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Tailoring Disordered/Ordered Phases to Revisit the
Degradation Mechanism of High-Voltage LiNiy sMn, O,
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In the spinel oxide cathode family, LiNiy sMn; 50, (LNMO) shows a high
operating voltage (=4.7 V vs Li/Li*) and excellent Li-ion mobility with stable
3D conducting channels. Ni/Mn cation disordered and ordered phases
usually coexist in LNMO materials, and they have distinct structural and
electrochemical properties, resulting in different battery performances for
LNMO materials with different phase compositions. Identifying the correla-
tion between phase compositions and electrochemical properties is of sig-
nificance to the improvement of battery performance and understanding of
degradation mechanisms. Herein, the disordered/ordered phase composi-
tions in LNMO materials are tailored by post-annealing strategies and their
impacts on electrochemical performance and degradation mechanisms from
the surface to the bulk are systematically investigated. The ordered phase
increases rapidly as Mn3" is oxidized to Mn** through a post-annealing
process. LNMO with an intermediate fraction of disordered and ordered
phases gives rise to improved cycling stability. This article further reports
that a high ordered phase fraction can preferentially protect Ni from dissolu-
tion during cycling. However, these results suggest that the transition metal
dissolution and surface structural change of LNMO do not exhibit a direct
correlation with cycling stability. These results indicate the capacity fading
mainly correlates with the bulk structural distortion, leading to decreased
Li-ion kinetics.

1. Introduction

Li-ion batteries are the dominant energy
storage of choice for portable electronic
devices due to their good performance,
including high energy density and long-
term cycle life. Li-ion batteries are increas-
ingly used in electric vehicles (EVs), as
they hold many advantages that other bat-
teries cannot claim.l At present, the range
and charging time anxiety surrounding
EVs have posed a great challenge to the
development of high-energy batteries. The
key to achieving higher energy density
lies mainly in increasing the capacity or
raising the operating voltage of cathode
materials. In the past decade, extensive
efforts have been made to pursue cathode
materials with improved capacities, such
as nickel-rich layered oxides,? lithium/
manganese-rich oxides,®! and disordered
rock-salt oxides.! Another strategy comes
from the possibility of taking advantage
of high-voltage spinel materials.”) Among
them, the spinel LiNiysMn; 50, (LNMO)®
cathode is one of the most promising
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Figure 1. Schematic illustration of crystal structure for a) ordered (P43;32) and b) disordered (Fd3m) LNMO.

candidates with a high operating voltage of =4.7 V versus Li/Li*
and a theoretical capacity of 147 mAh g! (equivalent to a mate-
rial level specific energy of =700 Wh kg!). Meanwhile, LNMO
has fast 3D Li ion diffusion paths within the cubic lattice, %]
which makes LNMO a fast-charging capable cathode.

There are two different LNMO crystal structures depending
on the distribution of Ni and Mn (Figure 1).8] The ordered
structure, namely stoichiometric material, has a space group of
P4332, where Ni and Mn occupy the 4a and 12d octahedral sites
with oxidation states of Ni** and Mn*", respectively.l®! Li extrac-
tion from the ordered structure leads to the oxidation of Ni** to
Ni*, whereas the Mn* remains inactive. The disordered struc-
ture has a space group of Fd3m in which Ni and Mn atoms are
randomly distributed in the octahedral 16d sites.”) Most LNMO
materials are non-stoichiometric with the presence of Mn?',
oxygen vacancies, and impurities.l’! These two distinct LNMO
crystal structures lead to differences in material properties
and electrochemical performance. In most LNMO materials,
the disordered/ordered phases usually co-exist, and thus it is
hard to differentiate the exact contributions of disordered and
ordered phases in the overall battery performance. Neverthe-
less, the large body of studies in the literature allows us to con-
clude that electrochemical performance is strongly correlated to
the disordered/ordered phase ratio of LNMO materials.

