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Manganese-based materials have tremendous potential to become

the next-generation lithium-ion cathode as they are Earth abundant,

low cost and stable. Here we show how the mobility of manganese

cations can be used to obtain a unique nanosized microstructure in
large-particle-sized cathode materials with enhanced electrochemical
properties. By combining atomic-resolution scanning transmission
electron microscopy, four-dimensional scanning electron nanodiffraction
and insitu X-ray diffraction, we show that when a partially delithiated,
high-manganese-content, disordered rocksalt cathode is slightly heated,
it forms a nanomosaic of partially ordered spinel domains of 3-7 nmin
size, whichimpinge on each other at antiphase boundaries. The short
coherence length of these domains removes the detrimental two-phase
lithiation reaction present near 3 Vinaregular spineland turnsitintoa
solid solution. This nanodomain structure enables good rate performance
and delivers 200 mAh g discharge capacity in a (partially) disordered
material with an average primary particle size of ~5 um. The work not only
expands the synthesis strategies available for developing high-performance
Earth-abundant manganese-based cathodes but also offers structural
insights into the ability to nanoengineer spinel-like phases.

Rechargeable lithium-ion batteries have played an important role in
technological advancement by providing high energy density and
long cycle-life energy storage. Progress in lithium-ion batteries has
been driven by well-ordered structures such as layered and spinel
compounds, which rely on the stability of nickel and cobaltin octahe-
dralsites to achieve stable cycling performance'™®. With higher energy
demands arising from the need for electric vehicles with extended
range and personal electronics that can operate for longer times, the

low abundance of nickel and cobalt, and ethical concerns related to
cobalt mining, may increase the cathode cost and place alarge burden
onthesupply chain®°. Other, more Earth-abundant transition metals,
such as chromium, manganese, iron and copper, lack the intrinsic site
stability of nickel and cobalt and require novel crystaland microstruc-
ture engineering to be useful as lithium-ion energy storage materials.
Manganese-based cathodes would be particularly attractive because of
the low toxicity and cost of manganese minerals, the ideal voltage range
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of the Mn**/Mn** redox couple and the high stability of the charged
Mn** state which leads to better safety and energy density gains when
integrating cells at the pack level.

Inthelastdecade, lithium-excess cation-disordered rocksalt (DRX)
materials have demonstrated the potential for high energy density
with Earth-abundant elements, including manganese, chromium and
titanium''. However, the practical use of DRX materials requires
milling to nanosized particles to achieve reasonable rate capability. The
high surface area of nanoscale materials aggravates parasitic reactions
inbatteries and leads tolower-density electrodes. Being able to utilize
alarger particle size while maintaining high performance is therefore
important for DRX to become commercially viable”?,

In this work, we demonstrate through in-depth atomistic
characterization with atomic-resolution STEM?* and scanning electron
nanodiffraction (SEND)* that a high-manganese-content DRX can be
transformedinto aunique nanostructured materialinwhich nanosized,
partially disordered spinel domains with a coherence length of 3-7 nm
are separated by antiphase boundaries. This microstructure decouples
the (nano) length scale, at which lithiation thermodynamics and the
voltage curve are determined, from the particle size, keeping it large
enough to achieve good cycling and practical electrode manufactur-
ing. The small coherence length of the nanosized spinel-like domains
modifies the two-phase reaction of aregular spinelinto a solid solution,
thereby removing a major obstacle to achieving high energy density
and rate capability in manganese-based DRX cathode materials at the
large particle scale. We refer to this structure as 6-phase, and show that
itcanbeachievedinatwo-step processinvolving chemical delithiation
followed by low-temperature heating—in contrast to the extended
(>3 weeks) of electrochemical cycling previously needed to improve
the performance of high-manganese-content DRX materials® .

Structural characterization of DRX and 6-phase
materials

We chose Li; ;Mg s Tig 150, 0F o (L12M65) as a starting material for the
study because its high manganese content and low titanium content
have been shown to lead to a transformation that improves perfor-
mance upon electrochemical cycling??%. The 20% lithium excess allows
forgood lithium-ion percolation™*°. Figure 1a conceptualizes the struc-
tural changes anticipated through each synthesis step. The basic DRX
L12M65 is synthesized through a standard solid-state method*®. The
synchrotron X-ray diffraction (XRD) pattern (Fig. 1b) confirms that
the as-synthesized L12Mé65 consists of pure DRX without any detect-
able impurities. Rietveld refinement based on the rocksalt structure
(Fm-3m) gives alattice parameter of 4.133 A (Supplementary Table1).
Particle morphology measured by scanning electron microscopy (SEM)
fortheas-synthesized samplesindicates aprimary particle size of 20 pm
for L12M65 (Supplementary Fig. 1a,c). Delithiation to Li;Mng ¢ Tig 15
0,,4F,;(LO7M65-D) was achieved by applying asolution of 0.1 MNO,BF,
at45 °Cfor2 days. XRD of the resulting sample (Fig. 1c) shows peak shifts
toward higher angles, consistent with delithiation. Rietveld refinement
based ontherocksalt structure (Fm-3m) for LO7M65-D gives arefined
lattice parameter of 4.067 A (Supplementary Table 2). The increase in
(111) peak intensity at 2.13° may indicate the emergence of the 5-phase.
After heat treatment at 200 °C for 2 h, LO7M65-DH shows a further
increase in (111) peak intensity (Fig. 1d), and SEM indicates an average
particle size of 12 pm (Supplementary Fig. 1b,c). The broadening of
the (111), (311) and (333) peaks, which are consistent with spinel-type
ordering, indicates a short coherence length of this cation ordering.
Rietveld refinement modelled on aspinel structure (Fd-3m) with selec-
tive peak broadening applied to Bragg peaks with an odd /index leads
toagoodfitwithR,,=8.86%and arefined lattice parameter of 8.211 A
(Supplementary Table 3)*. The 8alithium occupancy is estimated from
the capacity delivered in the 4 V region during the first discharge of
LO7M65-DH. Inductively coupled plasma mass spectrometry results,
provided in Supplementary Table 4, confirm that the metal ratios in

L12Mé65 are close to the target compositions and the delithiation level
is close to the expected values for LO7M65-D and LO7M65-DH.

