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ABSTRACT: Building a stable chemical environment at the
cathode/electrolyte interface is directly linked to the durability
of Li-ion batteries with high energy density. Recently, colloidal
chemistry methods have enabled the design of core—shell
nanocrystals of Li;, Mn, O, an important battery cathode,
with passivating shells rich in AI** through a colloidal synthetic
route. These heterostructures combine the presence of redox-
inactive ions on the surface to minimize undesired reactions,
with the coverage of each individual particle in an epitaxial
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manner. Although they improve electrode performance, the exact chemistry and structure of the shell as well as the precise effect
of the ratio between the shell and the active core remain to be elucidated. Correlation of these parameters to electrode
properties would serve to tailor the heterostructure design toward complete shutdown of undesired reactions. These knowledge
gaps are the target of this study. Li,,,Mn,_,O, nanocrystals with Al**-rich shells of different thicknesses were synthesized.
Multimodal characterization comprehensively revealed the elemental distribution, electronic state, and crystallinity in the
heterostructures, which confirmed the potential of this approach to finely tune passivating layers. All of the modified
nanocrystals improved the capacity retention while retaining charge storage compared to the bare counterpart, even under harsh

conditions.
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1. INTRODUCTION

Lithium-ion batteries are considered as the most efficient
energy storage system to power electrical drive vehicles, due to
their high power and energy density.”” Among the many
energy storage materials, spinel-type Li;,,Mn, O, is a mature
choice for the cathode due to its high operating potential (>4.0
V versus Li*/Li’), robust durability, and power capability.>*
However, this oxide suffers from interfacial instabilities, mainly
derived from dissolution of Mn from the surface, through a
disproportionation reaction triggered by the presence of acidic
impurities present in the electrolyte, and generated during
cycling.>® These undesired interfacial processes induce fading
of the storage capacity, especially at above standard temper-
ature, which occurs in real life applications. Therefore, the
development of a material suitable for more widespread
applications in electric vehicles requires identifying avenues to
suppress interfacial reactions to further enhance durability,
while preserving high energy storage and power capability.
Replacing transition-metal ions with redox-inactive ions can
create stable interfaces by reducing the unwanted side
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reactions associated with corrosion/dissolution and the redox
activity of the surfaces.” However, this substitution must take
place in the form of very thin layers to avoid an unacceptable
loss of capacity for charge storage and electronic conductivity.
Furthermore, these layers must completely cover each single
particle to avoid exposure of buried and unprotected surfaces
during inevitable particle shuffling upon battery cycling.®
Finally, the specific structure of these layers needs to be
controlled to minimize barriers to ionic conduction, which
would create kinetic impediments to the transfer of Li ions to/
from the electrolyte. All in all, careful tailoring the chemical
composition, conformality, and thickness of the layers of
surface modification on particles of a battery cathode is pivotal
to improving its electrochemical properties. This goal
challenges our current ability to synthesize and assemble
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complex multifunctional structures at the level of single
particles.

Various methods and materials have been applied in an
attempt to achieve the ideal surface modifications. Chemical
vapor deposition, atomic laser deposition, and methods based
on wet chemistry, such as sol gel, are arguably the most
common.””"" However, although they theoretically lead to
conformal layers and robust control of chemistry, these post-
synthetic methods are typically employed to modify aggregated
powders, which present extremely uneven surface roughness
and a significant density of buried interfaces connected, at best,
by highly tortuous porosity. The use of these powders as
substrates for deposition of protective layers creates inherent
limitations on the ability to passivate all potential interfaces
and the homogeneity of any applied layers, especially given the
possible interdiffusion of elements during subsequent anneal-
ing to remove residual precursors.'” The lack of control of the
physical and chemical features of the shells due to the
inadequacy of the substrates creates inefficient formation of
protective layers and reduces the energy density through the
excessive use of inactive chemical species. Recently, our group
designed a strategy to prepare nanocrystal heterostructures
containing a ~18 nm core of spinel Li;, ,Mn,_,O, covered by a
~2 nm shell where Al was replaced by Mn while preserving
structural epitaxy.”” To establish an optimum core—shell
architecture, a colloidal synthetic route was designed to grow
the thin shell enriched with AI** on the individual nanocrystals
while they were present in a fully dispersible form in a solution
containing a surfactant, thus ensuring conformal coverage of all
nanocrystals. The core—shell nanocrystals showed improved
cycling stability even at high temperature and resistance to
corrosion by acidic environments, while maintaining similar
levels of storage capacity as bare counterparts. However, only
one core—shell ratio was attempted. Together with an
insufficient understanding of the exact chemical states of Mn
and Al and their distribution in the heterostructures,
correlations with electrochemical performance that underpin
rules of design could not be established. As an example, it
would be desirable to increase the volume of the core while
maintaining shell thickness to further reduce the total amount
of inactive Al in the oxide. Broadly, the careful control and
morphological homogeneity of colloidal chemistry turns the
resulting heterostructures into useful model systems to study
the fundamental effect of surface modifications on stabilities
and electrode kinetics.

