 660x420 = 277200 collected patterns, is plotted in Fig.
S7d. Radial integration of the dataset was carried out using Bubble soft-
ware [39]. The reconstruction of the integrated diffraction intensities
was performed in Matlab using the embedded inverse Radon transform
algorithm.

2.6. Spatially-resolved X-ray diffraction using conical slits

Spatially-resolved diffraction experiment with conical-slits was per-
formed at the HEMS (P07) beamline (PETRA III at DESY, Hamburg, Ger-
many) [43]. The sample was mounted on a sample goniometer enabling
translation and rotation. A PerkinElmer XRD 1621 fast area detector
with 2048x2048 pixels of 200x200 um? size at a sample distance of
2.403 m was used for data collection. In front of the sample, a slit system
[44] was used to shape the incoming photon beam to a size of 100x100
um2. An optimal wavelength of 1=0.20838 A matching the 001 reflec-
tion from LiCg and the 002 reflection from LiC;, with the first opening
of the conical slits (see Fig. S8a) was chosen. With such configuration,
a needle-like gauge volume of ca. 0.1x0.1x1.03 mm? was selected and
data were collected on the predefined mesh (Fig. S8b).

2.7. Depth-resolved XRD scans using um-sized beam

A piece of the double-coated LFP cathode was extracted from the
18650-type cell and cleaned on one side to obtain a single-coated layer,
which was punched to a circular shape with 2 mm in diameter and
mounted in a compact in-situ cell designed for high-energy X-ray diffrac-
tion. A sketch of the cell in the form of an exploded view is shown in
Fig. S9. The cell was mounted at the sample table of the P21.2 beamline
(PETRA III (DESY), Hamburg, Germany) [45] and aligned using a sili-
con diode in the primary beam. The monochromatic high-energy photon
beam with a wavelength of 1 ~ 0.23 A was focused to 3x6 um? (v x h).
The scan was performed in vertical direction (in accordance with the
scheme shown in Fig. S9) using 2 um steps. 2D diffraction data was col-
lected at each step using a PILATUS 2M detector in continuous mode
with 0.3 s per exposure. Masking and radial detector integration was
carried out using Dioptas [40]. The cell was galvanostatically cycled
with a VMP3 potentiostat from BioLogic in the voltage range of 2.5 -
3.6 V using a current of +10.8 pA corresponding to a C-rate of 1C.

3. Data analysis

3.1. Neutron diffraction

The collected 2D diffraction patterns were corrected with respect
to detector nonlinearities, geometrical aberrations and curvature of the
Debye-Scherrer rings. The corrected 2D diffraction data were integrated
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to get 1D diffraction patterns (intensity vs. scattering angle), whose an-
gular 20 coverage depended on the type of the diffraction experiment.
Rietveld refinement was applied for the high-resolution data sets (Fig.
S3), whereas the limited 26 range in the spatially-resolved neutron pow-
der diffraction experiment (described in Section 2.1) did not enable the
use of Rietveld refinement for the analysis. This method was also not
accessible in the XRDR (Section 2.4) and XRD-CT (Section 2.5) experi-
ments due to the complex peak shape caused by beam self-collimation
on a sample. This limited the analysis procedure to the consideration of
integral intensities, which, if properly analyzed, can be used as sensi-
tive and non-destructive indicators for lithiation of electrode materials
[4]. The diffraction data obtained by neutron scattering is dominated
by the signal from the negative electrode (graphite), whereas the Bragg
peaks characteristic to the cathode are usually stronger in X-ray and
synchrotron diffraction data (Fig. S4).

In the charged state, the x in Li,Cg can be calculated directly from
the diffraction data using integral intensities of the 001 and 002 reflec-
tions for lithiated graphites in stage I (LiCq) and stage II (LiCy,) [33],
respectively. For the sake of simplicity, the obtained mean lithium con-
centration x in Li,Cg can be transferred into the degree of lithiation
(DoL). At 0.5<DoL<1.0 the lithiation of the graphite exhibits a bipha-
sic behavior formed by stage I and stage II [46,47]. At DoL<0.5 the
biphasic mode switches to a quasi-solid solution behavior, which is sup-
plemented by the decomposition of stage I [46,47]. Further delithiation
results in the formation of phases Li, o 5Cq in different mixtures un-
til the lithium-free graphite (Cg = 6C) phase is reached. These changes
in Dol are directly reflected in the diffraction patterns (Fig. S2) in the
form of a modulation of the diffraction intensity and a shift of the Bragg
reflection towards higher scattering angles corresponding to a quasi-
continuous transformation from LiC,, to Cg [46,47]. Since the mixture
of the phases Li,_( 5Cq cannot be resolved in detail from the medium —
resolution diffraction patterns, a simplified and more general approach
needs to be implemented.

