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Abstract

To discover new high-energy-density cathode materials for sodium-ion
batteries (SIBs), multiscale design is highly considered to be an essential
manner because cathode materials occur in complicated physical and chemical
reactions from atomic scale to macro scale. Considering the intrinsically larger
ionic radius of Na* than that of Li*, cathode materials for SIBs are operated by
electrochemical reactions accompanied by severe structural changes and phase
transformations in comparison to those for lithium-ion batteries (L1Bs) owing to
insertion and extraction of Na*, which leads to cyclic degradation during
charge/discharge. That is, the Na-migration affect qualitative and quantitative
variations of cathode materials in atomic scale, which are the results of
electrochemical performance for the overall system. In addition, the intrinsically
lower redox window (by =~0.3 V) of the cathode for SIBs compared to the LIBs
result in low-energy-density properties. Therefore, multiscale-based analysis and
design approach in light of the two intrinsic features of Na* are critical for the

rational design of cathode materials for SIBs.

Using the multiscale-based framework from first-principles calculations
including thermodynamic mixing enthalpies associated with phase stabilities,
kinetic properties, mechanical constants, chemomechanical strain, and
qualitative and quantitative electronic structures in the perspective of atomic
scale not only to phase separation Kinetic simulations consisting of
homogeneous chemical potentials originating from homogeneous free energy

coupled with the thermodynamic values of atomic calculations, but also to



chemomechanical stress obtained by the fitted mechanical constants and
chemomechanical strain using polynomial functions, we rationally design and
experimentally realize Na(Li1sMnz3)O2 as a high-energy-density cathode
material (=~4.2 V versus Na/Na* with a high charge capacity of 190 mAh g?)
operated by the new reaction paradigm (anionic redox: O%*/0°) beyond the
conventional reaction mechanism (cationic redox: M™/M®™*D* M: transition
metals) for sodium-ion batteries (SIBs), which is fundamentally inspired by in-
depth understandings of LioMnO3 redox reactions for LIBs. Furthermore, this
rationally designed Na(Li13sMn2/3)O2 is an example of a new class of promising
cathode materials, Na(Li3sM23)O2 (M: transition metals featuring stabilized

M**), for further advances in SIBs.

To overcome the drawbacks of phase change and separation, and structural
collapse related to cyclic performance in the newly discovered Na(Li1;zMn2/3)02
material, we further design high-energy-density cathode, Na(Li1zsMn1/2Cr1/6)O2,
utilizing the Cr 3d-electron and labile O 2p-electron for electrochemical
reactions with reduced phase change, slow phase separation kinetics, and lower
chemomechanical strain and stress compared to those of Na(LiizMnz3)0sz.
Additionally, to provide rational insights into the use of anionic redox reactions
for future sodium-ion batteries, Na(LiisMn1/2Cri/6)O2 is regarded as an exciting
example of superior Na(Li1zM2/31-y)Mcy)O2 analogues (M and Mec: transition
metals with stabilized M** species and with cationic redox active M¢** species)

with good cyclic performance.



The rationally designed and experimentally validated cathode materials by the
multiscale-based design approach open an exciting direction to break the energy
density limit of cathode materials for SIBs. Furthermore, the present multiscale-
based design approach could be applied to various energy-related systems such
as batteries, capacitors, fuel cells, solar cells, and even catalyst in order to

improve their performance and rationally design new materials.

Key word: Multiscale Design, First-Principles Calculations, Phase Separation

Kinetics, Sodium-lon Batteries, Chemomechanics
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Na layer and mixed layer (Li: green, Na: yellow, Mn: purple, and O:
red). (c) Formation energies of mixing enthalpy considering all

possible Na/vacancy atomic configurations for 0 < X < 1.0 in Naj.
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Chapter 1

Introduction

1.1 Electrodes for Batteries

Rechargeable batteries such as lithium- and sodium-ion batteries (LIBs and
SIBs) have been considered as the most promising power sources for several
decades; they have been widely used in applications ranging from portable
electronics to large-scale energy storages such as electric vehicles (EVs) and
energy storage systems (ESSs).2* Especially, SIBs have been highlighted as
promising candidates for these applications because of the availability and low-
cost of sodium, as well as the similar electrochemistry to the well-established
LIB technology.® °% As presented in Figure 1.1, LIBs and SIBs are
electrochemically working by migration of charge carriers (Li* and Na*) across
the electrolyte located between positive electrode (cathode) and negative

electrode (anode).®

Based on this working mechanism, high capacity indicates the capability of

containing large amount of Li* or Na® in the cathode and anode, and high



voltage refers to the high electrochemical potential when Li* or Na* is inserted
(lithiation or sodiation) and extracted (delithiation or desodiation) from the
cathode and anode in the theoretical manner; and, high capacity and voltage
means high energy. Furthermore, cyclic performance and voltage drop originate
from phase and structural stability of cathode and anode during electrochemical
reactions.'® Finally, power characteristics is dependent upon the rate of Li*- or
Na-migration, which is mostly determined by ionic and electronic
conductivity.'51° Therefore, the electrochemical performance of LIBs and SIBs

are affected these whole factors synthetically.

1.2 Issues and Challenges for Sodium-lon Batteries

There are much more critical issues and challenges to improve and design the
electrodes for electrochemical energy storages such as the capability for
containing Na*,2%-2! electrochemical potential of insertion and extraction,?223
phase stabilities,?*2® jonic and electronic conductivities,?” and additionally low
cost and environmental friendliness for SIBs than for LIBs,?2° because the
intrinsically larger size of the sodium ion compared to that of the lithium ion
induces the large volume change (> 10%) and the phase instability of the
desodiated structures during electrochemical reaction process.® Moreover,
considering the intrinsically lower voltage window (by =0.3 V) of the cathode

for SIBs in comparison to the LIBs, realizing high energy density is considered



to be one of the major challenges.?

In the perspective of theoretical investigation and design, the amount of Na* in
the electrodes is relevant to the formation energy with respect to the content of
Na*, and electrochemical potential could be determined by thermodynamic phase
stability versus the content of Na*. Cyclic performance is closely related to
phase transformations and structural instability of electrodes, which is relevant
to thermodynamic and Kkinetic stability of structures during charge and
discharge.3-3° For the power characteristics, ionic conductivity is determined by
migration of Na* inside the structure, which means that migration barrier, length,
and space are important factors.®® Finally, electronic conductivity can be

predicted and tuned by band gap of electronic structures for electrode systems.3’

These can be calculated by atomic scale simulations such as first-principles
calculations, molecular dynamics, and statistical thermodynamics. For the
particle-level phenomena, phase field simulations are necessary to predict phase
behaviors by Na-extraction, using the bridged homogeneous bulk free energy
based on the atomic scale physics for constituting governing equation of phase

field model.

1.3 Multiscale-based Analysis and Design

As an in-depth theoretical approach, multiscale-based analysis and design have
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been considered to be significantly essential and important manner for
complicated systems including diverse physical, chemical, electrical, and
mechanical phenomena in terms of wide range of length and time scales in many
industrial applications such as energy materials, biomaterials, composite
materials, electronic materials, and so on.3¥-4" For the various research fields, a
lot of methodologies combined atomic scale to macroscale simulations with
scale bridging models have been studied for the development and utilization to
improve their performance, since the multiscale problem cannot be solved by a
single method in a scale. To calculate material properties in atomic scale, first-
principles calculations, molecular dynamics, and Monte Carlo simulations have
been used,*®* and phase field simulations and diverse statistical approaches
have been employed for mesoscale problems;®°® then, micromechanics,®’-®
electrochemical models,%%! continuum mechanics,®?-% heat and mass transfer, %>
% thermal expansion,®’®® and fluid mechanics®®"® have been utilized for

macroscale simulations.

Recently, among the abovementioned multiscale problems, a growing demand
for large-scale energy storage applications (electric vehicle and grid electric
energy storage systems) has progressed rapidly to study multiscale-based
approaches to energy-related materials for electrochemical energy storages (e.g.,
cathodes, anodes, electrolyte, and etc.); and this methodology is indispensable,

because they indicate that electro-chemo-mechanical coupled reactions



(multiphysics) take place in atomic structures, resulting in electrochemical
performance in macroscale. For example, Figure 1.2 presents the schematic
description of the cathode electrode (LiFePO4) at various scales.”* In the
nanoscale, non-porous LiFePO4 crystals represent the smallest scale observed,
whereas the porous agglomerates represent the second size scale. The third size
scale is the positive electrode itself, which consists of carbon black, binder and
the porous agglomerates of the LiFePO4 particles. In other words, different
kinds of methodologies and approaches in diverse scales should be carried out to

analyze and design the complex system of battery electrodes.

1.4 Objectives and Contributions

In this dissertation, based on multiscale design utilizing first-principles
calculations, electronic structures, crystal field theory, ligand field theory,
homogeneous free energies and chemical potentials, chemomechanical strain and
stress, and phase field simulations, we introduce a new paradigm (anionic redox:
0%/0°) beyond the conventional working mechanism (cationic redox:
MM /MO*D* M transition metals) for high-energy-density cathodes in SIBs and

enable a new class of promising battery materials for further advances in SIBs.!

From first-principles calculations consisting of thermodynamic mixing

enthalpies related to phase stability, kinetic characteristics, mechanical constants,



chemomechanical strain and stress, and qualitative and quantitative electronic
structures, atomistic properties can be predicted. For the multiscale methodology,
homogeneous free energy is coupled with the thermodynamic energy value,
evaluating homogeneous chemical potentials and mesoscale phase separation
behaviors of electrodes for electrochemical reactions; furthermore,
homogeneous chemomechanical stress can be obtained by fitted mechanical

constants and chemomechanical strain using polynomial functions.

Using these methodologies, we rationally designed and experimentally realized
high-energy-density cathode materials operated by the new reaction mechanism
for SIBs such as Na(Li1/3sMn2/3)O2 and Na(Li1/zMn1/2Cr1/6)O2, which is inspired
by detailed understandings of Li-rich manganese oxide (Li2MnO3s) redox
reactions; furthermore, we provided a new class of promising cathode materials,
Na(Li1/3sM23)02 (M: transition metals featuring stabilized M*#*), and advanced
Na(Li13sM2/31-y)Mcy)O2 analogues (transition metals featuring cationic redox

active M¢*").

In conclusion, the newly discovered cathode materials by the present
multiscale-based design with experimental validations open an exciting direction
to break the energy density limit of positive electrodes for SIBs without many
experimentally empirical approaches. Finally, the experimentally successful
material developments on the basis of theoretical design could be one of the

most effective paradigm for the future innovative materials.
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Figure 1.1 The negative electrode is a graphitic carbon that holds Li or Na in
its layers, whereas the positive electrode is a Li- or Na-intercalation compound,
usually an oxide because of its higher potential, that often is characterized by a
layered structure. Both electrodes are able to reversibly insert and remove Li or
Na ions from their respective structures. On charging, Li or Na ions are removed
or deintercalated from the layered oxide compound and intercalated into the
graphite layers. The process is reversed on discharge. The electrodes are
separated by a nonaqueous electrolyte that transports Li or Na ions between the

electrodes. The schematic figure is slightly modified from the original figure.
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NANOSCALE
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MESOSCALE

MICROSCALE

Figure 1.2 Schematics of the multiscale character of a LiFePO4 electrode in a
lithium-ion battery and physicochemical mechanisms. Schematics made with
transmission electron microscopy and scanning electronic microscopy pictures

and from the spiral battery tomography picture.
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Chapter 2

Multiscale  Design and  Realization  of
Na(Li1/sMnz3)O2*

2.1 Theoretical Design of Na(Li13Mn23)O2

The crystal structure of pristine LioMnO3 (denoted as Li(Li1zsMn2/3)O2, Figure
2.1a) reveals that the Li corresponding to the 2c and 4h are in the Li layer,
whereas those in the 2b site are positioned in the LiizsMn2;302 mixed layer and
are surrounded by six Mn, forming a periodic honeycomb-like arrangement. The
relative site energies for Na at the different Li sites (Figure 2.1b-d) indicate that
Na is highly preferred to be in the Li layer rather than in the mixed layer (Figure

2.1e).

In general, LioMnO3 is considered to be electrochemically inactive because

Mn** at the octahedral site is difficult to further oxidize to Mn®* for the

3 0

octahedral geometry, on the basis of crystal field theory of stable txg° eq

configuration of Mn**. However, the delithiation reaction above 4.5 V versus
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Li/Li* occurs with an anionic redox (i.e., O?/0"). Considering the intrinsically
lower redox window (by =~0.3 V) of the cathode for SIBs in comparison to the
LIBs, along with the calculated site energy of Na, we predict that the
theoretically optimized compound, Na(Li1sMn2;3)O2, would be an excellent
potential cathode with high energy density for SIBs, because the intercalation
reactions of Na could occur at a high voltage of 4.2 V versus Na/Na* delivering
a high theoretical capacity of 285 mAh g (if all the Na are utilized)

accompanied by the anionic redox mechanism.

To confirm the predictions of high voltage and high capacity, detailed first
principle calculations of the formation energy of mixing enthalpy were carried
out to investigate the phase behavior depending on Na content, and to identify
the most stable phase among the mixed structures. Figure 2.2a presents the
mixing enthalpy as a function of the normalized Na content calculated by first
principle method. This energy diagram predicts that Lii.xNaxMnosO15 at x =
0.75 is the most thermodynamically stable phase, and its atomic structure is
described in Figure 2.2b. Noticeably, all the Na atoms in the stable structure
Lio.2sNao.7sMnosO15 are present in the Na layer, suggesting that it is not
favorable for Na to occupy the mixed layer, consistent with the site preference

of Na.

We have calculated the wunit-cell volumes of all phases so that the

thermodynamic energy diagram can be elucidated by the structural variations of
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Li1-xNaxMnos015 (0 < x < 1.0). The unit-cell volume tends to increase linearly
as the Na content increases, which is also described using Vegard’s law (Figure
2.3a). To further elucidate the structural changes, the lattice parameters were
also calculated. The lattice constants linearly increase from x = 0.0 to x = 0.75,
and for x > 0.75 different changes are observed (Figure 2.3b-d). Above the
inflection point (x = 0.75), the a and b parameters increase sharply, whereas the
c parameter increases at a slower rate. This finding implies that the substitution
of Na in the LiO2 layer is preferred to that in LiysMn2;302 layer, because the
electrostatic interaction between the oxygen layers in layered transition-metal
analogues are weak. On the other hand, considering that the transition metals
form ionic-covalent bonds with six oxygens, which is much stronger than the
electrostatic interactions for most oxides, we could conclude that Na-

substitution in the Li1sMn2302 layer is thermodynamically unfavorable.

