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ABSTRACT

Layered lithium transition metal oxide (LTMO) cathode materials have attracted much attention for lithium-ion batteries and are
shining in the current market. Establishing a clear structure—performance relationship is necessary for the performance
improvement of LTMO cathode materials. The combination of synchrotron X-ray diffraction (XRD) with high intensity and XRD
Rietveld refinement is powerful for revealing the structural characteristics of LTMO cathode materials. This review summarizes
the application of high energy XRD and Rietveld refinement in LTMO cathode materials, including the brief introduction of
synchrotron XRD and Rietveld refinement and their applications in understanding the structural evolution related to the synthetic,
thermal runaway, cycling, and high-rate charge/discharge process of LTMO cathode materials. Synchrotron XRD can provide
insights into the intermediates and reaction paths in the synthesis process, the origin of thermal runaway, the mechanism of
structural decay during cycles, and the structural evolution during high-rate charging/discharging. Future works should focus on
the development of higher intensity X-rays to gain more in-depth insights into the intrinsic relationship between their structural

characteristics and properties.
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1 Introduction

Lithium-ion batteries (LIBs) have been widely used in portable
electronic devices and electric vehicles (EVs) since their
commercialization in 1991 [1-3]. The increasing popularity of
portable electronic products and the rise of EVs in today’s market
have raised higher requirements for the performance of LIBs,
especially regarding battery life, energy density, and cost [4, 5],
which are largely determined by cathode materials. This urgently
calls for development of low-cost and high-performance cathode
materials for LIBs [6]. Among the candidates for cathode materials
that have been considered and studied, the layered lithium
transition metal oxide (LTMO) cathode materials are the most
widely studied owing to their high theoretical capacity and low
cost [7-9]. In particular, the LTMO cathode material LiCoO, has
a theoretical specific capacity of 274 mA-h-g”, higher than that of
LiFeO, with olivine structure (170 mA-h-g") and LiMn,O, with
spinel (148 mA-h-g) [8]. It is necessary and essential for rational
microstructural design at the material level to truly unlock the
potential of these LTMO cathode materials. In addition, the
charge—discharge process of LTMO cathode materials for LIBs is
complicated, which involves several simultaneous chemical and
physical processes, such as structural evolution [10] and reactions
both in the bulk and electrode/electrolyte interfaces [11]. There
exist changes in lattice parameters, phase transition, and volume
contraction/expansion upon lithium intercalation and de-

intercalation at the cathode material level [12]. In order to design
cathode materials with better performance and new
electrochemistry, it is necessary to gain comprehensive and deep
understanding of the intrinsic structural characteristics of LTMO
cathode materials and the evolution of crystal structures in service.
X-ray diffraction (XRD) is a powerful and indispensable tool to
reveal the structural characteristics of LTMO cathode materials
owing to their high crystallinity [13]. It is worth mentioning that
XRD can monitor and track the crystal structure evolution of
cathode materials. However, to achieve real-time tracking of the
dynamic evolution of the crystal structure of cathode materials
during charge-discharge, XRD should have timely and spatial
resolutions as high as possible. Compared with traditional
laboratory diffractometers, synchrotron sources with the same
principle have advantages in time-resolved (TR) studies due to
their brightness, photon flux, penetration depth, and high
collimation [14,15]. High-resolution diffraction, especially
synchrotron XRD, can offer high-quality structure refinement to
distinguish very close lattice parameters and avoid severe peak
overlapping. Rietveld refinement is a full spectrum linear fitting
method proposed by Hugo M. Rietveld in 1967 [16]. It can reveal
the distribution rules of atoms in the crystal cell, including
important information such as atomic composition, atomic
proportion, and atomic coordinates, and becomes an important
tool for analyzing material structure [17,18]. With the
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development of synchrotron X-ray technology, it has been
popularized to study various properties of LTMO cathode
materials for LIBs by combining synchrotron XRD with Rietveld
refinement [19]. Thus, systematical summary on the application of
high energy XRD and Rietveld refinement in LTMO cathode
materials is necessary and useful for future studies. Although there
are some reviews about LTMO cathode materials for LIBs, the
summary on synchrotron XRD and Rietveld refinement for
LTMO cathode materials is still lacking [20-23].

Herein, we focus on summarizing the application of
synchrotron XRD and Rietveld refinement in LTMO cathode
materials. Firstly, we introduce the structural characteristics and
properties of LTMO cathode materials. Next, synchrotron XRD
and Rietveld refinement are introduced, and then their
applications in LTMO are discussed from the perspective of the
structure changes associated with synthesis, thermal runaway,
cycling failing, and high-rate charge/discharge process. Finally, the
shortcomings and future development of XRD Rietveld
refinements in the structural analysis of LTMO cathode materials
are discussed. This urges the development of higher intensity X-
rays to gain more insights into the intrinsic relationship between
structural characteristics and properties in the future.

