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Structural Investigation of Battery Raw Materials via
Powder X-ray Diffraction
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The development of new battery technologies with increased performance, efficiency, stability
and safety is of great relevance for academia and industry. The investigation of battery raw
materials is a key part of this process. X-ray diffraction (XRD) is a powerful technique for the

analysis of battery raw materials as it can provide information on the atomic and macroscopic

structure, in addition to qualitative and quantitative phase analysis, of the materials.

1 Introduction

Chemical energy storage devices, such as rechargeable
batteries, are usually complex, consisting of different raw
materials that have to fulfill a number of requirements.
They have to be reactive enough to allow fast charging
and discharging, but at the same time should not corrode
the battery housing or current collectors. The chemical
reactions also have to be reversible and highly efficient,
without any side reactions that reduce the capacity over
time or lead to the creation of potentially dangerous side
products. In addition to the chemical properties, many
macroscopic and physical properties, such as the electri-
cal contact between particles, the surface-to-volume ratio
(i.e., the patrticle size), the crystallinity and the thermal
and mechanical stability, have to be considered when it
comes to developing and characterizing battery raw ma-
terials.

1.1 Cathode materials

The most common types of batteries are Li-ion batteries.
In these batteries, the electrical charge is carried by Li*

cations. Typically, the cations are contained in the form
of Li salts such as LiCoO2 (LCO), LiFePOas (LFP) or
LiMn204 (LMO). While charging the battery, Li* is re-
moved from the salts and intercalated in the anode mate-
rial. Usually only a fraction of the lithium is removed from
the salts, as the complete removal of Li often leads to un-
stable compounds such as cobalt(IV)-oxide. An important
exception to this rule is LiFePOs, in which all of the Li
can be used.

All of these different cathode materials have their ad-
vantages and disadvantages when it comes to perfor-
mance, capacity and safety. (1)

In recent years, an effort has been made to improve the
capabilities of LCO cathode materials by substituting
parts of the cobalt with other metals such as nickel, man-
ganese or aluminum. (2) This has led to the creation of
three new cathode materials:

1. NMC: nickel manganese cobalt
2. NCA: nickel cobalt aluminum
3. NCMA: nickel cobalt manganese aluminum

which have become particularly popular for use in elec-
tric vehicles and grid energy storage devices due to their
high specific energy density (energy/mass).

1.2 Anode materials

The variety of commercially available anode materials is
much lower than for cathode materials, though a lot of re-
search is conducted in this field. (3)

Graphite is the predominant anode material for almost all
Li-ion batteries in use today. (4) In recent years, silicon-
based materials have grown more popular as anode ma-
terials since their specific capacity is higher than that of
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graphite, but due to other technical limitations, the tech-
nology is (not yet) well established commercially. Lith-
ium-titanate nanocrystals are also used as anodes com-
mercially, mainly because they have much higher charg-
ing rates and are much safer than graphite-based batter-
ies, but they have a much lower energy density than
graphite-based batteries.

1.3 Other components

While the anode and cathode are the most important
parts of a battery assembly, several other materials are
also common within batteries. To prevent short circuits
between the electrodes, batteries contain separators.
These separators are usually made from amorphous pol-
ymer materials, and are permeable for Li* ions, but elec-
trically isolating. (5) While research into different separa-
tor materials can give interesting insights, their amor-
phous nature makes them difficult samples for character-
ization with XRD.

Another important part of Li-ion batteries are conductive
agents. (6) Conductive agents are highly electrically con-
ductive materials with small particle size and large spe-
cific surface area that are added to both electrode sides
of a battery. Through their small particle size, they can
be easily distributed evenly through the whole battery,
and provide improved conductivity. One of the most com-
mon materials used in this function is carbon black, a
graphite-like compound, obtained from the incomplete
combustion of organic materials. The material is
paracrystalline, with a very low density and large crystal
lattice. This allows easy intercalation of Li* cations and
makes it possible to add large volumes of carbon black
to batteries without significantly increasing the weight. (7)

2  Experimental

For this application report, X-ray diffractograms of a num-
ber of different samples were measured. XRD measure-
ments were performed on Anton Paar's XRDynamic 500
Automated Multipurpose Powder X-ray Diffractometer
equipped with a Primux 3000 sealed-tube X-ray source
with Cu anode and a Pixos 2000 detection unit featuring
a solid-state pixel detector with Si sensor. A primary
beam multilayer Kai2 monochromator (flat) was used to
work in reflection geometry.

Measurements were performed on the anode material
graphite, the conduction agent carbon black C65 and the
cathode materials LCO, NMC and NCA. For improved
measurement efficiency, samples were placed on an XY
stage with adapter plate for six samples and measured
as part of the same experiment in a single batch (Figure 1).

/\7 Anton Paar

Figure 1: XRDynamic 500 equipped with XY stage and adapter
plate for 6 samples.

3 Results and Discussion

3.1 Crystallinity in different graphite species

A comparison between carbon black and graphite gives
an interesting insight in how XRD can be used to deter-
mine the degree of crystallinity of different materials (Fig-
ure 2). The crystalline graphite shows sharp reflections
with a high signal-to-noise ratio and almost no back-
ground. Carbon black shows reflections at the same, or
at least very similar, 26 angles.