For a direct comparison, two kinds of average octahedral volumes (Figure 2.4)
were calculated according to the Na content (Table 2.1). The MnOs volume
changes only slightly with increasing Na content (octahedral volumetric strain
(£2) = 0.0186), while the changes in the LiOg/NaOg volumes (¢ = 0.2605) are
significant. This difference implies that the 2b site cannot accept Na easily due
to the strong Mn-O bonds, which do not provide enough space for the larger
ionic radius of Na*; this explanation is also consistent with the behavior of the

lattice constants (Figure 2.3).
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To examine the thermodynamic stability of the identified Na(Li13zMn2/3)02
during desodiation, we have calculated the formation energies of mixing
enthalpy at vacancy concentration (x) in Nai-x(Li1/sMn2/3)O2 over the full range
(0 < x < 1.0). Using the thermodynamic energy with varying x (Figure 2.2c), we
can validate the behavior of the predicted desodiation potentials (=4.2 V versus
Na/Na®). From the obtained mixing enthalpies, the sodium-deficient phases of
Nai-x(Liz;zMn23)02 (0.167 < x < 0.333) is predicted to be most stable and would
be experimentally synthesized. Theoretical predictions show that these Na
deficient phases are more thermodynamically stable than the fully sodiated
structure of Na(Liy/sMn23)O2 in contrast to the stable fully lithiated
Li(Liz/sMn23)O2. Figure 2.2d shows the desodation and delithiation potentials as
a function of the inverse Na content (x) in Nai-x(Li;aMn2/3)O2. Even though low
redox potentials of Na are observed at the beginning of desodiation (shaded gray
regions: below x = 0.333), subsequent redox potentials (=4.2 V vs. Na/Na™:
above x = 0.333), and the theoretical capacity (=190 mAh g1) are higher than
formerly reported values of other cathodes for sodium-ion batteries.”? As
expected, the redox behavior of Li is similar to that of Na, at higher redox
potentials. This shows that the simultaneous extraction of the Na-atoms and the
Li-atoms occupying the mixed layer is unfavorable, because their redox
windows are different, and only Na ions will participate the redox reactions of

Na1-x(LizzzMnz3)Oo.
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2.2 Experimental Validation

In order to validate the theoretical predictions on the redox behavior of
Na(Li1/3Mn23)O2, this oxide was synthesized by a solid-state reaction. Standard
characterization of the synthesized powders were carried out by X-ray
diffraction (XRD), inductively coupled plasma mass spectroscopy (ICP-MS),
field-emission scanning electronic microscopy (FESEM), and transmission
electron microscopy (TEM) studies (Figure 2.5). ICP-MS results were
summarized and confirmed the amount of inverse Na (x = 0.24) in the as-
prepared pristine sample (NLMO, see the details in Table 2.2), which was
predicted to be the thermodynamically stable Na-deficient phases in Figure 2.2c.
The XRD patterns of NLMO measured over 10°-80° are consistent with the
reference data (PDF: 00-054-0839, Figure 2.5a). FESEM studies revealed an
average particle size of =1 um with spherical shape (Figure 2.5b). To confirm
the elements of NLMO, energy dispersive X-ray spectroscopy (EDS) mapping
was carried out, coupled with FESEM (Figure 2.5¢), revealing that Mn (purple),
O (red), and Na (green) were uniformly distributed in the sample. Furthermore,
we have conducted EDS mapping coupled with scanning TEM (STEM) to
examine the elemental distribution in a small region within NLMO (Figure 2.5d).
To reduce the statistical error with respect to EDS mappings in STEM, several
particles in the sample were observed (Figure 2.6), and EDS results were
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summarized with elemental ratio (Figure 2.7).

Figure 2.8 shows the galvanostatic charge curve of NLMO without any
technical treatment (e.g., carbon or oxide coating), combined with the
theoretically calculated voltage profile for Naix(LiaMn2;3)O2 (0 < x < 1.0). An
initial charge capacity of ~150 mAh g! was observed with a large plateau at 4.2
V, which is in good agreement with the theoretically calculated predictions. To
examine the lower redox potentials predicted by first principle calculations, we
have conducted an electrochemical evaluation of charge cycle after the initial
discharge to 1.5 V versus Na/Na* to further sodiate the synthesized Na-deficient
NLMO (Figure 2.9). The observed lower redox potentials of =2.0 V versus
Na/Na* at the initial charge profile agree quantitatively with the desodiation
potentials predicted by theoretical calculations. Further electrochemical
properties of NLMO have been investigated to examine consistent oxidation

behaviors at various current densities (Figure 2.11).

2.3 Reaction Mechanism

To investigate the origin of the redox mechanism in Na(Li1sMn23)O2 during
desodiation, detailed electronic structures of the oxide were examined. On the
basis of the crystal field theory, the partial density of states (PDOS) of Mn in

Na(Li1/sMn23)02 and Li(Lii;sMnz3)O2 present a typical charge order of Mn** at
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high-spin states (Figure 2.12a,c). The 3d orbitals of Mn reveal the localized
characteristic overlap with the dispersive 2p orbitals of O, leading to hybridized
states with nondirectional bonding characteristics (n-bonding). For the direct
visualization of zm-bonding, calculations of spatial electron distribution (SED)
from the wavefunctions were carried out for both Na(LiisMn23)O2 and
Li(Liz/sMn2;3)O2. The SEDs around Mn and O were observed to form n-bonding

(Figure 2.12b,d).

Figure 2.12a,c predicts that the redox activity of Na(Li1sMnz3)O2 would
originate from an anionic redox O?/0O" when Na is extracted, because some O
2p-electron occupy higher energy states compared to Mn 3d-electron in lower
energy states, leading to unhybridized states (lone-pair O). Toward obtaining
further information, we have calculated the SED from -2 to 0 eV in both
Na(LisMn23)O2 and Li(LisMn23)O2. The isolated O 2p-electron densities
present features of lone-pair O with a linear shape along the direction of Na-O-
Li (Figure 2.12¢,f). Likewise, an isolated linear shape (Li-O-Li configuration)
was observed in the same energy range for Li(Li1/3sMnz3)O2 (Figure 2.12g,h).
This finding indicates that the lone-pair O 2p-electron of the Na-O-Li
(Na(LisMn2/3)O02) and Li-O-Li (Li(LizzsMn23)O2) configurations will play a

major role in the redox activity.

The Na-O-Li electronic distribution is closely related to the increase in the c-

parameter with increasing Na content (Figure 2.3d). There are two types of
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octahedrally coordinated oxygen atoms significant in this context:
O(NasMnzLi)L1 and O(NasMnLi)L2 (Figure 2.13a,b). The octahedral structure
parameters are calculated and summarized in Table 2.3, along with the
corresponding values for LioMnO3z (O(LisMn2)L1 and O(LizMn2)L2 in Figure
2.13c,d). To gain a better understanding, the bond lengths of Li-O and Na-O in
Na-O-Li configurations were investigated. When the Na content is increased,
there is almost no change in the Li-O bond lengths, whereas the Na-O bond
lengths increase significantly. These results could be explained by the linear
shape of electronic distribution (Na-O-Li) and overlaps between the 2p orbitals
of O and Na, which are mainly responsible for the increase in the c lattice

parameter.

Considering that a further oxidation of Mn** 3d-electron to Mn°" is not
favorable at the octahedral site, and that Na(Li1,3Mn2/3)O2 contains all Mn ions
in Mn*" oxidation state, we calculated the PDOS to investigate the fundamental
redox mechanism during desodiation. Figure 2.14 covers the variations of the
Mn 3d- and O 2p-electron during the Na-extraction, and all Mn (Figure 2.14a-Q)
show the Mn*" charge order through Na-removal, while the O 2p-electron is
oxidized to compensate the charge imbalance induced by the Na-extraction
(anionic redox 0%/0). The SED in the range 0-1 eV above Fermi level from the
Naa/e(Li1/3Mn2/3)O2 structure shows that the oxidized O 2p-electron around the

vacancy was observed with the charge density of Na-O-Li (Figure 2.14h). This
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implies that the labile Na-O-Li in Na(Li1sMn2;3)O2 is oxidized to compensate
electronic charge during desodiation. For a quantitative investigation, the net
charges of Mn and O were calculated (Figure 2.14i,j) in Nai-x(Li1aMn23)02 (0 <
X < 1.0). Almost no change was observed for Mn, whereas a linear increase was
observed for O. This finding is consistent with the calculated PDOS of Mn and

O during the Na-extraction, which confirms the anionic redox of 0%/0".

To experimentally confirm the valence state of Mn predicted by theoretical
calculations, we conducted X-ray photoelectron spectroscopy (XPS) analysis,
and all Mn 2p spectra were carefully fitted based on the C 1s spectra at 284.8 eV.
The XPS results of NLMO and LioMnO3 powders (Figure 2.15) reveal dominant
peaks at 642.6 eV (purple) in the Mn 2ps;2 spectra, which correspond to the
valence state of Mn**. To investigate the Mn valence state during desodiation,
we carried out ex-situ XPS in NLMO at various stages: i) pristine, ii) charged to
4.15 V, iii) charged to 4.3 V, and iv) discharged to 1.5 V (Figure 2.14Kk). During
desodiation to 4.3V, the major peaks at ~642.6 eV (Mn 2ps/2 spectra) and 654.1
eV (Mn 2p12 spectra) were practically unchanged. These fixed valence states of
Mn at the different states suggest that there is no redox reaction originating from

Mn**/Mn°*, which is in good agreement with the predicted electronic structures.

2.4 Establishing New Material Analogues
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In-depth understanding of Li.MnOs during delithiation for LIB cathodes is
critical for the rational design of Na(LiwzsMn23)O2 for high-energy-density SIB
cathodes. Considering the site preference of Na in the LioMnO3 structure, the
thermodynamically stable structure of was Na(Li1sMn23)O2 obtained. As the
intrinsically lower redox potentials for SIB cathodes compared to LIBs,
Na(Li1sMn2/3)O2 showed a redox potential of =~4.2 V versus Na/Na* without the
creation of free volume in the mixed layer, because Li-extraction requires a
higher voltage than Na-extraction. Interestingly, the anionic redox (O2/0™)
beyond the conventional cationic redox (M"™/M®*D* M: transition metals) was
used to gain electrochemical capacity. Thus, our findings will not only enable
new Na(Liy3sM23)O2 analogues (transition metals featuring stabilized M**) to
break the energy density limit of positive electrodes for SIBs, but also provide

an exciting direction for future electrochemical storage materials.

2.5 Challenges of Na(Li1/3sMn2/3)O2

In spite of a rigorously designed Na(Li1sMn23)O2 utilizing the anionic redox
of O 2p-electron of Na-O-Li configuration, two major challenges remain to
enhance the electrochemical performance. First, in the perspective of
maintaining a high-voltage region, it is expected that a two-phase reaction
occurs mainly in the range from x = 0.667 to x = 0.0, generating both an inactive

phase Nao(Li1/sMn23)O2 and an active phase Nax(LiizsMnz3)O2. The inactive
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phase formation is derived from a phase separation (Figure 2.2c), which is
shown in the charge-discharge profiles after the initial charge (Figure 2.16).
Second, from the viewpoint of increasing the low-voltage region, a phase change
from O3 to P2 from the region of initial desodiation could result in the
electrochemical low-voltage because the deficient phases are much more stable

than the fully sodiated phase (Figure 2.2c).

2.6 Multiscale Phase Field Simulation: Phase Separation

From the perspective of phase behaviors at meso-scale beyond atomic-scale,
we carried out phase field simulations considering the two-phase reaction region
for Naix(Li1aMn23)O2 (4/6 < x < 1.0). The mesoscale phase separation behavior
of the oxide was simulated based on the multiscale modeling on the phase
transformation (see Chapter 4). This multiscale simulation bridged from first-
principles calculations to the multiscale phase separation kinetics was adopted to
predict and explain cyclic properties, closely related to phase behaviors

depending on Na content, for Na(Li1/sMn2/3)Oo.

The phenomenological descriptions of the phase separation behaviors presented
in Figure 2.17 could be understood considering the thermodynamic phase
stabilities of Na(Li1/3Mn23)O2. The phase field simulations were performed with

50 x 50 computational cell at various initial compositions within the same
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dimensionless time, and the phase separation was triggered by random noise.
For the characteristic length, the nearest-neighbor distance of Na* (0.2811 nm)
was obtained from the atomic structure of Nai-x(Li13sMn2/3)O2 at x = 5/6; and we

utilized the square-shaped nanodomains with the side of 14.06 nm.

