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A B S T R A C T

Integrity and uniformity are crucial factors for stable, safe, robust and well-predicted operation of Li-ion batteries.
The uniformity of lithium distribution in the graphite anode in fully charged state was studied by a combination
of spatially-resolved time-of-flight neutron diffraction, powder diffraction using synchrotron radiation and elec-
trochemical measurements. Studies were carried out on a series of NCA|C Li-ion cells of 18650-type with various
cycle numbers. Experimentally obtained lithium distribution under in operando and ex situ conditions have been
found in fair agreement and revealed a non-uniform character of lithiation in the graphite anode in charged state,
where the degree of heterogeneity increases with the number of cycles.

1. Introduction

As the demand of mobile electronic devices is rapidly growing, there
is a permanent need in rechargeable batteries with higher energy and
power densities at lower cost. Currently, these requirements are best ful-
filled by lithium-ion batteries [1,2], which to a large extent explains
their rapid spread and popularity. In the case of Li-ion batteries cell per-
formance and lifetime is determined by internal chemical and structural
parameters of the cell constituents as well as external parameters like
cell design and integration as well as its operating conditions.

A closed electrochemical systems like Li-ion batteries often require
non-destructive methods for their characterization and study in order
to avoid changes of material parameters, e.g. the ones caused by ox-
idation of electrode material, evaporation of electrolyte, etc. For such
non-destructive measurements neutron scattering is a well-established
tool having numerous advantages [3]: weak interaction with matter re-
sulting in a high penetration depth; ability to localize light elements
next to heavy ones due to large variations in scattering cross section;
contrast for different isotopes and complementarity of the obtained in-
formation to X-ray diffraction; independence of the scattering length
from sin(Θ)/λ due to the interaction with the nuclei, leading to accurate

structure factors. Neutron scattering has been utilized for battery re-
search in different applications, e.g. neutron imaging [4–8], reflectom-
etry [9], small-angle scattering [10–12], quasi-elastic neutron scatter-
ing [13], where powder diffraction [6,7,14–38] is the most popular re-
search methodology. Neutron diffraction is often applied to study the
crystal structure of either common or potentially new electrode mate-
rials under ex situ and in operando conditions. Monitoring of structural
changes correlated to state-of-charge (SOC) give rise to the structural be-
havior of battery materials at real operating conditions. The majority of
diffraction is performed with large volume portions of the cell exposed
to the neutron beam assuming homogeneity of the cell. However, some
heterogeneities of the current distribution inside real cells were reported
[39–43], which may directly be related to non-uniformities in the SOC
distribution and correspondingly a heterogeneous degradation due to
different stress on the electrode particles. For example, Cai et al. [44]
found a non-uniform degradation in large format pouch bag cells using
time-of-flight neutron diffraction as a local probe. Yu et al. [45] further
reported a way for simultaneous monitoring of local temperature, SOC
and strain. Recent spatially-resolved monochromatic neutron diffraction
studies revealed a heterogeneous distribution of lithium in 18650-type
cells in fresh state [46], which further increases upon cell fatigue [47].
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The achieved spatial resolution is a parameter of primary interest
in a spatially-resolved neutron diffraction experiment (either monochro-
matic or time-of-flight). Typically an incoming monochromatic neutron
beam of 2 mm in width and a radial oscillating collimator with 2 mm
horizontal field of view create a square 2 × 2 mm2 cross section of the
gauge volume in case the detector is set orthogonal to the incoming
beam. Using a wavelength of ca. 1.6 Å, which is a compromise between
neutron flux, instrumental resolution and sample attenuation, sets the
angular range of interest to 26±5° 2θ. This results in a distortion of the
squared cross section of the gauge volume to a rhomboid with short and
long diagonals equal to ≈2.1 and 8.9 mm. Such coarse spatial resolution
may not be optimal for studies of a cell rollover with a 300 μm thick
separator-anode-separator-cathode stack. Therefore the reduction of the
gauge volume is very important for further studies of the lithium dis-
tribution in state-of-the art Li-ion cells having a complex organization
of electrodes. With respect to this, spatially-resolved time-of-flight neu-
tron diffraction is a more promising method as it is initially based on a
fixed orthogonal geometry of detector and neutron beam, which main-
tains a square-shaped gauge volume. In the current manuscript, we re-
port the application of time-of-flight spatially-resolved neutron diffrac-
tion to study the lithium distribution in cylinder-type Li-ion cells.