In this report, the colloidal synthetic method was redesigned
to grow passivating layers containing AI** at varying
thicknesses, on nanocrystal cores that were ~60 nm. Control
of the bulk structure and composition was achieved to make
comparisons of electrode stability where only the character-
istics of the shell were a variable."*'® Each individual spinel
nanocrystal then presents an ultrathin shell, consisting of a
gradient of concentration of Al on the surface, revealed by
electron microscopy. Through a combination of spectroscopy
and microscopy, this study further reveals the effect of the
shells on the local structure of the spinel domains as well as the
variety of chemical states in which Mn and Al are found in the
heterostructure. In all cases, the modified crystals show
enhanced capacity retention with respect to the bare
counterpart. The effect of shell thickness and composition
on storage capacity and rate capability was established,
providing valuable insight, broadly, into design rules for
protective layers on battery cathodes.
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2. EXPERIMENTAL SECTION

2.1. Synthetic Procedure. The procedure to prepare core—shell
nanocrystals is summarized in Scheme S1. Precursor MnO nano-
crystals were prepared by a colloidal synthetic method. First, 4 mM
Mn(1II) acetate (Product no. 330825, Sigma-Aldrich) was dissolved in
a 30 mL of oleylamine (OAm) solution (Product no. 07805, Sigma-
Aldrich) at room temperature under a nitrogen blanket in a Schlenk
line. The mixture was subsequently degassed at 100 °C for 20 min
under vacuum, followed by heating at 250 °C for 3 h in nitrogen,
under strong magnetic stirring. To introduce the Al-based shells,
when the vessel was first cooled to 220 °C, 20 mL of OAm solution
containing aluminum acetylacetonate (Product no. 208248, Sigma-
Aldrich) was added dropwise into the colloidal solution. The
concentrations of aluminum acetylacetonate were selected as 0.2,
0.4, and 0.8 mM (0.0648, 0.1297, and 0.2594 g) to evaluate the effect
of the Al content in the protective layers. The corresponding core—
shell manganese oxide precursors are labeled as CS-MnO 1, 2, and 3.
The solution was further annealed for 2 h at 220 °C to form an
aluminum oxide layer overcoating all of the nanocrystals. Finally, the
resulting nanocrystals were cooled to room temperature, collected by
centrifugation for S min at 10000 rpm, redispersed in 15 mL of
hexane and washed with 20 mL of ethanol, followed by centrifugation.
This process was repeated four times. After washing the nanocrystals,
the powder was dried overnight at 60 °C. To prepare Li-containing
oxides, the nanocrystals were thoroughly mixed with lithium acetate
(Product no. 517992, Sigma-Aldrich) at different ratios of Li and Mn,
and calcined in air at 600 °C for 4 h, with a ramping rate of S °C/min.
Throughout this report, bare LiMn,0, (LMO) and CS-LMO are
used as labels for the products without and with Al shells, respectively.
CS-LMO 1, 2, and 3 represent the modified spinel samples prepared
from the CS-MnO 1, 2, and 3 precursors, respectively. Detailed
synthetic conditions can be found in Table SI.

