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Abstract

Cation mixing in positive electrode materials for rechargeable lithium ion batteries,
LiNixMn2xO4 (x = 0, 0.2, 0.5) and Lio.21Nio.7Mn16404.5 (denoted as x = 0.7) is analyzed by
high-angular-resolution electron-channeling X-ray/electron spectroscopy
(HARECXS/HARECES) techniques, using energy-dispersive X-ray spectroscopy and
electron energy-loss spectroscopy. Mixing between the tetrahedral lithium sites and the
octahedral transition metal sites is quantified, and the site-dependent valence states of the
transition metals are examined. In the non-doped (x = 0) sample, Mn was found to occupy
only octahedral sites as either Mn®* or Mn**. For x = 0.2-0.7, some of the nickel ions (6-13%
depending on x) occupy tetrahedral anti-sites. All the nickel ions are in the divalent state,
regardless of the occupation site. For x = 0.2 and 0.7, manganese ions occupy both octahedral
and tetrahedral sites; those in the octahedral sites are tetravalent, while the tetrahedral sites
contain a mixture of divalent and trivalent ions. For x = 0.5, manganese occupies only the
octahedral sites, with all ions determined to be in the tetravalent state (within experimental
accuracy). All the samples substantially satisfied the local charge neutrality conditions. This
study demonstrates the feasibility of using HARECXS/HARECES for quantitative analysis of

the atomic configuration and valence states in lithium manganese oxide spinel materials.

Introduction

Electron channeling in a crystalline material occurs when an incident electron beam
propagates along particular atomic planes/columns, and the channeling effect depends on the
direction of the beam with respect to the crystal axes. The site-specific energy-dispersive
X-ray (EDX) analysis technique that takes advantage of electron channeling effects is known

as the atom location by channeled electron microanalysis (ALCHEMI) method [1-3], and is



used to evaluate the fraction of host atomic sites occupied by impurities. This method has
been extended in a more sophisticated and quantitatively reliable manner, such that the
fluorescent X-ray intensities from the constituent elements can be measured as a function of
the electron incidence direction, with the particular systematic reflection row excited. Known
as high-angular-resolution electron-channeling X-ray spectroscopy (HARECXS), this
technique enables us to derive the impurity/dopant occupancies. More generally, it can also
clarify the degree of cation mixing (anti-sites) of the host atoms, by comparing the
experimental beam-rocking curves with theoretical simulations [4-7]. An extension of this
technique, high-angular-resolution electron-channeling electron spectroscopy (HARECES),
records the electron energy loss spectra (EELS) instead of EDX [8], thereby elucidating the
local chemical states of a given element in different nearest-neighbor atomic environments. In
these studies, a multivariate curve resolution (MCR) technique is crucial for separating the
overlapping site-specific electron-energy-loss near-edge structures (ELNES) in the
angle-dependent spectral data set. Our research group has demonstrated such site-specific
EELS measurements in several crystalline materials [9-11].

Ni-substituted lithium manganese oxide spinel (LiNixMn2xOa, space group: Fd-3m) is one
of the most promising positive electrode materials for rechargeable lithium ion batteries,
because of its higher operating voltage and lower toxicity and cost. Knowledge of the atomic
configuration and valence states of the cations in an electrode material is crucial for
improving its performance, such as the Li* ion mobility, C-rate dependent cycling stability,
and charge-discharge capacity [12]. LiNixMn2xQOg4 is considered to have an fcc framework of
oxygen ions, with lithium ions occupying the tetrahedral (8a) sites, and manganese and nickel
ions situated at the octahedral (16d) sites. X-ray diffraction (XRD) measurements of
LiNixMn2.xO4 synthesized by a particular reaction path, however, revealed that some of the

nickel ions occupied the tetrahedral rather than the octahedral sites [13]. The quantitative



analysis using this method remains controversial, however, because XRD analysis could be
insensitive to the degree of cation mixing, particularly for multi-doped transition metal (TM)
elements due to their close atomic numbers. Neutron diffraction is a more reliable method for
such cases, though it is neither easy to use nor applicable to samples smaller than 1
micrometer. In this context, the HARECXS/HARECES methods can be promising
alternatives.