During the first charge process, the phase of Na(Li1;sMn2/3)O2 was separated to
Naze(Li1sMn23)O2 (active phase) and Nao(Li1zsMnz3)O2 (inactive phase), as
predicted by the thermodynamic mixing enthalpy values. The phase field
simulation results depending on the normalized initial compositions can
elucidate more specific the phase separation behaviors. Nucleation reaction
considered to be formation of the inactive phase is generated, and then the phase
separation reaction takes place because of spinodal instability during the
desodiation process. Moreover, as the initial composition increases, the phase
separation reaction rapidly occurs due to stiffer slope of chemical potential in
the spinodal region. This phase separation is expected to generate the inactive

phase, leading to cyclic degradation for Na(Li13sMn23)Oz.
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Figure 2.1 (a) The atomic model of Li2MnOs consisting of Li layers and mixed
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image). The atomic structures of Na substituted in (b) 2c, (c) 4h, and (d) 2b sites

of Li2MnOs. (e) Relative energies according to the Na site dependence.
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open circle indicates the most stable phase. (b) The atomic model at x = 0.75 in

Lii-xNaxMno 5015 consisting of the Na layer and mixed layer (Li: green, Na:

yellow, Mn: purple, and O: red). (c¢) Formation energies of mixing enthalpy

considering all possible Na/vacancy atomic configurations for 0 < x < 1.0 in Nay-
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Figure 2.5 (a) XRD patterns of the pristine sample (x = 0.76 in

Nax(Li1zMn2/3)O02 (NLMO)). (b) Low and high magnification FESEM images of
NLMO. (c) FESEM image of NLMO and the corresponding EDS elemental
mapping of Mn (purple), O (red), and Na (green). (d) STEM image of NLMO,
and the corresponding EDS elemental mapping of Na (green), Mn (purple), and

O (red), along with the magnified image of the sample (with EDS mapping).
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Figure 2.6 Various regions ((a), (b), and (c)) in the NLMO sample were
examined to confirm the homogeneous distribution of elements (Na: yellow, Mn:

purple, and O: red).
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of 10 mA g at room temperature, with theoretically calculated desodiation

potentials for Naix(LizsMn23)02 (0.0 < x < 1.0).
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Figure 2.9 After the discharge to 1.5 V vs. Na/Na*, the measured charge profile
of NLMO synthesized at 850 C (denoted as HT-NLMO, see the details in
Figure 2.10) with the calculated potentials for the low voltage region as

indicated in Figure 2.2.
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Figure 2.10 (a) XRD patterns of the NLMO samples synthesized at 450 (LT-
NLMO), 650 (MT-NLMO), 850 C (HT-NLMO). The observed Na,COs peak at
around 30 degree in LT- and MT-NLMO is not present in HT-NLMO sample.
The clearly observed two peaks between 18 and 24° are expected to be the
presence of LiMnes in the mixed layers, positioning lower angles compared to
those in HT-LioMnO3 due to the enlarged interlayer d-spacing by Na*. (b) After
the discharge to 1.5 V vs. Na/Na*, the measured charge profile of HT-NLMO to

4.3V vs. Na/Na®.
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Figure 2.11 After the discharge to 1.5 V vs. Na/Na*, the measured charge

profiles of HT-NLMO with the various current densities of 10, 30, and 50 mA g™L.
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Figure 2.12 Electronic structures in Na(Li13sMn23)O2 and Li(Li1zsMn23)0Oo.
Combined graphs of partial density of states (PDOSs) of Mn 3d orbital electrons
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Na(Li1;sMn23)02 and, (c) the fully lithiated Li(Li1sMnz/3)O2. The PDOS of Mn
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eV of, (b) Na(LisMn23)O2 and (d) Li(LiisMn2;3)O2. Local spatial electron
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distribution in the occupied band from -2 to 0 eV (Fermi level) for the two kinds
((e) O in black circle and (f) O in red circle from Figure 2.2b) of O coordinated
by three Na, two Mn, and one Li in the structure of Na(Li1/3sMn2/3)O2, and the
distribution in the same range for the two O ((g) O in black circle and (h) O in
red circle from Figure 2.2b) surrounded by four Li and two Mn in the structure

of Li(LizzzsMn23)02.
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from Figure 2.2b) coordinated by four Li and two Mn in Li(Li1/3Mn2/3)0o.
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Figure 2.14 Mn 3d- and O 2p-electron variations during desodiation.
Combined graphs of partial density of states (PDOSs) of Mn 3d orbital electrons
(purple) and O 2p orbital electrons (red) from (a) x = 0.0 to (g) x = 1.0 in Nai-
x(LizaMn23)O2. h) Spatial electron distribution in the unoccupied band from 0-1
eV in Nass(Li;sMn23)O2, and the yellow dotted circle indicates a vacancy by
the Na-extraction. Calculated net charges, based on Bader charge analysis, of (i)
O and (j) Mn as a function of Na inverse content (x) in Nai-x(Li1sMn23)02. (k)
Mn valence state investigations. XPS spectra of Mn 2p in pristine NLMO,

charged to 4.15 V, charged to 4.3 V, and discharged to 1.5 V vs. Na/Na™.
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Figure 2.15 XPS spectra of Mn 2p in Na(Li1asMn2/3)O2 and LioMnO3z powders.
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Figure 2.16 Charge-discharge profiles of NLMO from 1.5 V to 4.3 V vs.

Na/Na* with a current density of 10 mA g at room temperature during 5 cycles.
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Figure 2.17 Results of phase separation kinetic simulations depending on the
normalized initial compositions in Na(LisMn23)O2 during relaxation from a
solid solution. The color bar indicates the normalized inverse Na content

between x = 4/6 and x = 1.0 in Nai-x(Li1aMn2/3)Oa.
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Table 2.1 Calculated average octahedral volume: i) MnOg in the mixed layer, ii)

LiOs and NaOs in the Li layer according to Na content in Lii-xNaxMno 5015 (See

Figure 2.3).
Average octahedral volume (A 3)
Compound Na content
MnQs in the mixed layer LiOs and NaOs in the Li layer

0.0 9.4864 12.0218
0.125 9.4818 12.5518
0.25 9.4897 13.0774
0.375 9.5193 13.5317
Lii-xNaxMng 501 5 0.5 9.4989 14.0064
0.625 9.5075 14.4287
0.75 9.4956 14.8630
0.875 9.5743 15.0235
1.0 9.6633 15.1530
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Table 2.2 Elemental mapping data from inductively coupled plasma mass

spectroscopy (ICP-MS) analysis.

Compound Elements Content (ppm)  Weight (g) Wt (%) Mol (%) Fraction
Li 17323.22 1.75 1.73 25.17 0.25
NLMO Na 176553.3 17.81 17.66 77.46 0.76
Mn 419761.4 42.34 41.98 77.07 0.75
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Table 2.3 Calculated octahedral structure parameters (i.e., octahedral volume,

bond lengths) of O(NasMn:Li) and O(Mn;Lis) based on Figure 2.13.

O(NasMnLi)L1 and O(NasMnzLi)2 are from the octahedra in Figures 2.13a and

b, and O(MnzLis)L1 and O(MnzLis)L2 refer to the octahedra in Figures 2.13c and

d.
Linear bond type
Structural parameters
Compound Octahedron (Li-O-Na or Li-O-Li)
Volume Bond length Li-O O-Na or O-Li
O(NasMnyLi)L1 12.1698 2.1063 2.0634 2.19959
Na(Li1/3Mn2/3)Oz
O(NasMn;Li)L2 12.6987 2.1319 2.0751 2.2342
O(MnzLis)L1 10.8919 2.0181 2.0662 2.0070
Li(Li1/3Mn2/3)Oz
O(MnaLis)L2 11.1821 2.0357 2.0530 2.0340
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Chapter 3

Multiscale  Design and  Realization  of
Na(Li1asMn12Cr1/6)O2

3.1 Theoretical Design of Na(Li1/zMn1/2Cr16)O2

The rationally designed Na(Li1sMnz3)O2 exhibiting anionic redox reactions
(0?10 originating from the Na—O—Li electronic configuration) is an excellent
cathode material with high energy density (=4.2 V vs. Na/Na* with 190 mAh g
1). However, Nai-x(Li1;sMn23)O2 suffers from phase separation at x = 4/6 in the
high-voltage region and a phase change from O3 to P2 in the low-voltage region
(Figure 3.1a). This thermodynamic energy behavior indicates large structural
changes in those two regions, originating from the anionic redox reactions in the
absence of cationic redox activity (Mn**/Mn°") (Figure 3.1b—d). The pure
oxygen-based redox reactions destabilize the crystal framework of
Na(LisMn23)O2 during desodiation. Considering the active cation species
available for redox reactions, we rationally designed Na(Li1zMnz;3(1-yyMcy)O2
(Mqc: 3d1 (V: tag! eg°), 3d2 (Cr: tag? eg°), and 3da (Fe: tag® €¢') transition metals in

the form M¢*"), in which the phase change and separation issues are mitigated,
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as the presence of M¢ reduces the oxygen destabilization upon Na-extraction.

3.2 Electrochemical Enhancement

Figure 3.2a-c shows the desodiation potentials with the varying M. content (y)
as a function of the inverse Na content (x) for Nai-x(LiasMn231-y)Vy)O2, Nai-
x(LizaMn231)Cry)O2, and Naix(LizzMnz;i-y)Fey)O2, based on the mixing
enthalpy values considering all possible Na/vacancy configurations (Figure 3.3-
5). The voltage profiles are divided in three sections: low (1 <V < ~2.5), middle
(~2.5 <V < ~3.0), and high (V > 3.0) voltages. The Nai-x(LizaMn2/3(1-y)Cry)O2
species with varying x and y values present high-voltage behavior in comparison
with all the other oxides. In particular, the low voltage for the initial desodiation
of NLMO is remarkably improved for Nai-x(LiwsMnz/3(1-y)Cry)O2 compared to the
other cases. All desodiation potentials in Nai-x(LisMn2/3(1-y)Cry)O2 according to
the Cr content are expected to be found in the middle and high voltage regions;
however, most of the desodiation potentials of Nai-x(Lii/zMn23i-y)Fey)O2 and
Nai-x(Li1sMn2s31-y)Vy)O2 are found in the low and middle voltage ranges. Based
on the calculated voltages for Naix(LiizsMnz;31-y)Cry)O2, the Cr content y =
~1/6 was determined to be a suitable loading for NLMO advanced cathodes, and
the formation energy predicts that a thermodynamically stable phase of

Na(LisMnz/3(1-y)Cras3y)O2 is at y = 1/4 (Figure 3.6).

3.3 Thermodynamic Enhancement
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To compare the thermodynamic phase stability of Na(LiizsMny2Crie)O2
(NLMCO) with that of Na(Li1sMn1/2V16)O2 (NLMVO), Na(LizMni2Fe1s)02
(NLMFO), and NLMO, we examined in detail the mixing enthalpies considering
all the possible Na/vacancy configurations. Figure 3.7a shows the atomic
structures of NLMO, NLMCO, NLMFO, and NLMVO consisting of Na atoms in

the 2c and 4h sites, Li in the 2b sites, and the transition metals in the 4g sites.

The large difference in the mixing enthalpy ( AH,) generated by the phase

change from O3 to P2 is ca. -0.317 eV for NLMO, while it is ca. -0.221 eV for
NLMCO (ca. -0.335 eV for NLMVO and -0.275 eV for NLMFO) (Figure 3.7b—
e). The reduced formation energy for NLMCO leads to a higher redox potential
(~2.445 V vs. Na/Na") in the low voltage region than that of the other oxides,
reflecting smaller structure variations. In the high voltage region, all layered
compounds were expected to undergo a phase separation between x = 4/6 and x
= 1.0. Such phase separation is closely related to a phase-transition activation
barrier (also called a spinodal decomposition barrier, Sp) critically affected by
the intermediate phases between the two minima. The intermediate phase at x =
5/6 for NLMCO is expected to be more stable than the other phases of the three
oxides. For clarity, the minimum mixing enthalpy values of all compounds
calculated by the first-principles method were carefully fitted using a double-
well function in the two-phase reaction region (see Figure 3.8 and Chapter 4). A
much lower Sy value was obtained for NLMCO (~0.0169 eV) than for the other
materials (NLMO: ~0.0714 eV, NLMFO: 0.0357 eV, and NLMVO: 0.0333 eV).
Considering the theoretically well-developed model including the homogeneous

entropy of configurational mixing with the absolute temperature, we calculated
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the homogeneous bulk free energies (AGS ) for NLMO, NLMCO, NLMVO, and

hom

NLMFO at 300 K (Figure 3.7f). The AG:,_ of NLMCO indicates a slower phase

hom

separation induced by a much lower Sp between Naz/e(LizzMn12Cri6)O2 and
(LiaMn1/2Cr16)O2 than for NLMO and the other oxides. Such a slow phase
separation may result in the conservation of the high voltage with better cyclic
stability than that of NLMO. Figure 3.7g shows the homogeneous chemical
potentials at 300 K as a function of the inverse Na content in the four oxides,
suggesting a thermodynamic hysteresis gap between the charge and discharge
cycles in the high-voltage region. From the calculated chemical potentials, a
much smaller hysteresis gap (=0.5 V) is expected for NLMCO than for NLMO,

leading to high energy density properties.

3.4 Multiscale Phase Field Simulation: Phase Separation

Based on the calculated homogeneous bulk free energies derived from the
thermodynamic mixing enthalpy values by first-principles calculations, we
performed the multiscale phase field simulations to compare the phase
separation kinetics for NLMO and NLMCO (see Chapter 4). Figure 3.9 presents
the phenomenological descriptions of the phase field simulation results
depending on various dimensionless time £ with 40 x 40 computational cell
for NLMO and NLMCO. The characteristic lengths of the two oxides (NLMO:
0.2811nm; NLMCO: 0.2790 nm) were gained from the atomic structures of Naj-
x(Li1/3Mn2/3)O2 and Nai-x(Li1sMn1/2Cri6)O2 at x = 5/6; and the square-shaped

nanodomains were utilized with the side of 11.24 nm for NLMO and that of
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11.16 nm for NLMCO. As the examined phase separation results in Section 2.6,
the phase of NLMO was separated to Naze(Li1zsMn2/3)O2 and Naog(Li1zsMn2/3)02
after the first charge process. The phase separation was predicted by the
homogenous bulk free energy of NLMO. By contrast, the phase separation
kinetic behavior of NLMCO was observed to be different from that of NLMO
within the same dimensionless time. Even though the phase separation reaction
occurred in NLMCO after the first charge process, the phase separation Kinetics
is much slower for NLMCO than for NLMO, because the slope of the
homogeneous chemical potential of NLMO is much stiffer than that of NLMCO,
related to the degree of phase separation. Taking into account the simulated
phase separation kinetic behaviors of both oxides, better cyclic performance of

NLMCO is predicted in comparison with NLMO.

3.5 Chemomechanical Strain Enhancement

From the structural perspective, the thermodynamic energy investigations on
NLMCO, NLMO, NLMVO, and NLMFO can be explained by variations in the
structural parameters during desodiation. Figure 3.10 presents the calculated
structural parameters (unit cell volume and a, b, and c lattice parameters) as a
function of the inverse Na content in NLMO, NLMCO, NLMVO, and NLMFO.
For easy comparison, the structural constants of the thermodynamic ground
states are shown in Figure 3.11. Smaller changes in the unit cell volume after the
phase change are observed for NLMCO, NLMVO, and NLMFO than for NLMO,

while the smallest variation during phase separation was obtained for NLMCO.
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For better comparison, the structural parameters of all oxides were recalculated
from the chemomechanical strain point of view (Figure 3.12a—d). On the basis of
the volumetric and lattice strains, the results were fitted using a fourth order
polynomial to obtain the continuous behavior of the strain considering
nonlinearity. The c lattice strain was found to affect the behavior of the

volumetric strain with respect to the inverse Na content.

