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Anode and cathode materials, graphite and LiCoO,, are studied by neutron diffraction under “in operando”
conditions in commercial batteries (ICR 18650-type). The evolution of their crystal structure versus state
of charge (SOC) and fatigue (state of health, SOH) has been analyzed using the Rietveld refinement
technique. Neutron radiography data and their tomography reconstruction revealed the local neutron

absorption density, which reflects mainly the Li-distribution density, but also further details of the bat-
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tery design. Changes in the neutron absorption contrast have also been evaluated in dependence on SOC

© 2011 Elsevier B.V. All rights reserved.

The lithium-ion batteries are extensively used in diverse power
applications, e.g. consumer electronics, communication devices,
power tools, etc. Itis expected that the Li-ion battery will be the “get
round” technology for the electrification of the drivelines as well as
for the stationary storage for an effective use of renewable energy
sources. Very intensive development and research was achieved in
the last decades and its progress can be seen in everyday life. How-
ever, the next step is to establish Li-ion batteries as the main energy
storage system for electromobility. This requires significant tech-
nological progress regarding safety, lifetime, temperature range of
stable operation and higher energy and power densities, which calls
for further studies to elucidate the underlying processes inside a
battery during operation. Another major challenge concerns the
safe operation of Li-ion batteries under improper or extreme and
“misuse” conditions. The high amount of Li inside a battery in com-
bination with its high reactivity makes the battery very sensitive
to the conditions of operation, and its improper use was already
reported to be the reason for serious hazards. The high chemical
activity of the battery constituents results in a significant materials
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interaction and the control of possible risks requires a systematic
investigation of the Li-ion battery under real operation conditions
“in-operando”.

Neutron scattering is a non-alternative and non-destructive tool
for probing of complex lithium containing systems due to pecu-
liar features of neutrons, e.g. the ability to localize light atoms
(lithium and oxygen) and to distinguish between different isotopes,
the high penetration depth of neutrons and the nearly constant
neutron form-factors, independent from momentum transfer. Such
features of neutrons make them especially attractive for studies of
lithium ion batteries “in-operando”, but the available information
about such studies in the literature is rather limited. To our knowl-
edge only a few attempts have been made to study commercial
Li-ion batteries using medium resolution neutron powder diffrac-
tionadopting LiFePO4[1,2],LiCo0; [3] or LiMn, 04 [4] cathode along
with a few applications of medium resolution neutron radiography
[5-8].

In our turn we report “in-operando” high-resolution neutron
scattering studies on commercial-type Li-ion batteries. Two batter-
ies (namely “fresh” and “fatigued”) were taken from the same batch
of rechargeable batteries of the cylindrical 18650 type. For testing
purposes only single charge/discharge cycle was applied for “fresh”
battery after formation, whereas “fatigued” one underwent 200
sequential charges and discharges (3.0-4.2V, CCCV, 2.6 A discharge
current, ambient temperature), which resulted in the reduction of
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discharge capacity from ca. 2 Ah to ca. 1.3 Ah (see Fig. S1) as well
as in significant difference in open voltage vs. capacity curves (see
Fig. S2). For fatigue purposes the cycling of the cells was controlled
by a multichannel potentiostat from BASYTEC®.

Neutron scattering experiments were carried out on both
“fresh” and “fatigued” commercial Li-ion cells, and the charge of the
cells was controlled by a VMP3 potentiostat from Bio-Logic®. The
evolution of the structures of the crystalline battery materials was
followed under different states of charge, based on high-resolution
neutron powder diffraction experiments, performed on the powder
diffractometer SPODI [9].

Experiments were carried out at ambient conditions. Monochro-
matic neutrons (A =1.5481(1)A) were selected at a 155° take-off
using the (551) reflection of a vertically focused composite
Ge monochromator. The vertical position-sensitive multidetector
(300 mm effective height), consisting of 80 3He tubes and covering
an angular range of 160° 26, was used for data collection. Measure-
ments were performed in Debye-Scherrer geometry. Data were
recorded “in-operando”, i.e. the desired charge level was kept con-
stant for 2 h and then allowed to relax. The data collection time per
battery was ca. 3.5h and it was performed at distinguished states
of charge: open cell voltage (3.40 for the fresh cell, 3.60 for the
fatigued cell), 3.90, 3.95, 4.00, 4.05, 4.10, 4.15 and 4.20 V.