2 Overview of LTMO cathode materials

The lattice structure of the LTMO cathode materials is closely
related to battery performance such as power and energy density,
cycle performance, and safety [24]. Figure 1(a) shows real-life
LTMO cathode materials from battery-level applications to
structure design of multiscale forms with atomic complexity. The
space group of LTMO cathode material is R3m, belonging to
hexagonal system, with lithium, transition metal (TM), and
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oxygen occupying positions of 3b, 3a, and 6c, respectively [25].
Along the c-axis, Li-O and M-O octahedra are arranged
alternately, forming two-dimensional channels for lithium
transport [26]. The crystal structure of LTMO cathode materials is
shown in Fig 1(b). The representatives of LTMO cathode
materials are LiCoO,, LiNi,Co,(Mn/Al),_,,O, (0<x<1and 0 <y
< 1, NCM/A), as well as Lirich cathode material
xLi,MnO;-(1-x)LiTMO, (TM = Ni, Co, and Mn), the structural
characteristics and properties of which are summarized in Table 1
[22,23,27]. Among the LTMO cathode materials, LiCoO, is the
first to be commercialized [27]. In addition, Ni-based LTMO
materials, LiNi,Co,(Mn/Al),_,,O,, are showing promise in EVs
[22,28].

According to the crystal structure of LTMO, the spacing
between the (003) crystal planes represents the diffusion channel
of lithium. In other words, the larger the spacing between (003)
crystal planes, the easier the lithium diffusion. At the same time,
the change of c-axis of cell parameters also represents the size of
layer spacing.

The lattice structure of LTMO cathode materials will expand
and contract repeatedly during the charge-discharge cycles. The
structure collapse, induced by many factors, such as current
density and lithium removal, is the main factor for the poor
cycling stability. Because lithium is transported in two-
dimensional channels, the layer spacing is directly related to the
rate performance. It is essential to clarify the correlation of the
cycle stability and rate performance with the variation law of
lattice parameters in the charge-discharge process. These
problems are quite common in all the LTMO cathode materials
[8]. Therefore, it is crucial to accurately characterize the change
law of layer spacing driven by external field and the relationship
between the interlayer spacing of lithium and its electrochemical
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Figure1 (a) Overview of LTMO-based cathode materials from macroscopic applications to microscopic crystal structures. (b) Schematic diagram of LTMO crystal

structure. (c) Synchrotron XRD and Rietveld refinement used to study LTMOs.
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Table1 Structural characteristics and properties of layered cathode materials [22, 23, 27]

Atomic occupation

Theoretical specific

LTMO cathode materials Space group o — o capacity (mAh-g) Working voltage (V)
LiCoO, R3m 3b 3a 6¢ 274 39
LiNi,Co,(Mn/Al),_,_,0, R3m 3b 3a 6¢c 273-285 3.8
xLi,MnO;-(1-x)LiITMO, (0 < x < 1) R3m + C2/m 2b/2c/4h 4 4i/4j 273-350 3.8

properties. It is worth mentioning that compared with LiCoO,, the
Li/Ni mixing is an important factor affecting the cycling stability
and rate performance of Ni-based LTMO cathode material.

In Ni-based LTMO materials, the similar radiuses of Ni*
(0.69 A) and Li* (0.76 A) make it easy for Ni** to occupy position
3b and migrate into 3a, as shown in Fig. 1(b). It can be seen that
TM ions are arranged in the (003) crystal plane. Compared with
lithium, TM elements have stronger scattering ability for X-ray, so
the diffraction of (003) crystal plane for X-ray is stronger and
shows higher diffraction peak intensity. However, the diffraction
of lithium for X-ray is very weak due to its small atomic number.
When Li/Ni mixing occurs, a certain amount of lithium appears in
the (003) crystal plane, which will weaken the diffraction peak of
the (003) crystal plane and cause intensity decrease of the
diffraction peak. For the (104) crystal plane, because of the
appearance of TM in the lithium site, the increase of the total
number of TM in the (104) crystal plane will enhance the
diffraction intensity.

Li/Ni mixing will lead to a higher diffusion energy barrier for
lithium ion in the LTMO cathode materials, because the Li/Ni
mixing will reduce the Li-O layer spacing and increase the
diffusion resistance [29]. At the same time, TM ions at the lithium
site will also hinder the conduction of lithium ion. Hence, with the
increase of Li/Ni mixing, the rate performance of the cathode
material will be reduced. In addition, with the repeated
charge-discharge cycles, the Li/Ni mixing becomes more severe
and eventually results in capacity loss and cycling instability.

An in-depth and comprehensive understanding of the
relationship between structure and performance in LTMO
cathode materials is of great significance. XRD refinement is an
important tool to study cell parameters. Their changes during
cycles can be examined through XRD refinement, so as to provide
insights into the lattice parameters and the degree of Li/Ni mixing
in LTMO cathode materials in the charge and discharge process.
The quality of refinement is strictly dependent on the time- and
spatial-resolved X-ray.

3 Synchrotron XRD and Rietveld refinement

XRD originates from the discovery of M. Laue in 1912 that a
crystalline material generates unique patterns of diffracted X-ray
according to Bragg’s law [30]. In short, diffraction occurs when
Bragg’s law is satisfied. Strong diffraction of X-rays through a
crystal is detected at a certain X-ray wavelength and incident
radiation angle. The Bragg’s law can be described as Eq. (1)

nA = 2dsin6 (1)

where d is the inter-planar distance, 6 is the scattering angle, # is
an integer, and 1 is the wavelength of the X-ray, respectively. In
principle, the radiated X-rays are scattered by electrons around the

Table2 Comparison of synchrotron radiation XRD with conventional XRD

atoms. The scattering coefficient of atoms is almost proportional
to the number of electrons. Thus, light atoms are weak for X-ray
scattering, while heavy atoms are strong.