2.2. Characterization. Powder X-ray diffraction was performed
on a Bruker D8 Avance using a Cu Ka (4,,, = 1.5418 A) radiation.
Scan rates were 0.04°/s from 10 to 80° (26). Fitting of the patterns to
calculate lattice parameters of the different samples was carried out
using GSAS-IL

Scanning electron microscopy (SEM) was conducted on a Hitachi
S-3000N, fitted with an energy dispersive X-ray (EDX) detector.
Transmission electron microscopy (TEM) at low magnification was
carried out on a JEOL JEM 3010, operated at 300 kV. The images
were analyzed to extract the distribution of particle size by measuring
approximately 200 nanocrystals using Image] from the Research
Services Branch of NIMH & NINDS. All scanning transmission
electron microscopy (STEM) imaging and energy dispersive X-ray
(EDX) spectroscopy were performed on an aberration-corrected
JEOL JEM-ARM200CF, operated at 200 kV, which can achieve a
spatial resolution of ~73 pm. Images were acquired in high-angle
annular dark field (HAADF), low-angle annular dark field (LAADF),
and annular bright-field mode. In HAADF imaging, the resulting
contrast is approximately Z% The ARM200CF is equipped with an
Oxford X-Max 100TLE windowless silicon drift EDX detector.
Electron energy-loss spectroscopy (EELS) was performed at the Mn
Ly y-edges at an acceleration voltage of 200 kV. The background was
removed and normalized using Digital Micrograph software by Gatan
Inc.

Mn L- and O K-edge X-ray absorption spectroscopy (XAS)
measurements were carried out at a beamline 6.3.1.2 ISAAC
endstation at the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. Spectra were collected in total electron yield
(TEY) and total fluorescence yield (TFY) modes at room
temperature and under ultrahigh vacuum conditions (below 107
Torr). Contributions from visible light were carefully minimized
before the acquisition, and all spectra were normalized by the current
from a freshly evaporated gold on a fine grid positioned upstream of
the main chamber. The spectra were aligned to a beamline reference
material for the corresponding edge and normalized using a linear

background.
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Figure 1. (a) XRD patterns of precursor disordered rock-salt oxides (black: bare MnO, red: CS-MnO 1, blue: CS-MnO 2, and cyan: CS-MnO 3).
(b) XRD patterns of representative bare and three types of core—shell Li;, Mn, ,O, spinel nanocrystals prepared by calcining at 600 °C with
lithium acetate (black: bare LMO, red: CS-LMO 1, blue: CS-LMO 2, and cyan: CS-LMO 3).
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Figure 2. Representative TEM images and histograms of (a) precursor MnO, (b) bare LMO, and (c) CS-LMO 3 nanocrystals. The average particle

size is indicated.

*’Al MAS NMR experiments were performed at 11.7 T (500 MHz)
using a Bruker Avance III spectrometer operating at a Larmor
frequency of 130.318 MHz. A rotor-synchronized echo pulse
sequence (7/2—7—m—acq.), where 7 = 1/, (spinning frequency),
was used to acquire the spectra with a 2.5 mm probe at a spinning
speed of 30 kHz. A pulse width of 1.0 us and a pulse delay of 2 s were
used. The spectra were referenced to 1 M Al(NO;); at 0 ppm. "Li
MAS NMR spectra were acquired at a magnetic field of 7.02 T (300
MHz) on a Bruker Avance III HD spectrometer operating at a Larmor
frequency of 116.700 MHz. A rotor-synchronized echo pulse was used
to acquire the spectra with a 1.3 mm probe at a spinning speed of 60
kHz. A pulse width of 1.6 us and a pulse delay of 0.2 s were used. The
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spectra were referenced to 1 M LiCl at 0 ppm, and all experiments
were performed at a constant temperature of 283 K.

2.3. Electrochemical Measurement. The electrochemical
properties were measured on composites containing the spinel
nanocrystals as working electrodes. Electrode slurries were prepared
by mixing active materials and carbon black (Denka) in 6 wt % of a
solution of poly(vinylidene difluoride) (Kynar) in N-methylpyrroli-
done (Sigma-Aldrich), to result in 80:10:10 wt % of the three
components (oxide, carbon, and polymeric binder). Then, the slurry
was casted on an electrochemical-grade aluminum foil using a doctor
blade and dried under vacuum at 80 °C overnight to evaporate
solvent moieties. The loading level in the dry electrodes was ~3.5
mg/ cm?. Circular pieces with a diameter of 1/2 in. were punched and
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Figure 3. (a) STEM—EDX map and (b) line scan of a single CS-LMO nanocrystal.
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Figure 4. (a, c) LAADF images and (b, d) Mn L-edge spectra across a single bare LMO and CS-LMO 3 nanocrystal, respectively. The arrows
indicate the direction of the EELS scan, from the edge (bottom) to the interior (top) of the nanocrystal.