The observed neutron diffraction patterns are characterized by
a reasonably high background increasing at high angles, which is
very similar for the “fresh” and “fatigued” batteries and does not
depend on the state of charge of the battery. Rietveld refinement
was applied for the LixCoO, cathode material, the graphite anode
and the current collector materials Al and Cu, while a structure
independent (Le Bail) profile fit was performed for the steel hous-
ing, using the software package FullProf [10]. The peak profile shape
was described by a Thompson-Cox-Hastings pseudo-Voigt func-
tion. The instrumental resolution function was determined for a
Na,CasAl;,Fq4 reference material and explicitly used for the calcu-
lation of the reflections half widths. Additional peak broadening
from the sample was taken into account as phase-specific micros-
train or in the case of graphite and the Li-intercalated graphites as
a crystallite size effect. The background of the diffraction pattern
was fitted using a linear interpolation between selected data points
in non-overlapping regions.

Examples of Rietveld refinement for “fresh” battery discharged
to 3.40V and charged to 4.10V are shown in Fig. 1. Clear signals
corresponding to the cathode material LixCoO,, both copper and
aluminium current collectors, steel housing as well as graphite
anode and lithium intercalated carbons were observed. Charging
of the battery introduces significant changes to the structure of
components, while on the first view neutron powder diffraction
patterns collected for both “fresh” and “fatigued” batteries charged
to the same state have been found very similar. Hence, closer look
on the results of Rietveld refinement indicates some differences,
which occur on both cathode and anode sides. The analysis of the
structural evolution occurring on the cathode LiyCoO, side is dis-
cussed first.

The best fits to the observed reflections from the cathode
LixCoO, in “fresh” and “fatigued” cells were obtained with the
parameters listed in Table S1. The charging of the battery results
in Li extraction from the cathode, i.e. a diminution of the Li con-
tent with increasing voltage. Furthermore the reduction of lithium
content in LiyCoO, causes an increase of lattice parameter ¢ and
cell volume. This feature is already reported [11] and can be
explained in terms of the rhombohedral LiCoO, layered structure
along the [00 1] direction (in hexagonal setting), where layers are
formed by alternating LiOg and CoOg octahedra. Upon charging
of the battery from 3.4 to 4.2V the Co-O distance is raised by
about 0.03 A, while Li-O distance is reduced by ca. 0.08 A. Short-
ening of c lattice parameter as well as Li-O interatomic distance
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Fig. 1. Rietveld refinement of diffraction pattern from commercial 18650 Li-ion bat-
tery (“fresh”) discharged to 3.40V (left) and charged to 4.10V (right). Experimental
data are shown by points, lines denote calculated profiles and lower plots - their dif-
ference. Calculated positions of Bragg reflections are shown by vertical tick marks,
where rows (1-7) correspond to cathode Li,CoO; (1), copper current collector (2),
steel housing (3), anode graphite (4) and lithium intercalated carbons LiCy; (5) and
LiCg (6), aluminium current collector (7).

in LiCoO, can be understood in terms of van der Waals forces
which are typical for Li bonds. Intercalation of lithium results
in an increase of lithium content and, as a consequence, in a
strengthening of lithium oxygen bonding, which causes shortening
of Li-O bonds, c lattice parameter and cell volume.

Unfortunately there is a lack of systematic in situ structural
investigations on LiCoO, upon Li de/intercalation in the literature.
Therefore data from Rodriguez et al. [12] (ex situ X-ray powder
diffraction studies of LiyCoO, from commercial 18650-type battery,
Sony Corp.) were taken for comparison to our data collected for
both “fresh” and “fatigued” batteries. Result of such comparison is
shown in Fig. 2 by black (diamonds), blue (squares) and red (circles)
respectively. Our “in-operando” data are in fair agreement with ex
situ data of Rodriguez et al. [12], but with better detalization, thus
giving clear evidence for anomalies in c lattice parameter and cell
volume occurring in commercial Li-ion cell.

Dependencies of LixCoO, lattice parameters for both “fresh” and
“fatigued” batteries have been found very similar, but at low volt-
ages (and, respectively, at high Li contents) the c lattice parameter
of “fatigued” cell is little higher than respective one for “fresh” cell.
Opposite behaviour has been noticed for a lattice parameter, i.e. the
cell dimension in the ab-plane of the hexagonal lattice is lower for
a “fatigued” cell as compared to a “fresh” one. Observed changes
in lattice parameters might be related to changes in the lithium
content introduced by fatigue.

