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ABSTRACT: Spinel LiNiy Mn,; 0, (LNMO) can adopt two
crystallographic structures: an ordered P4;32 structure and a
disordered Fd3m structure. The disordered phase is associated
with the reduction of a small amount of Mn*" to Mn*". LNMO
single-crystals likely contain local regions of both ordered and
disordered regions, which ensemble-averaged characterizations
fail to distinguish. Herein, we employ high-spatial-resolution
synchrotron X-ray nanodiffraction techniques to identify lattice
distortions and structural defects in LNMO samples with
octahedral and plate-like morphologies containing ~6% and
~22% of Mn*, respectively. Differences in properties between
the two particles give rise to different distributions of lattice
variations, which may indicate differences in phase distribu-
tions. Bragg coherent diffraction is also used to observe phase heterogeneities in single grains. Lattice distortions and
structural defects could shut down or open up local diffusion pathways for lithium ions, making lithium ion diffusion more
complicated and potentially more tortuous than that in a perfect LNMO lattice.
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espite the prevalence of lithium-ion batteries, solution suggest the presence of Mn*" is disadvantageous to
D continued improvements in electrochemical perform- the application of LNMO.” However, a small amount of Mn®*

ance, safety, and lifetime are required to expand has been reported to be beneficial to performance. 1010 Ap
applications to larger scales, including electric vehicles and grid additional voltage plateau is observed in the charge/discharge
energy storage_1 Spinel LiNiy sMn, (O, (LNMO) is a curve of disordered LNMO at ~4.0 V due to the Mn**/Mn*
promising high-voltage cathode material for lithium-ion redox, whereas Ni is the only redox-active transition metal in
batteries because of its high energy and high power. LNMO the fully ordered material.’
has a working potential of 4.7—-4.9 V vs Li/Li*, a theoretical The relationship between structural disordering and Mn**
capacity of 148 mAh/g, and a theoretical energy density of 650 content is not straightforward; therefore, much effort in

Wh/kg at the materials level.>™* Three-dimensional lithium- LNMO research has attempted to gain further understanding

10,12 o . o
ion pathways present in the spinel framework allow for facile between the two. Thus far, a quantitative relationship is
ion transport and can potentially enable high rate perform- still not available. Efforts have been undertaken to control the

ance.’ global structural ordering of LNMO and correlate properties to

LNMO can adopt two crystallographic structures: an electrochemical performance.'”'*™'® Careful synthesis can be
ordered primitive simple cubic structure with the P4,32 used to control the formation of LNMO with either ordered or
space group where Mn and Ni ions occupy 12b an d3 4a disordered structures or to minimize impurity phases. Practi-
octahedral sites, respectively, and a disordered face-centered cally, it is diﬂic'ult to ol?tain pure disordc?red o Ofdered p.h ase
cubic structure with the Fd3m space group where Mn an 4 Ni LNMO. In reality, varying degrees of cation ordering are likely

ions are randomly arranged on the 16d octahedral sites.” The

formation of the disordered spinel phase requires higher Received: December 17, 2021
synthesis temperatures than the ordered phase and is often Accepted:  January 13, 2022
associated with the loss of oxygen from the material lattice, as Published: January 18, 2022

well as the reduction of a small amount of Mn*" to Mn>* for
charge compensation.”™® Rock-salt Li,Ni,_,O-type impurity
formation, Jahn—Teller distortion, and transition-metal dis-
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Figure 1. Bragg coherent diffraction patterns of octahedral LNMO crystals at the (111) Bragg position illustrating the coexistence of two
phases. The color bar represents the diffraction intensity (white, highest intensity; black, lowest intensity).

present throughout local regions of individual particles in the
synthesized materials.”'® Factors such as particle size and
facet orientation may influence how cation ordered regimes
distribute in single-particle samples. The presence of phase and
chemical heterogeneities can exacerbate the degradation of Li-
ion cathode materials upon cycling; therefore, understanding
such hetero%eneities is vital for improving stability and
performance. ” ™"

We hypothesize that the distribution of Mn** in disordered
LNMO materials may be heterogeneous and that the extent of
structural ordering varies between samples, depending on the
synthesis conditions. The larger ionic radius of Mn®" compared
to Mn*" can increase lattice spacing and internal strain within
particles.'”” Changes in lattice spacing have been used to
identify phase heterogeneity in LiMn,O, during lithiation.””
We, therefore, propose significant phase heterogeneity exists
within the particles of LMNO prepared under different
synthesis conditions and containing different quantities of
Mn*.