We further explored the changes that can be induced in the par-
tially delithiated LO7M65-D by in situ XRD when heating the sample
from100 °Cto 600 °C (Fig. 2a). The selected XRD patterns of LO7M65-D
after heating at each temperature for 20 min are shown in Fig. 2b. At
100 °C, LO7M65-D shows dominant (002) and (022) peaks that result
from the DRX structure. Between 150 °C and 200 °C, broad features
emerge for diffraction peaks with odd /indexes (for example, the (111)
peakat2.13°and the (311) peak at 4.21°). In contrast, the enlarged views
ofthe (002) and (022) rocksalt peaks in Fig. 2c show that these do not
broaden, indicating that the grain size over which the anion lattice
extends remains unchanged. Upon heating from 250 °Cto 500 °C, the
diffraction peaks with odd /indexes sharpen and increase in intensity
(Fig. 2a,b). In addition, the (002) and (022) peaks from the &-phase
at~5.11° and ~7.23° in Fig. 2c split, indicating the formation of a new
phase with new peaks at 5.04° and 7.14°. In fact, the peak splitting can
be observed forall diffraction peaks witheven/indexes. Above 500 °C,
all peaks become sharper with increased peak intensity (Fig. 2b). Given
the spinel-type cation orderingin the 6-phase, the new phaseis likely to
beaspinel withalarger lattice parameter, possibly due to the reduction
induced by heating. For samples that were heated at 500 °Cand 600 °C
after delithiation, the voltage profile shows anincrease in the capacity
near 4V and a decrease near 3 V, more resembling that of an ordered
spinel phase. These changes of the voltage profile with elevated tem-
perature annealing would indicate that at too high a temperature the
6-phase gradually transforms to awell-ordered spinel (Supplementary
Fig.2a,b). Hence, we focus on the 200 °C annealed sample.

Atomic-scale characterization of the 6-phase

To obtain a more detailed understanding of the structural evolution
of the sample upon chemical delithiation and heating, we conducted
four-dimensional SEND on L12M65 (pristine), LO7M65-D (after del-
ithiation) and LO7M65-DH (after delithiation and heat treatment at
200 °C). Figure 3a shows the high-angle annular dark-field (HAADF)
image of LI2M65 on which SEND patterns were collected. The mean
of the diffraction patterns from this particle is shown in Fig. 3b. The
sharp diffraction spots suggest a high degree of crystallinity of the
pristine DRX particle. The mean diffraction pattern shows arcs in the
diffractionspots, indicating a smallin-plane rotational variation in this
largely single-crystal particle. A selected diffraction pattern from the
SEND dataset from region marked as a red dot in Fig. 3a, all of which
canbeindexedtoarocksaltstructure,isshownandindexedinFig.3c,
suggesting the absence of any other phase. To further confirm the
absence of any other phase, the intensity from the diffraction peaks
across the particle is radially integrated and overlaid with the powder
pattern for the Fm-3m space group in Supplementary Fig. 3.

The mean SEND patterns of the chemically delithiated LO7M65-D
particle (Fig.3d) are showninFig. 3e. Diffraction patterns fromselected
points andindexed based on the structural information obtained using
XRDinformation of the same samples (Supplementary Tables1-3) are
provided in Supplementary Fig. 4. By integrating the intensity of the
diffraction reflections unique to the §-phase from each SEND pattern
and normalizing it with the fullacquired scattering range (from 0.175 A
to1.2 A™) toaccount for thickness, we can map the spatial extent of the
6-phase. The ranges of radial scattering vectors are shown in Supple-
mentary Fig.5and are detailed in the Methods. The effect of thickness
normalizationis shownin Supplementary Fig. 6, which shows a control
sample of uniform thickness made using afocused ionbeam. Detailed
explanation of the thickness normalizationis givenin Supplementary
Note 1. Figure 3f shows the spatial distribution of the 6-phase. The
6-phaseintensity is higherin the surface layer (50 nm) thaninthebulk.
Theresultsindicate that much of the DRX-to-6 transformationinitiates
fromthe surface during the delithiation process. However, evenin the
bulk regionthere exist pockets of substantial DRX-to-6 transformation.
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Fig.1|Phase evolution of LI2M65. a, Schematic of the structural evolution of L1I2M65 with each synthesis step. b-d, Synchrotron XRD patterns of L1I2M65 (b),

LO7M65-D (c) and LO7M65-DH (d).

We undertook a similar procedure to map the 6-phase extentina
LO7M65-DH sample that was chemically delithiated and subsequently
heated at 200 °C for 2 h. The STEM-HAADF image of the particle is
shown in Fig. 3g and the mean SEND diffraction pattern in Fig. 3h.
Indexed diffraction patterns are provided in Supplementary Fig. 7.
Figure 3i shows that the entire particle has uniformly transformedinto
the 6-phase after heating. The 6-phase signal has much higherintensity
after heating (Fig. 3i), suggesting that the heat treatment is vital for the
complete formation of the 6-phase.