Every diffraction pattern obtained in the spatially-resolved neutron
diffraction experiment (Fig. S2) can be unambiguously correlated to the
electrochemical data, e.g. established cell capacity. The relative cell ca-
pacity (represented in SOC by %) in turn is correlated to the DoL of
graphite, where at SOC = 0 % one expects DoL = 0 (pure graphite phase)
and at SOC = 100 % the DoL = 0.838 (maximal value for the stage I and
stage II mixture in the reference data) is obtained using the method de-
scribed in Ref. [33]. Assuming the amount of intercalated lithium to be
proportional to the cell capacity, one can create a lookup table connect-
ing the “mean” diffraction behavior with the DoL, from which the DoL
can also be obtained for mixed phases with Li, . 5C¢ in the solid-solution
range. In the latter case the DoL is also reflected in the scattering an-
gle of the corresponding Li,( 5Cg, phase ranging between 002 of LiCy,
and 002 of pure graphite. The maximum value for the DoL in the solid-
solution range is 0.5 corresponding to the LiC;, phase, in which every
second (50%) layer of lithium between the graphite sheets is occupied.

Both the DoL and the diffraction data (in the form of integrated peak
intensities for a series of phases) can be related by a simple relationship

n, = w;l;

()]

Dy ice Ly <05C6

DoL =

L(20) 2

Npice +0Li, 4 5C6 T 1 Npice 0Li, 4 5C6 T NCg

where the first and second terms in (2) illustrate the biphasic and solid-
solution regimes, I is the integrated intensity of the corresponding phase
(either LiCg, Liy o 5Cg, or non-lithiated carbon Cg). The L is obtained
from the lookup table and it is a coefficient relating to the DoL and the
scattering angle of the corresponding reflection for the Li,  5Cq phase,
with a maximal value of 0.5 corresponding to pure LiC,,. The diffraction
intensities I have to be weighted by a factor of w; = [V;/F,1*[p;/ M1,
where V; is the unit cell volume, Fj,, the structure factor, p; the den-
sity and M, the molar mass of the corresponding phase i and Miller-
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Table 1
Selected parameters of FePO, and LiFePO, used in the quantitative phase analysis of X-ray data
FePO, LiFePO, LiC, LiC,,

Cell volume V, A3 271.924 287.231 59.676 112.284
Molar mass M, g/mole 150.8164 157.7574 79.007 151.073
Crystallographic density p, g/cm3 3.056 3.470 2.2 2.23
Structure factor F?
200 reflection 5682 5382
301 reflection 2553 2777
001 reflection 642.3
002 reflection 2571.9

indices hkl, which results from an approximation of diffraction intensity
of neighbouring diffraction peaks [48]. Taking into account a series of
Li,C¢ phases occurring during the graphite lithiation [47] an approxi-
mation of weighting factors was applied (Fig. S10).

The introduction of the DoL has a series of advantages for combin-
ing the biphasic and solid-solution like behavior regimes of the lithium
intercalation.

3.2. X-Ray diffraction tomography

In the XRD-CT experiment (Section 2.5), the final diffraction pat-
terns were obtained in an angular range of 0.5-10.0 deg. Because of
strong self-collimation caused by the cell dimension in the beam direc-
tion, the integral peak intensities were reconstructed instead of diffrac-
tion intensities vs. 26 as proposed in Refs. [42,49]. Several characteristic
reflections describing separator (d=8.52 /0\), cathode (200 LiFePOy,, 200
FePO,), anode (001 LiCq, 002 LiC;,), current collectors (111 Cu, 111
Al) and cell housing (110 Fe) were chosen and their integral intensities
were calculated from the background-subtracted experimental diffrac-
tion patterns. The anode signal was composed of reflections from LiCg
and LiC; 5, whereas the cathode signal corresponds to FePO, with minor
traces of LiFePO,, which is in line with the fully charged state of a LFP|C
chemistry subjected to XRD-CT [28].