3.6 Chemomechanical Stress Enhancement: Volumetric

Stress

From the perspective of nanomechanics, we investigated the chemomechanical
stress by carrying out in-depth structural analyses during desodiation (see
Chapter 4). To evaluate the stress behavior, we calculated the bulk modulus
using the Birch—Murnaghan equation of states as a function of the inverse Na
content for NLMO and NLMCO (Figure 3.13). For nonlinearity, the obtained
bulk moduli for the two oxides were fitted using a fourth order polynomial
(Figure 3.12¢). The bulk moduli of NLMCO are relatively higher than those of
NLMO during desodiation, implying higher structure stability for NLMCO than
for NLMO due to the reduced destabilization of the oxygen framework. Figure
3.12f presents the chemomechanical stress calculated from the volumetric
strains and bulk moduli as a function of the inverse Na content in NLMO and
NLMCO, indicating that the chemomechanical stress induced by the
chemomechanical strain is much lower for NLMCO than for NLMO. In
particular, tensile stress would be generated in NLMO upon the initial
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desodiation; the compressive stress would then occur at a faster rate at the
beginning of the phase separation region and into the fully desodiated phase
region. Unlike NLMO, the tensile stress behavior in the initial desodiation
region is not only almost suppressed in the case of NLMCO, but also the
compressive stress in the phase separation region takes place at a much slower

rate for NLMCO.

3.7 Multiscale Phase Field Simulation: Phase Separation

Coupled Volumetric Stress

Unlike cathodes for LIBs, those for SIBs generally suffer from large volumetric
strain during charge because of the intrinsically larger ionic radius of Na* than
that of Li*, as investigated in Figure 3.12; that is, strain energy would be critical
for phase separation behaviors. Phase separation simulations considering
volumetric strain energy were carried out for NLMO and NLMCO with 50 x 50
computational cell under the same characteristic lengths (see Figure 3.14 and
Chapter 4). The simulated results indicate that there are much more inactive
phases for NLMO with the strain energy than those for NLMO without the strain
energy, which is attributed to the generation of large chemomechanical stress. As
compared with NLMO results, there is no formation of fully desodiated phases
for NLMCO from the phase separation simulation results because of the reduced
chemomechanical stress. As a result, the distribution of the elastic stress of
NLMO is more severe than that of NLMCO (Figure 3.15). The maximum
compressive stress of NLMO is ~-21.9 GPa, while that of NLMCO is ~-18.5
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GPa. These results predict that the stress generation of NLMO can be effectively

mitigated by the Cr doping during charge/discharge.

3.8 Chemomechanical Stress Enhancement: Normal

Stresses

For a more specific investigation on the volumetric stress behaviors,
chemomechanical normal stresses of o);, o0,, and o3, were calculated for

NLMO and NLMCO. Figure 3.16a-c shows elastic constants of C11, C22, and Cas
for NLMO and NLMCO as a function of inverse Na content. These elastic
constants reveal similar behaviors as compared with the calculated bulk moduli,

suggesting higher structure stability for NLMCO than for NLMO. Figure 3.16d-
e presents the normal stresses of oj,, o,, and oz for NLMO and NLMCO
over the full range (0.0 < x < 1.0). In NLMCO material, the compressive stresses
of o), and o, during the initial desodiation originate from Na-extraction
accompanied by CrOs octahedron variations for oxidation reactions; and, the

reduced tensile and compressive stresses of oy, are observed. These results

predict that the stress of oy, largely contributes to the total chemomechanical

stress by Na-extraction. For more exact understandings of chemomechanical

stress behaviors, the 13 independent elastic constants in the elastic stiffness

tensor (C.., where i,j =1, 2, 3, 4,5, and 6 with respect to the Voigt notation) for

Ij’
monoclinic structure were calculated using the internal energy change as a
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function of strain (¢).”® Figure 3.17a-j presents the remaining 10 independent
elastic constants except the previously obtained components (C11, C22, and Czz3)

as a function of inverse Na content for NLMO and NLMCO. Based on Hooke’s

law (o, =C;¢;), all chemomechanical stress components were obtained as shown

in Figure 3.18a-f, which were fitted using a fourth order polynomial for the
comparisons of stress behaviors at vacancy concentration (x) in Naj-
x(Li1/3Mn2/3)O02 and Nai-x(LizsMn1/2Cr16)O2 over the full range (0.0 < x < 1.0).

The two shear stresses (7,, and 7,;) associated with the normal stress of oz,

were mitigated for NLMCO compared with those for NLMO. Furthermore,
considering the two-phase regions of Naix(Lii;zsMn23)02 and Nai-
x(LizaMn12Cri6)O02 (4/6 < x < 1.0), the mismatch strain depending on the
lattices and area of NLMCO is remarkably smaller than for NLMO (Table 3.1),

which may result in a reduced coherent strain energy for NLMCO.

3.9 Multiscale Phase Field Simulation: Phase Separation

Coupled Normal Stresses

In the viewpoint of phase behavior at meso-scale, phase separation behaviors
depending on directions of normal stresses are expected to be different for
NLMO and NLMCO. Figure 3.19a and b show the phenomenological

descriptions of the phase filed simulation results considering the elastic strain

energies generated by the normal stresses of o)}, o,,, and oy for NLMO and

NLMCO, respectively. The phase field simulations were carried out under the
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same computational conditions in Section 3.7. The phase separation behaviors
considering the strain energies of o], and o, for NLMO and NLMCO reveal

similar tendencies as compared with the phase field simulation results without

elastic strain energies in Section 3.4. These simulated results indicate that the
strain energies of o;, and o, are not critical for the generation of inactive

phase for NLMO and the formation of fully desodiated phase for NLMCO. By
contrast, similar behaviors of the phase transformations induced by

thermodynamic and volumetric strain energies for the both oxides were found in

the phase field simulations with the strain energy of oy,, suggesting that the

generation of chemomechanical stress by o3, totally contribute to the phase

separation behaviors in Figure 3.14.

3.10 Atomic Structure Enhancement

Taking into account the phase separation for NLMO and NLMCO in the high-
voltage region, we investigated the O-O distances (do) and their atomic
configurations at x = 4/6 and 1.0 in Naix(LiisMn23)02 and Nai-
x(Liz/sMn12Cri/6)O2 (Figure 3.20a and b). Distances in the range ~2.45 A < do <
2.55 A were obtained for the mixed layer of Naxs(Li1/sMnz/3)O2, whereas shorter
0-0 distances (longest 0O—0O: ~2.53 A and shortest O—O: 2.35 A) were obtained
between the LiisMn2;302 layers in Nao(LizzMn23)O2. The reduced interlayer d-
spacing owing to shorter O—O distances may lead to Nao(Li1;sMn23)O2, which is
an inactive phase, in the two-phase region. Likewise, O-O distances of 2.35-
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2.50 A were obtained for the mixed layer of Nazs(Li1/sMn1/2Cri/6)O2, while no
O-0 long and short distances were observed for Nao(Lii/sMn1/2Cri6)O2, even
though the O-O distances in the mixed layer were slightly reduced. The highly
oxidized O framework in Nao(LiwsMnz3)O2 may lead to reduced interlayer
distances accompanied by short O—O bond formation to achieve thermodynamic
stability, which results in a larger structural formation energy for NLMO than
for NLMCO (Table 3.2). However, the O—O species in NLMO are not expected
to promote sodiation and desodiation reactions, resulting in large structural
changes. These changes in the atomic structures can be understood directly by a
much stiffer elastic constant (Cs3) for the fully desodiated NLMO than for
NLMCO (Table 3.3).

3.11 Cation-Anion-Coupled Redox Mechanism

In order to investigate the origin of the redox mechanism in NLMCO during
desodiation, the electronic structure of NLMCO was examined in detail. Based
on the crystal field theory (CFT), the partial density of states (PDOS) in the
fully sodiated (x = 0.0) Nai-x(LiysMn12Cry)O2 afforded a charge value of Cr**
(half-filled tg> e,°) and the Mn atoms in the compound show the typical
electronic configuration of Mn** (half-filled t2¢® e4°) (Figure 3.21a). Considering
that further oxidation of Mn** to Mn®* in an octahedral site is difficult, the 3d-
electrons of Cr in the valence band are oxidized into the conduction band for
charge compensation during the initial desodiation (see Figure 3.22).

Subsequently, the O atoms coordinated to Mn** are expected to be oxidized to
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compensate the charge imbalance induced by the Na-extraction after the cationic
redox reaction of Cr. Figure 3.21a—g describes the variations on the PDOS of
Mn and the Cr 3d and O 2p electrons as a function of the inverse Na content in
Nai-x(LisMn12Cri6)02. All Mn PDOS indicate a fixed Mn*" 3d-electron
configuration from x = 0.0 to x = 1.0 in Naix(LiaMn1/2Cr16)O2, while the Cr
PDOS up to x = ~2/6 exhibits oxidizing behavior. Interestingly, the PDOS at
values above x = 2/6 shows that the O 2p electrons participate on the oxidation
reaction mainly through the fully oxidized 3d electrons of Mn and Cr. To
quantitatively analyze the redox mechanism, we calculated the net charges of
Mn, Cr, and O as a function of the inverse Na content (x) in Na-
x(LizaMn1/2Cr16)O2 (Figure 3.21h—j). The net charges of Mn do not change with
respect to the inverse Na content, whereas those of Cr vary linearly up to x =
~2/6. A linear increase of the O net charges was observed during the desodiation
process. These quantitative analyses are consistent with the calculated PDOS of
Mn, Cr, and O during Na-extraction. The redox mechanism was also elucidated
through the octahedral structure variations with respect to the Na content (Table
3.4). To gain further information on the redox mechanism, we calculated the
spatial electron distribution (SED) from -2 to 0 eV in Na(Li1/3sMn12Cr16)O2 and
Nas/s(Li1sMn1/2Cr16)O2. Figure 3.21k shows that the Cr 3d-electron density is
hybridized with the O 2p-electron density, playing a role in the charge
compensation upon initial Na-extraction. After the cationic redox reaction
involving Cr, only the electron density corresponding to the O lone-pair is
observed in Naae(LiyzMn12Crie)O2 (Figure 3.211). Such a pure O electron
density indicates the linearity of the Na-O-Li structure at various atomic

positions (Na—O-Li_1-4). These results suggest that the calculated low and high
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voltages of NLMCO are predominantly responsible for the cationic redox
reactions of the Cr 3d electrons hybridized with O 2p electrons and the anionic

redox reactions originating from the Na—O-L.i electronic configuration.

3.12 Developing the Material Analogues

Based on the advantages of cation (cyclic-stability) and anion (high-voltage)
redox reactions considering the detailed analysis of the thermodynamic energy
landscape of NLMO, we rationally designed cation-anion-coupled NLMCO. The
combined redox paradigm was utilized to resolve the two existing requirements
for high energy density cathode materials for SIB applications: i) increasing the
low voltage and ii) maintaining the high voltage in NLMO during desodiation.
Based on the desodiation potentials calculated by the first-principles method,
NLMCO was found to exhibit a higher low voltage (2.8 V versus Na/Na* in 0
< x < 2/6) and similar high-voltage behavior (4.2 V versus Na/Na* in 2/6 < x <

1.0) than NLMO, NLMVO, and NLMFO. From the thermodynamics viewpoint,

the reduced formation energy (AH, ca. -0.221 eV) for NLMCO results in higher

redox potentials in the low-voltage region. The homogeneous bulk free energy of
NLMCO at 4/6 < x < 1.0 indicated a much lower Sp value and a slower phase
separation in NLMO with a smaller gap of thermodynamic hysteresis than for
the other oxides. Moreover, the chemomechanical strain and stress for NLMCO
in the phase change (reduced tensile stress) and separation (reduced compressive
stress) regions were distinctively smaller than in the other cases. The formation
of short O-O bonds in NLMO lead to the electrochemically inactive phase

Nao(Li1aMn1/2Cr16)O2, whereas O—O formation between the mixed layers was

54



not observed in NLMCO. Regarding the redox mechanism, the cationic redox
reactions involving the Cr 3d electrons reduce the destabilization of the oxygen
framework induced by the anionic redox reaction of the O lone-pair during
desodiation. We believe that such an anionic redox reaction (0?/07) coupled
with a cationic redox reaction (M"/M®*D*) is an enhanced paradigm of the
anionic redox reaction for the realization of high energy density cathode
materials for SIBs. In this sense, from the electrochemical, thermodynamic,
atomic, chemomechanical, and redox mechanism points of view, the rationally
designed cation-anion-coupled NLMCO is a promising material for SIBs,
enabling the development of a new class of Na(Li13M2/3(1-y)Mcy)O2 materials (M
and Mc: transition metals with stabilized M** species and cationic redox active
Mc** species), leading to the design of next-generation cathodes for future

electrochemical storage materials.
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volume and net charges for (c) O and (d) Mn as a function of the inverse Na
content (x) in Naix(Lii;zsMnz3)O2. The mixing enthalpies and net charges are

reproduced from a previous report by us.!
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Figure 3.2 Calculated desodiation potentials as a function of the inverse Na
content (x) in Naix(LiaMn231-y)My)O2 (M: (a) V, (b) Cr, and (c) Fe) at varying
y values. The voltage range is divided in three sections: low (1 < V < 2.5),

middle (2.5 <V < 3.0), and high (3.0 < V <5.0) voltage ranges.
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Figure 3.3 Mixing enthalpy values considering all possible Na/vacancy

configurations as a function of the inverse Na content (x) in Nai-x(LizMn2/-

y)Cry)O2 at varying y values (y = 1/6, 2/6, 3/6, and 4/6).
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Figure 3.4 Mixing enthalpy values considering all possible Na/vacancy

configurations as a function of the inverse Na content (x) in Nai-x(LiizMnz/3-

yFey)O2 at varying y values (y = 1/6, 2/6, 3/6, and 4/6).
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Figure 3.5 Mixing enthalpy values considering all possible Na/vacancy
configurations as a function of the inverse Na content (x) in Nai-x(LiizMnz/3-

ynVy)O2 at varying y values (y = 1/6, 2/6, 3/6, and 4/6).
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Figure 3.7 (a) Atomic structures of Na(Li1zsMnz;3)O2, Na(Li1zsMn1/2Cri6)O2,

Na(LizsMni2Fe1s)Oz,

and Na(LizsMn12V16)02.