Itisimportanttonote thatintheradialintegration patterns shown
inSupplementary Figs. 3, 5and 8, the crystal planes that are normal to
the electronbeam will not be represented in the transmission electron
microscopy (TEM) diffraction data, which can explain the absence of
some of the simulated peaks in the experimental radially integrated

diffraction pattern. Additionally, the kinematical diffraction approxi-
mation with which the DRX peaks are simulated does not capture the
dynamic electron scattering occurring due to the thickness of the
sample, thereby leading to mismatchinthe intensity betweenthe simu-
lated and experimentally observed diffraction patterns®. Furthermore,
this kinematical approximation in the simulations would also lead to
the absence of certain peaks observed experimentally due to multiple
scatteringin thick samples in Supplementary Figs. 4 and 7.

To investigate the cation ordering in the 6-phase in detail,
we augmented SEND with atomic-resolution HAADF imaging on a
particle fromthe LO7M65-DH sample. To study the lithium distribution
following chemical delithiation, electron energy loss spectroscopy
(EELS) of LO7M65-DH was also measured on the same particle. The
homogeneous compositional mapping of the lithium, manganese and

Nature Nanotechnology | Volume 19 | December 2024 | 1831-1839

1833


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01787-y

a
240 _J
210 J (222)s
180 J
. 150
<
& ol
< 120
£ |
= 90 J
60 J
30 |
0 . . .
200 400 600
T(°C)
b
(111)5 (3T)S (511)5(1142)S
——k—_k_l_._.A_L.;_ 600 °C
——LM_J\_MA‘\_‘.__ 500 °C
; ——b\.l_n_k..___ 400 °C
&
o
3 300 °C
C
2
[=
B . 250 °C
L ~ 200 °C
— L A 150 °C
(002),— _(022),
100 °C
2 4 6 8 10

Position (26)

Fig. 2| Insitu heating XRD of LO7M65-D. a, Temperature-time profile (left)
and intensity map (right) highlighting the evolution of the Bragg peaks. A phase
sequence of DRX to § to spinel can be observed. b, Selected XRD patterns of
LO7M65-D when heated from 100 °C to 600 °C. Rocksalt (spinel) peaks are
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marked with subscript R (S). ¢, Zoomed-in XRD pattern between 4.5° and 7.5°
showing the change from rocksalt (002) and (022) peaks to spinel (400) and
(440) peaks between 100 °C and 600 °C.

titanium throughout the particle, as shown in Supplementary Fig. 9,
confirmsthat thereis no preferential delithiation during the synthesis,
subsequent delithiation and heating. Figure 4a shows the mean SEND
pattern from this particle. Integration of the diffraction peaks unique
to the 8-phase and normalized with the full acquired scattering range
(from 0.175A™" to 1.2 A™) from the SEND patterns from the particle is
shown in Fig. 4b, confirming that the entire particle transforms into
the 6-phase. The noise-filtered atomic-resolutionimage collected from
theregion marked with awhite squareinFig.4bisshowninFig. 4c; the
raw micrograph is shown in Supplementary Fig. 10a. The fast Fourier
transform of the HAADF-STEM micrograph is shown as an inset in
Fig. 4c. Aninverse Fourier transform of the spinel-like peaks marked
with ared and blue circle in the inset of Fig. 4c is shown in Fig. 4d.
Thefringes of thefilteredimagein Fig. 4d are colour-coded based onthe
isolated frequency component used to obtain them, as marked in
theinset of Fig. 4c. For visual clarity, spinel fringes obtained by filtering
the different frequency components corresponding to the spinel phase
are plotted separately in Supplementary Fig. 10. Details of the filter-
ing method are provided in the Methods. A prevalence of antiphase
boundaries, where one variant of the spinel ordering meets another,
can be observed. Once such antiphase boundary is shown in the blue
dashed box in the top right of Fig. 4d. Furthermore, in between the

spineldomains, thin, disordered regions are also observed. The domain
size of the 6-phase is estimated to range from 3 to 7 nm by counting the
average number of lattice fringes between the antiphase boundaries,
and agrees well with the calculated coherence length obtained by apply-
ing the Scherrer equation to the (111) XRD peak in Fig. 1d*.

Electrochemical performance of the 6-phase

Theelectrochemical performance of LO7M65-DH and L12M65 was eval-
uated using galvanostatic cyclingbetween2 Vand 4.8 Vat20 mAh g,
Bothsamplesretained alarge average particle size of ~5 pm after fab-
rication into a cathode film (Supplementary Fig. 1d-f). As shown in
Fig. 5a, LO7M65-DH delivers 201 mAh g in the first discharge, sub-
stantially higher than the 159 mAh g™ for L1I2M65. This improvement
ismaintainedinthe narrower voltage window of 2-4.6 V (Fig. 5¢). Even
higher performance of 240 mAh g™ can be achieved by milling down the
particle size (Supplementary Fig.11). Whereas L12M65 (black) shows a
sloping voltage profile, LO7M65-DH (blue) shows plateau-like 4 V and
3 Vregions, withthe 3 Vregionlongerthanthe 4 Vregion.LO7M65-DH
achieves a higher maximum specific energy in Fig. 5d (645 Wh kg™
between 2V and 4.8 V versus 555 Wh kg™ for L1I2M65). We compare
the performance of LO7M65-DH to that of ordered spinel in Supple-
mentary Fig. 12 and show that it delivers higher capacity retention.
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Fig.3|SEND characterization of LI2Mé65, LO7M65-D and LO7M65-DH.

a, HAADF image of L12M65. b, Mean SEND pattern of an LI2M65 particle.