Some studies reported that the disordered structure offers
better electrochemical performance than the ordered counter-
part due to two mechanisms: The presence of Mn>* increases
the electronic conductivity of the disordered structure, and the
Li reaction mechanism resembles solid-solution reactions in
the disordered structure.'” Xiao and co-workers reported that
the Mn3*" formation in LNMO promotes Ni-Mn site disorder
that is shown to facilitate the Li ion transport, especially at the
high C-rate.'! When incorporated in a thin-film battery, the
disordered LNMO showed even more impressive cycling per-
formance. At 5 C, the capacity retentions for disordered LNMO
and ordered LNMO are 95% and 48% after 2000 cycles, respec-
tively.'2 However, some other studies found that the ordered
structure with a clear two-phase reaction behavior also shows
excellent high rate capability and cycle life.l3] The presence
of Mn**, however, may also induce Jahn-Teller distortion and
metal dissolution via the disproportionation reaction (2Mn*" —
Mn?" + Mn*), which is detrimental to the electrochemical
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performance of spinel cathodes (like, LNMO and LiMn,0,) in
liquid electrolytes.™ In general, the disordered/ordered phase
ratio is associated with Mn*" and oxygen vacancies, which
depends on the synthesis condition, especially the annealing
process. For instance, Kim et al. reported the disordered LNMO
(Fd3m) structure could be transformed into the ordered struc-
ture (P4332) by additional heating at 700 °C in the air.!l When
annealed in an O, atmosphere, LNMO has a space group of
P4,;32 instead of Fd3m."®) Post-annealing and annealing atmos-
pheres can be used to tailor the disorder-to-order transition.
To date, it remains a challenge to pinpoint the relationship
between synthesis, structure, and performance.?1% In par-
ticular, it is still unclear how the phase composition influences
the degradation mechanism of LNMO materials during electro-
chemical cycling.

Herein, we apply a post-annealing strategy to tailor and
optimize concentrations of disordered/ordered phases and
Mn** content in LNMO materials, without influencing par-
ticle size and morphology. Our synchrotron, neutron, and elec-
trochemical analyses show that an appropriately engineered
disordered/ordered phase ratio can enhance the cycle life of
LNMO cathodes. After post-annealing in air, the LNMO mate-
rial consists of 52.1% disordered and 47.9% ordered structures.
This phase composition gives rise to better battery performance
than other compositions that have either higher or lower
ordered phase concentrations. Soft X-ray absorption spectros-
copy (sXAS) and X-ray fluorescence microscopy (XFM) results
indicate that increasing the concentration of the ordered LNMO
phase preferentially protects Ni from dissolution. Our further
study indicates that capacity fading mainly correlates with the
bulk structural distortion and shows a minor correlation with
the surface processes or transition metal (TM) dissolution.

2. Results and Discussions

2.1. Characterizations of Pristine LNMO Materials

To tailor the disordered/ordered phase ratio of LNMO, we re-
annealed LNMO materials under air or oxygen atmosphere at
high-temperature and labeled them as LNMO-Air and LNMO-
0O,. The X-ray diffraction (XRD) patterns for pristine and

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) XRD patterns of LiNigsMn;sO, and post-annealed LiNigsMn;sO, in air and oxygen. The blue, red, and green curves correspond to
LNMO, LNMO-Air, and LNMO-O,, respectively. The standard XRD peak positions for disordered and ordered LiNiy sMn; 5O, are placed at the bottom
for comparison. b) The first discharge profiles of LNMO, LNMO-Air, and LNMO-O, at 0.5 C to illustrate the capacity contribution in the 3.80-4.25 V
region due to the Mn3*/Mn* redox. Soft XAS spectra for c) Ni L-edge spectra and d) Mn L-edge spectra in the TEY mode of LNMO, LNMO-Air, and

LNMO-O, electrodes before cycling.