2. Experimental

2.1. Electrochemical cycling

A set of 18650-type Li-ion cells (NCA|C, NCR18650B type) with NCA
– LiNi0.80Co0.15Al0.05O2 composition was cycled 120, 210 and 400 times
at ambient temperature using CCCV (constant current - CC constant volt-
age - CV) charge at 1.625 A and CC discharge at 6 A. In order to intro-
duce rapid cell fatigue, the cycling currents were set close to the speci-
fied maximum of C/2 for charge and 2C for discharge. The voltage win-
dow was 2.5–4.2 V, the CV cutoff current was set to 170 mA ≈ C/20 and
15 min time of rest were applied after charging and discharging. Prior
to the neutron experiment the cells were reconditioned using slow CCCV
charge/discharge with 0.4 A (≈0.12C) current and C/20 CV cutoff, re-
peated three times ending in fully charged state (SOC = 100%).

2.2. Details of neutron diffraction experiments

An initial structural characterization was performed using high-res-
olution neutron powder diffraction at the diffractometer SPODI at the
Heinz Maier-Leibnitz Zentrum (FRM II, Garching, Germany) [48]. Sim-
ilar to previously-reported experiments [24], the studied cell was
mounted on the sample table of the powder diffractometer and a diffrac-
tion pattern over 160 deg. 2θ and 15 deg. ν was collected in ca. 4 h us-
ing a wavelength of 1.5482 Å obtained by the (551) reflection of a ver-
tically focused Ge monochromator at 155° take-off angle. There mono-
chromatic beam with a cross-section of 40 × 20 mm2 illuminated ca.
70–85% of the entire cell.

Spatially-resolved time-of-flight neutron diffraction studies were per-
formed at the Engineering Materials Diffractometer VULCAN at Spalla-
tion Neutron Source (SNS, Oak Ridge, United States) [49]. The experi-
mental setup is very similar to the one reported in Ref. [32], where the
major difference is the use of time-of-flight neutron diffraction rather
than monochromatic one. Data acquisition in time-of-flight mode en-
ables for a square-shaped cross section of the gauge volume leading
to improved spatial resolution, when compared to Refs. [32,46,47].
Sketch and photo of the experimental setup are shown in Fig. 1a–b.
Each cell, slowly charged, was mounted on the sample goniometer and
its position was aligned using a system of cameras located at ±45°
(accuracy better than 100 μm) with respect to the incoming beam.
The gauge volume of 2 × 2 × 12 mm2 was defined using sample slits
with 2 mm horizontal opening and a radial oscillating

collimator with 2 mm field of view. In order to enhance counting sta-
tistics the vertical beam size was set to 12 mm, in agreement with the
radial symmetry of the studied cells. Due to the specific neutron spec-
trum and rather high neutron attenuation the direct observation of the
(001) LiC6: (002) LiC12 reflection couple (similar to Refs. [32,46]) has
been found non optimal. Therefore, 2nd order reflections, namely (002)
LiC6 and (004) LiC12 were monitored in detail. In order to focus on se-
lected range-of-interest and maintain high neutron flux, the measured
d-space range was narrowed to 1.6–2.2 Å using the 60 Hz chopper set-
ting with wavelength center at 2.7 Å, although the 20 Hz chopper set-
ting has maintained a larger d-spacing coverage of 0.5–3.4 Å. With a
combination of translational and rotational degrees of freedom at the
sample positioning stage of VULCAN, a number of different gauge vol-
umes in the center plane of the 18650 cells was irradiated (as sketched
in Fig. 1c).