The occupations on the Li site in LiyCoO, were determined
via Rietveld refinement, but are considerably influenced by cor-
relations with other parameters and need to be interpreted with
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Fig. 2. Lattice parameters and cell volume of Li,CoO, cathode for “fresh” (blue
square) and “fatigued” (red circles) Li-ion batteries. Ex situ X-ray powder diffrac-
tion studies of LiyCoO, from commercial 18650-type battery from Sony Corp. from
Rodriguez et al. [12] are shown by black diamonds. Dashed lines are guides for the
eyes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of the article.)

care (see Table S1). The completely discharged battery should
deliver/obey the Li site occupation x;; in LixCoO, close to one and
will be reduced upon charging of the battery. It is known [13,14]
that at x;; ~0.5 LixCoO, undergoes a transition to a monoclinic
structure. Some authors [13-15] also argued that staging (forma-
tion of intermediate hexagonal phases with different x;;) would
occur in LixCoO, upon lithium de-/intercalation. The analysis of
the obtained diffraction data did neither reveal any traces of a
monoclinic phase nor any phase separation. Furthermore, the for-
mation of the cubic spinel type LixCoO, reported in [3], usually
badly affecting the battery performance, has not been detected
either. Therefore, the real Li occupation ranges as 0.5 <x;; <1.0 is
expected, while Rietveld refinements yield x;; =0.82(2) at 3.4V and
0.17(2) at 4.2V for the “fresh” cell. This difference becomes even
more pronounced for the “fatigued” battery: i.e. 0.77(2) at 3.6V
and 0.09(2) at 4.2V (see Fig. S3). A similar finding was already
mentioned by Rodriguez et al. [12], where significant deviations
between refined Li-occupations and those from inductively cou-
pled plasma mass spectrometry were noticed. These authors have
attributed the observed discrepancies to the weak penetration
capability of X-rays, where most of signal is delivered from the
relatively lithium-poor surface of the LiyCoO, grain and not from
the Li-rich core. However, this explanation cannot be used for neu-
tron powder diffraction, where representative bulk properties are
probed. In agreement with the reports of authors [2,3,12] the pre-
ferred orientation effects could affect an accurate determination
of the Li content in cathode, but no significant texture for LiyCoO,
was evidenced from 2D diffraction data (Fig. S4). The origin of the
observed discrepancy between refined and expected Li-occupation
factors is not yet clear, obviously more detailed information needs
to be extracted from an inclusion of amorphous parts in LixCoO, by
complementary systematic ex situ examinations.
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Fig. 3. The relationship of weight fractions for LiCs and LiCy> as determined from
Rietveld refinement for “fresh” and “fatigued” Li-ion batteries.

The effect of fatigue on the cathode side is rather weak and
mainly concerns differences in the slope for Li occupation vs.
voltage, although Li occupations are not very reliably quantified.
Therefore no final conclusions can be drawn, but the following
overall tendencies are derived from “in-operando” high resolu-
tion neutron powder diffraction: fatigue introduces changes in the
slope of Li occupation vs. voltage, reflected a reduced amount of
exchanged lithium during the intercalation process.

The Li intercalation into graphite takes place in stages, i.e. the
formation of a periodic array of unoccupied layer gaps at low Li con-
centration occurs. Graphite can host a maximum of one Li per six C
atoms, which corresponds to the LiCg composition (stage I). Other
binary lithium intercalated graphites with less lithium amount are
reported, e.g. LiC;; (stage II), LiCqg (stage IIL), LiC3q (stage III), etc.
At low voltages only reflections consistent with hexagonal graphite
are present. During charging an intercalation of lithium into carbon
was observed (see Fig. S5) corresponding to the formation of LiCy,
and LiCg, respectively, which is reflected in the shift of the [002]
graphite reflections due to the expansion of c-axis along with shift
of the graphene layer against each other. Phases with lower lithium
concentration, e.g. LiCyg and LiCy-»5 [4] are expected to occur in the
range of 3.6-3.9V, which was not considered in detail in the current
study. A closer inspection of the obtained diffraction data reveals
a weak but systematic broadening of Bragg reflections for the Li-
intercalated carbon phases in the case of the “fatigued” battery,
which might indicate variations in microstructure or an inhomo-
geneous Li-distribution. Furthermore at 3.95V, the phase fraction
of LiCg for the “fresh” battery is obviously higher than those for the
“fatigued” one (Fig. S5). This tendency continues at higher charg-
ing states, e.g. 4.00V, 4.05 V, while at higher voltages (>4.10V) the
amount of LiCg in both “fresh” and “fatigued” batteries becomes
nearly equal. As it is shown in Fig. 3 the LiCy, phase fraction for
“fatigued” battery is systematically higher than the respective one
in “fresh” cell, which occurs in cost of LiCg intercalated carbon, i.e.
the LiCg phase fraction for “fatigued” cell is lower than that in the
“fresh” cell at the same voltage. This fact unambiguously indicates
less insertion of Li into the fatigued graphite anode.