post-annealed LNMO powders are displayed in Figure 2a. All
diffraction peaks of three XRD patterns can be indexed into
the structures of spinel LiNijsMn;;0,. However, it is hard
to distinguish disordered and ordered phases only based on
XRD measurements due to the similarity of peak position and
intensity between two phases by referring to the standard XRD
peak positions. From the enlarged region of XRD patterns in
Figure S1, Supporting Information, the peaks at =36.5° and
=~38.2° are shifted to higher angles for LNMO-Air and LNMO-
O, samples, meaning a decrease of lattice parameter after
post-annealing. The decrease of lattice parameter may be asso-
ciated with the smaller Mn*" ionic radius (0.530 A) than Mn>*
ions (0.645 A), suggesting an increase of Mn*" ions after post-
annealing. Redox reactions in LNMO provide information
about the concentration of Mn*" throughout the particle, which
is usually done by quantifying the capacity contribution of the
Mn**/Mn* redox around the 4 V plateau.®l Here, we calcu-
late the Mn**/Mn*" contribution between 3.80 and 4.25 V in
the first discharge profile at 0.5 C (Figure 2b). We observe that
the Mn**/Mn*" contribution to the total capacity has decreased
substantially from 16.5% (LNMO) to 6.8% (LNMO-Air) and
3.8% (LNMO-0O,). Since the electrochemical quantification of
Mn?* is a bulk measurement, we believe that our quantitative
results provide a good estimate for the Mn** concentration in
the bulk. However, the Mn chemical state at the surface is not
available through electrochemistry.

Adv. Funct. Mater. 2022, 32, 2112279 2112279 (3 of 10)

To directly characterize the effect of post-annealing on the
electronic structure of transition metals and oxygen states at the
particle surface, synchrotron sXAS was performed on electrodes
before cycling. The measurement was in the total electron yield
(TEY) mode with a depth sensitivity of <10 nm.[] The Ni L-edge
spectra show no change for all of the three samples (Figure 2c),
indicating that all these materials have Ni in the expected Ni?*
oxidation state despite the post-annealing. Mn L-edge spectra
show that the Mn oxidation state is mostly at the Mn*" oxida-
tion state (Figure 2d). There is a small feature near the valley
(labeled by the arrow) indicating a trace amount of Mn3* at the
surface for all three samples. Similarly, the Ni L-edge spectra
and Mn L-edge in the FY mode show Ni in Ni?* oxidation state
and Mn in mostly Mn*" oxidation state in Figure S2, Sup-
porting Information. The depth sensitivity of fluorescence yield
(FY) mode can be up to 50-100 nm, which is still considered
subsurface for large particles in this case. Therefore, we con-
clude that the post-annealing does not alter the oxidation states
of transition metals at the surface. Next, we performed Raman
spectroscopy and neutron diffraction to investigate the disorder-
to-order transition in the post-annealing.

Because of the similar X-ray scattering factors of Ni and
Mn, XRD is unable to discriminate the disordered Fd3m and
ordered P4;32 phases, especially when the ordered phase is
minor.®l Raman spectroscopy as a local probe analysis method
is sensitive enough to the crystal symmetry, which allows for

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Raman spectra and b) neutron diffraction patterns for LNMO, LNMO-Air, and LNMO-O, powder. Representative reflections associated
with the ordered phase are highlighted in orange. The corresponding Rietveld refinements of neutron diffraction pattern for c) LNMO, d) LNMO-Air,
and e) LNMO-O,. Bragg positions corresponding to the ordered spinel (P4;32) and disordered spinel (Fd3m) are provided as references.

distinguishing between the disordered and ordered phases
in LNMO.I"® Figure 3a shows the Raman spectra of LNMO,
LNMO-Air, and LNMO-O, samples. The peak around 631 cm™
is assigned to the symmetric Mn-O stretching vibration of the
MnOy octahedra, and the peaks around 413 and 497 cm™ are
assigned to the Ni’*-O stretching mode in the structure.l®
The Raman spectra of the LNMO-Air and LNMO-O, samples
exhibit higher intensities at 161 cm™., indicating the presence
of higher concentrations of the ordered P4;32 structure in these
samples.’) The results indicate that the post-annealing can
introduce the disorder-to-order transition in LNMO, whereas
the disordered phase is dominant in the pristine LNMO sample.