XRD became an important means to study the structural
characteristics of cathode materials for LIBs [31-33]. With the
sustainable development of science and the progress of nuclear
and high-energy physics, the neutron and synchrotron source and
other large scientific facilities have been established. The
brightness of the synchrotron X-ray spectrum is improved by
10 orders of magnitude compared with the approximately
10’ photons-s-mm>mrad (0.1 BW)™ brightness of the Ka line of
X-ray sources from the laboratory. The brightness of the
third generation synchrotron radiation source can reach
10® photonssmm™mrad>(0.1 BW)" [34]. In addition,
synchrotron radiation X-ray has many advantages over traditional
XRD, such as high signal-to-noise ratio and high intensity, which
are listed in Table 2. The diffraction signals of high quality
generated by the synchrotron X-ray in the crystal can be used to
determine a variety of microstructure parameters with high
precision, which greatly promotes the progress of LTMO cathode
materials.

Any crystalline material has a specific phase composition and
crystallographic parameters (such as space group, cell size, type of
atoms in the cell, atomic arrangement, etc.). When X-ray enters a
crystal and diffracts, a specific diffraction pattern is generated. The
cell parameters determine the peak position and intensity of the
XRD pattern. In other words, if the crystallographic parameters of
materials are known, then the peak position and intensity can be
calculated. However, if the sample displacement, background line
shape, temperature factor, and preferred orientation are taken into
account, the theoretical result of the materials is calculated with a
certain peak shape function and a certain proportion. Note that
the data obtained from XRD instrument are affected by multiple
factors, such as instrument error and sample state, which will
cause the error between the measured and calculated diffraction
results. It is generally believed that the structure model obtained
when the residual reaches the minimum is the real structure
information of the sample.

Rietveld refinement is based on a specific crystal structure
model and peak shape function to calculate the theoretical
diffraction pattern within a certain angle range [16]. The
calculated result is fitted to the measured diffraction data using the
nonlinear least squares method. The residual difference (R)
between the theoretical and the measured results is calculated.
Usually, the smaller the R value, the better the fitting result and the
more accurate the crystal structure analysis [35]. The commonly
used R values are mainly the residual variance factor of the graph
(R;) and the residual variance factor of the weighted graph (R,,),
which are defined as follows

Brightness . . . . .
XRD Wavelength (photons's mm “mrad (0.1 BW)") Intensity Resolution Signal-to-noise ratio
Synchrotron XRD Tuneable 107-10* Strong High High
Conventional XRD Specific 10° Weak Low Low
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R=Y |Y,—Yil/Y Vs 2)

Ry = [Y WY, — Y/ Y Wy, 3)
where W, is the statistical weight factor, Y,; is the measured
intensity value, and Y is the calculated intensity value at point i.

In the refinement process, R, and R,,, are often used to judge
the reliability of Rietveld refinement results. The numerator in R,
is a very small quantity calculated in the least squares fitting, which
can accurately reflect the quality of the fitting. The change of R,
in the refinement process indicates the refinement direction and is
meaningful. The smaller the R, the better the refinement results.
In general, when the R, is less than 10%, the refinement result
can be considered reliable.

However, it is not rigorous to judge the refinement results only
based on the residual variance factor, because sometimes there will
be a “pseudo-convergence” phenomenon. Therefore, while paying
attention to R, in the refinement process, it is also necessary to
focus on the chemical rationality of the refinement structure
model, such as atomic proportions, atomic coordinates, etc. In the
process of refining the LTMO cathode material of LIBs, the
structure model can be established according to the results of
inductively coupled plasma (ICP) test.

As shown in Fig 1(c), synchrotron XRD and Rietveld
refinement provide an opportunity to study the crystal structure of
LTMO cathode materials. Detailed structure information of
LTMO cathode materials can be obtained, such as layer spacing of
lithium and degree of Li/Ni mixing. The relationship between
structural characteristics and performance can be established.
Therefore, combining synchrotron XRD with Rietveld refinement
is effective to unlock the underlying structure information of
LTMO cathode materials for LIBs.

4 Application of synchrotron XRD and Rietveld
refinement in LTMO cathode materials

4.1 Structural evolution during the synthetic process

The performance of cathode materials for LIBs depends on their
structural characteristics. The external driving force in the
synthesis process is an important factor that directly affects
structural characteristics [21,36]. It is worth noting that the
synthesis process of LTMO is a complicated chemical process,
because it involves the reconstruction of atoms and the
construction of new structures according to the precursors. For
practical applications, synthetic control of stoichiometry and
structure ordering is essential. But synthesis reactions often
proceed via nonequilibrium pathways due to its inherent
complexity [37]. It is important to understand the dynamic
evolution behavior of structures, especially the capture of
intermediates during synthesis. For Ni-based LTMO cathode
materials, it is of great significance for the synthesis of perfectly
ordered cathode materials to gain insights into the cation ordering
in the synthesis process [38].