Herein, we investigate structural defects and lattice
distortion at the individual particle scale for octahedral and
plate-like LNMO samples using high-spatial-resolution nano-
diffraction mapping techniques to demonstrate that lattice
distortion can provide significant insights into understanding
phase heterogeneity in single-crystal LNMO. Combining
techniques such as powder X-ray diffraction, X-ray absorption
near-edge structure (XANES) analysis, Bragg coherent X-ray
diffraction, and nanodiffraction, we observe differences in
electronic states and structural heterogeneities between two
LNMO samples. Continued exploration of the structural
characteristics of LNMO samples of various morphologies and
Mn oxidation states can provide valuable insights into the
relationship between several materials’ properties, as well as the
influence on the resultant electrochemical performance.

The octahedral LNMO sample was prepared at 650 °C
using eutectic LiICI:KCI as a molten salt flux, while the plate
sample was prepared at 750 °C in pure LiCl flux (see the
Supporting Information for experimental details).”>** Samples
were thoroughly characterized through ensemble-averaged
techniques, which revealed that a mixture of ordered and
disordered spinel phases was present in both samples (see the
Supporting Information, Figures S1—S3 for a detailed
discussion). The Mn®" content was estimated for each sample
from the electrochemical discharge profiles and calculated to
be 5.7% and 22.0% for the octahedral and plate samples,
respectively. Ensemble-averaged characterization techniques
cannot distinguish local structural variations and, therefore,
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cannot provide a full picture of the materials’ properties; high-
spatial-resolution diffraction is necessary to identify the
distribution of the different phase regions within the particles.

Investigating Structure through Bragg Coherent X-
ray Diffraction. Bragg coherent X-ray diffraction relies on
coherent X-ray interference and can be used to study defects
and strain in single-crystal materials.”> Bragg coherent
diffraction imaging has been used to study dislocation
evolution in LNMO under operating conditions.”® Bragg
coherent X-ray diffraction is used to measure the 2D diffraction
patterns of the pristine LNMO material. Particles with two-
phase coexistence are observed as in Figure 1. The two bright
Bragg peaks appear at different diffraction angles, indicating
that there are two phases. The fringes about the Bragg center
show the sharp surface structure in these local domains (or
primary particles). The interference between the two Bragg
spots indicates that the diffraction from two phases comes
from the same particle. This behavior was also observed
previously by Singer et al. during the two-phase transformation
of LNMO spinel material during the charging process.”” This
observation illustrates that large structural heterogeneities exist
within individual particles of LNMO. Analysis of this Bragg
diffraction pattern suggests the complexity of the LNMO
system. To determine the origin of such complexity, we next
utilize nanodiffraction techniques.

Investigating Lattice Distortion Heterogeneity
through Nanodiffraction. Both Mn>** and cation disorder
have been found to increase with increased synthesis
temperatures above 700 °C.”*** The presence of both Mn**
and Mn>" unevenly distributed can lead to strain and lattice
parameter distortion within particles due to the differences in
ionic radii of Mn, where more Mn>" will lead to increased
lattice spacing. Operando X-ray diffraction computed tomog-
raphy (XRD-CT) has been used to spatially quantify inter- and
intraparticle crystallographic heterogeneities in Li,Mn,O,
through tracking lattice parameter variation.”> Through high-
spatial-resolution nanodiffraction, we can observe the hetero-
geneity and distribution of lattice distortions in individual
LNMO particles.