The reconstructed intensities of the characteristic reflections unam-
biguously enabled the localization of cell housing, center pin, current
collectors, electrode stripes and separator (Fig. S11). The biphasic char-
acter (Fig. S6) of the intercalation mechanism in the LFP cathode and the
graphite anode (when lithiated above 50% SOC) enables an independent
estimation of the intercalated lithium in those materials. The procedure
described in Ref. [33] can be adapted to the LFP cathode, which consists
in the charged state of FePO, and traces of LiFePO,. Integral intensities
of the 200 reflections for FePO, and LiFePO, phases were analyzed as-
suming lithiation-independent structure factors, unit cell volumes, mo-
lar masses and crystallographic densities summarized in Table 1. The
phase fraction of LiFePO, and FePO, phases is calculated and, corre-
spondingly, the local DoL for the cathode (scaled as DoL(LiFePO,)=1
and DoL(FePO,)=0) is obtained. During the consideration of the depth-
resolved data (Sec. 2.7), the 301 couple of reflections for FePO, and
LiFePO, is used instead of previously used 200 reflection due to partial
overlap with the signal from polyvinylidene fluoride cell housing of the
in-situ cell (Fig. S9). Parameters used for the calculation of the DoL in
the graphite anode in fully charged state based on 001 LiCg and 002
LiCy, reflections are listed in Table 1.

4. Results and discussion

At SOC = 100 % the high-resolution neutron powder diffraction data
can be described (Fig. S3) by FePO,, lithiated graphites stage I and stage
11, copper and aluminum current collectors as well as the steel cell hous-
ing. This observation is in good agreement with results from the litera-
ture [30,50-53]. It is worth to mention that the synchrotron data (having
higher sensitivity to the LFP cathode in comparison to neutron scatter-
ing) displays a minor signal coming from LiFePO, in addition to FePO,
(Fig. S4). At SOC = 0 % the neutron data reveal LiFePO, for the cath-
ode only, while synchrotron diffraction yields a minor signal coming
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from FePO,, too, which is attributed to the improved sensitivity of syn-
chrotron radiation to the cathode subsystem. In neutron data, one can
resolve a contribution from the lithiated graphite, seen as a low-angle
tail to the 002 reflection of graphite (Fig. S3, left). This characteristic
tail is attributed to a residual lithiation of the graphite anode in the
discharged state. The amount of non-vanishing lithium inside the an-
ode has been found slightly increasing upon cell fatigue [54], which is
believed to be a direct consequence of the anode slippage effect [55].

To check the spatial distribution of the residual lithium inside the
graphite anode in detail, a series of spatially-resolved neutron powder
diffraction data are collected at different SOCs (as described in Sec. 2.1)
and the in-plane lithium concentration profile is calculated.

4.1. In-situ evolution of the graphite lithiation

The evolution of the graphite lithiation in the center plane of the
cylindrical LFP|C cell as a function of the SOC is presented in Fig. 1
and as an animation in the Supplementary Information section. The
reconstructed data are plotted for a variety of cell capacities during
charge/discharge in false colors maintaining the same color scheme. It
can be seen, that at small SOCs, increased lithium concentrations exist
at the very inner and very outer regions of the cylinder cell, which is
attributed to systematically higher internal resistance in these regions.
An inverse behavior (fully consistent with the distribution reported in
[21]) has been observed at SOC = 100 %, where a well-defined plateau
at DoL~0.86 is formed in a narrow range between the very inner and
very outer regions of the cylinder cell close to the current tabs. The ob-
served behavior indicates that the electrode stripe undergoes a heteroge-
neous lithiation over its length: Within the plateau region, the full range
of lithium intercalation into the graphite occurs with DoL € [0.013 :
0.824], whereas at the cell outer region and around the center pin (at the
highest distances to the current tabs) the lithium intercalation is varying
within [0.073 : 0.712] and [0.046 : 0.723], respectively. A somewhat
similar behavior was already found in fatigued LiCoO,|C and NCA|C
based high-energy cells of 18650-type [56,57], which was attributed to
be a sign of heterogeneous cell aging.