assembled in two-electrode coin cells in a glovebox filled with Ar gas
(the level of contents of water and oxygen was <0.1 ppm). Three coin
cells were prepared for each sample to generate statistical significance.
High-purity lithium foil (Product no. 10769, Alfa Aesar) and 25 ym
thick polypropylene membrane (Celgard 2400) were the counter/
reference electrode and separator, respectively. The electrolyte
(BASF) consisted of 1 M LiPFg in a 3:7 (wt %/wt %) mixture of
ethylene carbonate and ethyl methyl carbonate. Electrochemical
measurements were performed on a Biologic BCS-805 at room
temperature or a VMP3 if cycled at S0 °C. The charge and discharge
cutoff potentials were 4.3 and 3.5V, respectively. All potentials in this
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report are referenced to the Lit/Li° couple. The rate, C/n, was
defined as the current density required to achieve a theoretical
capacity of C 148 mAh/g in n hours. The rate capability
measurement was performed by fixing the charge current to C/10,
whereas discharge currents were varied from C/10 to 10C.

3. RESULTS AND DISCUSSION

Colloidal MnO nanocrystals were prepared by thermal
decomposition in oleylamine, which plays a role as surface-
stabilizing ligand and high boiling point solvent.'® Al oxide

DOI: 10.1021/acsami.8b14668
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Figure S. (a) Mn Ly ;- and (b) O K-edge of bare LMO and CS-LMO 3 nanocrystals collected in TEY and TFY modes, as indicated.

layers were grown by thermal decomposition of a molecular
precursor while the nanocrystals were in dispersed form to
ensure even surface coverage. Bare and core—shell (CS) MnO
presented powder X-ray diffraction patterns (Figure 1la)
consistent with a disordered cubic rock-salt structure
(JCPDS card number: 24-0735) without visible impurities.
Reaction with lithium acetate at 600 °C for 4 h in air was used
to produce Lij, Mn, O, cores. The annealing temperature
was tailored to produce the phase of interest while minimizing
crystal coarsening. The resulting XRD patterns matched well
with the expected, a cubic spinel structure (Figure 1b), with a
minor impurity of Mn,O; (JCPDS card number: 35-0782) in
some cases. This impurity is common during the synthesis of
this active oxide."* The Li/Mn ratio in the precursor mixture
was adjusted to account for the presence of Al to maximize the
content of redox-active Mn®** in the Li;,,Mn,_,O, cores, by
correlating the resulting cell parameters of the spinel structure
to variations with x established in the literature (Figure S1 and
Table S1)."* At each Al content, the Li/Mn was set to get the
highest cell parameter value while avoiding other impurities.
The lattice parameters of the materials at the optimized Li/Mn
precursor ratios varied between 8.208 and 8.222 A depending
on the A" content in the specific sample (Table S1),
corresponding to x values between 0.07 and 0.0S. This result
implies that all samples studied electrochemically below
contained similar bulk structures.

Figure 2 shows representative electron micrographs and
histograms of crystal size for MnO, bare Li;, Mn, O, and a
representative set of core—shell Li;, Mn, O, nanocrystals
(CS-LMO 3). In all cases, the nanocrystal size was around 60
nm, without significant growth upon calcination. A subtle trend
toward increased agglomeration of the nanocrystals was found
upon calcination, which could reflect the induction of particle
necking at the annealing temperature. No obvious changes in
the overall morphology of the nanocrystals were observed
upon introduction of Al-rich shells, either by TEM or SEM
(Figure S2). The average Al content was measured by
elemental microanalysis via SEM—EDX over a field of particles,
which showed an increase in Al concentration with the amount
of aluminum acetylacetonate solution injected, shown in
Figure S4 and Table S1. The atomic ratios, defined as Al/
(Al + Mn), were 0.02, 0.03, and 0.09 in CS-LMO 1, 2, and 3,
respectively. These values correspond to approximately 30—
50% of Al precursors having reacted to form a coating on the
colloidal manganese oxide nanocrystals. To examine the Al
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distribution in individual nanocrystals, STEM—EDX mapping
was carried out (Figure 3a). The map of the Mn distribution
matches very closely with the image, whereas the Al map
shows most of the signal beyond the surface of the particle,
indicating the presence of a shell. The distribution of the Al
within the nanocrystals was further corroborated by STEM—
EDX linescans of the Mn L and Al K emission lines conducted
across a single particle of CS-LMO 3 (Figure 3b). The sharp
upward slope in the Al signal begins ~5 nm beneath the
surface of the nanocrystal and continues at least S nm beyond
the boundaries of the particle. The boundary of the particle
being indicated by a decrease in the intensity of the Mn signal.
Similar experiments were carried out on CS-LMO 2 (Figure
S3). They revealed a similar distribution of elements, and, thus,
a core—shell structure, despite containing less Al ions. The
combination of these observations leads to the conclusion that
a contiguous Al shell existed over the entire spinel nanocryst-
als, even after heat treatment at 600 °C.