The effect of post-annealing on the bulk crystal structure
of the LNMO is then investigated by neutron diffraction and
Rietveld refinement. Figure 3b compares the powder neutron
diffraction patterns for LNMO, LNMO-Air, and LNMO-O,
samples. As highlighted in orange, the characteristic reflec-
tions belonging to the ordered spinel phase appear in LNMO-
Air and LNMO-0,.2% The intensity of these peaks is stronger
when the LNMO is post-annealed in oxygen than that in air. We
then perform the Rietveld refinement based on the two-phase

model using the GSAS software. The results of the refinements
were summarized in Figure 3c-e and Table 1. The pristine
LNMO sample consisted of 79.6% of disordered LNMO (Fd3m)
and 20.4% of ordered LNMO (P4332). After post-annealing,
the LNMO samples showed a trend of decreasing amount of
the disordered phase and simultaneously an increase of the
ordered phase. The fraction of the ordered phase increases
from 20.4% (for LNMO) to 479% (for LNMO-Air) and 85.8%
(LNMO-0,), showing that the post-annealing favors Ni/Mn
cation ordering. Meanwhile, the lattice parameters of both
disordered and ordered phases decrease after post-annealing,
which is consistent with the XRD analysis discussed above.
For the disordered and ordered phase distribution in LNMO,
our recent work reported that phase heterogeneities exist in
individual particles, with the presence of lattice variations and
structural defects measured by synchrotron X-ray nano-diffrac-
tion.!l Combining with the electrochemical measurements,
we conjecture that the bulk disorder-to-order transition is cor-
related with the bulk oxidation of Mn*" to Mn*" in Figure S3,
Supporting Information, during the post-annealing. The mor-
phology and surface area can influence the battery performance

Table 1. Summary of the neutron diffraction refinements for all three samples.

Sample Composition Lattice parameter [A] Rup
Disordered Ordered Disordered Ordered

LNMO 79.6% 20.4% 8.183(8) 8.173(1) 4.85%

LNMO-Air 52.1% 47.9% 8.163(4) 8.169(4) 4.82%

LNMO-0, 14.2% 85.8% 8.129(9) 8.159(6) 5.74%
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Figure 4. a) The second charge/discharge profiles at 22 °C between 3.0 and 4.9 V at 0.5 C (1 C=147 mAh g™'). b) dQ/dV plots based on second charge/
discharge curves at 0.5 C and inset shows the region between 4.60 and 4.85 V. c) Cycling performance of LNMO, LNMO-Air, and LNMO-O, cathodes

at 0.5 C at a voltage range 3.0-4.9 V, and d) Nyquist plot of EIS performed
LNMO-O, cathodes. The inset equivalent circuit is used for EIS fitting.

of LNMO spinel oxides as well.22 LNMO, LNMO-Air, and
LNMO-O, show no discernible difference in the particle size or
morphology here (Figure S4, Supporting Information). There-
fore, our current material system provides a good platform to
investigate the relationship between synthesis, Mn*" content,
disordered/ordered phase ratio, and battery performance.

2.2. Electrochemical Performance of LNMO Cathodes

The electrochemical properties of LNMO, LNMO-Air, and
LNMO-O, are examined in Li metal cells. The galvanostatic
charge—discharge profiles were conducted between 3.0 and
4.9V at 0.5 C (Figure 4a). All the cathodes exhibit two plateaus
at approximately 4.0 and 4.7 V versus Li/Li*, which could be
attributed to the redox reaction of Mn**/Mn*" and Ni?*/Ni*
couples. The charge plateau around 4.7 V splits into two pla-
teaus corresponding to Ni*/3* and Ni**/2* couples, and the
extent of splitting is gradually decreased after post-annealing
at 700 °C for LNMO-Air and LNMO-O, samples. The nar-
rower separation between the two voltage plateaus indicates a
higher degree of cation ordering.*® A more detailed analysis
is performed using the dQ/dV versus V plots in Figure 4b. The
two dQ/dV peaks around 4.7 V indicate the two-step oxidation
or reduction for the Ni?*/Ni** redox couple. The separation
between these two peaks is indicative of the disordered/ordered
phases, where a separation >50 mV is considered predomi-
nantly disordered and a separation of <30 mV is considered