Synchrotron X-ray can take high-quality full-range XRD
patterns in time scales of several seconds, thus fast and subtle
changes in structure and composition can be tracked [39-41]. For
example, the structural evolution in the process of synthesizing
LiCoO,, LiNiO,, and LiNi;3Co,,0, with acetate as precursor was
studied by combining in-situ synchrotron XRD with Rietveld
refinement [42]. As shown in Fig. 2(a), the phase evolution in the
Li-Co-O, Li-Ni-O, and Li-Ni-Co-O systems as a function of time
and temperature was revealed via XRD Rietveld refinement. It can
be seen intuitively that both Ni- and Co-based LTMOs ultimately
crystallize into the same R3m layered structure with
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thermodynamic stability, which evolve with different metastable
intermediates to the final equilibrium products. Specifically, the
results show the existence of metastable spinel polymorphs of
Li,Co,0, with a space group of Fd3m, which was formed with an
equilibrium reaction product Co;O, at low temperature. When
heated at high temperature, Li,Co,0, is smoothly transformed
into the equilibrium layered LiCoO, phase. Li/Ni mixing is an
inevitable challenge in Ni-based LTMO cathode materials. Figure
2(b) shows the proportion of TM in the lithium layer obtained in
the three systems. As for the Li-Ni-Co-O system, the proportion
of TM in the lithium layer is relatively high at low temperature,
confirming that the disordered rock salt (Li,(Ni,Co),_O,, Fm3m)
was formed as an intermediate. The rising temperature
consequently leads to Li (Ni,Co)O, with high Li/Ni mixing. In
addition, they confirmed that Co doped LiNiO, can reduce the
temperature of its transition to hexagonal layered phase by means
of in-situ synchrotron XRD and Rietveld refinement, because Co
can nucleate at lower temperature [43].

Similarly, it has demonstrated the appearance of disordered
rock salt phase Li,,(NijCoy,Mny,);_,,O (Fm3m) and layered non-
stoichiometric intermediate Li;_(Ni;Coy,Mny,),,,0, during the
high-temperature synthesis of Ni-based LTMO materials
LiNij4Co,,Mn,,0, (NCM622) [44]. The phase transition process
from the completely disordered rock salt phase
Li,,(Nig¢Co,Mny,),_,,O (Fm3m) to the disordered layered phase
Li; (Niy¢Coy,Mny,),,, O, was thoroughly studied, and the results
showed that the cell parameters a and ¢ values of
Li;_(Niy¢Coy,Mny,), O, decrease rapidly at the beginning of the
transition from disorder to order (770-800 °C). This indicates that
severe long-range cation disorder (Li/Ni) in the layered structure
will lead to the increase of the average cell volume (V) and lattice
parameters a and c. It is revealed that the reaction temperature is
the key factor affecting the Li/Ni mixing in the Ni-based LTMO
materials. Wang et al. systematically studied the influence of the
temperature on the structure during the synthesis of
LiNiy,CoqsMng s0, (NCM71515) with the help of in-situ
synchrotron XRD [45]. As shown in Fig. 2(c), it can be seen that
the influence of synthesis temperature on cation ordering and
Li/Ni mixing is obvious. The quantitative structure analysis shows
that complicated cation ordering and disordering processes occur
simultaneously ~ throughout the heat treatment process.
Temperature is proved to be crucial for the kinetics of cation
ordering. The highest ordering cathode material was obtained at
850 °C during the heat treatment of NCM71515 in air.

LiCoO, phases are primarily dominated by a metastable spinel
structural motif with the same stoichiometry, whereas the Ni-
based LTMO intermediates proceed through a disordered rock
salt structure motif. In the synthesis of LTMO cathode materials, it
is confirmed by synchrotron XRD and Rietveld refinement that
the structure of intermediates plays a significant role in the
structural characteristics of the final product. By elucidating the
mechanisms driving the formation of nonequilibrium
intermediates during solid-state synthesis, we can rationally
control the processing at early stage or manipulation of precursors
toward targeted structure motifs.

Compared with the solid-state synthesis for LTMO cathode
materials [21,46,47], the microwave (MW) method has the
advantages of short time and high efficiency [48-50]. This may
provide an opportunity for rapid preparation of LTMO cathode
materials. It is necessary to understand its structural evolution in
the synthesis process, so as to accurately adjust the reaction
conditions and synthesize cathode materials with perfectly layered
structure. In-situ synchrotron XRD was employed to track the
phase transition of LiNij;Mn,;Co,;30, (NCM111) during
microwave hydrothermal synthesis [51]. Figure 3(a) shows in-situ
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Figure2 (a) Heating profile (top) and phase fractions (bottom) of crystalline phase in the Li-Co-O, Li-Ni-O, and Li-Ni-Co-O systems. (b) Lithium content at the Li
site as a function of temperature during synthesis. Reproduced with permission from Ref. [42], © American Chemical Society 2020. (c) Evolution of lattice parameters
of NCM71515 during heat treatment at 800, 850, and 900 °C: occupancy of Ni ions at position 3b (top), changes in the distance of the Li-slab (middle), and the lengths
of Li-O and TM-O bonds (bottom). Reproduced with permission from Ref. [45], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017.

XRD for microwave hydrothermal synthesis. As shown in Fig.
3(b), it was found that the hydroxide precursor transformed into a
layered oxide product at below 160 °C for less than 4 min. The
reaction rates of solid-state synthesis, hydrothermal synthesis, and
microwave hydrothermal synthesis of cathode materials were
compared by temperature-resolved synchrotron XRD and
Rietveld refinement, as shown in Fig. 3(c). It was found that the
reaction rate of microwave hydrothermal synthesis was much
higher than those of solid-state synthesis and hydrothermal
synthesis. It reveals the targeted energy transmission mechanism
of microwave ultrafine synthesis by synchrotron XRD and
Rietveld refinement.

4.2 Structural evolution during thermal runaway process

In addition to the electrochemical performance of LIBs, the safety
issues related to thermal abuse are also a major obstacle for
practical applications [52]. The thermal stability of cathode
materials plays a crucial role in the safety of LIBs [52-54].
Generally, high temperature will lead to structure changes of
cathode materials, followed by thermal runaway of batteries [55].
Therefore, it is essential to understand the structural evolution of
cathode materials in the process of thermal runaway, so as to fully
understand its potential harm and mitigate the safety issue.