Mixing enthalpy values

considering all possible Na/vacancy configurations as a function of the inverse

Na content (x) for (b) Nai-x(Li1;zMn23)O2, (c) Nai-x(Li1/sMn12Cr16)O2, (d) Nai-

x(LizsMn12Fe1/6) Oz,

and (e) Naix(Li1aMn12V16)0a.

(f) Configurational

homogeneous bulk free energies and (g) chemical potentials at 300 K of Naj-

x(LisMny2 M1/g)O2 (~4/6 < x < 1.0) (M: Mn, Cr, Fe, and V).
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Figure 3.8 Configurational homogeneous mixing enthalpies fitted from the
mixing enthalpies at x = 4/6, 5/6, and 1.0 in Nai-x(Li1/sMn12M16)O2 (M: Mn, Cr,

Fe, and V) from Figure 3.7b—e using a double-well function.
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Figure 3.9 Phase separation kinetic simulation results in (a) Nai-x(Li1;zsMn2/3)O2
and (b) Naix(LizasMny2Cri6)O2 at x = 5/6 during relaxation from a solid
solution at various dimensionless time. The color bar indicates the normalized

inverse Na content between x = 4/6 and x = 1.0.
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lattice parameters) as a function of the inverse Na content (x) in Naix(Li3
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Figure 3.11 Structural parameters for the ground states from Figure 3.10 as a
function of the inverse Na content (x) in Naix(Liyz Mn12M16)O2 (M: Mn, Cr,

Fe, and V).
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Figure 3.12 (a) Calculated volumetric strain, (b) a, (c) b, and (d) c lattice
strains as a function of the inverse Na content (x) in Nai-x(Lii/zMn1/2M1/6)O2 (M:
Mn, Cr, Fe, and V). All chemomechanical strains were fitted using a fourth
order polynomial. (e) Bulk moduli calculated by first-principles and fitted bulk
moduli using a fourth order polynomial. (f) Chemomechanical volumetric stress
in Nai-x(Li1/zsMn2/3)O2 and Nai-x(LizsMn12Cri6)02 (0 < X < 1.0).
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Figure 3.13 Changes in the strain energy (AE) as a function of the volume
ratio (Vo/V) in Nai.x(LizaMn23)O2 and Nai-x(Li1;zMn1/2Cri/6)O2. The solid lines
represent the fitted results using the Birch—Murnaghan equation of states, based

on the total energies calculated by the first-principles method.
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Figure 3.14 Phase separation kinetic simulation results without or with the
chemomechanical volumetric strain energy derived from Figure 3.12 in (a) Nas-
x(Li1/sMn23)O2 and (b) Nai-x(Li;zMn12Cry6)O2 at x = 5/6 during relaxation
from a solid solution at the fixed dimensionless time. The color bar indicates

the normalized inverse Na content between x = 4/6 and x = 1.0.
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Figure 3.15 Distribution of elastic stress with 100 x 100 computational cell
under the same characteristic lengths induced by the phase transformation from
a solid solution of x = 5/6 in Nai-x(LizaMn2/3)O02 and Nai-x(Li1;3Mn12Cry/6)O2 at

the dimensionless time of £=1.0.
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Figure 3.16 Elastic constants, (a) Cui1, (b) C22, and (c) Css, calculated by first-

principles method and fitted elastic constants using a fourth order polynomial;

and chemomechanical normal stresses, (d) oy}, (e) o, and (f) o3 in Nai-

x(Li1/3Mn2/3)O2 and Nai-x(Li1aMn1/2Cr1/6)O2 (0 < x < 1.0).
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Figure 3.17 Elastic constants, (a) Cas4, (b) Css, (c) Css, (d) Ci2, (e) Cis, (f) Cas,

(9) Cos, (h) Css, (i) Cass, and (j) Cis, calculated by first-principles method with

varying x in Nai-x(Li1/sMn2/3)O2 and Nai-x(Li13sMn1/2Cr16)O2 and fitted elastic

constants using a fourth order polynomial.
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Figure 3.18 Chemomechanical stresses, (a) o,;, (b) 0,, (C) 044, (d) 7, (€)
7,, and (f) 7,5 in Naix(LiwasMn23)O02 and Naix(LisMn12Crie)O02 (0 < X <

1.0).
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NLMO ( o} strain energy) NLMO ( o3, strain energy) NLMO ( o7} strain energy) x=10

.

NLMCO ( o}, strain energy) NLMCO ( o3, strain energy) NLMCO ( o3, strain energy) x=1.0

(b)

Figure 3.19 Phase separation kinetic simulation results considering the

chemomechanical normal strain energies induced by o7}, o,,, and o, for (a)

NLMO and (b) NLMCO. The color bar indicates the normalized inverse Na

content between x = 4/6 and x = 1.0.

74



Short O-O distance

Long O-O distance

x =1.0in Na,,(Li;»sMn,)O,

X = 4/6 in Na, (Li;sMn,,Crie)0,  x = 1.0in Na, (Li;sMn,,Cr,)O,

Figure 3.20 Atomic structures of Nai-x(Li1sMn2;3)O2 at (a) x = 4/6 and x = 1.0,

and those of Nai-x(Li1sMn1/2Cr1/6)O2 at (b) x = 4/6 and x = 1.0.
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Figure 3.21 Combined profiles of the partial density of states (PDOS) of Cr
(blue) and Mn 3d orbital electrons (purple) and O 2p orbital electrons (red)
from (@) x = 0.0 to (g) x = 1.0 in Naix(Lii;sMn12Cr16)O2. Net charges
calculated by the Bader charge method for (h) O, (i) Mn, and (j) Cr as a
function of the inverse Na content (x) in Naix(LizzsMn12Cri6)O2. Spatial
electron distribution in the occupied band from -2 to 0 eV (Fermi level) in (k)

Na(Li1/sMn1/2Cr1/6)O2 and (1) Naass(LizzsMn1/2Cri/6)O2.
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Figure 3.22 Schematic electronic configuration of Mn** (tag% e4°) and Cr#* (t24?

") at the octahedral sites of the oxide based on crystal field theory. Compared
to the stabilized Mn** electronic structure, the electronic configuration of Cr**
is expected to be active toward oxidation, indicating a double redox behavior

(Cr**/Cr®%) upon Na extraction.
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Figure 3.23 (a) Average octahedral volume of MnOs in Nai-x(Li1/sMn2/3)O2 and

those of MnOs and CrOs in Nai-x(Li13sMn2/3Cri/6)O2 at varying x values (0 < x <

1.0). (b) Average Mn-0O bond length in Naix(Li1;zMn2/3)O2, and those of Mn-O

and Cr—0O in Nai-x(LizsMn2/3Cr1/6)O2 at varying x values (0 < x < 1.0).
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Table 3.1 Mismatch strains (lattice and area) generated between x = 4/6 and 1.0
in Nai-x(Li1ysMn23)O2 and Nai-x(Li1asMn1/2Cri6)Ox.

Lattice mismatch strain Area mismatch strain
Compound
a b c ab ac bc
NLMO 0.1279 0.0725 -0.0869 0.1757 -0.2717 -0.1481
NLMCO 0.0068 0.0275 -0.1397 0.0347 -0.1689 -0.1417
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Table 3.2 Structural formation energy of Na(Li1sMnz3)02 and
Na(LizsMn23Cr1/6)O2, illustrating the difference between the rigid body mode
of the Nao(Li1/zsMn23)O2 and Naog(Li1;zsMn12Cry6)O2 structures and the fully

relaxed Nao(Li1zsMn2/3)O2 and Nao(Li1zsMn1/2Cr1/6)O2 structures.

Compound Structural formation energy (eV)
Na(Lil/gan/g)Oz -0.8715
Na(Lil/gan/gcrl/e)Oz -0.6126
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Table 3.3 Cs3 elastic constant as a function of the inverse Na content in Nai-
x(Li1/sMn23)O2 and Naix(LisMn12Cri6)O2. For better understanding, the

elastic constants are plotted in Figure 3.15c.

Elastic constant Cs3

Inverse Na content

Nai-x(Li1sMnz3)O2 Naj.
(x)
x(Li1sMn1/2Cr1/6)O2

0.0 244.5072 248.7740
0.1667 215.9338 238.7789
0.3333 193.2726 226.6244

0.5 165.4752 186.9789
0.6667 133.1598 159.4715
0.8333 103.3250 135.0344

1.0 332.7202 132.3336
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Table 3.4 Average octahedral volume (MnOg and CrOg) and bond lengths (Mn—
O and Cr-0) with respect to the inverse Na content (x) in Nai-x(Lii/zsMn23)02
and Nai-x(Li1aMn2/3Cr6)O2 (0 < x < 1.0). The octahedral volumes and bond
lengths of MnOg and CrOg in Na(LiisMnz3Cri6)O2 are larger than those in
MnOs for Na(Li1/sMn2/3)O2, which originate from the larger ionic radius of Cr**
versus Mn**. The octahedral volume and bond lengths of CrOs drastically
decrease up to x = 0.3333 in Naix(Li;sMn23Cri6)O2 compared to those of
MnOs in Nai-x(Li13sMn23)O2, reflecting the cationic redox reaction of the Cr 3d
electrons (PDOS and net charges are shown in Figure 3.21) in octahedral

configuration. All the calculated results are plotted in Figure 3.23.

Compounds: Nal,x(Li1/3an/3)Oz (Nal.x(Li1/3Mn1/2Cr1/6)Oz)

Inverse Na Average octahedral volume Average bonding length (M-O)
content MnQOs CrOs MnOs CrOs
0.0 9.4956 (9.7040) (9.6975) 1.9316 (1.9448) (1.946)
0.1667 9.5115 (9.5846) (8.8533) 1.9316 (1.9373) (1.8870)
0.3333 9.3319 (9.4005) (8.2497) 1.9192 (1.9259) (1.8425)
0.5 9.1857 (9.2685) (8.1715) 1.9104 (1.9175) (1.8380)
0.6667 9.0907 (9.2136) (8.1259) 1.9063 (1.9177) (1.8455)
0.8333 9.1088 (9.1804) (8.0953) 1.9111 (1.9199) (1.8507)
1.0 9.1230 (9.1701) (7.9971) 1.9157 (1.9224) (1.8434)
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Chapter 4

Methodologies for Multiscale Design

4.1 Atomistic Approaches

4.1.1 Density Functional Theory

We have employed first-principles calculations (or ab initio calculations)
requiring underlying information (e.g., nuclear charge, the number of electrons,
and so on) for the first step of multiscale investigation, which is distinguished
from empirical calculations using fitting parameters. Based on solving the time-

A

independent Schrodinger equation with exchange-correlation potential V,., the

entire information of the given system is calculated in the form of wave function

¥ using density functional theory (DFT) as follows: 47"
HY =[T +V +U +V, ¥ =E¥ (4.1),

where H represents the Hamiltonian operator, T is the Kinetic energy

operator, V is the potential energy operator from the external field, U is the
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electron-electron interaction energy operator, and E indicates the total energy.

In this dissertation, the DFT method as implemented in the Vienna ab initio
simulation package based on a plane-wave set with pseudopotentials of the
projector augmented wave (PAW) was used throughout.”® For the exchange-
correlation functional according to Perdew-Wang 91,”” the generalized gradient
approximation (GGA) was applied to all the calculations. A Hubbard-type U
correction into GGA (GGA+U) with spin-polarized calculations was used to take
into account the strong correlation of the transition metals 3d band (i.e., tog band
and eq band, divided by crystal field splitting),’® and the corresponding value for
Mn, Cr, Fe, and V were obtained from previous reports.%-117® For more accurate
Li* and Na* descriptions, the Na pseudopotential was covered with one 3s-
electron and six 2p-electron, and the Li was dealt with one 2s-electron and two
1s-electron as the valence states. To sample the k-point in the reciprocal space,
the Monkhorst-Pack method was used with 4 x 4 x 4 meshes, and the cut-off
energy was set to 400 eV for the standard computational parameters. By contrast,
this parameter had an increased cut-off energy of 600 eV for mechanical
modulus calculations. In all calculations, the lattice parameters and atomic
coordinates were fully relaxed to gain the optimized thermodynamic quantities

and electronic structures.

4.1.2 Thermodynamics and Kinetics
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It is important to compare thermodynamic stabilities and kinetic possibilities of
various atomic structures for various modifications of electrodes such as Li/Na
mixing, Na or Li ions extraction, oxygen defect and evolution, elemental doping,

and so on.

For the phase stability considering all possible Li/Na atomic configurations,

the formation energy of mixing enthalpy (AH, ) is determined as follows:

mix
Li/Na
AH mix ELilfoi Nay ;MgsO; 5 o XLi ENaMo.sol.s o (1_ X'—i ) ELiMovsol.s (4 2)’

where Xx.i indicates the normalized content of Li (0.0 < x.i < 1.0), and E
represents the system total energy calculated from DFT calculations. Based on

the calculated result of the above Li/Na mixing value, the formation energy of

mixing enthalpy considering all possible Na/vacancy atomic sites, AH™"* 'js

mix

used to investigate the thermodynamic phase stability as follows:

Na/vacancy __ _ M1 _
AH mix - ENaafx(LiuaMZ/s)oz XE('-iusMZ/a)oz (l X) ENa(Liy3M2,3)Oz (43)’

where x refers to the normalized content of inverse Na content (or vacancy, 0.0 <
X < 1.0). For the kinetic investigations, elemental migrations were simulated
with various pathways using the climbing-image nudged elastic band (ciNEB)

method.

4.1.3 Electrochemisty
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The equilibrium desodiation potential is directly related to the different
chemical potential between the cathode and the anode.®? Like LIBs, even though

it is difficult to calculate the chemical potential of Na in cathode materials as a

function of Na content, the average desodiation potential, V , can be easily

obtained comparatively from total system energy values calculated using DFT as

follows:

V=-— AG, (4.4),
(Naxz - Naxl)F

where (Na,,—Na,) is the two Na ions intercalation limits, F is the Faraday
constant, and AG, is the change of the Gibbs free energy along with the
sodiation and desodiation reactions. The change of the Gibbs free energy,
AG, =AE, + PAV, —-TAS,, can be approximated by the variation of the internal
energy (AE,), because a very small change in volume (AV,) critically does not
affect the free energy (P is the pressure). Also, the thermal energy term (TAS,)
mainly does not have an influence on the free energy owing to the small amount
of entropy variation (AS,) with the absolute temperature (T ) at 0 K of DFT

calculations. Therefore, the average desodiation potential obtained by DFT

calculations can be easily expressed as:

ENaNaxz (LiysMy3)0, — ENaNa1(LiJJ3M2/3)Oz o (X2 o Xl) ENa

(Naxz - Naxl)

V=- (4.5),
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where E,, represents the chemical potential of sodium metal.