¢, Indexed diffraction pattern where the diffraction spots observed
experimentally are marked as blue dots and the simulation as black crosses

DRX

from the region marked by ared dotina.d, HAADF image of LO7M65-D. e, SEND
pattern of an LO7M65-D particle. f, Colour-coded spatial distribution of the
&-phase DRX. g, HAADF image of LO7M65-DH. h, SEND patternan LO7M65-DH
particle. i, Colour-coded spatial distribution of the §-phase.

The hard X-ray spectroscopy and soft X-ray mapping of the resonant
inelastic X-ray scattering (mRIXS) reveal that both manganese and oxy-
genredox contribute to the high capacity (Supplementary Figs.13-15
and Supplementary Notes 2 and 3). We found that the capacity increase
from L12M65to LO7M65-DH is accompanied by improvementsin rate
capability. We tested the performance of LI2M65 and LO7M65-DH
at current densities ranging from 50 mA g to 500 mA g’ While the
pristine L1I2M65 only delivers 68 mAh g™ at 500 mA g1(43% of that at
20 mA g™) (Fig. Se), modification into LO7M65-DH improves capacity
at 500 mA/g to 110 mAh g™* (Fig. 5f). Such high specific energy and
rate capability have previously only been obtained in nanosized DRX
materials but never in micrometre-sized particles.

To understand the structural processes upon electrochemical
cycling, we show in Fig. 6ain operando diffraction data obtained dur-
ing the cycling of LO7M65-DH between1.5Vand 4.8 Vat20 mA g™ For
comparison, datafor the cycling of well-ordered LiMn,O, spinel under
the same conditions are shown in Fig. 6b. For LO7M65-DH the (222),
(400) and (440) peaks continuously shift to lower angles upon lithium
insertion, consistent with a continuous increase in lattice parameter.
When discharged to below 2.7 V, the (400) and (440) peaks split, indi-
cating the formation of the tetragonal phase. However, the lattice

parameter for the cubic and tetragonal phases continuously change
during discharge, indicating that the system remains a solid solution
at all times. In contrast, the data for LiMn,O, in Fig. 6b show that the
(311), (400) and (440) peaks remain at the same angle when discharging
across the 3 Vplateauregion while their intensity gradually decreases.

Nanoscale structural effects on electrochemical
performance

Theattractive properties of manganese makeitanimportant transition
metal to enable the scaling of lithium-ion batteries to multiple TWh yr™!
production. DRX cathodes can incorporate manganese as an active
redox couple but often have limited rate capability unless nanosized™'®.
Inthis work we show aunique nanostructured, but large-particle-sized,
manganese-based cathode material with high specific energy and
capacity, and good rate capability. Although the voltage curves of this
6-phase are reminiscent of well-ordered LiMn,0, spinel, significant dif-
ferences exist between the two: unlike regular spinel, the 6-phase shows
no two-phase reaction near 3 V and lithiates as a solid solution in this
region®”®. Inaddition, the capacity inthe 3 Vregionislarger thanin the
4 Vregion. Thedistinctlithiation behaviour between the 6-phase and
regular spinelisimportant because theinhomogeneity resulting from
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Fig. 4| Multimodal characterization of LO7M65-DH. a, Mean SEND pattern
of LO7M65-DH. b, Integrated spatial distribution of the &-phase from the SEND
patterns collected from the particle. ¢, Atomic-resolution HAADF-STEM image
collected from the region marked with a white box in b, with the amplitude of its
Fourier transform shown in the inset. Scale bar, 5 nm. d, Cation ordering from

DRX

’{‘}}::?
o

7. s
Bragg filtering applied to the frequency components marked on the Fourier
transform shown in the inset of c. The blue dashed box shows a translation in the
spinel-like lattice fringes representative of an antiphase boundary. Scale bar,
5nm.

the two-phase reaction near 3 Vin the latter leads to particle cracking
and degradation of the cathode material. Although recent work has
shown that the two-phase reaction can be removed by creating cation
disorder through mechanochemical synthesis, the milling process
is not practical for scale-up®* %', The §-phase material also has bet-
ter capacity and rate capability than untransformed DRX of similar
particlessize, similar to the §-phase-like transformation observed when
high-manganese-content DRX materials are transformed slowly into
anew structure by electrochemical cycling®®*,

In this work, we identify the unique nanoscale microstructure in
the 6-phase thatis responsible forits distinct electrochemical behav-
iour. We also show that the §-phase can be formed through an ex situ
process of chemical delithiation and low-temperature heat treatment,
whichsignificantly decreases the time required for the DRX-to-& trans-
formation from 3 weeks (with electrochemical cycling) to 2 days, with
an average particle size of ~10 pm (Supplementary Fig. 1c).

The XRD and SEND analyses present a detailed characteriza-
tion of the L12M65 sample as it transforms towards 6. Delithiation
and heating reveal cell doubling peaks, characteristic of spinel-type
cation ordering in LO7M65-DH, with a (111) peak at 2.13° and a (311)
peak at4.21° asshownin Fig. 1d. In parallel, SEND analysis (Fig. 3c and
Supplementary Fig. 3) indicates that 6-phase evolution, which had
started on the surface of the particle immediately after chemical del-
ithiation of LI2M65 (Fig. 3f), proceeds to a uniform transformation
throughout the particle after mild heating (Fig. 3i). These SEND findings
are consistent with the XRD data. LO7M65-D displays a weak (111) XRD
peak (Fig. 1c), signalling anincomplete transformation to the 6-phase.