As the LTMO cathode material is charged, its lattice gradually
expands. When the charged LTMO materials are heated, their

EZEA
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structures evolve, leading to a series of safety-related side reactions
with the electrolyte [56]. Especially for overcharged Ni-based
LTMO, the reduction of Ni* to Ni* during the heating process
will release oxygen, which will react with electrolytes and lead to
severe thermal runaway [57,58]. More importantly, inferior
thermal stability of Ni-based LTMO materials leads to rapid
chemical and structural degradation, which will not favor its
application ~ [59-61].  Accordingly,  temperature-resolved
synchrotron XRD and structure refinement are helpful to reveal
the degradation and stability of Ni-based LTMO materials [62,
63]. Wu et al. used this technique to compare the phase transition
behaviors ~ of  charged  Ni-based LTMO  cathodes
Li,Ni;gCoy,15Al),0s0; (x < 0.15) and Li,Ni, 5Co,,sMn, 50, (x < 0.15)
at different temperatures to study their thermal stability. The
results indicate that LiNi,5Co,,;Mn,;0, and LiNi;3Coy;5Al,0:0,
undergo structural transformation from layered phase to spinel
phase, and then to rock salt phase. Specifically, the transition
temperature of LiNi, ;Co,,;Mn,;;0, to spinel phase is higher than
that of the charged Li,Ni,Coy,;5Al,050,, which confirms that the
thermal stability of Ni-based LTMO decreases with the increase of
Ni content [62]. Doping alien elements can significantly promote
the thermal stability of Ni-based LTMO cathode materials, such as
Mg and Zr [64].

As for Ni-based ternary solid solution LTMO cathode materials

(LiNi,Co,Mn,_, O, (NCM)), elucidation of the role of each
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element in structure and performance is significant. It is generally
believed that the existence and migration of Ni** in the lattice are
the main reasons for the evolution from layer to rock salt phase
during heating [52, 58]. It has been found that Mn maintains a
constant +4 in the process of charge-discharge and occupies the
octahedral sit in the TM layer to benefit the integrity of the layered
structure and the thermal stability of Ni-based LTMO cathode
materials [65, 66]. However, the role of Co element in the thermal
stability of LTMO cathode materials is still unclear.

To investigate the roles of Co and Mn in terms of structure
stability, synchrotron XRD was employed to study the structural
characteristics of Co-rich and Mn-rich Ni-based LTMO materials
[67]. After charged the battery to 4.4 V, as shown in Fig. 4(a), the
charged cathode was disassembled in a glove box and loaded into
a capillary with a heating device. Its structure changes were
tracked by temperature-resolved synchrotron XRD. The heating
rate was 10 °C-min, and the resolution of the data material was
20 s-sheet™. Combined with Rietveld refinement, the function of
crystalline phase content with temperature during heating was
obtained. As shown in Figs. 4(b) and 4(c), the initial temperatures
of layered (003) peak fading in both Co-rich and Mn-rich cathode
materials are about 206 and 195 °C, respectively. However, it is
worth noting that compared with Co-rich cathode, Ni*
precipitates, the (003) peak declines, and the characteristic peaks of
spinel phase appear at lower temperature. This confirmed that the
TM migration in Mn-rich cathode materials can occur at lower
temperatures, which means that the stability of the Mn-rich
cathode materials is poorer than that of the Co-rich cathode
materials.

4.3 Structural evolution during cycling process

The main reasons for the poor cycling stability of the LTMO
cathode material are cracking and the loss of contact of active
material due to large volume change during cycles [68]. The
capacity attenuation of Ni-based LTMO cathode materials is also
related to cation disorder in particle surface caused by Li/Ni
mixing, resulting in structure transformation from the initial
layered (R3m) phase to cubic spinel (Fd3m) phase, and then to
rock salt (Fm3m) phase [69]. Impedance increases gradually with
polarization, inducing reduced electrochemical reversibility.
Improving cycling stability of LTMO materials is related to the
elucidation of their structure, morphology, composition, and local
chemistry. For example, surface coating and lattice doping can
stabilize the structure during charge-discharge [70-72]. Particle
formation engineering, such as composition gradient [73], ordered
primary particle filling [74], and single crystal [75], has also been
shown to be effective to improve cycling stability. To truly
promote the cycling stability of LTMO cathode materials, rational
microstructure design at the electrode level is essential. Specifically,
understanding of the lattice parameter variation of the electrode
materials and the formation law of Li/Ni mixing in Ni-based
material during the repeated charge-discharge process is of great
importance. Real-time tracking of the changes of key lattice
parameters in the charge-discharge process of LTMO is helpful to
understand the degradation mechanism, and has important
guiding significance for its structure stability and electrochemical
performance [76]. In-situ XRD and Rietveld refinement are often
applied to study the structural characteristics of cathode materials
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charge-discharge. (b) (003) diffraction peak fading and (c) (220) diffraction peak of spinel emerging during heating of Co-rich and Mn-rich cathodes. Reproduced with

permission from Ref. [67], © American Chemical Society 2020.

during charge-discharge process, which can directly reveal the
changes of lattice parameters and the degree of Li/Ni mixing
[77-79].