It is generally believed that Mn in LiNixMn2xO4 can be trivalent or tetravalent, depending
on the amount of Ni-substitution and/or the loss of oxygen [12-15], whereas nickel remains
divalent [13,16]. Although conventional EELS and X-ray photoelectron spectroscopy (XPS)
measurements have been adopted to investigate the valence states of cations, these techniques
only provide information averaged over atoms at different sites. Hence the relationship
between the site occupancy and the valence state of the cations in LiNixMn2xOs remains
unclear. The present study aims to clarify this relationship, by applying the suite of
HARECXS and HARECES analyses to LiNixMn2xO4 for x = 0-0.5, as well as a deliberately
and excessively Ni-doped sample material (determined below as Lio.21Nig.7Mn16404-5). The
degree of cation mixing between the tetrahedral and octahedral sites in the samples can be
probed quantitatively by HARECXS. Then the site-dependent local electronic structures of
the cationic TM elements can be investigated by the combined HARECXS and HARECES

analysis.

Experimental procedures
Sample synthesis, characterization, and thin film preparation for transmission electron
microscopy

Four different sample materials were prepared for the present study. A LiMnyO4

(LiNixMn2xO4 with x = 0) single crystal was grown by the solvent evaporation flux method.



The LiNio2Mn1s04 (x = 0.2) and LiNiosMn1504 (x = 0.5) single crystals were synthesized
without flux materials as described elsewhere [17, 18]. Finally, the excessively Ni-doped
material was synthesized without flux materials from a 2:3:1 + a (a << 1) molar mixture of
LiOH, MnClz, and NiCl. This material is referred to as “x = 0.7 hereafter.

The samples were first characterized by single-crystal XRD at room temperature, using
Mo-K,, radiation in a Rigaku R-AXIS RAPID-I1I diffractometer (operating conditions: 50 kV,
40 mA) equipped with a curved imaging plate detector. The chemical compositions of the Li,
Mn and Ni cations were determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, Thermo-Fisher Scientific, iCAP6500 Duo View). The acid solutions
used for ICP-AES were prepared by melting the single crystals with sodium pyrosulfate, and
then dissolving the mixture in hydrochloric acid.

The morphology observations of the single crystals, and preparation of thin films (50-150
nm thick) for transmission electron microscopy (TEM) were performed with a focused ion
beam (FIB) equipped with a scanning electron microscope (SEM, FEI Helios NanoLab™
600). An FEI TITAN80-300 TEM equipped with an EDAX r-TEM/SuperUTW EDX system
and a Gatan GIF Tridiem EELS system were used in the TEM-diffraction mode at an
accelerating voltage of 200 kV to acquire electron diffraction pattern (EDP), EDX, and EELS
data. The approximate size of the electron-illuminated area on the TEM specimens was a few

hundred nanometers in diameter.

HARECXS/HARECES measurements

The tetrahedral and octahedral sites in the spinel structure are located in alternate planes in
the stacked {400} lattice. The peak positions of the Bloch wave intensities propagating along
the planes containing the tetrahedral or octahedral sites can vary, according to the subsequent

excitation of the h 0 O reflections by tilting the incident beam in the direction of the 400

7



systematic row reflections. HARECXS and HARECES measurements were carried out by
tilting the incident beam with a systematic excitation of —4g to 4g, where g = 4 0 0. Data of
characteristic X-ray up to 20 keV were acquired, and their recording times were 10-50 s per
tilting angle. The O-, Mn-, and Ni-K,, line intensities were extracted from the dataset. The
sequential EDX/EELS data acquisitions with successive incident beam tilting were carried out
using the scripting program TIA running on the TEM imaging and analysis platform. This
open source software enabled full digital control of the FEI TEMs and attached detectors.

The orientation-dependent X-ray emissions as functions of the tilting angle were
calculated using the ionization cross-section calculator (ICSC) code, based on the dynamical
electron diffraction theory incorporating inelastic scattering to yield the fluorescent X-ray and
energy loss cross-sections [19-22]. When cation mixing takes place between the tetrahedral
and octahedral sites, the experimental rocking curves of the TM elements should be
reproduced by the ICSC code if the mixed-site occupancies for the TM sites are described in
the input structure file. In the present study, we first assumed a linear combination of the
theoretical rocking curves from the tetrahedral and octahedral sites, with the corresponding
occupation probability as the weighting coefficient for each component. The probabilities can
be evaluated by the linear least-squares fit where the theoretical rocking curves of the two TM
sites are calculated, assuming that manganese alone occupies the octahedral sites for x = 0, 0.2,
and 0.5 as the initial structure. For x = 0.7, we started with the structure in which manganese
or nickel occupied the octahedral sites alone, and an iterative procedure similar to the case
above was applied till convergence was obtained. This fitting scheme worked well and rapidly
converged to the final solution, because the Bloch wave field in the material remained almost
unchanged by the occupancy variation, due to the very similar scattering power between
manganese and nickel. The data points for all these curves were normalized by the intensity

measured in the kinematical condition, +4g.