Upon heat treatment, however, the §-phase’s characteristic XRD peaks
intensify significantly (Fig.1d) yet retain their broad profile. Even after
acomplete transformation the broadness of the XRD peaks withodd [
index persists, consistent with the small domain size indicated by the
STEM-HAADF data. This multimodal characterization clearly shows
that the 6-phase differs froman ordered spinel andis characterized by
cation ordering withashort coherencelength, whichin turnis critical
for the solid-solution behaviour inthe 3 Vregion.

Theatomicstructure of the §-phase depicted in the STEM-HAADF
image (Fig. 4d) shows partially disordered spinel domains with a coher-
encelengthranging from3 nmto 7 nm, separated by antiphase bounda-
ries. The antiphase boundaries that separate the spinel domains are
thin (<1 nm)andare disordered asshownin Fig.4d and Supplementary
Fig. 10. The presence of antiphase boundaries reflects the high sym-
metry of the parent DRX phase, and allows for the formation of distinct
spinel variants. The process that occurs during delithiation and heating
(orcycling®?®) therefore seems to be one where spinel ordering starts
inDRXinarandomly selected domain variant, which then grows until
it meets another variant, separated by an antiphase boundary. This
understanding highlights the unique relationship between the 5-phase
and DRX. Only when spinel forms from a DRX rocksalt structure does
itcreate alarge number of spinel variants which can remain nanosized
byimpinging oneach other atantiphase boundaries. The size of these
domains appearsremarkably consistent and stable at ~3-7 nm (ref. 26),
indicating that their further growth is limited, potentially by a lack of
driving force or by the presence of the immobile titanium ions which
cannot easily move between octahedral sites.
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Thenanoscale domain structure and the small coherence length of
partially disordered spinel-like domains are key to the electrochemical
performance of the 5-phase. These properties effectively suppress the
two-phasereaction, similar to what has been observed in nanomateri-
als”. Reducing coherence length in a material is known to transform
first-order transformations into second-order ones, or to completely
remove them®***"*°_ In the §-phase, the small coherence length has
remarkable effects on the electrochemical performance, removing
the 3 Vplateau and turning the associated phase transitionintoasolid
solutionregion (Fig. 6a). This key feature of the §-phase eliminates any
phase transformation strain as a potential degradation mechanism of
the cathode material and enables cycling of amanganese-based spinel
over its full theoretical capacity range.

The &-phase may be an ideal intermediate between fully
disordered DRX compounds and well-ordered spinels. In DRX materi-
als, therandomly distributed cations create awide lithium-site energy
distribution, which leads to a sloping voltage profile and reduced
lithium diffusivity, necessitating a small particle size in the cathode***.
By transforming the DRX materialintoamore ordered partial spinel-type
structure with small coherence length, the energy density increases

due to the increase in capacity delivered in the 4 V and 3 V regions®.
The formation of the 6-phase also improves rate performance,
consistent with previous theoretical work showing that spinel-like
configurations possess amore extended low-barrier 0-TM percolation
network that is favourable for lithium transport®>**. In the §-phase,
more of the capacity is delivered at a higher voltage, which is benefi-
cial for power delivery in practical batteries. The 6-phase approaches
spinel-like properties in terms of voltage profile and rate, while retain-
ing asmall-enough coherence length to remain asasolid solutionand
preventing the two-phase reaction in an ordered spinel (Fig. 6).

Conclusion

Due to the unusual nanoscale features of its microstructure, the
5-phase LO7M65-DH delivers a capacity of 201 mAh g™ and high rate
capability (Fig. 5) with an average particle size of 4.7 pm (Supplemen-
tary Fig. If). In contrast, typical DRX materials can only deliver high
capacity and energy density with a particle size of <500 nm (ref. 15). For
example, recentwork reported that DRX Li, ;Mn, 4Nb, ;0, delivers only
101 mAh g™ discharge capacity when the average particle size is at the
micrometre level”. By creating 8-phase material in which the particle
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size is decoupled from the spinel domain size, a maximum specific
energy of 645 Wh kg™ could be achieved in LO7M65-DH, which is higher
than commercial cathode materials such as LiMn,0, and LiFePO,, and
approaching the values reported for LiNi;;Co,,sMn,;0, (refs. 44-48).
The crystal density of the §-phase is ~4 g cm™, placing it between
LiFePO, and NMC cathode materials. Our results show the benefits
of engineering local order and microstructure at the nanoscale and
show a promising direction for Earth-abundant manganese-based
cathode materials.
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Methods