There have been many reports on the variation trend of lattice
parameters of LTMO cathode materials in the electrochemical
process [80-83]. During the typical lithium extraction of LTMO,
the unit parameter ¢ increases first and then decreases, and the
value of a decreases monotonically. The change of lattice
parameters during discharge is reversible [73]. However, the
crystal structure information obtained by laboratory XRD cannot
fully explain the small changes in cell parameters. Therefore,
synchrotron XRD with higher precision combined with Rietveld
refinement is in need to track the changes of cell parameters of the
LTMO during the electrochemical process [84-88]. Marker et al.
obtained the cell parameters with higher precision of
LiNiysMn,;Co,,0, (NCMS811) cathode materials in the
charge-discharge process by synchrotron XRD and Rietveld
refinement [88]. Figure 5(a) shows the changes of lattice
parameters a and ¢ and unit cell volume of NCM811 during
electrochemical lithium extraction. Throughout the charging
process, the lattice parameter a decreases continuously from 2.87
to 2.81 A. The lattice parameter ¢ keeps rising before charging to
4.1 V, which proves that the O-O repulsive force increases the
spacing between Li layers in the process of lithium removal.
However, after charging to 4.1 V, the value of ¢ decreases rapidly,
indicating that the structure collapses. The change of cell volume is
continuously decreasing, which is mild at the beginning stage.
Combined with the change of g, it can be considered that the cell
volume is initially controlled by a before ~ 4.1 V, and then shrinks
faster, which further reflects the collapse of c lattice parameter. At
the first discharge, all these lattice parameters are reversible. In
addition, they defined the position of O in the direction of ¢ as
coordinate Z, and calculated the thickness changes of the Li and
Ni layers through the coordinate Z value of O obtained by
Rietveld refinement. As shown in Fig. 5(b), it can be seen that the
O-O repulsion increases after lithium is removed, and the lithium
layer expands. At the same time, the thickness of TM layer

Tsinghua University Press

decreases, because the radius of Ni ion decreases and the
covalence of Ni-O bond enhances with the charge increase of Ni
ion. Therefore, the decline of ¢ value at high voltage is caused by
the further contraction of TM layer at the initial stage, followed by
collapse of lithium layer at high voltage.

The mechanism of structure degradation of LTMO cathode
materials was investigated by comparing the changes of lattice
parameters during the first and following cycles. It was elucidated
by in-situ synchrotron XRD combined with Rietveld refinement
[89]. Figure 5(c) shows the in-situ XRD patterns of the 201* charge
and discharge process. As shown in Fig. 5(d), the ¢ value in the
201* cycle has little change, compared with the ¢ value in the 1*
charge process. In addition, the change of cell volume during the
201* charge and discharge process (2.0%) is nearly two times
higher than that of the 1% charge and discharge process (1.1%).
The large volume change may further aggravate the internal stress
of the material and lead to deterioration of its cycle performance.
The X-ray absorption near edge structure (XANES) spectroscopy
results showed that the electrochemical attenuation of Li-rich
LTMO was mainly caused by the asynchronous reaction between
different transition metals and the chemo-mechanical instability.

Synchrotron XRD enables long-time in-situ experiments, that
is, allows a cell to be studied without interruption over long cycles.
The long duration of the experiment allows monitoring of changes
over 1000 cycles. Chao et al. employed a modified cell for in-situ
testing and analyzed the structure degradation mechanism of Ni-
based LTMO materials NCM811 during charge and discharge
with in-situ synchrotron XRD and Rietveld structure refinement
[90]. The (003) peak splitting highlighted the presence of a
fatigued phase at high charged state. Figure 5(e) shows the
splitting of (003) diffraction peak, in which the two peaks
represent the active and fatigued phases and the trough in the
middle represents the intermediate phase of different charge states.
It can be seen from Fig. 5(f) that the phase fraction of the fatigued
phase increases substantially with the cycle number. The variation
of cell parameter ¢ during the cycle and the lattice mismatch rate
were estimated to show that, when the charging exceeds a
threshold of ~ 75%, there is a large lattice mismatch between the
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Figure5 (a) Evolution of unit cell volume and lattice parameters a and ¢ of NCM811 by Rietveld refinement during the first charge to 4.4 V. (b) Evolution of layer
spacing during charge and discharge. Reproduced with permission from Ref. [88], © American Chemical Society 2019. (c) Charge-discharge curves and the
corresponding contour plots of XRD patterns of Li-rich LTMO during the 201* cycle. Red to blue represents the decreasing peak intensity. (d) Lattice parameters (¢
and V) as a function of potential of Li-rich LTMO during the 201* cycle and the 1* cycle after electrode activation at 0.1 C. Reproduced with permission from Ref. [89],
© Wang, L. G. et al. 2021. (e) Fatigued phase appears when (003) is split in NCM811 cathode after long cycles. (f) Fractions of crystalline phase (active, intermediate,
and fatigued) obtained by refinement at different cycles. Reproduced with permission from Ref. [90], © Xu, C. et al. 2020.

layered structure and the surface reconstruction layer of rock salt
phase. In addition, the unit cells of the layered structure contract
significantly in both the ¢ and a/b directions, resulting in a rapid
and large increase in the lattice mismatch between the rock salt
and the layered phases. This demonstrates that Ni-based LTMO
cathode materials exhibit greater changes in lattice parameters
(especially ¢ parameter collapse) than the analogues with low Ni
contents at the same upper limit voltage, making them more
susceptible to fatigue degradation.