The L2z ELNES of the TM elements were recorded at the same time as the HARECXS
measurement, at a detector dispersion of 0.1 eV/channel, energy resolution of about 1.0 eV as
estimated by the full width at half maximum (FWHM) of the zero-loss peak, collection
semi-angle of 1.5-4.9 mrad, and beam convergence semi-angle of ~0.3 mrad. The detector
entrance aperture was located at 1.0|g| away from the origin along the 400 Kikuchi line in the

TEM-diffraction mode to enhance the localization effect of the core-loss spectra [8, 10].

HARECES analysis using HARECXS data

In a set of angular-resolved EELS of the TM elements occupying partly tetrahedral and
octahedral sites, each EEL spectrum is expressed by a linear combination of two EEL spectra,
one from the tetrahedral site and the other from the octahedral site. The weight of these
components varies with the diffraction conditions. The relationship among the experimental
spectral set, the spectral components from the two sites, and their weight coefficients is
expressed by the following matrix equation:

X=SC+R, (1)

where X, S, C, and R are respectively n x m, n x 2, 2 x m, and n x m matrices, in which n is
the number of EELS detector channels (in the energy-loss axis) used for the analysis and m is
the number of steps in the incident beam direction axis. Each column of X is the experimental
EEL spectrum at a specific incident direction. Similarly, the two columns of S correspond to
the two EEL spectra from the tetrahedral and octahedral sites. The i-th column of C
corresponds to the weight coefficients of the tetrahedral and octahedral sites, for the
experimental spectrum at the i-th incident beam direction. Finally, R is the residual matrix,
which contains the statistical noise alone when the appropriate S and C matrices are found. If
each component spectrum in S is normalized by its integrated intensity, each matrix element

in C should be proportional to the product of the total cross-section of the core-loss of either



site at the specified diffraction condition, and the relative occupancy of the site.

In previous studies [9-11, 23], the matrix equation (1) has been solved by applying the
MCR technique for materials with known site occupancies (Nsite). In the present study,
however, the HARECXS data simultaneously measured with HARECES directly provide the
Nsite Values. To relate the site occupancies to the elements in the matrix C, the total core-loss
cross-section for each site, asite, in the present experimental geometry is needed. csite IS
obtained by integrating the following second-order differential equations for a specimen with

thickness t, based on the dynamical diffraction theory described in [24,25]:

S,(a.9',E)
O Oite. gi(a-auT (i (yy i) —, 2
aEaQ Z%:g;g W gPg”

with site = tet. or oct. for the tetrahedral and octahedral sites, respectively. Q is the solid angle
subtended by the EELS detector, u is the atomic position in the unit cell, and the superscripts j
(I) and subscripts g (h) stand for the indices of the Bloch wave branches corresponding to the
different dispersion surfaces for incoming (outgoing) electrons and the elastic scattering
vectors excited by the incoming (outgoing) electrons, respectively. The term '@ works as
the structure factor and determines the atomic site-selectivity, where q = (KDout + h) — (k& +
g) and g’ = (Kot + h") — (k0% + g") are the momentum transfer vectors of the scattered
electrons causing the interference. TU"(t) is a thickness-dependent function [26], YA )gqnn- is
a product of the Fourier coefficients of the incoming and outgoing Bloch waves, and
Su(9,9',E) is known as the mixed dynamical form factor (MDFF) for a single atom [27]. In
case of small g and q'—typically less than 1.0|g| [23]—the MDFF can be expressed by the
simple inner product of g and q’ within the dipole transition approximation [25]. Each element
Csite In C is consequently expressed by the following normalized weight coefficient at each
diffraction condition (tilting angle of the incident beam):

C = N tet O tet . (3)

tet
Ntet O et + Nocto-

oct
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The Csite Values in some spinel-type TM oxides with known Nsite have been extracted by MCR
and found to be quantitatively comparable with the theoretical values based on inelastic
scattering cross-section calculation [23]. Since the C matrices can be estimated by the
theoretical site-specific inelastic scattering cross-sections and experimental Nsie USIing
HARECXS, Eq. (1) can be solved by simply applying a multiple linear regression (MLR)

method to extract the component spectra of the TM at the tetrahedral and octahedral sites.