For the octahedral sample, the shape of the target particle for
nanodiffraction was reconstructed by three-dimensional X-ray
fluorescence tomography (Figure S4a and Movie S1). While
our material is primarily single-crystal, the target particle
selected contains multiple intergrown crystals. The unique
features of the selected particle can provide additional insight
into the structural parameters near the domain boundaries
within the particles. X-ray fluorescence mapping shows the
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elemental distribution of Ni and Mn in the particle, which are
relatively homogeneous (Figure S4b and Movie S2).

The nanodiffraction technique with a scanning hard X-ray
beam was used to examine lattice defects in the LNMO
samples. A schematic of the experimental setup of the hard X-
ray nanoprobe (HXN) is illustrated in Figure 2a. In the setup,
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Figure 2. (a) Schematic illustration of hard X-ray nanoprobe
experimental setup. Inset: SEM images of octahedral and plate
target particles for HXN measurements. (b) 2D raster mapping of
the octahedral sample particle as the particle is rocked over 6. The
pixel size for the diffraction images is 50 X 50 nm?. (c) Diffraction
geometry and lattice distortions of d-spacing, lattice bending in the
z-axis, and lattice twisting in the y-axis extracted from data.

the sample was illuminated with X-rays focused to a ~30 nm
spot size, the crystal orientation was adjusted to excite a Bragg
diffraction, and a pixel-array detector was oriented to record
the diffracted pattern from each scan position allowing for
spatially resolved diffraction measurements.”” The sample is
rocked over a two-degree range in the vicinity of the selected
Bragg peak while a 2D raster scan with 50 nm step size is
conducted at each rocking angle, resulting in the mapping
shown in Figure 2b for the octahedral sample. The final image
resolution is a convolution between the beam profile and the
image pixel size (50 X 50 nm?). Rocking curves at each Bragg
position are shown in Movies S3—S8. Scanning probe
measurements were conducted in the on-the-fly scan mode
to mitigate unnecessary radiation to the sample. For each peak,
lattice distortions can be extracted by tracking the location of
the Bragg diffraction peak over the rocking angular range at
each scanned position.”” The rocking-curve nanodiffraction
measurement collects the 3D Bragg diffraction pattern at each
scanned point. The position of the 3D diffraction pattern can
be decomposed into three orthogonal directions, which
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include two components on the plane defined by the
corresponding Debye—Scherrer ring (perpendicular and
tangential to the ring direction) and one component
perpendicular to that plane. As shown in Figure 2c, these
three components represent the d-spacing, lattice bending in
the z-axis, and lattice twisting in the y-axis, respectively.

The increase in lattice variation for Ad/d in the measured
peaks can be attributed to changing d-spacing in the spinel
phases and/or internal strain, while changes in bending y-axis
and twisting z-axis arise from out-of-plane distortions as the
crystals are not completely flat. The results of the nano-
diffraction mapping for the octahedral sample at (311), (331),
and (333) Bragg locations are shown in Figure 3. Visually,

Strain or Ad/d

Bending y-axis

Twisting z-axis

(311)

(331)

(333)

1um
Figure 3. Lattice distortion mapping of octahedral LNMO at
(311), (331), and (333) Bragg positions. Red arrows indicate
direction of radial increase in distortion intensity.

there are obvious heterogeneities in each map, which show the
relative distribution of the total distortions present for each
measurement. The change in d-spacing is significant near the
particle surfaces for the (311) and (333) peaks (Figure SS). An
increase in disorder near the particle surfaces can be
rationalized by the surface oxygen loss and/or Ni-rich impurity
formation which occurs primarily on the surface and can
accompany the reduction of Mn.”® At each measured peak,
both bending y-axis and twisting z-axis maps show abrupt
changes at a boundary within the particle, suggesting different
domains with different crystal orientations or rotations. The
radial-like change in distortion intensity indicates the likely
presence of a screw dislocation (see arrows in Figure 3). We
observe components of the dislocation in both the y and z
directions, with a larger contribution from the z-axis. From the
strain map, we see these domains have similar d-spacing but
are rotated.