LTMO cathode materials are usually obtained as polycrystalline
particles and composed of nanoscale primary particles.
Anisotropic volume changes during lithium extraction/insertion
make them inherently susceptible to grain boundary fracture,
which leads to electrochemical performance degradation [8].
Compared with polycrystalline materials, single crystal cathode
materials show advantages in the cycle stability by eliminating
internal grain boundaries and crystalline fractures [75, 91-93]. It is
meaningful to understand the lattice parameter changes of single
crystal LTMO cathode materials during charge and discharge and
then their cycling stability. Yang et al. compared the crystal
structure evolutions of single crystal Li-rich LTMO cathode
materials Li(Lij,Niy,Mngs)O, (LLNMO-SC) and polycrystalline
materials (LLNMO-PC) during extraction-insertion of lithium
ion with in-situ time-resolved synchrotron XRD and Rietveld
refinement [91]. Figures 6(a) and 6(b) are the refined patterns of
LLNMO-PC and LLNMO-SC, where no impurity phases were
found. The reasonably small residual variance factors R, R, and
R,, indicate that the fitting results are reliable. Rietveld
refinements are shown in Figs. 6(c) and 6(d), indicating that
during the first charge to 4.5 V, the cell parameters of LLNMO-PC
and LLNMO-SC have the same change trend. However, from 4.5
to 4.8 V, the value of cell parameter ¢ of LLNMO-PC changes

significantly, while the ¢ value of LLNMO-SC remains almost
constant. Noteworthily, the changes of cell parameters g, b, ¢, and
V of LLNMO-SC are much smaller than those of LLNMO-PC,
which strongly confirms that single crystal materials have excellent
structure reversibility and stability in the electrochemical cycles.

In addition to the evolution of structure parameters of LTMO
cathode materials in the charge and discharge process explored by
means of synchrotron XRD and Rietveld refinement for
degradation, Li/Ni mixing is also an important factor affecting the
cycling stability. It is necessary to understand its formation rule.
The combination of synchrotron XRD with Rietveld refinement
can accurately calculate the Li/Ni mixing proportion [69, 94-96].
Wang et al. proved that in NCM cathode materials, Co can
significantly inhibit Li/Ni mixing, while Mn can aggravate Li/Ni
mixing [95]. It is generally agreed that the Li/Ni mixing is usually
attributed to the similar sizes of Ni** and Li, in other words, the
higher the content of Ni*", the more the Li/Ni mixing. A linear
relationship between the content of Ni* and Li/Ni mixing has
been revealed.

Interestingly, Yin et al. employed synchrotron XRD to
understand the Li/Ni mixing in NCM and were surprised to find
that the concentration of Li/Ni mixing (labeled as [Ni;]) was not
completely attributed to the ionic radius similarity between Ni**
and Li* [96]. Figures 7(a)-7(c) show the dependence of [Nij;] on
(a) the average oxidation state of Ni, (b) the total content of Ni,
and (c) the fractional concentration of Ni** on the total
concentration of the transition metals (Ni, Mn, and Co). From the
three graphs, it is clear that the graph with only Ni** fraction
behaves monotonously. Figures 7(d)-7(f) show the percentage
changes of Ni atoms located in the Li/Ni mixing (labeled as
9%Nip;). The steady variation of %Ni;; with composition indicates
that the Li/Ni mixing concentration in these samples is mainly
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determined by thermodynamic rather than kinetic factors. The
refinement results proved that the amount of Li/Ni mixing was
related to the absolute number of Ni** (Fig. 7(f)) rather than the
proportion of Ni** (Fig. 7(d)). It can be explained by the fact that
Ni** ions, which are larger than the Ni** ions, push oxygen atoms
out of the layer with transition metal ions in octahedral sites.

44 Structural
charge/discharge process

evolution during high-rate
In order to meet consumer demands, the batteries need to have
high-rate capability, especially for charging. For the design of
battery materials for high-rate applications, it is essential to clarify
the structural evolution of electrode materials during fast
charge-discharge [97,98]. However, most of the researches are
focused on the relatively slow processes near the thermodynamic
equilibrium, not much are on the fast kinetics [10]. This is mainly

EZS L0
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due to the lack of fast data collection techniques with high signal-
to-noise ratio. The synchrotron XRD with the characteristics of
fast data acquisition and high brightness has become a powerful
technique to study the structural dynamic behavior of electrode
materials at high current densities [99, 100].

Zhou et al. employed TR-XRD to study the phase transition
behavior of LTMO cathode materials LiNi,;sMn,;Co,;0, cycled
at various charging rates (0.1, 1, 10, 30, and 60 C) [99]. It is shown
that a different phase transition path is experienced in the high
current charging process, in comparison with that in the low
current charging process, that is, the intermediate phase appears at
10 C and becomes increasingly apparent at 30 and 60 C. The
intermediate phase formed during high-rate charging is likely to
act as buffer to reduce local stresses and strains caused by
inhomogeneity during charging.

The structure degradation mechanism of NCM811 cathode at
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different rates was studied by TR-XRD and Rietveld refinement
[100]. The structure changes of the initial electrode and the
electrode after 150 cycles at charging rates of 1 and 4 C were
collected. As shown in Fig. 8, there is no obvious difference in the
changing trends of cell parameters a and c. However, it is
noticeable that whether it is the initial electrode or the electrode
after 150 cycles, the cell volume change at 1 C charge is larger than
that at 4 C. The larger volume change during the cycle may lead to
the breakage of cathode material particles, increase of impedance,
and generation of new interface side reactions, consequently
resulting in capacity attenuation. This implies that the structural
evolution of LTMO cathode materials dictates their high-rate
performance.