As recently shown in Ref. [33], it is convenient to estimate the degree
of cell heterogeneity by analyzing the histograms of the obtained lithium
distributions. The histograms for selected distributions are plotted as
insets in Fig. 1. The single narrow peak in the histograms corresponds
to the constant lithiation plateau, where the plateau value is obtained
from the peak position x,, and the homogeneity of the plateau from the
peak-width w. The peak in the histograms exhibits a clear shift of their
position vs. cell charge/discharge, where in charged state the peak is lo-
cated at the upper limit of the histogram, whereas for the plateau at SOC
~ 0 the peak is located at the lower histogram limit approaching x, = 0.
The broadening or splitting of the peak at intermediate SOCs potentially
indicates the development of heterogeneous lithiation states. In the liter-
ature [58,59] the development of heterogeneous states at intermediate
SOC ranges was already reported for different cell types and needs to be
examined in detail for the current case.

The analysis of the cell uniformity requires the consideration of the
entire histogram and not only the plateau peak. In Ref. [33] a degree
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Fig. 1. Interior of the studied LFP|C cylinder-type cell as reconstructed by X-ray CT (a) and corresponding irradiated volume during high-resolution neutron diffraction
(b). Evolution of in-plane 2D distribution of lithium (DoL, color coded) in the graphite anode as a function of SOC upon cell charging and discharging (c). The graphs

in (c) illustrate the histograms of the distributions, x axis corresponds to DoL.

DoL

Pattern number
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Normalised occurence,

b.)
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Fig. 2. Detailed evolution of the histograms of the obtained lithium-distributions (color coded) as a function of diffraction pattern/time (a) and a sketch of a lithium
distribution map (b). The white line in (a) corresponds to the cell capacity as deduced from the electrochemical data.

of homogeneity corresponding to the fraction of the plateau area within
the whole histogram was proposed and calculated as # = 4,/ A,, where
A, is the integral intensity of a Gauss fit to the “plateau-peak” and
A, = [ histogram is the integral over the whole histogram. Fig. 2 displays
the stack of the distribution histograms, where each single histogram of
the individual patterns has been normalized to [/ histogram = 1. In the
discharged state (SOC ~ 0 %) the histogram of the in-plane lithiation of
the graphite anode is represented by a low-lying peak with x,~0.002
and a tail towards higher lithium concentrations. As mentioned above,
the peak corresponds to the constant-concentration plateau in the dis-
charged state (marked as B in Fig. 2b), whereas the tail reflects the resid-
ual lithiation of the graphite at the outer cell region (A in Fig. 2b) and
around the center pin (C in Fig. 2b).

Cell charging is characterized by a “collecting” of the tail from the
plateau peak towards higher DoL, which can be attributed to a predom-
inant lithiation of the low lithiated graphite in region B. At DoL=0.5 the
cell displays the most homogeneous state during charging, where a kind
of inflection point is observed with the lithium concentration in region B
exceeding the one in regions A and C. At DoL > 0.5 the tail to the plateau
peak is located at lower DoL. The observed “inflection” behavior can be
associated to the potential difference required to further lithiate stage
II to stage 1. During cell charge, the outer cell areas are first lithiated
to LiC;, before LiCq starts to form in the region close to the current
lids.

The found lithiation distribution is symmetric when comparing
charge and discharge. Slight differences can be attributed to cell po-
larization and/or asymmetric character of graphite lithiation [46,47]. It
is worth to mention that the obtained details of the lithium distribution
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are largely smeared out by the coarse spatial resolution. Neutron diffrac-
tion is likely incapable to resolve the fine heterogeneous details on the
electrode level. An improved spatial resolution can be obtained using
synchrotron radiation, potentially adopting sufficiently smaller beam
sizes. The use of radial oscillating collimators with synchrotron radia-
tion is quite limited; therefore, the closest analogy to spatially-resolved
neutron powder diffraction would be powder diffraction with conical
slits (see Sec. 2.6). In the experiment, the diffraction signal is obtained
from a series of needle-like gauge volumes (Fig. S8), from which, in turn,
the in-plane lithium-distribution of the 18650-type cell is reconstructed.
The obtained distribution is in good agreement to the results from the
spatially-resolved neutron powder diffraction. However, the spatial res-
olution of X-ray diffraction using conical slits is still too coarse to resolve
the electrode layers wound around the center pin. To address this ques-
tion, an XRD-CT experiment is performed on the LFP|C cell in the fully
charged state. Its in-plane spatial resolution of 30 um enables to resolve
single electrode stripes, thus bringing it closer to X-ray CT (Fig. S7c).