Results and discussion
Material characterization

A SEM image of LiNiosMn1504 (x = 0.5) is shown in Figure 1, with the inset showing
<001> EDP. All the as-synthesized samples in this study exhibited morphologies very similar
to those in Figure 1, i.e., agglomerates of single crystals having octahedral shapes with {111}
facets, from a few to tens of micrometers in size. The XRD results of these samples showed
sharp diffraction spots, all of which consistent with the cubic spinel structure (space group:
Fd-3m). In the EDP of x = 0.5, super-lattice reflections were observed in addition to the
fundamental lattice reflections. The super-lattice reflections are attributed to the ordering of
Ni?* and Mn*" in the octahedral sites, which suggests the coexistence of the P4332 phase in
the single crystal. It was theoretically confirmed that the orientation-dependent X-ray
intensities along the 400 systematic rows of reflections in Fd-3m and P4332 structures behave
in the same manner. Hence, all samples in the present study were examined by the same
procedure.

The molar ratios of the cations determined by ICP-AES are tabulated in Table I. The molar
ratios in the samples with x = 0-0.5 are close to the values based on the initial synthesis
composition. The sample with x = 0.7 had a smaller amount of Li and larger amount of the

TM elements compared to the expected chemical formulae, likely due to the partial
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replacement of tetrahedral sites by the TM elements, as will be revealed in the next section.
An oxygen deficiency was also confirmed for x = 0.7 from the lower relative intensity ratio
between the O-K and Mn-L,3 ELNES. The nominal composition for x = 0.7 can be expressed
as Lio2Nio7Mn160s.s. Even though this sample may not be suitable for the rechargeable
lithium ion battery, it is worthwhile to examine its cation-mixing behavior for comparison

with the other samples.

Cationic site occupancies by HARECXS

Figure 2 shows the theoretical ionization cross sections (proportional to the X-ray
emission intensities) of the O-K,, line and the Mn-K,, lines from the tetrahedral and octahedral
sites as functions of the beam tilting angle, k«/|g|. kx is the distance from the origin to the
intersection between the Ewald sphere and the 100 axis in reciprocal space, and ky/|g| = 1
corresponds to the exact 400 Bragg condition. The Mn-K, lines (not shown) behaved in
almost the same way as the Ni-K, lines. The angle-resolved ionization cross sections of
manganese (nickel) at the octahedral sites and oxygen are broadly convex in the range of -1 <
k«/|g| < 1, while manganese (nickel) at the tetrahedral sites exhibits a concave profile in the
same range, with distinct peaks on both sides over the range of £1 < +ky/|g| < +2 (the double
signs correspond).

The experimental HARECXS data obtained from the present samples are shown in Figs.
3(a)—(k), with the best-fit curves (solid lines) overlaid. Although the O-K, data should be
independent of cation mixing, they are included to illustrate the validity of theoretical
simulation. The derived occupation probabilities for manganese and nickel in the tetrahedral
and octahedral sites are tabulated in Table I. These values are averaged among the best-fit
results obtained from several measurements, and their standard deviations among the

measurement areas are also listed. The sixth and seventh columns of Table I are, respectively,
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the residual sum of squares »? between the experimental and theoretical beam-rocking curves
as a measure of goodness-of-fit (GOF), and the noise level o estimated by the standard
deviation between the experimental and low-pass filtered curves. It is thus implied that the
present best-fit results mostly converged well to the level where #%/o? is close to unity, which
means that the fit results match the experimental data well.