— Carbon black C65
— Graphite

normalized intensity [a.u.]
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Figure 2: Comparison of normalized diffractograms of graphite and
carbon black C65.
Considering the very similar atomic structure of both ma-
terials, this similarity makes sense. Despite this, the re-
flections of carbon black are much broader, and the dif-
fractogram shows a lower signal-to-noise ratio and
higher background overall. This correlates well with the
differences in the macroscopic properties of the materials
discussed in the introduction.

The degree of graphitization (g) is another important
property of carbon materials, that also influences its per-
formance as battery component. This value can be
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calculated by precisely defining the lattice spacing of the
strongest reflection in the graphite pattern (doo2), and
adding this value in the following equation:

3.440 — dgo,
~ 3.440 — 3.354
The closer g is to 1, the more the material resembles the
ideal crystalline graphite structure.

g

The exact determination of doo2 requires special precau-
tions while measuring and analyzing the data, to ensure
that only the peak shift caused by the graphitization, and
not by external influences, is considered. More infor-
mation on this technique is given in another application
report. (8)

Nevertheless, one thing that can be clearly gathered
from the equation is that a shift of the 002 reflection to
lower angles is indicative of a lower degree of graphitiza-
tion which is to be expected. When comparing the posi-
tion of the strongest reflections of both diffractograms in
Figure 2, it is obvious that the reflection of carbon black
is shifted significantly to lower angles. Just like the lower
background and broader peaks, this correlates nicely
with the already established macroscopic differences be-
tween carbon black and crystalline graphite.
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3.2

The comparison of the cathode materials is even more
interesting, as it allows the observation of a number of
different phenomena (Figure 3). Comparing the results of
all three measurements, several observations can be
made:

Cathode materials

1. All diffractograms show a similar number of reflec-
tions at roughly the same positions with roughly
the same relative intensity between reflections of
the same material.

. The reflections for NCA and NMC are at very simi-
lar positions, both being shifted to significantly
lower 26 angles than for LCO.

. Between NCA and NMC, there is a slight differ-
ence in reflection angles, with NCA reflections ap-
pearing at slightly higher 26 angles than the corre-
sponding NMC reflections.

. Though all samples were measured with the same
instrument setup and measurement parameters,
the reflection intensities show significant differ-
ences (NCA>NMC>>>LCO).

Intensity [a.u.]
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Figure 3: Comparison of diffractograms for NCA, NMC and LCO cathode materials. The inset shows a close-up view of the region between 35°
and 46° 26 to show the angular shift between peaks from NCA and NMC more clearly. The diffractograms are shifted on the y-axis for clarity
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Explanation for all these observations can be found by
careful consideration of the differences of the materials.

While all materials show different metal compositions,
fundamentally they are all based on the hexagonal layer
structure of LCO. All materials crystallize in the same
space group (R3m) and show similar lattice parameters.
This leads to similar diffraction patterns for all materials.

While the crystal structure and symmetry are very similar
for all materials, the introduction of nickel and manga-
nese (NMC) or nickel and aluminum (NCA) leads to
slight changes in the crystal structure which can be eas-
ily detected by XRD.

It might be expected that the different covalent radius of
the elements present in the materials would explain the
differences in peak positions. However, in this case it is
not appropriate to simply use the covalent radius for
these estimations, since all of the atoms are cationic,
which leads to a decreased radius. It is also relatively dif-
ficult to determine the exact oxidation number of the met-
als, since most of them change their oxidation state de-
pending on their lithium content (i.e., during charging and
discharging). The additional intercalation of lithium leads
to a further contraction of the unit cell due to the coulomb
interaction between lithium and the negatively charged
oxygen atoms surrounding the transition metal layers.
Combining all these factors makes the analysis of peak
positions a highly complex, but rewarding endeavor
when investigating battery raw materials.

The lattice parameters for the different compounds ob-
tained by performing Rietveld refinement on the meas-
ured data are as follows:

Material a=b[A] | c[A] a=g[] v[°]
LCO 2.8164 14.0549
NMC 2.8691 14.2173 90 120
NCA 2.8663 14.1797

This further shows the impact the metal substitution has
on the crystal structure.

4  Summary

XRD is a valuable technique for determining the compo-
sition, structure and morphology of battery raw materials.
The determination of the degree of crystallinity can be
helpful for determining the structure-property relationship
in carbon materials, which can appear in different forms
in batteries, and thus fulfill different purposes. Detailed
analysis of the diffraction patterns of crystalline raw ma-
terials can help in determining the composition of mixed
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metal oxides, that are commonly used in cathode materi-
als, and can give an indication of the state-of-charge or
the oxidation state of the materials.

This type of analysis relies on good data quality, with
high signal-to-noise ratio, and well resolved reflections.
Anton Paar’'s XRDynamic 500 is the perfect solution for
these kinds of measurements, as it offers a large selec-
tion of different sample holders and stages to measure
different kinds of sample materials, and provides the
highest resolution with excellent signal-to-noise ratio.
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