4.1.4 Crystal and Ligand Field Approaches

For investigations on transition metal coordination complexes of cathode
materials, we introduced the crystal field theory (CFT), which is developed by H.
Bethe and subsequently modified toward ligand field theory (LFT) by J.H. Van
Vleck.®! On the basis of CFT, the interactions between transition metal ions and
corresponding ligands are assumed to be electrostatic, and the ligands are

considered to be point charges.

In this dissertation, we have mainly discussed the CFT in terms of the
octahedral field, since almost cathode materials for LIBs and SIBs compose of
M ions surrounded by six oxygen ions in octahedral sites (octahedron).3% 82
Figure 4.1 illustrates the schematic energy state divided into two distinct sets of
orbitals, which are denoted conventionally as the e4 and tg bands by crystal
filed splitting (CFS). The redox mechanism of transition metals and oxygen is
entirely determined by the stabilization of the crystal field of coordination
geometries. From projected partial density of states (PDOSs) profiles calculated
by DFT, occupied and unoccupied electrons are determined by electronic

structure analysis.
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4.2 Multiscale Approaches

4.2.1 Homogeneous Chemomechanical Stress

The larger size of sodium ion compared to the size of lithium ion results in the
large volume change of the desodiated structures, leading to large
chemomechanical stress. The chemomechanical stress behaviors can be
predicted phenomenologically using mechanical constants and chemomechanical
strain calculated by the atomistic simulations. As one of the mechanical
constants, the bulk modulus is gained using the Birch-Murnaghan equation of

states based on DFT static calculations as follows:®3

2 2

oV.B V. )3 V. \3 V. \3

EV)=E, +2020 )| [ Yo PP _q] gryf[ Yo P _1| |6-4[ 2 4.6),
)=, + 24 (V] : (V] (j (4.6)

where E(V) is the internal energy as a function of volume (v ). V, and E,

represent the volume and internal energy at equilibrium state; and, bulk modulus

parameters of B, and B, can be obtained from the fitting equation. The

calculated bulk moduli at each Na content are fitted using a fourth order
polynomial function to reflect nonlinearity of material properties by Na-

extraction as follows:

B(x) = Bx* + B,x* + B,x* + B,x+ B, (4.7),
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where B,, B,, B,, B,, and B, are phenomenological coefficient for the

polynomial function of bulk modulus. Considering the Na/vacancy mixing
enthalpy values at ground states, the structural parameters (unit cell volume and
a, b, and c lattice parameters) are calculated at each Na content based on DFT
calculations; and then, the obtained structural parameters are recalculated

considering the fully sodiated structures from the chemomechanical strain point

V. ;i =V .
Na, (LysMnp)O,  NallhaMea)92 ) - For example, the chemomechanical

Na(Liy3Mny3)0;

of view (g, =

volumetric strains are fitted using a fourth order polynomial function to be

consistent with the order of function of mechanical constants as follows:
8V(X)=a,lx4+£V2X3+€V3X2+a,4x+gvs (4.8),

where ¢&,, &,, &,, &,, and &, are phenomenological coefficient for the

polynomial function. Using the fitted bulk modulus and chemomechanical strain,

the chemomechanical volumetric stress (o, (X)) can be predicted as follows:

oy (X)=B(X)s, () (4.9)

4.2.2 Homogeneous Bulk Free Energy and Chemical Potential3°

On the basis of the formation energy of Li/Na mixing enthalpy in Equation

(4.2), thermodynamic ground states as a function of Li content are determined.
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Among the ground states, the most thermodynamically stable phase with a
proper Li content is found. To evaluate the phase stability during charge, further
calculations of the formation energy of Na/vacancy mixing enthalpy in Equation
(4.3) are carried out. Considering the thermodynamic mixing energy values with
the convex hull analysis, one-phase and two-phase reaction regions can be
predicted from x; (initial concentration) to x¢ (final concentration). From the
predicted reaction regions, the modified formation energy of mixing enthalpy

can be calculated as follows:

. X=X X; —X
AH =Ep, -— B -

mix Na, (LiyzM,3)0. Na,, (LiyzM,3)0.
3121372 Xf _Xi f 3V12/1372 Xf _Xi

ENaxi (LiysM513)0, (4 10)

Not only to calculate spinodal decomposition barrier S, but also to gain

hom
mix !

homogeneous mixing enthalpy AH the minimum mixing enthalpies at each

Na content were carefully fitted using the double-well function with the

enthalpy coefficient Q as follows:

AHM™ =~ Q(x—x)*(X; —X)* = AH"!

mix mix

(4.11).

The theoretical background of the double-well function is taken from the
Landau-type free energy models. The spinodal decomposition barrier (S,) can

hom 2 hom

be obtained using the condition of axmix =0 in the range of szix<0' The

phase separation in the two-phase reaction region is generated between the two
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stable phases (the two potential wells) connected by common tangent lines. To

develop the homogeneous mixing enthalpy to the homogeneous thermodynamic
free energy, we employ the entropy of configurational mixing ( AS™") based on

Fermi distribution as follows:
AS!™ = —k,[xIn X+ (1—X) In(L-X)] (4.12),

where k; presents the Boltzmann constant. Therefore, we can construct the

homogeneous bulk free energy as follows:

f =AGM" = AH™" —TAS™" = Q(x—%)*(X; —X)* + KT [xIn x+ (L—x) In(L—x)] (4.13).

4.2.3 Phase Separation Kinetic Simulations

To describe the mesoscale phase separation phenomena, the Cahn-Hilliard

equation® is solved by adopting the Cahn-Hilliard free energy functional, G,

as follows:

f
Ger = |, pn{fh +%|Vx|2}dv (4.14),

where p, presents the number of Li sites per volume, '

is the gradient
energy coefficient, and f, is determined in equation (4.13). The energy

coefficient is highly affected by the shape of double-well potential and the
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interfacial width as the nearest-neighbor distance of the charge carrier in the

electrode (characteristic length: 1), defined as follows:8®

K =%d/129 (4.15)

where n, indicates the number of possible diffusion directions of the charge

carrier.

4.3 Experimental Details

4.3.1 Material Synthesis

Based on a conventional solid state reaction, stoichiometric amounts of
precursors (e.g., Na2COgz, Li2CO3, and MnCO3s) were mixed thoroughly in a
mortar, or dissolved in deionized water under continuous stirring for several
hours at room temperature. The solution was then dried at approximately 80 C
while stirring overnight. The dried solid product was ground and heated in

alumina crucibles at certain temperature.

4.3.2 Material Characterizations

Using an X-ray diffractometer (XRD, Empyrean PANalytical) equipped with
Cu-Ka radiation (A = 1.5418 A) in the 20 range of 10°-80°, the as-synthesized

powder was characterized, and then based on the collected XRD patterns,
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Rietveld refinements were carried out using HighScore Plus software
(PANalytical). In order to observe the morphology, particle size, and elemental
distribution, a field-emission scanning electron microscopy (FESEM, JEOL
JSM-7000F) coupled with energy-dispersive X-ray spectroscopy (EDS) were
used. To identify the microstructure and atomic configuration, a scanning
transmission electron microscopy (STEM, JEOL ARM-200F) was employed.
Moreover, to examine the homogeneous distribution of elements and the
corresponding elemental ratios of the prepared powders, high-resolution
transmission electron microscopy (HRTEM, JEOL ARM-200F) coupled with
EDS were used. The oxidation states of transition metals were characterized by
X-ray photoelectron spectroscopy (XPS) using a sigma probe spectrometer
(Thermo Scientific). The chemical composition of the elements was confirmed
by inductively coupled plasma mass spectroscopy (ICP-MS, Bruker Aurora

M90).

4.3.3 Electrochemical Measurements

In order to examine electrochemical properties, the electrode was prepared
from a cathode slurry including the active material, carbon black (Super-P), and
a polyvinylidene fluoride (PVDF) binder dissolved in an N-methyl pyrrolidinone
(NMP) solution. After the slurry was coated on an Al foil as a current collector,

the electrode was dried at 80 C for 3 h to evaporate NMP. The as-prepared
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electrode was pressed uniformly and punched and then dried again at 120 C
overnight in a vacuum oven. CR2032 coin-type half cells were assembled in a
glove box, using Na metal as the counter and reference electrode. A glass fiber
was used as a separator and 1.0 M NaClOg4 in ethylene carbonate/propylene
carbonate in a 1:1 volume ratio containing 2 wt% fluoroethylene carbonate was
used as the electrolyte (PANAX ETEC Co. Ltd.). The loading amount of active
materials and electrode density were maintained. The test cells were

galvanostatically charged and discharged using a MACCOR 4300K galvanostat.
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Figure 4.1 Schematic energy levels of d-orbitals in the spherical field and
those in the octahedral field. In general, the five degenerated d-orbitals are
divided into two distinct sets of orbitals that are denoted conventionally as the eq

and tog bands by crystal field splitting; and the eg orbitals are destabilized by 0.6

A,, and the tyq orbitals are stabilized by 0.4 A, .
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Chapter 5

Conclusions

This dissertation based on multiscale design and experimental validations
provides a new paradigm (anionic redox: O%/0°) beyond the conventional
reaction mechanism (cationic redox: M"/M®*D* M: transition metals) to
overcome the energy density limitation of the cathode materials for
electrochemical energy storages such as SIBs, also enabling new
Na(Li1sM2/3)O2 and advanced Na(Li1zM231-y)Mcy)O2 analogues (transition
metals featuring stabilized M** and with cationic redox active M¢** species) for
further advances in SIBs. Utilizing multiscale approach from first-principles
calculations, mixing enthalpies, electronic structures, crystal field theory, ligand
field theory, homogeneous free energies, homogeneous chemical potentials,
chemomechanics to phase field simulations, this combined methodology was
used to not only rationally design high-energy-density cathodes to but also

understand the atomic physics and chemistry including atomic-scale
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thermodynamics and kinetics, chemomechanical strain and stress behaviors,

particle-level phase separation during intercalation process.

Using this multiscale-based framework, as the first step to develop high-
energy-density cathodes for SIBs, we discovered low-cost, high-voltage and -
capacity Na(Li1/zMn2/3)O2 for the first time. In-depth understandings of LioMnQO3
during delithiation for LIB cathodes are critical for the rational design of
Na(Li1sMn23)O02. Considering the site preference of Na in the LiMnOs3
structure, the thermodynamically stable structure of Na(LiyzsMn2;3)O2 was
obtained. As the intrinsically lower redox potentials for SIB cathodes compared
to LIB cathodes, Na(Li1sMn2/3)O2 showed a redox potential of =4.2 V versus
Na/Na* without the creation of free volume in the mixed layer, because Li-
extraction requires a higher voltage than Na-extraction. Interestingly, the anionic
redox (O%/0™) beyond the conventional cationic redox (M"™/MO*D* M:
transition metals) was used to gain electrochemical capacity. However, further
studies were required to not only retain the redox reactions at the high voltage
range (=4.2 V versus Na/Na") during charge/discharge, because phase separation
accompanied by large structural changes are expected to occur above x = 0.6667
in Naix(Li1;sMn2/3)O2, but also increase the low voltage in the initial desodiation

region owing to the phase change from O3 to P2.

To resolve the two existing requirements for high energy density cathode

materials for SIBs in Na(Li1;3sMn23)O2 during desodiation, as the second step,
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we rationally designed Na(Li1sMn12Cr16)O2 based on the detailed analysis of
the thermodynamic energy landscape of Na(LiizsMnz3)O2. Considering the
desodiaton  potentials  calculated by the first-principles  method,
Na(Li1/sMn1/2Cr16)O2 was found to exhibit a higher low-voltage (=2.445 V
versus Na/Na*) and similar high-voltage behavior (4.2 V versus Na/Na*) than
Na(Li1/3Mnz3)O2, Na(LizsMni12V16)O2, and Na(LiizsMni2Fe16)O2. From the

thermodynamics viewpoint, the reduced formation energy (AH, ca. -0.221 eV)

for Na(LisMn12Cr16)O2 results in higher redox potentials in the low-voltage
region. The homogeneous bulk free energy of Na(Li1/zsMn1/2Cry6)O2 for 4/6 < x
< 1.0 indicated a much lower Sy, value and a slower phase separation in
Na(LiasMn23)O2 with a smaller gap of thermodynamic hysteresis than for the
other oxides. Moreover, the chemomechanical strain and stress for
Na(Li1/3Mn12Cr16)O2 in the phase change (reduced tensile stress) and separation
(reduced compressive stress) regions were distinctively smaller than in the other
cases. The formation of short O-O bonds in Nao(LisMn23)O2 lead to the
electrochemically inactive phase Nao(Lii;sMn23)O2, whereas the O—O formation
between the mixed layers was not observed in Nao(Li1/sMn12Cr16)O2. Finally,
the mesoscale phase separation kinetics was much slower for
Na(Li13sMn1/2Cri/6)O2 than for Na(LiisMn23)O2, which was predicted to result
in better cyclic performance. Regarding the redox mechanism, the cationic redox

reactions involving the Cr 3d electrons reduced the destabilization of the oxygen
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framework induced by the anionic redox reaction of the O lone-pair during

desodiation.