4.2. High-resolution XRD-CT probe of electrode lithiation at SOC = 100 %

The X-ray diffraction patterns collected during the XRD-CT exper-
iment (see Sec. 2.5) enable a simultaneous localization of the differ-
ent cell components. Integral diffraction intensities corresponding to the
separator, Li,FePO, cathode, Li,Cq anode and their current collectors,
center pin and cell housing are reconstructed and plotted in Fig. 3a. The
resolution is sufficient to resolve the double-coated electrodes, although
a small overlap between the different materials at the edges of the elec-
trodes exists, which can be attributed to a kind of partial volume effect.
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Fig. 3. Layout (a) of the studied 18650-type cell in central plane as deduced from XRD-CT experiments (different cell components: electrodes, current collectors,
separator and cell housing are marked by different colors); spatially-resolved lithium content (corresponding to DoL distribution) in the anode (b) and cathode (c)
of the studied 18650-type cell. For (b) and (c) a unified false color code is applied (see legend).

The obtained results are complementary to X-ray CT (Fig. S7c), where
steel housing, center pin, Fe in Li,FePO, and Cu current collectors are
mainly contributing to the reconstructed images.

Furthermore, the lithium concentrations in the Li,FePO, cathode
and the Li,Cq4 anode are calculated (see Sec. 3.2). In Fig. 3b, the ob-
tained lithium distribution in the middle plane of the charged graphite
anode is shown. In general, the findings from spatially-resolved neutron
powder diffraction about systematically lower lithium concentrations
at the beginning and the end of the electrode stripes (regions A and C
in Fig. 2b) in charged high-power LFP|C cell can also be confirmed by
XRD-CT. The lithium concentration along the electrode stripe is peaking
at its middle (section B in Fig. 2) close to the position of the current lid,
which is consistent with the current distribution scheme proposed [21].
In selected narrow regions close to the center pin and the cell housing
no signal from LiCg4 is observed, which lowers the DoL in these regions
below 0.5. Analysis of the lithium distribution in the graphite across the
anode stripe reveals a systematically higher lithiation of the graphite
electrode towards the separator side (see inset in Fig. 3b), which was
recently also reported for a single-layer cell [18].

A similar analysis of the Li,FePO, cathode lithiation generally yields
a more uniform lithium distribution over the entire electrode stripe.
This difference can be attributed to the potential differences defining
the lithiation of LiFePO, along the electrode stripe, which in contrast
to the lithiated graphite has a more continuous character. Analogous to
the anode, an increased lithium content at the separator side is present
(see inset in Fig. 3c), corresponding to a heterogeneous lithiation across
the electrode thickness. The observed heterogeneities of the lithium dis-
tribution over the electrode thickness (i.e. at the side of the separator)
are in agreement with theoretical predictions [60] and experiment [18].
Their presence in a cell in a well-relaxed charged state can be attributed
to the aftereffects caused by the current density distribution and, thus,
creates substantial interest for further studies of the lithium distribution
over the cathode electrode thickness during electrochemical intercala-
tion and extraction of lithium.