2.3. X-ray diffraction studies

For this purpose the 18650-type cell (belonging to the same batch)
was charged to SOC = 100% and disassembled in a glove box. Its elec-
trode sheets were unrolled and separated. The double-coated anode
stripe (active material and copper current collector) about 520 × 65
mm2 was cut into 5 pieces. Each electrode piece was mounted in an
isolated frame consisting of an aluminium housing and X-ray transpar-
ent capton windows (Fig. 1d). For the current study a “freshI” and an
“aged” cell (cycled 400 times) were disassembled. The electrode of the
“freshI” cell was studied at P24 at PETRA III synchrotron (DESY, Ham-
burg, Germany) using 20 keV photon energy, whereas the electrode ma-
terial from the aged cell was investigated at P02.1 using a higher-en-
ergy photon beam (60 keV). The crystal structure of lithiated graphite
on copper foil was probed using X-ray diffraction radiography [50] with
rastering steps of 5.0 mm and 3.0 mm (x and y) at P24 and 4.0 mm
and 3.0 mm (x and y) at P02.1. Sketch and photo of experimental setup
are showed in Fig. 1e–f). Synchrotron-based diffraction compared to
neutron diffraction has an essentially weaker contrast to light atoms.
However, the structural details of lithium intercalated graphites along
with extremely high signal to noise ratio and excellent counting sta-
tistics after 10–30 s of exposure makes synchrotron diffraction (espe-
cially high-energy) well – suited for such studies. At P24 a wavelength
of 0.6202 Å was used and the a MARCCD165 2D detector was placed at
a distance of 99.8 mm from the sample, while at P02.1 a PerkinElmer
XRD1621 2D detector was used with much larger sample to detector
distance of 2466 mm and 0.20714 Å wavelength. Reduction of the ob-
tained 2D diffraction data was performed using Fit2D software [51]
based on the data for Si and LaB6 reference materials.

3. Results and discussion

The initial discharge capacity of the cells was ca. 3170 mAh, suffi-
ciently lower than the nominal capacity of 3400 mAh, which is attrib-
uted to the high charge/discharge current. Cycling to 120, 210 and 400
cycles resulted in a reduction of the cell capacity to 2528, 2346 and
1950 mAh, respectively, indicating that at the given cycling conditions
a reduced discharge capacity of 80% is reached after approx. 110 cycles
already. Using small charge/discharge currents along with low CV cut-
off has a positive effect on the relaxation effects and cell uniformity.1
The evolution of cell capacities of the used cells is depicted in Fig. 2a.
The studied cells display sufficiently higher cell capacities when charged
with lower current, i.e. 3310, 3161, 3084 and 2982 mAh were obtained
for the fresh and cycled cells.

1 Therefore, even larger cell non-uniformities have to be expected during the applica-
tion of higher currents or a premature cutoff during the CV – phase.
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Fig. 1. Photo (a) and sketch (b) of experimental setup utilized in spatially-resolved time-of-flight neutron diffraction experiment and scheme of irradiated gauge volumes on which the
diffraction data were collected (c). Exploded view of in situ cell for X-ray diffraction radiography (XRDR) mapping of electrode lithiation (d), where 1 corresponds to front covers, 2 –
kapton foils, 3- cell frame and 4 – pressure grid; scheme (e) and photo (f) of experimental setup used in XRDR mapping of lithium in the electrode stripe.

Fig. 2. Evolution of cell capacities vs. cycle number and subsequent slow charge (a); section of high-resolution monochromatic neutron powder diffraction data (intensity vs. interatomic
spacing d) from differently cycled/aged cells (b); example of experimental time-of-flight diffraction pattern collected for fresh cell (c).