Our discovered cathode materials designed and realized by the multiscale
framework and experimental validation are significantly meaningful for the
rational design of battery electrodes without a lot of empirical approaches based
on experiments, providing breakthroughs to overcome the energy density
limitation of the cathode materials for SIBs; also, enabling new class of
promising cathode materials for further advances in SIBs. On the basis of first-
principles calculations, this multiscale-based design approach including
electrochemisty, thermodynamics, phase separation Kinetics, electronic
structures, atomic deformations, chemomechanical stress opens up an exciting
direction for the development of rechargeable batteries. Regarding this
multiscale design and analysis with experiments, we also investigated various
cathode materials for advances of LIBs and SIBs. The corresponding results are
provided in Appendix. Furthermore, the present methodology consisting of
fundamental physics and chemistry is considered to be applied to assorted
electrode systems such as batteries, capacitors, fuel cells, and even catalyst for

enhancing their performance and designing new materials.
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Appendix

APPENDIX A: Design of Nickel-rich Layered Oxides Using d Electronic

Donor for Redox Reactions

A growing demand for large-scale energy storage applications (e.g., electric
vehicles and electric energy storage systems) has expedited the need for cathode
materials with high Li* storage capability; such materials will aid in the
fabrication of advanced LIBs with high energy and high power.? ® So far, among
commercialized cathode materials, LiCoO; has widely been used in LIBs because
of its superior charge-discharge rate capability and its high working voltage (i.e.,
~4.0 V).8%-8 However, the use of LiCoO: is gradually decreasing because of its
small practical capacity, high production cost, and the toxicity of the Co it
contains. Such shortcomings have encouraged many researchers to develop other

layered cathode materials consisting of lower Co ratios.%0-2

More recently, Ni-rich layered oxides have been extensively studied as an
alternative cathode material because of their relatively higher reversible capacity
(~180 mAh g!) and lower cost as compared with commercialized LiC002.93% In

this regard, multi-component layered LiNiixyCoxMnyO2 (NCM) cathodes have
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demonstrated significant success in commercial use. Because it is essential to
increase the Ni content in order to further increase the reversible capacity,
significant attention has been continuously devoted to increasing the Ni content
in the layered cathodes.®*°® In fact, even small increases in the Ni content can
allow for a higher reversible capacity, although significant performance fading
(as regards cyclability and rate capability) of the cathode results in structural

instability that arises from the high Ni?* content.®’-98

To resolve the abovementioned problems, many research groups have focused
on i) adjusting the composition of transition metals (TMs) and ii)%-1%
substituting different TMs or non-TMs into the layered cathode structure in order
to ensure high reversible capacity, stable cyclic performance, and the structural
stability of the cathode.'%-1%> Recently, Sun et al. reported on a concentration-
gradient layered cathode, which was designed to improve electrochemical
performance and meet rigorous safety requirements for commercial use.'® In
another study by Cho and co-workers, a pillar layer was introduced on the surface
of the layered cathode in order to suppress inter-slab collapse and prevent particle
pulverization.’® Nevertheless, even if such efforts represent significant
improvements upon the performance of layered cathodes with high Ni content
through the modification of the physicochemical properties (i.e., extrinsic
characteristics) of materials, further improvement is still required in order to
secure successful implementation on a commercial scale. Although studies of

developing battery performance from the practical perspective have been
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intensively conducted, theoretically in-depth understanding of the multi-
component layered oxides has not yet been clearly understood. Considering those
underlying viewpoints, it is strongly important to control the intrinsic properties
of materials, which directly affect the electrochemical redox behavior of TMs in
the layered cathodes. In this regard, we introduce a material design concept of
multi-component layered cathodes using an electronic donor based on a crystal
field splitting with the electronegativity (i.e., the tendency of an atom to attract
electrons towards itself) of the TMs they contain. We then demonstrate its
correlation with electrochemically redox behaviors. In other words, oxidation
states of TMs in the multi-component system could be changed into different
chemical states, because the redox electrons of TMs are affected by the difference
in their electronegativities considered with a crystal field splitting.%® Thus, it is
expected that the electrochemical performance of the multi-component layered
cathode could be directly affected by considering a crystal field splitting and

adjusting the electronegativity of TMs in the structure.

We firstly investigated the correlation between the Mn ratio and the
electrochemical behavior of the layered NCM cathode based on the theoretical
calculations and experimental observations. Through GITT measurements, we
found that the equilibrium potential of the NCM cathode was highly dependent on
the Mn ratio in the structure; this can be explained by the fact that electrons can
be transferred from Mn to Ni owing to their electronic structures based on a

crystal field splitting and their different electronegativities (Figure A.1-8 and
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Table A.1-3). Taking into account a crystal field splitting of TMs with
electronegativities, we finally suggest that V would be a promising candidate for
a doping element, functioning as an electronic donor with more transferable
electrons as compared with Mn (Figure A.9). Our findings from the theoretical
calculations and experimental observations are not only helpful to understanding
the underlying relationship between a crystal field splitting with electronegativity
and TMs interactions, but may also provide a conceptual design method based on
the perspective of electronic structures. Considering our theoretical calculations
in the NCV layered structure, elements possessing more transferable electrons
with functioning as an electronic donor to redox TMs (e.g., Ni) would be a
promising candidate to realize electrochemically better performance in the
layered cathodes (i.e., high Ni-content layered oxides). We also believe that the
design concept will be further applied to many other associated with materials in

various fields, and our group will report designed cathode materials.
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Figure A.1 Rietveld refinement of X-ray diffraction (XRD) patterns of (a)

NCM523, (b) NCM712, and (c) NCM721.
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Figure A.2 Field emission scanning electron microscope (FESEM) images of

(a) NCM523, (b) NCM712, and (c) NCM721.

105



@ ® e
4.04
4.0 P
38 §
g e WW
% 354 % 3.e-+rrr""
=) K=
= — NCM523 ~ 34
3.0+
—_— NCM712 32 =0 NCMS523 (Cal) = NCM523 (GITT)
— NCM721 === NCM721 (Cal.) === NCM721 (GITT)
25 T T v r r 3.0 T T T -
0 30 60 90 120 150 180 0 20 40 60 80 100
Specific capacity (mah gy Specific capacity (mah g™y
(© 5 2
EE WO SH,
o 0 o O (%) 0. .O .Oﬁ
L, A, SEl,
.OQWO °00.0 .OOO 0 00
oW e oW e
0 O & () O. 0 O ¢ 5
. veEet, | !, | {ENRE, | e
a b a b
T

NCMr523 NCM721
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current of 0.5 C rate in a voltage range between 2.5 and 4.3 V vs. Li/Li*. (b) A
combined graph of galvanostatic intermittent titration technique (GITT) profiles
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Table A.1 Comparison of lattice parameters of the NCM layered structures

obtained from experiment (Rietveld refinement results) and first-principles

calculation.

Lattice parameters

Composition a(A) c(A) Ruwp Rexp

Exp. DFT EXxp. DFT
LiNig5C00.,Mng 30, (NCM523) 2.8687 2.8740 14.2350 14.1172 2.61 1.25
LiNig.7C00.1Mng 20, (NCM712) 2.8738 14.2237 2.44 1.29
LiNig.7C00.2Mng.10, (NCM721) 2.8665 2.8664 14.1895 14.0666 2.69 1.17
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Table A.2 Chemical compositions results of inductively coupled plasma mass

spectroscopy (ICP-MS) for NCM523, 712 and 721.

Compounds Elements Content (ppm) Weight (g) Wt (%) Mol (%) Fraction
Li 71182 1392 712 200.50 1.09
Ni 276213 54.00 27.62 92.01 0.50
NCM523
Co 113478 22.19 1135 37.65 0.20
Mn 154665 30.24 1547 55.04 030
Li 71441 1397 7.14 201.23 1.04
Ni 404976 79.17 40.50 134.90 0.70
NCM712
Co 60718 11.87 6.07 20.14 011
Mn 106300 20.78 10.63 37.83 0.19
Li 68686 1343 6.87 193.46 1.04
Ni 390132 76.27 39.01 129.95 0.70
NCM721
Co 108584 21.23 10.86 36.02 0.19
Mn 55528 10.86 5.55 19.76 0.11
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Table A.3 Relative peak area ratios of NCM721, NCM712, and NCM523.

Compounds Area ratios
Ni®*/Ni2* Mn3*/Mn**
NCM721 0.6944 0.4625
NCM712 0.5974 0.4565
NCM523 0.4580 0.4559
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APPENDIX B: Understanding of Surface Redox Behaviors of Li2MnOs in

Li-lon Batteries: First-Principles Prediction and Experimental Validation

The development of rechargeable LIBs has progressed rapidly to meet the
demand for consumer electronic devices such as cellular phones and laptop
computers. Recently, a growing demand for large-scale energy storage
applications (electric vehicle and grid electric energy storage systems) requires
further performance improvement of LIBs or development of alternative energy
storage technology.? % 86 109-111 A cyrrent challenge is to increase the energy
density of LIBs, which is mainly determined by the reversible capacity and
operating voltage of the cathode materials. Accordingly, considerable effort has
been invested in the search for advanced cathode materials with high capacities

and operating voltages.

Although the bulk properties of cathode materials have been intensively
studied by many research groups,'!?-11* only a few studies have focused on the
surface properties of cathode materials so far. Recently, several groups reported
and highlighted experimental observations of the phase transformation of layered
cathode materials to a spinel structure on the particle surface upon initial
charging (Li* extraction) and subsequent transformation to a rock-salt phase after
cycling.®8 115117 However, the initial delithiation and the origin of the phase

transformations of layered cathode materials at the surface are still unclear and
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controversial.

Among various cathode materials currently under development, Li-rich
compounds such as xLioMnOz-(1-x)LiMO2 (M = Ni, Co, Mn) are regarded as the
most promising candidates. Such compounds have many advantages of high
capacity, low cost, and eco-friendliness.!*®12% Within the two-component
composite structures, LioMnO3z plays an essential role in increasing the reversible
capacity of the compounds, and it independently possesses a high theoretical
capacity of 460 mAh g (if all the lithium is utilized). Although Li-MnOs is not
electrochemically active below 4.5 V (vs. Li/Li"), Li* can be extracted from the
host structure beyond 4.5 V, which is mainly responsible for reserving additional

capacity, 121122

During the initial delithiation process, however, LioMnO3z is known to
transform into a layered LiMnO:z structure, and subsequent cycling induces a
gradual phase transformation to a spinel-like structure (LiMn2Q0a), resulting in
lowering the voltage plateau and a large irreversible capacity accompanied by
undesirable oxygen loss activated over the Li* removal of 1 mol.1% 23-127 Tq
overcome those limitations, diverse approaches have been examined to improve
the electrochemical properties of the cathode materials: i) adjusting the relative
ratio of different transition metal ions,’® 128-12° jj) integrating functional coating
layers on the particles,%7: 139133 and iii) optimizing the morphology (e.g. particle

size and specific surface area).!3*13% Despite all these efforts, however, no
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fundamental solution has been found yet.

Considering the fact that the electrochemical reaction of LioMnOz may be
initiated from the surface and interfaces between different phases of the cathode
materials, more attention should be paid to the surface research. Such efforts
would be very helpful in determining the origin of the phase transformation and,
by extension, identifying the fundamental mechanism. For an exact understanding
of these fundamental aspects, detailed atomic-scale theoretical studies are

necessary.

In this work, the theoretical study of the delithiation potential and electronic
structures of LioMnOz with the proposed surface model was helpful to
demonstrate the causes of the phase transformation at the surface of the LioMnO3
during the initial charge process. The theoretical modelling and experimental
validation of the delithiation potential of LioMnOs were in good agreement with
each other. The proposed surface model in our research is useful for further study
on the fundamental problems occurring near the surface or interface between
different phases of Li.MnO3z (Figure B.1-2). Based on our theoretical and
experimental findings in this work, we conclude that surface delithiation at a low
redox potential (below 4.5 V vs. Li/Li*) mainly happens along with the Li”"
pathway direction, and results from the electronic instability of Mn 3d electrons
occupying a higher energy state at the surface of LioMnOs3 as compared with inner

Mn atoms (Figure B.3-8 and Table B1). Therefore, the Li* positioned at the
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surface are electrochemically activated prior to the Li* located in bulk, leading to
gradual phase transformation (from the surface to the bulk) into a spinel-like
phase. The theoretical predictions are validated by wvarious experimental
observations (Figure B.9-14). The underlying understanding of the surface of
LioMnOz not only provides specific surface coatings to suppressing the
propagation of the phase transformation caused from the low voltages, but also
suggests a conceptual basis for developing diverse approaches (e.g. surface
doping and preferential surface growth) with respect to the phase transformation
of cathode materials in LIBs. We also believe that the proposed surface model can

be further applied to many other related materials in various fields.
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Figure B.7 Net charge of the outermost Mn before and after Lil (Figure B.4a)

removal in the (020) surface model.
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Figure B.9 (a) XRD patterns of the LioMnOs synthesized at 450 — 850 °C and

(b) detailed XRD patterns of Li-MnO3 at 26= 15 — 25 ° from (a).
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Figure B.10 (a) Detailed powder XRD patterns of HT-LioMnOs and LT-
Li2MnO3 synthesized at 850 and 450 °C, respectively. Corresponding FESEM

images of (b) HT-Li2MnO3s and (c) LT-Li2MnOs particles.
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Figure B.11 High magnification (left) and low magnification (right) field-
emission scanning electron microscope (FESEM) images of (a,b) LiOH and (c,d)
MnCOsz precursors. Pristine Li2MnOs particles synthesized at different
temperatures: (e,f) 450 °C, (g,h) 550 °C, (i,j) 650 °C, (k,I) 750 °C, and (m,n)

850 °C.
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Figure B.12 (a) (001) surface of dark-field STEM image of HT-Li2MnO3
synthesized at 850 °C, pictured near the surface on a 5 nm scale. The white arrow
indicates the stacking orientation along with the [001] direction around the
surface region. (b) FFT results showing the monoclinic LioMnOs structure (space
group : C2/m, [010]; direction). (c) (020) surface of dark-field STEM image of
HT-Li2oMnOs3 synthesized at 850 °C, pictured near the surface on a 5 nm scale. (d)
FFT results showing the monoclinic LioMnOs structure (space group : C2/m,

[001]; direction).
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Figure B.13 (a) Galvanostatic initial charge profiles of HT-Li2MnO3s (blue
line) and LT-LioMnO3z (black line) recorded with a constant current density of
0.05 C (383 mAg?) in a voltage ranging from OCV to 4.8 V vs. Li/Li*. (b)
Detailed initial charge profile of HT-LioMnO3s with a distinctive plateau below 4.5
V vs. Li/Li*. (c) Cyclic voltammogram of HT-Li2MnOs with a scan rate of 0.1
mVs? in the same voltage region. (d) Comparision of galvanostatic charge
profiles of HT-Li.MnO3 with cut-off voltages of 4.2, 4.3, 4.4, and 4.5 V vs. Li/Li".
STEM images of HT-LioMnOs after the first charge with cut-off voltage 4.5 V vs.