In the samples with x = 0-0.5, the profiles for Mn- and Ni-K, exhibit a similar trend in the
primary peak at —1 < k/|g| < 1, whereas the Mn-K,, profile of the sample with x = 0.7 exhibits
a relatively lower intensity in the primary peak and distinct peaks at ky/|g| ~ £1.8. These
results suggest that manganese and nickel ions mostly occupy the octahedral sites for 0 < x <
0.5, whereas the manganese ions also occupy tetrahedral sites for x = 0.7, as shown in Table I.
In addition, the heights of the primary peaks of the Ni-K, profiles for x = 0.2 and 0.5 are
slightly smaller than those of the Mn-K, profiles. This is quantitatively expressed as
approximately 10% of the nickel ions occupying tetrahedral sites in the Ni-doped samples,
which is consistent with a previous report [13]. In the x = 0.2 and 0.7 samples, not only Ni but
also Mn atoms occupy the tetrahedral sites. Especially, in the x = 0.7 sample about one-third
of the Mn atoms occupy the tetrahedral sites. This situation is similar to that in the Mn3O4

spinel, as expressed by the formula [Mn]tet{Mn2]octOa4.

Valence states of transition metal elements by simultaneous HARECXS/HARECES
measurements

The average valence of the manganese ions in each sample was determined by comparing
the Mn-L»3 (particularly Mn-L3) ELNES with those of MnO, and Mns3O4 as reference
materials, as shown at the top of Figs. 4(a) and 4(b), respectively. It has been shown that the
Mn-L. 3 spectrum in various natural minerals depends highly on its valence state, but exhibits

the same basic edge shape with little variation in coordination number or site symmetry [28].
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The Mn-L23 ELNES of all the samples measured at non-localized condition (the EELS
entrance aperture was set at the origin in the TEM-diffraction mode [8, 23]) are shown in Fig.
4(a). Since MnO: includes only Mn*, the Mn-L.3 ELNES at the top of Fig. 4(a) is the
fingerprint spectrum for Mn**. The difference spectrum between the Mn-Ls profile of each
sample and MnOz is shown in Fig. 4(b) and compared with the Mn-L3 profile of Mn3zO4 at the
top (broken line) as mixed Mn?* and Mn®" occupying the tetrahedral and octahedral sites,
respectively. The Mn?* and Mn®" spectra are shown as solid lines, each extracted using the
MCR method used in a previous paper [23]. The qualitative conclusion is that the valence
states of the manganese ions should be a mixture of trivalent and tetravalent for x = 0, nearly
all tetravalent for x = 0.5, and a mixture of di-, tri- and tetravalent for both x = 0.2 and 0.7.
Since the HARECXS analysis in the previous section shows that the manganese ions
occupied only the octahedral sites for x = 0, Mn®*" and Mn** should be randomly distributed
among the octahedral sites, considering that no super-lattice reflections were observed in the
EDP.

Let us examine the relationship between the cationic occupation sites and their valence
states in more detail for the samples with x = 0.2 and 0.7. A series of the Mn-Lz ELNES for x
= 0.7, with the incident beam subsequently tilted under the condition with the 400 systematic
row of reflections excited, and the Mn-K, HARECXS rocking curves taken at the same time
are shown in Fig. 5(a) and 5(b), respectively. Each HARECES curve in Fig. 5(a) is displaced
along the vertical axis so that its baseline position corresponds to the position of the vertical
axis in Fig. 5(b). It is seen in Fig. 5(a) that the peak near 639 eV (fingerprint of Mn?*) is
enhanced for 1 < ky/|g| < 2, where the atomic planes including the tetrahedral sites are
preferentially excited. On the other hand, the peak near 642 eV (fingerprint of Mn*") is
dominant for 0 < ky/|g| < 1, where the octahedral sites are preferentially excited. This tendency

is the qualitative evidence for the correlation between the site occupancy and valence state of
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the manganese ion. The Mn-Ls ELNES for x = 0.7, selectively obtained for the tetrahedral and
octahedral sites, were extracted by solving Eq. (1) and shown in Fig. 6(a), together with the
reference divalent, trivalent, and tetravalent Mn-L3 spectra. All the spectra were normalized
by the respective integrated spectral intensities. The C matrix was prepared according to Egs.
(2) and (3) by the site occupancies derived from the HARECXS data (as discussed in the
previous section) and the theoretical site-specific total cross sections using the analytical
formula in the two-beam approximation, because the simulation results by the two-beam
approximation and the fully dynamical many-beam calculation code [22] showed little
difference in the range of 0.5 < ky/|g| < 1.5. The spectral profile of Mno-L3 is in good
agreement with that of Mn*", suggesting that the manganese ions at the octahedral sites are
essentially tetravalent. On the other hand, the spectral profile of Mnt-L3 is similar to that of
Mn?*, indicating that most of the manganese ions at the tetrahedral sites are divalent, with
possibly a slight amount of other valence states. This reduced valence state is consistent with
the oxygen deficiency of this sample compared to the other samples, judging from the lower
relative intensity ratio of O-K/Mn-Lz3. It should be noted that the spectral profile of the
Mniet-L3 is best fitted by the linear combination of Mn?*- and Mn3*-L3 spectra with a ratio of
67:33.