5 Summary and outlook

In summary, this review focuses on the structural characteristics of
LTMO cathode materials and the important role of synchrotron
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XRD and Rietveld refinement in elucidation of the complexity and
evolution of their structural and chemical/electrochemical
properties. It also provides new insights into mechanistic
understanding of battery degradation and cathode material
improvement, which are of significance for establishing the
relationship between structural characteristics and performance.
The application of synchrotron XRD and Rietveld refinement is
discussed from the synthesis to thermal stability, cycling stability,
and rate performance of LTMO materials, as summarized in
Fig. 9. Specifically, the synthesis of Ni-based LTMO material and
LiCoO, experienced rock salt phase and spinel phase
intermediates, respectively. Co element has beneficial effect on
thermal stability of NCM. The amount of Li/Ni mixing was
related to the absolute number of Ni** rather than the proportion
of Ni*". The charging at high rates usually leads to small change of
cell volume.

Although synchrotron characterization techniques can provide
valuable insights into LTMO cathode materials, there are still

(3)2.87 (b)14.5 - (C)wz
e A
@ Pristine: 1 C Ch. it 5e® RN
286} @ Pristine: 4 C Ch. ®58 14.4 . 3 101
o Cycled: 1 C Ch. s .
o Cycled:4CCh. o ,* 14.3 Y 100
285
_ 142 Charge —~ 99
<284 < ® <
= © 141 7 > g8 >
283 L 4 ® Pristine: 1 C Ch. % ® Pristine: 1 C Ch.
& ; 14+ oe @ Pristine: 4 C Ch. 97 ® Pristine: 4 C Ch.
07,8 O Cycled: 1 C Ch. . O Cycled: 1 C Ch.
282f ."'.‘-"’ Charge 13of ° o Cycled: 4 C Ch. 9% o Cycled: 4 C Ch.
281 13.8 E 95
0 02 04 06 08 0 0.2 04 06 08 0.2 04 06 08
x (Li,NMC) X (Li,NMC) x (Li,NMC)
(d)2er (e)us——— () re2
o Pristine: 1 CCh. %, - ° =" "."’m‘.. )
286/ o Pristine: 4 CCh. o /4% ' ¥- s T
o Cycled: 1 CCh. © - s% i o \‘ - s g
285 o Cycled: 4 CCh.. °,% i . » § “’Q‘
% o o
. o oeg _142 . — 9 oy :
T Xy < . | 1C discharge ) 2> 1C discharge
N “s‘ ©14.1 . > g8 H
283 & | T ® Pristine: 1 C Ch. : ® Pristine: 1 C Ch.
C® ® Pristine: 4 C Ch. 971 ¥ 4 e Pristine: 4 C Ch.
282 & ;... \ 356 . O Cycled: 1 C Ch. - O Cycled: 1 C Ch.
‘«sst*? 1 C discharge ' o Cycled: 4 C Ch. o Cycled: 4 C Ch.
281 138 95
0 0.2 04 06 08 0 0.2 04 0.6 08 0 0.2 04 06 08
x (Li,NMC) x (Li,NMC) x (Li,NMC)

Figure8 (a) and (d) Lattice parameter 4, (b) and (e) lattice parameter ¢, and (c) and (f) unit cell volume of NCM811 cathode materials during charge and discharge at
different currents by XRD Rietveld refinement. Reproduced with permission from Ref. [100], © The Electrochemical Society 2022.

LThermal runaway process

® Thermal runaway mechanism
® Identification of phasc transition temperature

a8 >>»
X .

Cycling process
® Evolution of lattice parameters
® Degree of Li/Ni mixing

Structural evolution

® Fast charging
® Phase transition behavior at high rate

.
[lngh-ratc charge/discharge proccss]

Figure9 Summary on application of synchrotron XRD and Rietveld refinement in understanding structural evolution related to the synthesis, thermal stability,
cycling stability, and rate performance of LTMO cathode materials.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



9964

=

some issues that need to be considered. For example, the spatial
resolution of X-ray microscopy is usually limited to the level of a
few to tens of nanometers. The synchrotron XRD Rietveld
refinement usually reflects the average internal structure
information of the materials and shows a little insufficient analysis
of local fine structure information. It also provides limited ability
to identify light elements (Li and O) and distinguish the elements
with similar atomic numbers (such as Ni, Co, and Mn). These
urge its combination with other techniques to better understand
the structural characteristics of LTMO cathode materials.

For elucidation of the structural characteristics of LTMO
cathode materials for LIBs, more investigations should focus on
their dynamic behaviors. Firstly, high-performance area detectors
with faster acquisition speeds (~ ms) can be employed for rapid
time-resolved studies of the dynamic behavior of cathode
materials, especially the evolution behavior of structures during
synthesis and decay, such as the formation and evolution of
metastable intermediates, which are neglected in conventional
studies. This will provide key insights into the degradation and
synthesis mechanisms of LTMO cathode materials. Secondly,
enhanced X-ray brightness can promote X-ray experiments with
unprecedented resolution and sensitivity, which is essential for the
in-depth study of LTMO cathode materials. The development of
high-energy X-ray technologies, such as the X-ray free electron
laser (XFEL), will provide better spatial and temporal resolution
[101]. New high-performance detectors can provide diffraction
data with higher signal-to-noise ratio. Finally, the large amount of
data obtained in operando cell experiments should be taken into
account. With new collection techniques, it is possible to obtain
large amounts of data in a very short period of time. Advanced
refinement software based on the Rietveld method or the
development of other new methods for refining large amounts of
diffraction data should be required. In this regard, developing
machine learning for data batch processing and analysis may be
desirable in the future.
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