Li/Li*, showing (e) the bulk and (f) surface.
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Figure B.14 The first charge (blue line) and after 1cycle (red line) curves of

HT-Li2MnOs with a constant current density of 0.05C in a voltage range from 2 V

to 4.8 V vs. Li/Li*. The region a and b indicate surface reactions and suppressed

bulk reactions with electrolyte decompositions.
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Table B.1 Comparison of surface energies of the (020) surface of LioMnOs.Li-
layer and Mixed layer refer to the exposure to the vacuum of the Li-layer and the

mixed layer, respectively (Mixed 2 layers: A case of the two mixed layers

exposure).
Li-layer Mixed 1 layer Mixed 2
layers
Surface energy (eV/ A?) -0.0535 -0.2372 -0.5139
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APPENDIX C: Phase Separation and d Electronic Orbitals on Cyclic
Degradation in Li-Mn-O Compounds: First-Principles Multiscale Modeling

and Experimental Observations

LIBs have been considered as solutions for various energy demands ranging
from portable electronic devices to large-scale energy storage applications (e.g.,
electric vehicles (EVs) and energy storage systems (ESSs)).? ° To meet these
requirements, Mn spinel LiMn2O4 has been studied extensively as an alternative
cathode material to currently commercialized layered oxides because of its
advantages, such as high power, low cost, and eco-friendliness.!1% 136-138 However,
cubic spinel LiMn2QO4 experiences capacity degradation for the following reasons:
i) Jahn-Teller distortion derived from Mn3* in the pristine structure,!*? 13% and ii)
Mn?* dissolution in the acidic electrolyte.**® To resolve these problems, several
research groups have reported the improved electrochemical performance of
LiMn2«AlxOs compared to LiMn,04.'*1%2 They claimed that the enhanced
performance of LMAO is mainly attributed to the suppression of the Jahn-Teller
distortion. Although direct evidence of the Jahn-Teller distortion and the
suppressed effect have been obtained through diverse experiments,'’” 143 the
detailed theoretical origins and mechanism on the suppression of the Jahn-Teller

distortion have not been understood yet. Furthermore, it is unclear that this Jahn-
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Teller distortion generated on the atomic scale affects the particle-level phase
transformation and the cyclic degradation. Therefore, multiscale approaches
bridging the atomic scale phenomena to mesoscale behaviors are needed to
understand the experimental phenomena and overcome the limitations of the

atomic scale analyses.10-11. 38 48,53, 82, 144

In this work, experimental observations and multiscale modeling were
performed to obtain a fundamental understanding of the suppression of the Jahn-
Teller distortion (e.g., Mn3*) by Al doping. The electrochemical properties of as-
synthesized LMO showed a decreasing capacity after cycling, while the cycle
performance of LMAQO was retained during cycling (Figure C.1,3,5 and Table
C.1). To examine the origins and mechanism of electrochemically improved
properties, the electronic structures of Mn and O ions were calculated using first-
principles (Figure C.2,4,6-7 and Table C.2). The electronic structure of LMO
revealed an anisotropic behavior induced by the Jahn-Teller distortion from Mn3*,
In contrast, the electronic structure of LMAO exhibited an isotropic shape,
suggesting that the stable electronic structure would positively affect the
electrochemical performances during cycling. Based on this mechanistic
understanding, the multiscale phase separation kinetics showed that the phase
separation of LogsMO to Loe2sMO and LoMO causes an irreversible phase
transformation to the inactive LioMn20O4 phase; in contrast, LMAO has a stable
ground state at x = 0.625 (Lo.37sMAO), which would prevent the transformation to

the inactive phase (Figure C.8-10). Finally, these findings provide an essential
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understanding of the cyclic performance closely related to the Jahn-Teller
distortion of both the LMO and LMAO. In addition to the isotropic electronic
structures are expected to provide a solution to overcome the drawbacks of the
Jahn-Teller distortion in the atomic scale, mesoscale phase separation behaviors
could help to predict and improve the cyclic performances in newly designed

cathode materials for LIBs.
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Figure C.1 (a) XRD patterns of the synthesized and calculated LMO and

LMAO. FESEM and STEM images of (b) LMO and (c) LMAO particles with d-

spacings based on the corresponding fast Fourier transformation (FFT) images

with a zone axis of [110]. (d) Galvanostatic charge profiles at the first cycle and

(e) cyclic performances of LMO (blue line and circles) and LMAO (gray line and

circles) in the voltage range, 3.0 V to 4.3 V vs. Li/Li*, with a constant current of

0.1C.
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Figure C.2 (a) Tetrahedron of LiO4 and (b) octahedron of MnQOg in the atomic

model of LMO. (c) LiOs and (d) the MnOs and AlOs in the atomic model of

LMAO.
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Figure C.3 FESEM images of (a) LMO and (d) LMAO, corresponding EDS
elemental mapping of (b and e) Mn (green), (f) Al (gray), and (c and g) O (blue).
STEM images of (h) LMO and (k) LMAO with EDS elemental mapping of (i and

1) Mn (green), (m) Al (red), and (j and n) O (blue).
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Figure C.4 Experimentally evaluated profiles at the first charge and the

calculated delithiation potentials of LMO and LMAO with the removal of Li*.
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Figure C.5 Rietveld refinement data from X-ray diffraction patterns of (a)

LMO and (b) LMAO.
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Figure C.6 (a) Regular octahedral 6 coordination geometries of a transition
metal (TM) with oxygen atoms (TMOs) and d orbitals of a TM positioned in an
octahedral site and the corresponding schematic energy levels known as the eq
band and t2q band within the 3d bands. (b) Schematic energy levels and occupied

electron configurations of the 3d bands from the Mn ions in LMO and LMAO.
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Figure C.7 3d-electron PDOS of Mn and 2p-electron PDOS of O.

Corresponding PDOS of the 3 degeneracies of dxy, dyz, dx; in the tzg band and 2

degeneracies of the d,?, dx

2 2
-y

in the eg band with respect to Mn ions, and

similarly, 3 degeneracies of px, py and p; with respect to O ions in (a) LMO and

(b) LMAO.
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Figure C.9 Homogeneous bulk free energy, f,, of (a) LMO and (b) LMAO,

and the chemical potential, —z /e, of (c) LMO and (d) LMAO at room

temperature with respect to the inverse Li content x. The black dashed lines in (a)
and (c) are the spinodal points of LMO and the blue dashed lines in (b) and (d)

are the spinodal points of LMAO.
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Figure C.10 Phase separation kinetics in (a) LMO (SOC = 82.8%) and (b)

LMAO (SOC=64.4%) during relaxation from a solid solution at various

A

dimensionless time 1.
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Table C.1 Calculated lattice parameters and Rietveld refinement results of the

lattice parameters in LMO and LMAO.

Compounds  a-cal. (A) a-exp. (A) Rp (%) Rwp (%)
LMO 8.289 8.244 2.537 4.087
LMAO 8.256 8.232 2.422 4514
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Table C.2 Integration of the entire energy states (Total) and the occupied
states (Valence) from the indicated PDOS in Figure C.7. The fractional band

fillings from each band were calculated through the total and valence.

Mn d orbitals O p orbitals
Compounds
dxy dyz dxz dz? dx2-y? px py pz

Total 1.909 1.897 1.897 1.973 1.995 1.360 1.360 1.360
LMO Valence 1.044 1.031 1.031 0.955 0.746 1.169 1.169 1.198
Fractional o 547 0543 0543 0484 0374 0850 0859  0.880

band filling
Total 1.863 1.864 1.864 1.945 1.946 1.328 1.328 1.328
LMAO Valence 1.014 1.016 1.015 0.814 0.851 1.159 1.159 1.155
Fractional o 545 0545  0.545 0419 0438 0872 0873  0.870

band filling
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APPENDIX D: Hexacyanometallates for Sodium-lon Batteries: Insights

into Higher Redox Potentials Using d Electronic Spin Configurations

SIBs have been widely studied as a next-generation rechargeable battery
system, which may overcome potential problems (such as reserves and rising
price of lithium sources) for LIBs.> 30 145149 Many researchers have focused on
sodium layered oxides (i.e., NaTMO) as cathodes because not only they have
shown similar oxidation states of each element, but also been prepared using
comparable synthesizing methods as compared with lithium layered oxides (i.e.,
LiTMO,).32 54 150-152 Among NaTMO. compounds, layered oxides containing Ni
as a major redox center have intensively researched to obtain high capacity and
cyclic performance.?® 33 153154 Although Ni-based sodium layered oxides have
indicated good electrochemical performance, great efforts have been devoted to

decrease content of this expensive Ni with relatively cheaper elements (e.g., Fe,

Mn, etc.).7- 31 143, 155-158

Recently, Wang and co-workers have reported rhombohedral sodium
hexacynoferrates (Na2Fe2(CN)s) as a potential cathode material for high
gravimetric energy density with two distinct redox behaviours: ~3.11 V vs.
Na/Na* at the first plateau and ~3.30 V vs. Na/Na+ at the second plateau. Using
Mn as another earth-abundant element, Na;FeMn(CN)es has been discovered as a
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more promising cathode material with higher gravimetric energy density due to
higher redox potential (~ 3.5 V vs. Na/Na*) than NazFe2(CN)e.1>° Moreover, from
the perspective of industry, Fe and Mn as cheap redox elements are not only
enabled SIB systems without the expensive elements, but also the
hexacyanoferrates are fabricated with an easy accessibility at room temperature.2°
In the hexacynoferrate, the cyan group (-CN) as anions are well ordered to form
an octahedron of FeCe and an octahedron of FeNg.2% 3169 Even though TMs in
Na (or Li) TMO2 compounds present one type of electronic spin configuration in
TMOs octahedron, there are two types of spin configurations in terms of TMs in
sodium hexacyanometallates due to the different atomic coordination with the -
CN group.20: 82161162 AJthough studies of improving battery performance have
been extensively performed and analysed on structural changes in Na;FeMn(CN)s
during the desodiation process,!® an in-depth theoretical understanding based on
crystal field theory with spin configurations for hexacyanometallates has not yet
been investigated. Therefore, the fundamental correlation between
electrochemical behaviours and d electronic structures, similar to our previously
reported work on LIB,>* 82 should be clarified to control the intrinsic properties
of materials with enhanced performance or design new materials for SIB.
Specifically, different spin configurations would not only affect structural
parameters in hexacyanometallates compounds, it is but also expected that the
electrochemical performance (especially redox potentials) of hexacyanometallates

could be directly affected by high or low spin-states considering crystal field
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splitting (CFS) of TMs.

In this work, the theoretical calculations considering d electronic spin
configurations of TMs were carried out not only to develop a deep understanding
on thermodynamic behaviors with structural changes, but also to predict higher
redox potentials in hexacyanometallates, with subsequent validation by XPS
analysis and electrochemical measurements of synthesized samples. Through the
calculations of mixing enthalpy of all possible configurations of Fe and Mn atoms,
the crystal structure with x = 1 in Na2Fe2.xMnx(CN)s was found to be the most
stable phase (Figure D.1-2). The lattice parameters increase as the Mn content
increased from x = 0 to x = 1, and this increase is caused by the larger ionic
radius of Mn2* at high-spin state (Figure D.3). More specifically, all mixed Fe?*
and Mn?* of Na,FeMn(CN)s are coordinated by 6C and 6N in octahedral site,
respectively, indicating that their electronic structures are the low-spin state and
the high-spin state as carefully confirmed by PDOS from first-principles
calculations (Figure D.4). Considering CFT of TMs, these electronic structures
represent the most stable configuration with the specific spin configurations,
leading to higher redox potentials as compared with Fe2* in NazFe2(CN)e (Figure
D.5-9). These theoretical predictions and detailed investigations are validated by
experiments (Figure D.10-12 and Table D.1), and provide insights with a design
concept using the electronic spin configuration (i.e., high- and low-spin states) of
TMs toward higher redox potentials to realize electrochemically better

performance in hexacyanometallates. We also believe that our findings from the
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theoretical calculations and experimental observations will not only be helpful in
understanding the fundamental correlation between redox potentials and
electronic structure stability depending on spin states, but also be applied to many

intercalation compounds for rechargeable battery applications.
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Na(NC)4

Figure D.1 The atomic model of NazFe2(CN)e with highlighted octahedra (a)

Fe(CN)s as brown octahedra, (b) Fe(NC)s as light gray octahedra, and (c)

Na(NC)e as yellow octahedra.
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Figure D.5 The

projected partial density of states (PDOS) of 3d electrons

based on the ground phases from Fig. 2b: (a) Fe in Fe(CN)s and (b) Fe in Fe(NC)s

in NazFe2(CN)s; (c) Fe in Fe(CN)s, (d) Fe in Fe(NC)s, and (e) Mn(NC)s in

NazFe1.667Mno.333(CN)s; (f) Fe in Fe(CN)s and (g) Mn in Mn(NC)s in

Na2FeMn(CN)s.
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Figure D.10 (a) Rietveld refinement of the X-ray diffraction patterns of
prepared NFMCN with the calculated atomic model. (b) Field emission scanning
electron microscope (FESEM) and (c) scanning transmission electron microscopy
(STEM) images of NFMCN. Energy dispersive X-ray spectroscopy (EDS)
elemental mappings ((d) Mn: purple, (e) Fe: blue, (f) C: green, (g) N: red, and (h)
Na: yellow) of the white region in (c). (i) FFT results of NFMCN with a zone axis

of [100].
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Figure D.11 (a) X-ray photoelectron spectroscopy (XPS) spectra of (a) Fe 2p
(Fe?*: ~707.5 eV and Fe3*: 709.49 eV) and (b) Mn 2p (Mn?*: ~641.6 eV and Mn3":
642.1 eV) in NFMCN. (c) combined graphs of galvanostatic charge curve of
NFMCN with a constant specific current of 0.1 C rate during the first charge to
4.0 V vs. Na/Na* and desodiation potential calculated from first-principles for

NFMCN, and (d) corresponding dQ/dV profiles with the calculated potential.
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Table D.1 Comparison of lattice parameters of NFMCN obtained from

Rietveld refinement results and First-principles calculation.

Lattice parameters

Compound a(A) c(A)

Exp. DFT Exp. DFT

Rwp

Rexp

NFMCN 6.5788 6.5803 18.9286 19.4447

5.77

6.42
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