Adv. Funct. Mater. 2022, 32, 2112279 2112279 (5 of 10)

with fully discharged cells at 0.5 C after ten cycles of LNMO, LNMO-Air, and

predominantly ordered for spinel LNMO.! The voltage gap
between the two split peaks (C1 and C2) is 66 mV, 32 mV, and
32 mV during the oxidation process for LNMO, LNMO-Air
and LNMO-O,, indicating an increase in the ordered phase
after the post-annealing. The long-term cycling performance
of LNMO, LNMO-Air, and LNMO-0, at 0.5 C is presented in
Figure 4c. The initial discharge capacities for LNMO, LNMO-
Air, and LNMO-O, are approximately 114, 117, and 104 mAh g7,
respectively. The LNMO-Air shows excellent cycling stability
and retained 93.9% of its highest discharge capacity (10th cycle)
after 200 cycles at 0.5 C, whereas the capacity retention of
LNMO-0, is 83.5%, which may be due to the sluggish kinetics
with increasing ordered phases.!'!

In order to study the effect of the post-annealing on Li-ion
kinetics, we perform electrochemical impedance spectroscopy
(EIS). Figure 4d displays the Nyquist plots of the spinel elec-
trodes after ten cycles. All EIS spectra contain two semicircles
in the high- and medium-frequency regions, which are usually
assigned to cathode electrolyte interphase film resistance and
charge transfer impedance at the electrode surface.l?l The EIS
was simulated by the Zview software using the equivalent cir-
cuit shown in the inset of Figure 4d. R, is the bulk resistance
of the cell, Ry is the surface film resistance, R is the charge-
transfer resistance, C; is the surface film capacitance, Cy is
the double-layer capacitance, and Z, is the Warburg imped-
ance. The results of EIS fitting are summarized in Table S1,
Supporting Information. The Ry and R, of the LNMO-Air
sample are found to be smaller than those of the LNMO and

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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LNMO-O, samples, indicating that LNMO-Air has better ionic
conductivity and lower electrochemical polarization with better
electrochemical performance. Interestingly, though LNMO
exhibits a higher degree of disordered phase than LNMO-Alir, it
exhibits lower Li ion kinetics, implying that the degree of cation
ordering in 16d octahedral sites is not the only factor for the Li*
transport in LNMO spinels.

2.3. Degradation Mechanism during Cycling

Many cathode studies have investigated the relationship
between surface chemistry and performance stability.? The
undesired side reactions with electrolyte, including TM disso-
lution, may initiate at the particle surface, leading to structure
reconstruction and impedance development during cycling. It
is not always trivial to establish such a relationship, especially
for electrodes after long-term cycles. Part of the challenge
is due to the significant redeposition of TM cations onto the
cathode surface. These redeposited TMs are usually in their
lower oxidation states. Therefore, spectroscopically, it becomes
challenging to pinpoint the origin of the surface TM reduction,
either from TM reduction in the cathode lattice or from the
redeposited TM-organic complex. We believe it is important to
supplement the characterization of surface TM oxidation states
with TM dissolution studies.