Synthesis

Li; ,Mng ¢sTig15016F o, (L12M65) and LiMn,0, were synthesized by a
solid-state method. For synthesizing L12M65, Li,CO, (Sigma, 99%),
Mn,0; (Alfa Aesar, 99%), TiO, (Alfa Aesar, 99.6%), MnO, (Alfa Aesar,
99.9%) and LiF (Alfa Aesar, 99.99%) were used as precursors. For
LiMn,0,, Li,CO, (Sigma, 99%) and MnO, (Alfa Aesar, 99.9%) were used
asprecursors. Atotal amount of 3 g of precursors were mixed in ethanol
with aRetsch PM 200 planetary ball mill atarate of 250 rpmfor12 h. An
excess 0f 10% Li,CO; for L1I2M65 and 5% Li,CO, for LiMn,O, wasadded to
compensate for possible loss during synthesis. The mixed precursors
were thendried at 70 °C overnight before being ground and pelletized.
For L12M65, the pellet was sintered at 1,100 °C for 20 min under argon
gas flow. For LiMn,0,, the pellet was sintered at 800 °C for 16 hiin air.
Liy;Mng ¢sTig15010F o, (LO7M65-D) was obtained by adding 400 mg
L12M65 into 24 ml 0.1 M NO,BF, acetonitrile solution and reacting at
45 °Cfor2 days. The solution was washed with acetonitrile and centri-
fuged at 7,450g for 5 min, four times. The sample was dried overnight
under vacuum. LO7M65-DH was synthesized by pelletizing LO7M65-D
and heatingat200 °Cfor 2 hinasealed quartz tube under vacuumand
quenching toroom temperature.

Electrochemistry

To make the cathode film, 70 mg of the as-synthesized active materials
and 20 mg Super C65 carbon black (Timcal) were mixed withamortar
and pestle by hand for 30 min. The composite powder was then mixed
with PTFE (Dupont) ina9:1ratio. The mixed composite was rolled into
free-standing thin films and cut with a 5/16th-inch-diameter punch. The
electrolyteusedis1 MLiPF.inethylene carbonate and dimethyl carbon-
atesolution (1:1v/v, Sigma-Aldrich). Glass microfibres (Whatman) were
cutwithal6 mmpunchandused as separators. Lithium (MSE Supplies)
round metal foil (7/16th inches in diameter) was used as the anode.
After assembling the coin cells (CR2032), they were allowed to rest for
4 hbefore being tested onan Arbinbattery cyclerat25 °C. All cathode
film fabrication and coin cell assembly procedures were performed
inanargon-filled glovebox. The rate capability test was conducted by
charging and discharging at the same rate (that is, 50, 100, 200 and
500 mA g') between2 Vand 4.8 V.A1 minrest wasimplemented at the
top of the charge and at the bottom of the discharge.

Characterization

Synchrotron XRD patterns were collected at Beamline 28-ID-2 of the
National Synchrotron Light Sourcell, Brookhaven National Laboratory.
Allthe synchrotron refinements were conducted using the TOPAS soft-
ware package. A single-phase rocksalt structure model was used when
refining the XRD patterns of L1I2M65 and LO7M65-D. For LO7M65-DH, a
single-phase spinel structure model was used. The reflections with an
odd /index, which are generated by spinel-type cation ordering, show
broader peaks thanthose withan even/index, whichare generated by the
face-centred cubic cation and anion framework. Therefore, we applied
selective peak broadeningto capture the broad peaks withan odd/index,
as applied in a previous publication on the §-phase®. The broadening
factorapplied tothe group of selected peaksis directly related to the size
of spinel-like ordering, yielding an estimated coherence length for such
environment. SEM images were collected using a Zeiss Gemini Ultra-55
analytical field emission SEM at the Molecular Foundry in Lawrence
Berkeley National Laboratory. In situ XRD was performed on a Bruker
D8 Advanced X-ray diffractometer using Mo Ka radiation. An in situ
cell with a beryllium window was galvanostatically cycled at 20 mA g™
between1.5Vand 4.8 V using a Maccor potentiostat, and XRD patterns
were collected from14°t029° 26 every 30 min at room temperature.

Differential electrochemical mass spectrometry
Outgassing ofthe Li; ,Mn .5 Tig 1501 0F o (L12M65) and Liy ;Mng.¢s Ti 0, 0F 1
(LO7M65-DH) cathodes during the first cycle of galvanostatic charge and

discharge was monitored ona custom-built differential electrochemical
mass spectrometry (DEMS) system, which was operated as described
inaprevious study*’. Modified Swagelok-type cellswere preparedinan
argon-filled glovebox. The compositions of the cathodes and anodes
wereidentical to those of the coin cells used for electrochemical testing
inthisstudy. Foreach DEMS cell, one sheet of Celgard 2500 (polypropyl-
ene) and one sheet of QM-A quartz microfibre filters (Whatman) were
used as separators with 80 mlof1 MLiPF, (Gotion) in ethylene carbonate/
diethyl carbonate (BASF, 1:1 v/v) added as the electrolyte. The DEMS cells
were cycled at a constant current rate of 20 mA g™ under a static head
of argon pressure (~1.2 bar) at room temperature. Any accumulated
gas in the cell was purged by 500 ml of argon pulsed every 10 min. The
swept-out gas was sent to a holding chamber, from where it was sub-
sequently leaked into a mass spectrometry chamber for analysis. The
set-up was calibrated for O,and CO, in the carrier gas argon.

SEND

L12M65, LO7M65-D and LO7M65-DH cathode particles were dis-
pensed onto TEM lacey carbon grids with formvar support inside an
argon-filled glovebox, without being exposed to any solutions during
the TEM sample preparation. The SEND patterns were collected using
aTitan 80-300 scanning/transmission electron microscope operated
at 300 kV with a Gatan K3 direct electron camera operating in count-
ing mode. The indicated semiconvergence angle was 0.62 mrad, and
the diffraction patterns were energy-filtered with a 15 eV slit centred
around the zero-loss peak. The SEND patterns were analysed using the
py4DSTEMv.0.14.8 package™.