Monochromatic neutron diffraction data were obtained for fresh and
cycled NCA|C cylinder-type cells and are plotted in Fig. 1b as a func-
tion of interatomic spacing d. All experiments were performed at am-
bient temperature. Similar to previous studies of NMC cell [36], at
SOC = 100% the diffraction pattern of a 18650-type cell consists of con-
tributions from the NCA cathode, stage I and stage II lithiated graphites,
the Cu and Al current collectors and the steel housing. Analysis of the
data reveals a systematic increase of a and c lattice parameters for the
NCA cathode with increasing cycle number, which is also accompanied
by the increase of the ratio stage II/stage I of the lithium intercalated
graphites. Both effects can be associated with the aging and are driven
by a reduction of the lithium concentration in both cathode and an-
ode; corresponding to a loss of movable lithium, similar to the reported
losses in 18650-type cells with LiCoO2|C cell chemistry [19]. Following
lithium concentrations x in the lithiated graphite anode with a general
formula LixC6 were determined: 0.851, 0.772, 0.752, 0.701 correspond-
ing to fresh and cycled cells. The obtained behavior of lithium concen-
tration in graphite has been found in good agreement with the observed
capacity decrease indicating, that loss of movable lithium is directly re-
lated to capacity fade in the studied cells.

Uniformity of the lithium distribution was probed using spatially-re-
solved time-of-flight neutron powder diffraction. A typical diffraction
pattern of a single gauge volume is shown in Fig. 2c, where the excel-
lent resolution of VULCAN at low interatomic spacings (high momen

tum transfers) made the separation of the desired peaks possible. Based
on the diffraction data collected for 80 separate gauge volumes for each
cell, the 2D distribution of the lithium concentration x in the lithiated
graphite anode LixC6 was obtained (Fig. 3) [46]. Experimental data are
plotted by points and a color surface plot indicates the results of a 2D
interpolation. Besides several distinct and well-isolated regions exhibit-
ing lower lithiation, the lithium distribution in the studied fresh cell
(Fig. 3a) has been found quasi-uniform within the standard deviations.
Regions with essentially lower lithium concentration are attributed to
places with missing electrode coating, e.g. at the beginning/end of the
electrode stripe or at the place of current tab. In general a good agree-
ment of the obtained lithium distribution for the fresh cell (Fig. 3) and
previously reported results using monochromatic neutrons (cell 3 in Ref.
[46]) is observed.

One can define several statistical parameters to characterize the ob-
served 2D distributions, for example a mean value and its standard de-
viation having a meaning of average lithium concentration <xLi> and
its deviation from constant, median of the distribution and the plateau
value xp. As it can be seen from Fig. 3, the cell fatigue affects the lithium
concentration in the graphite anode of fully charged aged cells. With in-
creasing number of cycles all three integral characteristics are reduced,
in agreement with above-mentioned monochromatic neutron diffrac-
tion studies. However, spatially-resolved diffraction shows a non-uni-
form character of cell fatigue, similar to LiCoO2|C high-energy cells
[47]. This aging effect is better illustrated by 2D distribution of lithium
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Fig. 3. Experimental lithium distribution vs. cycle number for differently cycled cylinder-type Li-ion batteries as derived from time-of-flight neutron diffraction. (upper row of text) integral
characteristics of lithium distribution; in-plane lithium distribution (middle row) and deviations of lithium distribution from plateau value xp (bottom row).

concentrations with subtracted xP, presented in Fig. 3 (last row), where
the surface of light area indicates a plateau region. The region of con-
stant lithium concentration has been found gradually decreasing with
cell fatigue, where reduction of its surface indicates the development of
non-uniformities. Furthermore, the remaining light-yellow-red regions
have been found dominantly present in the outer region of the cell corre-
sponding to systematically higher lithiation (similar to the observations
from Ref. [47]). This points to the development of heterogeneities of
Li concentration in the graphite anode driven by cell fatigue. However,
despite the higher spatial resolutions achieved by time-of-flight neutron
diffraction, no sufficient differences to previously reported Li-distribu-
tion in similar cells (cell 3 [46]) have been noticed, showing that the
2 × 2 mm2 horizontal cross-section of the gauge volume is not suffi-
cient to resolve more details. Lithium distribution may display smaller
non-uniformities, i.e. their accurate characterization requires even bet-
ter spatial resolution hardly accessible by spatially-resolved neutron dif-
fraction. For the measurements at VULCAN the most optimal configu-
ration was applied, where a further reduction of the gauge volume is
directly proportional to a reduction of neutron flux on the sample or
active sample amount (participating in scattering process). Correspond-
ingly, low counting statistics would then lead to impractically long ex-
posure times.