The electrochemical performance of LNMO was reported to
be highly correlated to TM dissolution, especially Mn, which

www.afm-journal.de

has been studied by simulations and experiments.*”l Mn dis-
solution during cycling significantly reduces the cycle life of
LNMO with continuous Li loss and surface impedance rise.[?%
The Mn dissolution is highly related to the protonation of sur-
face oxygen atoms upon delithiation and side reactions between
surface Mn and electrolytes.”’] Many studies have reported that
Mn gets dissolved in the electrolyte as Mn?*-containing species,
which can be generated from the Mn>®" disproportionation reac-
tion.?8] In addition, there is a significant degree of Mn reduc-
tion at the surface of LNMO upon charging to 4.9 V, suggesting
that Mn?* evolution is also dependent on the side reactions
with the electrolyte during cycling.?l Therefore, we perform
surface-sensitive sXAS in the TEY mode for LNMO, LNMO-Air,
and LNMO-O, after 200 cycles to identify surface Mn oxidation
state. In sXAS Mn L-edge spectra (Figure 5a), the peak inten-
sity at 640 eV, assigned to Mn?*, gradually decreases with an
increase of ordered phase in LNMO materials after 200 cycles.
Overall, the intensity at the lower energy side of the L;-edge
increases from LNMO-O, to LNMO-Air and LNMO, showing
the surface Mn experienced the most reduction in the LNMO
sample. Such a Mn reduction trend does not follow the trend
of cycling stability in Figure 4c. There is no discernible differ-
ence of Ni valence state in LNMO, LNMO-Air, and LNMO-O,
after 200 cycles with negligible intensity ratio change of peak
L3nigh/L3iow (Figure 5b). In sXAS O K-edge spectra, the increase
of the pre-edge peak intensity corresponds to increasing TM3d-
O2p hybridization and also correlates with increasing TM oxi-
dation states. The pre-edge peak intensity of LNMO-O, is larger

(a) (b) (c)
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Figure 5. a) Mn L-edge, b) Ni L-edge, and c) O K-edge soft XAS/TEY spectra for LNMO, LNMO-Air, and LNMO-O, electrodes were collected fully dis-
charged after 200 cycles at 0.5 C. In Mn L-edge spectra, Mn?" and Mn*" reference spectra are provided on the bottom. The peaks at 640 eV assigned by
black arrow are feature peaks of Mn?*, which signify the degree of Mn reduction at the surface. Ni/ Mn atomic ratio distribution mapping on Li metal
anode surface after 200 cycles at 0.5 C with d) LNMO, ) LNMO-Air, and f) LNMO-O, cathodes and g) the corresponding histograms, which are based
on the pixel-by-pixel quantification analysis of synchrotron X-ray fluorescence microscopy on the Li metal anodes paired with the spinel cathodes. The
vertical dashed line represents the Ni/Mn atomic ratio (1/3) if Ni and Mn dissolution follows the Ni/Mn stoichiometry in LNMO.
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than LNMO and LNMO-Air (Figure 5c), indicating a higher
TM oxidation state in LNMO-O,, which is consistent with the
results in Figure 5a.

In summary, although it was found powerful in some studies
that TM reduction is a good indicator for cycling stability, espe-
cially for layered cathodes, we show here that TM reduction
has no clear relationship with cycling stability. We believe the
dynamic TM dissolution and redeposition are responsible for
complicating the analysis. We then performed XFM experi-
ments to investigate the dissolution behavior of Ni and Mn
by measuring the Ni and Mn deposited on the lithium metal
anode surface. XFM is a highly sensitive technique with a sub-
ppm detection limit and can cover tens of micrometers to a few
millimeters in dimension. We found TM deposition is highly
heterogeneous on the Li metal anode. To improve the statistical
significance, we focus on investigating the relative dissolution
of Ni and Mn (Figure 5d-g). These results allow us to make the
following conclusion about TM dissolution: 1) In all three sam-
ples, the Ni/Mn ratio on the Li metal anode is higher than the
Ni/Mn stoichiometric ratio in LNMO, indicating a preferential
Ni dissolution over Mn dissolution; 2) increasing the fraction
of ordered LNMO decreases the Ni/Mn ratio and makes the
distribution less heterogeneous. Collectively, one can conclude
that increasing the fraction of ordered LNMO can decrease
Ni dissolution relative to Mn dissolution. However, there is
still no direct correlation between TM dissolution and battery
cycling performance, since the best performing LNMO-Air has
the dissolution behavior in between LNMO and LNMO-O,. In
summary, the sXAS and XFM results show that neither TM
dissolution nor the surface properties are the dominant factors
governing the electrochemical degradation of LNMO cathodes
in the present study.