Toreconstructavirtualimage of the spinel phase of the LO7M65-D
sample, only peaks unique to the spinel phase were integrated. These
peaks are marked as green dashed boxesin Supplementary Fig.7a. The
scattering angles for these peaks are 0.175-0.250 A™, 0.51-0.54 A,
0.61-0.65A7,0.7-0.75 A and 1.09-1.16 A™. The integrated virtual
image was normalized for thickness by integrating the region between
thescatteringangles 0.175 A and 1.2 A™.

Similarly, for the LO7M65-DH sample the unique spinel phases
were integrated as shown by the dashed boxes in Supplementary
Fig.9a. The scattering angles for these peaks are 0.175-0.250 A™, 0.37-
0.41A7,0.520.56 A, 0.62-0.64 A, 0.687 0.74 A, 0.845-0.905-A7,
0.97-1.03 A”and 1.085-1.17 A", The integrated virtualimage was normal-
ized for thickness by dividing the spinel virtual image with the virtual
image formed by integrating the scattering angle from 0.175 A to 1.2 A™,

Atomic-resolutionimaging

To prepare the ex situ samples for atomic-resolution TEM imaging, the
LO7M65-DH cathode particles were mixed with PTFE with amortar and
pestleinaratio of 9:1. The composite was then rolled into cathode thin
film. A thin lamella suitable for TEM analysis was meticulously crafted
fromthe specimen filmusing the dual-beam focusedionbeam method,
utilizing a Helios G4 UX instrument. The lamella was thinned down
to ~1 pm using a gallium-ion beam of 30 kV accelerating voltage and
0.75 nA current. To prevent ion beam damage, subsequent thinning to
~100 nm was performed using a 5 kV accelerating voltage and 0.15 nA
current. Toremove the amorphous layer and further thin, alow-energy
2 kV beam was used on the nanomill. STEM-HAADF imaging was per-
formed onanaberration-corrected Titan 80-300 scanning/transmission
electron microscope operated at 300 kV. The convergence angle was
30 mrad. Anadaptive thresholding of 51 pixels and athird-order low-pass
Butterworth filter with a frequency cut-off of 160 pixels was applied in
the frequency domain to correct for the non-uniformillumination and
to filter the high-frequency noise in the HAADF-STEM micrographs.
Theraw HAADF-STEM micrographis showninSupplementary Fig.10a.

EELS
The electron energy loss measurements were performed using the
TEAM 1 microscope (double-aberration-corrected Thermo Fisher
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Scientific Titan 80-300) at the National Center for Electron Microscopy.
The EELS dataset was collected using a Gatan Continuum spectrometer
at 300 kV, using a convergence angle of approximately 30 mrad and
a collection angle of 110 mrad. The width of the zero-loss peak was
measured tobe 0.9 eV,anda0.18 eV per channel dispersion was used to
collectthe spectra. The lithium distribution was mapped by analysing
the Li K-edge (-55 eV) using Gatan Digital Micrograph v.3.6 software.

Braggfiltering for atomic-resolutionimages

Bragg filtering is done by filtering the two spinel peaks, as shown
in the inset of Fig. 4c. The filtering of the spinel peaks is based on
Fourier-transform-based analysis. The image is first windowed using a
Tuckey (or tapered cosine) window. The window considers the size of
the window and the fraction of the window that is tapered. It effectively
combinesarectangular and cosine window, providing abalance between
spatial and frequency resolution. The application of this window function
totheimage prior to fast Fourier transformsignificantly reduces spectral
leakage, enhancingthe accuracy of the subsequent frequency-based anal-
ysis. Following the windowing, the image undergoes fast Fourier trans-
formto shift the focus from the spatial domainto the frequency domain.
Thefunctionthenemploysfiltering masks derived from predefined spinel
peak coordinatestoisolate the specific frequency components pertinent
to the spinel phases. These filtered components are transformed back
into the spatial domain to reconstruct images representing the parent
and superlattice signals. Only half of the spinel peaks are considered for
filtering because the conjugate points contain the same information
in a Fourier transform of a real-valued image through the property of
Hermitian symmetry®". The visualization aspect of the spinel lattice is
augmented by calculating the ratio of spinel to parent (DRX) lattice sig-
nals. The RGBimagesinFig.4d represent the results. These mathematical
operations were achieved using anin-house MATLAB script.

Ex situ Mn K-edge X-ray absorption spectroscopy

Exsitu X-ray absorption spectroscopy measurements at the Mn K-edge
were performed in transmission mode at Beamline 7-BM of the National
Synchrotron Light Source II, Brookhaven National Laboratory. A
Si(111) monochromator was used to select the incident beam energy.
A rhodium-coated mirror was applied to obtain harmonic rejection.
All electrode films were made in the same way as described above
(Electrochemistry). The electrode films were cycled in coin cells to
different states of charge and held at specified voltages for 6 htoreach
equilibrium. The cells were disassembled, and the films were washed
with diethyl carbonate in an argon-filled glovebox. Energy calibra-
tion was accomplished by simultaneously measuring the spectra of
manganese metal foil. Normalization and calibration of raw data were
performed with Athena software®.