Among different options available to study the heterogeneity of
lithium distribution in cylinder-type type cells at higher spatial reso-
lution, the most straightforward one is based on a powder diffraction
study of the separate electrodes. Negative electrodes were extracted
from “freshI” and “aged” cell (cycled 400 times) and studied using
XRDR technique, where diffraction data are collected on a dense grid of
scanned points necessary to obtain the 2D spread of chosen structural
properties. Typical diffraction datasets collected at P24 and P02.1 are
shown in Fig. 4a–b. From these the x in LixC6 of the studied anodes
was obtained using the (001) LiC6/(002) LiC12 reflection ratio, values
of structure factors, molar masses and densities (for details please re-
fer to Ref. [46]). The distribution of lithium concentration x over the
complete electrode stripe is presented in Fig. 4c, where the lithium con-
centration is plotted as a false color map (according to the legend) and
graphs on the top and right correspond to the averaged values along
the anode stripe. At all studied points lithium concentrations x > 0.5 in
LixC6 have been observed. The experimentally obtained lithium distrib-
ution has been found quite heterogeneous, which can to some extent be

related to the cell design as the lithium distribution in the graphite an-
ode is largely affected by the coating of the counter electrode (cathode).
Besides the current tab around its middle, the cathode stripe is typically
shorter in length (and in width) than the corresponding anode and start-
ing/ending positions of its coating can differ on both sides. Taking into
account that structural information from both sides of the graphite an-
ode is present in the diffraction data collected in transmission mode this
is a crucial factor. Furthermore a lack of counter electrode coating may
form regions with geometrically limited lithium exchange [46], which
may further result in low lithiation in this region.

A sketch of the electrode coating is presented in Fig. 4d, where four
distinct regions displaying areas with lower lithium concentration can
be identified and traced back in the experimental lithium concentra-
tion map displayed in Fig. 4c. Neglecting the regions with geometri-
cally limited lithium diffusion, the Li distribution in the graphite anode
of the “freshI” cell can be concluded to be uniform in a first approxima-
tion. However, detailed analysis of average profiles along the width and
length of the anode stripe revealed a weak but systematic reduction of
lithium concentrations towards cell center along the electrode stripe and
towards the cell top and bottom when considering the electrode width.
A similar behavior of the lithium concentrations along the length of an
electrode stripe and perpendicular to it have been already observed in
Refs. [46,47] and was attributed to possible non-uniformities of current
and electrolyte distribution.

Studies of the “fatigued” cell2 using high – energy synchrotron radi-
ation resulted in a very similar behavior (Fig. 5). One can clearly re-
solve three regions with lower lithium concentrations in the graphite
anode associated with the missing cathode coating. In agreement with
spatially-resolved neutron diffraction and residual cell capacity resulting
from electrochemical measurements a sufficiently lower overall lithium
concentration (x in LixC6) has been found in the aged cell (x = 0.645
in “aged” cell vs. x = 0.709 in “freshI” cell), which is correspond-
ing to a loss of mobile lithium. From the detailed analysis of lithia-
tion profiles obtained along the length of the anode stripe of the fa-
tigued cell, one can also notice a reducing gradient of lithium concen-
tration towards cell center. The lithiation profile along the width of
the anode stripe (corresponding to the height of cylinder cell) has been

2 The last piece of the graphite anode remained not studied due to time limitations.
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Fig. 4. Typical diffraction data collected at P24 (a) and P02.1 (b) diffractometers; experimentally observed 2D distribution of lithium in fresh cell and averages over long and short edges
of the electrode stripe (e); scheme of electrode arrangement in studied cells (f).

Fig. 5. Experimentally observed 2D distribution of lithium in fatigued cell; corresponding averages in x and y directions of the electrode stripe (freshI – blue line, fatigued – red line) and
intensity ratio of anomalous LiCx>12 (hkl) to LiC12 (002) reflections (bottom row). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

found to deviate from the constant at top and bottom regions. Compar-
ing the obtained profiles to the results of the “freshI” cell unambiguously
reveals an increased heterogeneity of the lithium distribution upon cell
fatigue at the top and bottom edges of the electrode.