Similar reasoning holds for the sample with x = 0.2 in Fig. 6(b), where the Mn-Lz ELNES
were also site-selectively extracted. The manganese ions at the octahedral sites are essentially
tetravalent, as for x = 0.7. The spectral profile of Mnit-L3 is best fitted by a linear combination
of Mn?*- and Mn®'-L3 spectra, with a ratio of 43:57. The presence of a significant amount of
Mn3* is consistent with previous reports [12, 13], where the potential-capacity profile of the
Li/LiNio2Mn1g04 battery cell exhibited a plateau around 4.1 V attributed to the oxidation
reaction from Mn*" to Mn**,

The Ni-L2,3 ELNES measured at a non-channeling condition are shown in Fig 7. The Lo/L3
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intensity ratios and spectral profiles of all the samples are very similar to those of NiO, which
exhibits typical divalent features. The spectral features were independent of the incident
electron direction, suggesting that the valence state of the nickel ions is site-independent in
the present samples.

The valence states of the cations, their fractions, and the net charges in the chemical
formulae are also summarized in the far-right columns of Table I. These data show that the
local charge neutrality condition is generally fulfilled (except the case for x = 0.7) within
experimental accuracy, assuming fully occupied divalent oxygen sites and taking into account
the 5-10% error in the composition and fractions of cations with different nominal charges in
each sample. The net cation charge of x = 0.7 is significantly less than 8, which is attributable

to its observed oxygen deficiency.

Concluding remarks

We investigated the atomic site occupancies and site-specific valence states of transition
metal elements in LiNixMn2xOs (x = 0, 0.2 and 0.5) and excessively Ni-doped lithium
manganese oxide, Lio.2Nio7Mn160a4.5 (x = 0.7), using HARECXS/HARECES associated with
TEM equipped with EDX and EEL spectroscopic detectors. The obtained results are
summarized as follows. (1) For x = 0.2-0.7, the nickel ions are divalent independent of the
occupation sites, and 6-13% nickel ions occupy the tetrahedral anti-sites (lithium sites). (2)
For x = 0, manganese ions occupy the octahedral sites alone, and are either trivalent or
tetravalent, presumably to maintain local charge neutrality. (3) In the Ni-doped samples,
manganese occupies both the octahedral and tetrahedral sites, being tetravalent in the
octahedral sites. Manganese is either divalent or trivalent in the tetrahedral sites for x = 0.2
and 0.7, and nearly all situated in the octahedral sites as the tetravalent species for x = 0.5.

The net charge in each Ni-doped sample satisfies local charge neutrality requirements within
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experimental accuracy.

The present simultaneous HARECXS/HARECES data acquisition and analysis with
dynamical electron diffraction theories provide a simple, practical, and automated
measurement methodology to obtain quantitative information specific to both the element and
site for the constituent elements in a wide range of important materials. This technique does
not require state-of-the-art instruments such as expensive aberration-corrected TEMs or
large-scale facilities with neutron diffraction and synchrotron radiation sources. It requires a
sample with only a small (<1 um) mono-crystalline grain size and easily producible thickness
(> 50 nm) which is much higher than that required for atomic resolution observation. This
method is complementary with other site/element selective analysis methods, in the sense that
the atomic structure of the sample of interest must be known in advance and should not

significantly change with its composition and site occupancy characteristics.
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Table 1. Summary of the quantitative analysis results in the study. Columns from left to

right: x in the nominal composition in LiyNixMn2xOa.s, atomic elements, molar ratios of

cations obtained by ICP-AES, the site distribution ratio of the tetrahedral and octahedral

sites and its accuracy with standard deviation (STD) obtained by HARECXS analysis. y2

and o represent the goodness-of-fit (GOF) with the experimental values and averaged

experimental noise level, respectively. The net cationic charge estimated by the cation

valence states in each x is shown in the right-most column. The values in the parentheses

in the penultimate column stand for the estimated error in the last digit of each value.