Although surface chemistry plays a vital role in cathode's
performance, the lithium delithiation/lithiation behaviors are
ultimately an overall chemical process in cathode materials,
including surface and bulk structures. The capacity degradation
of LNMO is closely related to, but not limited to, the surface
chemistry variation or structure reconstruction. In some cases,
the battery performance, especially cycling stability, highly
depends on bulk chemistry and structure evolution, such as the
electronic structure of TM, crystallographic orientations, charge
distribution, and chemomechanical properties.?% With respect
to TM redox behaviors during cycling, it is strongly associated
with their coordination environments or structural changes
in the bulk. Hence, we performed X-ray absorption near-edge
structure (XANES) analyses to elucidate the bulk chemistry and
structure evolution of LNMO, LNMO-Air, and LNMO-O, cath-
odes upon cycling. The LNMO-Air appears to have the most
stable Mn and Ni K-edge spectra after cycling for 200 cycles,
which may be due to better bulk structure stability with higher
Li-ion kinetics, thus leading to improvement of electrochem-
ical performance (Figure 6a,b). Moreover, the Raman spectra
show less variation and less peak broadening after 200 cycles
for LNMO-Air than that for LNMO and LNMO-O, (Figure 6c).
Combining with the micron-sized primary particles of LNMO
in Figure S4, Supporting Information, we consider that the
Raman results can be assigned to sub-surface, or even bulk, of
LNMO particles here. Overall, the hard XAS and Raman char-
acterizations suggest that the improved cycling performance
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of the LNMO-Air sample is likely attributed to the more stable
bulk electronic structure and less structural distortion.

3. Conclusion

The electrochemical performance of LNMO cathode is closely
linked to their lattice structure, especially disordered/ordered
phase ratio and Mn** content. Details of synthetic conditions
affect Ni/Mn cation ordering, which in turn influences the elec-
trochemical performance of LNMO. The tendency for the disor-
dered phase to transform to the ordered phase closely correlates
with the post-annealing atmosphere. Neutron diffraction results
show that the ordered phase increases from 20.4% in pristine
LNMO to 479% and 85.8% after post-annealing in air and
oxygen, respectively. The increased structural ordering accom-
panies the decrease of Mn3* content in the lattice. The LNMO-
Air could deliver a discharge capacity of 131mAh g at 0.5 C and
the highest capacity retention of 93.9% after 200 cycles at 0.5 C.
Mn and Ni dissolution takes place in all the samples studied.
Increasing the ordered phase in LNMO can preferentially sup-
press Ni dissolution during cycling. Surface processes, such
as TM reduction and dissolution, exhibit no clear relationship
with the battery performance reported here. The characteriza-
tion results appear to suggest that an intermediate disordered/
ordered phase ratio can mitigate the structural distortion, thus
offering the optimized electrochemical performance. Our study
highlights the critical importance of a well-tailored phase ratio
for stabilizing LNMO cathodes.

4. Experimental Section

Material Synthesis: The pristine spinel LiNigsMn;sO, powder was
provided by the U.S. Department of Energy's (DOE) CAMP (Cell
Analysis, Modeling, and Prototyping) Facility, Argonne National
Laboratory. Then, LiNigsMn; 5O, materials were post-annealed at 700 °C
for 8 h under either air or oxygen atmosphere with a heating rate of
5 °C min~". For under air condition, the crucible with LNMO powder was
placed into a tube furnace without gas flow to obtain air atmosphere.
For under oxygen atmosphere, the pure oxygen was continuously
flowed into the tube at a rate of 1.0 L min™' during overall annealing
process. Then, the furnace with LNMO powder was cooled naturally
to room temperature and denoted as LNMO-Air and LNMO-O,. The
LiNigsMnq 5O, powder without the post-annealing is denoted as LNMO.