The improved peak resolution of the P02.1 setup allowed to reveal
the presence of a tail at the (002) reflection of stage II (LiC12) at higher
2θ angles (previously mentioned in Ref. [50]), which was attributed to
the presence of lithiated graphite with the lithiation grade x < 0.5 in
LixC6, i.e. LiCx>12. A profile decomposition with subsequent 2D mapping
of the ratio of the tail of (hkl) LiCx>12 reflection intensity to (002) LiC12
reflection intensity clearly yielded to a strong presence of low-lithiated
graphite LiCx>12 at places previously identified as regions with lower
lithium concentration due to missing cathode coating (Fig. 5, bottom
row). The intensity ratio for (hkl) LiCx>12/(002) LiC12 can be used as a
sensitive indicator for the presence of lower lithiated graphites, which
at SOC = 100% is often considered to be a factor supplementing the
lithium plating. However, careful analysis of the intensity distribution at
the peak positions corresponding to metallic lithium did not reveal the
presence of a lithium signal with measurable confidence.

4. Conclusions

In summary, the uniformity of the lithium distribution inside the
graphite anode in fully charged state of a series of differently cycled
Li-ion cells was studied using spatially-resolved time-of-flight neutron
powder diffraction under in operando conditions. The studied cells were
cycled with a charging protocol close to the maximum allowed by the
cell manufacturer, which resulted in a rapid cell fatigue. The analy-
sis of the lithium distribution profiles revealed a systematic reduction
of the lithium concentration with extensive cell cycling, which is sup-
plemented by larger deviations from a constant (plateau-like) behav-
ior. Supplementary (quasi ex situ) characterization of lithium concen-
trations of disassembled anode stripes using XRDR resulted in a gradi-
ent of the lithium concentration along the length and width of the un-
rolled electrode stripe. Cell cycling caused gradients to increase, point-
ing the non-uniform character of the fatigue. Using three different tech-
niques (high-resolution monochromatic neutron powder diffraction, spa-
tially-resolved time-of-flight neutron powder diffraction and diffraction
using synchrotron radiation) at four separate instruments yielded clear
and consistent results supplementing each other and showing a develop-
ment of non-uniformities during cell fatigue.

We believe this effect to be crucial for the cell performance, safety
and lifetime and attribute it to current and electrolyte distribution as
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well as its dynamics and evolution vs. cell cycling. As it has recently
been shown the current distribution can be quantified fairly well by
combining a multi-tab approach with finite element cell modeling [52].
The role of the electrolyte distribution still remains quite unclear and
an experimental methodology capable to quantify the electrolyte distri-
bution under in operando conditions is highly desired for deeper under-
standing of the processes supplementing the cell fatigue in real Li-ion
cells. For example, application of neutron-based imaging for qualitative
studies of electrolyte distribution has been reported in literature, but its
application for quantitative studies is not trivial. Thermography [53]
or advanced spectroscopy techniques [54] display very promising re-
sults in non-destructive spatial quantification of electrolyte for lab based
cells, which can potentially be extended for commercial standards. A
possible approach to minimize the observed heterogeneities would be
the control of tortuosity of porous particles along the electrode stripe
[55], i.e. having a certain porosity gradient from inner to outer end of
the electrode stripe.

It requires a development of research methodologies, where further
improvement of spatial resolution in spatially-resolved diffraction from
electrochemical storage systems or ex situ XRDR analysis of harvested
electrodes is highly important to reveal smaller non-uniformities having
their impact on the battery safety, stability and performance. For exam-
ple recently crystallographic heterogeneities within Si/graphite anode
reported with unprecedented spatial resolution of 1 μm [56] making it
suitable for studies of lithiation processes in particles and engineered
surfaces and composites [57,58]. Bright perspectives and an overall rel-
evance of diffraction techniques using focused beams of high-energy
photons or thermal neutrons for studies of non-uniformities in energy
storage systems can be unambiguously identified.
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