4.3. Depth lithiation profile of Li,FePO, electrode

The lithium distribution over the Li,FePO, cathode thickness, ex-
tracted from a LFP|C cell similar to the previously studied one, is deter-
mined experimentally, applying the methodology described in Sec. 2.7.
A sketch of the electrochemical LFP|Li cell used in the experiment
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is shown in Fig. 4a. The lithium concentration x in Li,FePO, is esti-
mated in a similar way as in the XRD-CT experiment and its evolu-
tion over thickness and time is shown in Fig. 4b. At first glance, the
lithiation front in Li,FePO, (represented as the degree of lithiation
DoL(d, 1)) perfectly reflects the cell capacity. Splitting the DoL(d, t) into
the thickness-averaged but time-dependent part DoL(¢) and a fluctua-
tion part ADoL(d, 1)

DoL(d,t) = DoL(t)+ ADoL(d,t) 2)

reveals two distinctly different states of lithiation gradient separating
for the charged and discharged states (Fig. 4c). At a SOC below ~20
% (corresponding to a lithiated cathode) the lithium distribution across
the electrode can be considered as uniform. Further cell charging (from
20 % to 50 %) results in the development of weak non-uniformities in
the Li-distribution, i.e. 60 um of the LFP electrode at the current col-
lector side show increased lithium concentrations, whereas the first 20
um at the separator side display a slightly lower lithiation. The situa-
tion inverts at ca. 50 % capacity level, where the lithium distribution
in the LFP cathode separates into a lithium-depleted region (at the side
of current collector) and a lithium-rich region (at the side of separator)
with nearly identical thicknesses existing over a broad capacity range.
Inverting the current direction (charging to discharging) also reverses
the distribution to the initial state.

The observed heterogeneous cathode lithiation in the charged state
agrees with the lithiation gradient observed by the XRD-CT experiment.
The presence of the lithium-rich region in the cathode at the separa-
tor side in the charged state can be attributed to the local current den-
sity distribution [18], representing the surface ion flux and reflecting
the rates of electrochemical reactions. Generally, the results are in fair
agreement with the theoretical model reported in Ref. [60].

5. Summary

The lithiation kinetics of the positive and negative electrode ma-
terials in a commercial LFP|C 18650-type lithium-ion battery are in-
vestigated using various diffraction-based techniques, X-ray computed
tomography and electrochemical characterization. The lithium distribu-
tion in the cathode and anode are probed at different SOCs and at differ-
ent length scales, where it is found, that heterogeneities of the lithium
distribution appear over length, height and thickness of the electrode
stripes.
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Fig. 4. Schematic of the in-situ cell (a) and lithium concentration (in terms of local DoL presented by false colors) through the thickness of the LFP cathode vs.
cycling (b) as obtained from depth-resolved XRD scans using pm-sized beam (Section 2.7). Corresponding DoL fluctuations after subtraction of DoL(t) (c). Black lines
represent instantaneous cell capacity. Shaded regions illustrate edge effects associated with the electrode surfaces and corresponding roughness.

The non-uniformities of the lithium distribution persist in the whole
range of the cell operation, where the lithiation profiles at SOC = 0 %
and SOC = 100 % display an inverted behavior. Considering the lithia-
tion along the anode stripe, systematically lower lithium concentrations
at both ends of the anode can be observed compared to the middle part
of the stripe closer to the current tabs. All this leads to a heterogeneous
“lithiation stress” distribution within the cell, where at the outer/inner
cell region the degree of lithiation is modified from 0.049/0.046 at
SOC = 0% to 0.713/0.725 at SOC 100%, whilst in the plateau region at
the middle part of the anode stripe shows a change in the lithiation from
0.002 to 0.844. These non-uniform distributions will certainly affect cy-
cling stability, aging characteristics, heterogeneity, safety and lifetime.
A higher lithiation grade in the middle of the anode is confirmed us-
ing a non-destructive spatial characterization with 30 um-scale resolu-
tion. The lithiation of the cathode is generally more uniform along the
electrode stripe, whilst lithium gradients are also observed through the
electrode thickness at SOC = 100 %. Systematically higher lithiation
of the anode and the cathode at the side of the separator is observed.
The presence of a lithium gradient through the electrode thickness is a
direct consequence of its current density distribution, which optimiza-
tion is extremely crucial for the cell performance and especially for the
optimization of the charging profile in high-power cells.

The increased lithium concentration towards the separator is con-
firmed in a model system built on a single cathode layer, where lithium-
depleted and lithium-rich regions are clearly resolved in the charged
state. These observations are in line with the experimental findings re-
ported in the literature and also with the results of theoretical simula-
tions. Methods capable of monitoring the lithium distribution through-
out the electrode thickness open up very interesting perspectives for its
control and manipulation, such as using an engineered current density
profile through adopted electrode morphology.
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