Mapping of resonant inelastic X-ray scattering

Mapping of resonant inelastic X-ray scattering of the OK-edge and the
Mn L-edge was performedin the iRIXS end station at Beamline 8.0.1.1 of
the Advanced Light Source® at Lawrence Berkeley National Laboratory.
Thebeamspotsizeis about 25 x 100 mm? Mapping datawere collected
by anultrahigh-efficiency modular spectrometer**, with an excitation
energy step of 0.2 eV. Theresolution of the excitation energyis ~0.2 eV,
and that of the emission energy is ~0.3 eV. The ex situ samples were
cathode films, composed of active materials, carbon black and PTFE
inaweightratio of 7:2:1. The cathode films were charged or discharged
toaspecified state of charge ina coin cell at 20 mA g™ and held at that
voltage for 6 h. The cells were disassembled, and the films were washed
with diethyl carbonatein anargon-filled glovebox before being trans-
ferred to the experimental chamber through a home-made air-free
transfer kit. Final two-dimensional maps were achieved via multistep
data processing, including normalization of beam flux and collecting
time, integration and combination, etc., which has been elaborated
onina previous work*’.

Data availability

All data generated and analysed during this study are included in the
published article and its Supplementary Information. Source dataare
provided with this paper.

References

49. Huang, T.-Y., Crafton, M. J., Yue, Y., Tong, W. & McCloskey, B.

D. Deconvolution of intermixed redox processes in Ni-based
cation-disordered Li-excess cathodes. Energy Environ. Sci. 14,
1553-1562 (2021).

50. Savitzky, B. H. et al. py4DSTEM: a software package for
four-dimensional scanning transmission electron microscopy
data analysis. Microsc. Microanal. 27, 712-743 (2021).

51. McGibney, G., Smith, M., Nichols, S. & Crawley, A. Quantitative
evaluation of several partial Fourier reconstruction algorithms
used in MRI. Magn. Reson. Med. 30, 51-59 (1993).

52. Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS:
data analysis for X-ray absorption spectroscopy using IFEFFIT.

J. Synchrotron Radiat. 12, 537-541(2005).

53. Qiao, R. et al. High-efficiency in situ resonant inelastic X-ray
scattering (iRIXS) endstation at the Advanced Light Source. Rev.
Sci. Instrum. 88, 033106 (2017).

54. Chuang, Y.-D. et al. Modular soft X-ray spectrometer for
applications in energy sciences and quantum materials. Rev. Sci.
Instrum. 88, 013110 (2017).

Acknowledgements

This work was supported by the Assistant Secretary for Energy
Efficiency and Renewable Energy, Vehicle Technologies Office, under
the Applied Battery Materials Program of the US Department of
Energy (DOE) under contract number DE-AC02-05CH11231

(DRX+ program). Work at the Molecular Foundry was supported by
the Office of Science, Office of Basic Energy Sciences, of the US DOE
under contract number DE-AC02-05CH11231. Research at Brookhaven
National Laboratory is supported by the US DOE Office of Energy
Efficiency and Renewable Energy Vehicle Technologies Office under
contract number DE-SC0012704. This research used the 7-BM(QAS)
and 28-1D-2(XPD) beamline of the National Synchrotron Light Source
I, a DOE Office of Science User Facility operated for the DOE Office of
Science by Brookhaven National Laboratory under contract number
DE-SC0012704. Soft X-ray spectroscopy and data processing used
resources of the Advanced Light Source, which is a DOE Office of
Science User Facility under contract number DE-AC02-05CH11231.
T.-Y.H. was supported collectively by both the Ministry of Education in
Taiwan and the University of California, Berkeley, College of Chemistry
through the Taiwan Fellowship Program.

Author contributions

H.-M.H. planned the project with G.C., Z.C. and T.M. H.-M.H.
designed, synthesized, characterized and electrochemically tested
the proposed compounds with help from Z.C., T.-Y.H., TH. and X.Z.
T.M. designed the electron microscopy characterization workflow
with inputs from C.O. and G.C. T.M. performed focused ion beam on
the samples with inputs from JT. T.-Y.H. acquired and analysed the
DEMS data with input from B.D.M. T.M. acquired and analysed the
SEND and EELS data with input from K.B. and C.S. T.M. performed the
atomic-resolution HAADF-STEM imaging and analysed it with inputs
from C.O. Y.S. and X.Y. acquired and analysed SEM data. Y.H. and
G.-H.L. acquired and analysed the mRIXS data with input from W.Y.
H.-M.H. acquired and analysed the X-ray absorption spectroscopy
data with the input from Z.C. and L.M. K.C. acquired the in situ XRD
data with the help from FW. and J.B., and H.-M.H. analysed the data
with the input from Z.C. S.W. acquired and analysed inductively
coupled plasma mass spectrometry data. The manuscript was
written by H.-M.H. and T.M. and was revised by Z.C., WY., C.O., B.D.M.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01787-y

and G.C. with help from the other authors. All authors contributed to
discussions.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41565-024-01787-y.

Correspondence and requests for materials should be addressed to
Tara Mishra, Zijian Cai or Gerbrand Ceder.

Peer review information Nature Nanotechnology thanks the
anonymous reviewers for their contribution to the peer review
of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-024-01787-y
http://www.nature.com/reprints

	Earth-abundant Li-ion cathode materials with nanoengineered microstructures

	Structural characterization of DRX and δ-phase materials

	Atomic-scale characterization of the δ-phase

	Electrochemical performance of the δ-phase

	Nanoscale structural effects on electrochemical performance

	Conclusion

	Online content

	Fig. 1 Phase evolution of L12M65.
	Fig. 2 In situ heating XRD of L07M65-D.
	Fig. 3 SEND characterization of L12M65, L07M65-D and L07M65-DH.
	Fig. 4 Multimodal characterization of L07M65-DH.
	Fig. 5 Electrochemical performance of L12M65 and L07M65-DH.
	Fig. 6 In situ XRD for L07M65-DH and LiMn2O4 during the first cycle.