The plate sample was measured at the (111), (311), and
(222) Bragg positions, and the nanodiffraction mapping is
summarized in Figure 4. The differences in the shape of the
maps for the (111) and (311) compared to the (222) positions
of the plate sample indicate there are two distinct grains or
crystal domains within the particle with slightly different
orientations. Overlaying the images results in the full shape of
the target particle (Figure S6). Similar to the octahedral
sample, a large-scale heterogeneity for rotation was observed in
the y- and z-axes. All distortions are more prominent toward
the boundary of the two large particle grains (Figures S6 and
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Figure 4. Lattice distortion mapping of plate LNMO at (111),
(311), and (222) Bragg positions.
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S7). The plate sample also contains several, small local
domains with abrupt changes in the distortion intensities.

For each map, a pixel intensity analysis was performed,
resulting in histograms illustrating the relative distribution of
the distortions (Figure 5). For each plot, a larger variation (or
standard deviation) corresponds to a larger overall distortion.
The distortion variation appears facet-dependent. Figure S8
shows schematics of the atomic arrangements at each crystal
plane. When the measurements at the (311) plane for the
octahedral and plate samples are compared, the plate samples
show a slightly wider distribution in the variations with a larger
skewing toward increased d-spacing, bending y-axis, and
twisting z-axis values. The (333) plane of the octahedral and
the (111) plane of the plate show distribution behavior similar
to their corresponding (311) planes. Finally, the (331) plane of
the octahedral sample and (222) plane of the plate sample
show the smallest relative distortions.

The average d-spacings for the (311) plane of the octahedral
and the plate samples were calculated as 0.2469 and 0.2548
nm, respectively. This is consistent with the expectation that
the plate sample containing more overall Mn** (with increased
ionic radius) would contain larger d-spacing. We speculate that
the areas with increased relative d-spacing in the distortion
maps correlate with regions that contain more Mn**. There is a
slightly wider degree of y-bending and z-twisting variation for
the plate sample, which may be due to more Mn** or the

presence of multiple domains with slightly different orienta-
tions. Ultimately, we observe inherent distortions in the two
samples prepared under different synthesis conditions with
octahedral and plate-like morphologies. The significant lattice
distortion heterogeneity in both samples is indicative of phase
heterogeneity which may be induced by an uneven distribution
of Mn**.

In conclusion, lattice distortions were investigated in LNMO
cathode materials with octahedral and plate-like morphologies.
A mixed Mn oxidation state was present in pristine materials
synthesized via a molten salt synthesis route. The total Mn>*
contents were estimated through electrochemical testing to be
~6% and ~22% for octahedral and plate materials,
respectively. Nanodiffraction analysis illustrated large hetero-
geneities for lattice distortions in single particles, with greater
distortions at particle surfaces; a screw dislocation defect in the
octahedral particle; and multiple, small crystal domains in the
plate particle. Large structural and phase heterogeneities are
therefore likely present in the samples.

This preliminary study serves as a proof of concept for
analyzing the variations in lattice distortion as a proxy for
understanding phase heterogeneity in spinel LNMO. The high
power density of LNMO make it an attractive cathode
material, but its commercialization is hindered in part by its
complex phase transition behavior. Lattice distortions and
structural defects could shut down or open up local diffusion
pathways for lithium ions, making the lithium ion diffusion
more complicated and potentially more tortuous than that in a
perfect LNMO lattice. Understanding the inherent structural
and defect properties in the material under various synthesis
conditions can help inform synthetic efforts to mitigate large
heterogeneities, as well as provide a rational for performance
degradation. Future studies expanding on this work can be
undertaken to fully relate the distribution of lattice distortion
to samples with various materials properties and at different
states of charge. Such studies can begin to elucidate the
relationship between physical properties in cathode materials
that can then be used to help design and optimize materials for
high-performance lithium-ion batteries.
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Figure 5. Lattice variation histograms based on pixel intensity analysis for the (a) octahedral and (b) plate particle samples.
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