Characterization: XRD patterns were obtained from 10-90° with a step
size of 0.02° at room temperature using a benchtop Rigaku Miniflex
Il with a Cu K,, radiation source (4 = 1.54 A). Schematic diagrams of
LNMO crystal structures were made by the Diamond Software. sXAS
was performed on 31-pole wiggler beamline 10-1 at Stanford Synchrotron
Radiation Lightsource. A ring current of 350 mA and a 1000 L mm"™
spherical grating monochromator with a 20 um entrance and exit slit
were used to acquire =10"" ph s™' at 0.28 eV resolution in a 1T mm?
beam spot. Data was collected under ultrahigh vacuum (10~° Torr) in
a single load at room temperature. Spectra were normalized by the
current from freshly evaporated gold on a fine grid positioned upstream
from the main chamber. Raman spectra were collected on a WITec
Raman spectrometer with a 633 nm laser beam. Time-of-flight powder
neutron diffraction measurements were conducted at the POWGEN
diffractometer (beamline 11A) at the Spallation Neutron Source at Oak
Ridge National Laboratory.’ The LNMO powder samples were analyzed
via the Rietveld method using the GSAS/EXPGUI package.’d Scanning
electron microscopy (SEM) was used to investigate the particle
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Figure 6. a) Mn K-edge XANES, b) Ni K-edge XANES, and c) Raman spectra of LNMO (blue), LNMO-Air (red), and (c) LNMO-O, (green) electrodes
at pristine state and after 200 cycles at 0.5 C. In Mn K-edge XANES spectra, MnO, Mn,0O3, and MnQ, are provided as references.

morphology using an LEO FESEM at an acceleration voltage of 5.0 kV.
Hard XAS measurements were performed on the electrodes in the
pristine state and after 200 cycles fully discharged in the transmission
mode at the beamline 20-BM-B of the advanced photon source (APS) at
Argonne National Laboratory. The incident beam was monochromatized
by using a Si (111) fixed-exit and a double-crystal monochromator. All
electrodes for hard XAS were sealed with Kapton tape in the glovebox
filling with Ar atmosphere for measurement. Synchrotron XFM analyses
were conducted at the 2-ID-E and 34-ID-E beamlines of the APS,
Argonne National Laboratory. The samples were raster-scanned by a
sub-micrometer (=700 nm) focused 10 keV X-ray beam with a step size
of 0.5 um. The fluorescent X-rays were detected with a four-element
silicon-drift Vortex detector. The Li metal anode samples for XFM
measurements were prepared by sealing in Kapton tape.

Electrochemical Measurements: The LNMO electrodes were prepared
by mixing LNMO active material, carbon black, and polyvinylidene
fluoride binder (80:10:10 wt%) in N-methylpyrrolidone solvent. The
slurries were cast on carbon-coated Al foils via the doctor blade method.
Then, the coated electrode was cut into cathode disks and dried in
a vacuum oven at 120 °C overnight before being transferred to an
Ar-filled glovebox. The active mass loading was around 4.5 mg cm™.
Thin electrodes were chosen to minimize the internal polarization-
caused degradation, which allowed for studying material degradation
within minimal influence from electrode factors. Coin cells (CR2032)
were assembled with Li foils as the anode, glass fiber as the separator,
and 1 m LiPFg in 3:7 vol% ethylene carbonate (EC)/dimethyl carbonate
(DMC) as the electrolyte. All coin cells were cycled using a LAND battery
testing system from 3.0 to 4.9 V versus Li/Li*. For galvanostatic charge/
discharge experiments, cells were cycled at 0.5 C (1 C =147 mA g7'). The
EIS was examined by applying an AC voltage of 5 mV over a frequency
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range of 0.01 Hz to 100 kHz of coin cells at a fully discharged state at
0.5 C after ten cycles.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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