ICP-AES HARECXS/HARECES
HARECXS results
analysis and EELS results Net
Site 12 cationic
Chemical STD c? lonic
distribution [x107] charge
composition [%] [x107] composition
ratio [%] (GOF)
Li 0.89 - - - - - Li* 0.89(5)
Tet. 0 - -
x=0 8.2
Mn 1.98 0 1.2 1.4 Mn3* 0.63(8)
Oct. 100
Mn** 1.35(8)
Li 1.20 - - - - - Li* 1.20(5)
Mn2* 0.05(4)
Tet. 8
Mn 1.72 3 1.1 0.64 Mn3* 0.09(4)
x=0.2 8.4
Oct. 92 Mn** 1.58(1)
Tet. 13
Ni 0.23 12 3.6 4.1 Ni2* 0.23(5)
Oct. 87
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Li 1.02 - - - - Lir 1.02(5)
Tet. 2 NA
Mn 152 1.9 14
x=0.5 Oct. 98 Mn** 1.49(4) 7.9
Tet. 11
Ni 0.48 23 18 Ni2* 0.48(5)
Oct. 89
Li 0.21 - - - - Li* 0.21(5)
Mn?* 0.30(4)
Tet. 30
Mn 1.64 0.85 0.49 Mn3* 0.19(4)
x=0.7 7.3
Oct. 70 Mn?* 1.15(4)
Tet. 6
Ni 0.70 15 1.2 Ni2* 0.70(5)
Oct. 94
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Figure legends
Fig. 1. SEM image showing the typical morphology of LiNiosMn1504 particles. Inset: the

<001> electron diffraction pattern from its TEM specimen.

Fig. 2. Simulated HARECXS curves of Mn and O in LiNiosMny1504 under successive
diffraction conditions along the 400 systematic row of reflections, with an accelerating
voltage of 200 kV, sample thickness of 120 nm, and 17 beams incorporated in the calculations

along the systematic row.

Fig. 3. Experimental HARECXS data (solid circles with error bars) and their best fit curves
(solid lines) for Mn-K,, Ni-K,, and O-K, (from left to right) for the samples with x = 0, 0.2,
0.5, and x = 0.7 (from top to bottom). The error bars were estimated by the square root of the
residual sum of squares between the data points and their median-filtered curve (window

width = 3).

Fig. 4. (a) From top to bottom: Mn-L>3 ELNES of MnO., LiNixMn>xO4 (x = 0, 0.2 and 0.5),
and Lio2Nio.7Mn1604-5 (X = 0.7), obtained under non-channeling conditions. (b) Top: Mn-L3
ELNES of Mn3O4 (broken line) with the divalent (tetrahedral site) and tetravalent (octahedral
site) components (solid lines) separated by the MCR method overlaid. Second from the top to
bottom: the difference spectra between the Mn-Ls ELNES of x = 0-0.7 and that of MnO.. The
energy-loss axis was calibrated so that the main peak position of Mn** (MnQy) at 642 eV

coincides with that of x = 0-0.7.

Fig. 5. (a) A set of Mn-Ls HARECES for x = 0.7 with the incident beam tilted in the range 0 <
kx/ga00 < 3. Thick gray lines are the expected primary peak positions from Mn?" and Mn**,
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respectively, as a visual guide. (b) HARECXS data of Mn-K, concurrently taken with the

HARECES data in (a).

Fig. 6. Site-specific spectra (black solid lines) of Mn-Ls for the resolved octahedral (top:
Mnoct-L3) and tetrahedral sites (bottom: Mnet-L3) for (a) x = 0.7 and (b) x = 0.2. The Mn-Ls
ELNES of MnO2 (Mn*": grey solid lines on top) is overlaid over each Mnoe-Ls, and the
reference spectra of Mn?* and Mn®" (solid thin lines) are also overlaid over Mnt-Ls for
comparison. Each spectrum was normalized by its integrated intensity. The grey solid lines at
the bottom are the best fit curves to Mntt-L3 by the two spectra (solid thin lines), with weights

described in text.

Fig. 7. From top to bottom: Ni-Lo3 ELNES of NiO, LiNixMn2xO4 (x = 0.2, 0.5), and

Lio.2Nio.7Mn160a4.5 recorded under non-channeling conditions.
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Figure 5
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Figure 6
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