More detailed information concerning the Li-ion battery design
and its variations upon charging can be obtained from neu-
tron radiography and tomography. This method has been already
applied to studies of various technical devices and is an espe-
cially suitable tool for studies of Li-ion cells, since the neutrons
have favourable properties with respect to mass attenuation in
the various materials used [5,6,16]. The working principle of neu-
tron radiography and tomography is well described [16,17]. In the
present experiments both “fresh” and “fatigued” commercial Li-ion
cells of 18650 type (18 mm diameter, 650 mm height) have been
investigated and radiography images were collected at the tomog-
raphy scanner ANTARES [18] for different battery rotations around
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Fig. 4. 3D model of commercial 18650 Li-ion battery reconstructed from neutron
radiography (a), its vertical cut (b), its vertical and horizontal cut (c) and its enlarged
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Fig. 5. Slices of 3D models for commercial 18650 Li-ion battery charged to 3.00V
(a),4.00V (b) and 4.20V (c) as reconstructed from neutron radiography.

the cylinder axis with an exposure time of 60 s and an overall field
of view of 100 mm x 100 mm. In combination with the high col-
limation ratio (L/D =800) a pixel resolution of about 100 pm was
achieved. The 3D reconstruction was performed on the basis of a
batch consisting of 600 single projections using a filtered back pro-
jection algorithm. Data visualization was done with VGStudio Max
from Volume Graphics [19].

The results of the 3D reconstruction are shown in Fig. 4a in false-
colour representation. The resolution of this neutron tomography
setup was sufficient to resolve the steel can, gasket, safety vent and
circuitsinside a Li-ion battery (Fig. 4b) as well as cathode/anode lay-
ers rolled around the Cu-sword (Fig. 4c). An enlarged view of Fig. 4c
is shown in Fig. 4d and points out an absorption gradient from
the centre (green colour) towards the outer region (yellow colour),
which corresponds to an increase of the local neutron absorption
capability. As the natural isotope composition for Li is 7.5% of SLi
and 92.5% of 7Li, where 6Li has a very high absorption cross section,
the observed absorption gradient can be attributed to the distribu-
tion of lithium inside the battery, i.e. more lithium is concentrated
in the outer part of the battery. Comparison of data collected for
“fresh” and “fatigued” lithium cells showed their visual identity, so
that 200 steps of charge/discharge do not cause significant changes
on a macroscopic level.

Neutron radiography studies performed at different charg-
ing states (3.00, 4.00 and 4.20V) resulted in a different contrast
between cathode and anode layers, e.g. well resolved cathode and
anode layer boundaries at 3.00V, but significantly smeared out
ones at 4.20V (see Fig. 5). A derivative analysis of the observed
tomography images requires more sophisticated analysis due to
changes in the battery dimensions upon charging/discharging from
3.0V to 4.2V (ca. 55pm in diameter). The smearing out of the

cathode/anode layer boundaries at elevated charge levels reflects
the more homogeneous Li distribution then in the discharged
states, i.e. all lithium is in the cathode and in the electrolyte, while
the anode is nearly Li free (except solid-electrolyte interface and
soaked electrolyte).

The performed studies unambiguously emphasize the need
of neutron scattering for the investigations to address the seri-
ous challenges in Li-ion battery technology which still remain
unanswered. A more clear understanding of these effects can be
obtained from supplementary neutron scattering experiments at
non-ambient conditions, which allow following the degradation
“live” during operation.
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