Atomic resolution STEM images were captured along a
[110] direction for both the bare and core—shell nanoparticles,
in regions including the edge of the crystals (Figure 4). The
micrographs show the edge of the nanoparticles, and EELS
linescans taken at points from the edge to the interior.
Although the Al shell was clearly visible from EDX,
examination of the crystallite edges with high-resolution
imaging revealed relatively little difference in atomic structure
between bare and core—shell nanoparticles. From this
observation, it is apparent that any aluminum that diffused
into the particle did not alter the overall structure of the crystal
and most likely displaced Mn within the spinel. Variations in
the intensity of the cationic sites in the AB,O, spinel structure
were noted very near the edge of the nanocrystals (Figure 4c),
often giving rise to ring-like atomic arrangements. However,
similar defective arrangements were observed at the surface of
other LiMn,O, samples,'” where they have been ascribed to
local clusters resembling Mn;O,. These features are unlikely to
be a consequence of the formation of the aluminum oxide
shell, since they affect only ~2 nm of the surface, and similar
atomic arrangements were also observed in the bare particles
(Figures 4a,c and S4), again consistent with literature
observations.'” At the very edge of the particles, annular
bright-field imaging, which is sensitive to lighter elements,
indicated the presence of an amorphous layer with lower
atomic weight (Figures 4 and S4). This layer, though very thin,
is indicative of a pure aluminum oxide shell in addition to the
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(asterisks indicate spinning sidebands).

epitaxial shell with Al/Mn mixing. These observations are
consistent with the gradients of Al content measured by EDX
linescans.

Another method of examining subtle chemical changes due
to heterostructure formation was possible from electron
energy-loss spectroscopy (EELS, Figure 4). Variations in the
valence state of Mn can be measured by examining the offset,
shape, and relative peak volume of the Mn L;; and Ly edges.18
These edges correspond to dipole-allowed transitions from Mn
2p orbitals to unoccupied 3d orbitals, separated by the spin—
orbital interaction of the Mn 2p core hole."”*° In both bare
and CS-LMO 3, the onset of the Mn Ly edge varied by ~1 eV
between the surface and the bulk, which also matched the
change in the white line ratio (Figure 4). These changes are
ascribed to variations in valence from Mn*/*" in the bulk to
Mn*/3 at the surface. A plot of Mn Ly-edge position,
measured as the difference between the oxygen K-edge and the
Mn Ly-edge through single particle, indicates that the reduced
surface layer was under S nm for this particle (Figure SS).
Considering that the microscopic analysis revealed a spinel
atomic arrangement wherever Mn is present, this observation
would be consistent with the possible presence of Mn®* defects
in the tetrahedral site of the spinel framework of the shell of
the nanocrystals, possibly produced during calcination, thus
resembling Mn;O, (or, most likely, Mn,_,Li,O,) locally, as
proposed’” in the literature.

Mn L- and O K-edge X-ray absorption spectroscopy (XAS)
were measured using both a TEY detector, sensitive to ~5 nm
into the powder surface, and TFY detector, which probes ~100
nm deep and, thus, is dominated by the bulk of the sample
(Figure S). TFY data were affected by self-absorption of the
escaping fluorescent photons by the material, which results in
different intensity ratios of the signals compared to TEY,
without corresponding chemical changes. Although similar to
EELS, the higher energy resolution of the Mn Ly y-edge XAS
revealed two groups of multiplets with very fine structure
(Figure 5a).”' The overall shape of the spectra for the two
samples was comparable when collected with the same
detector. Therefore, both samples had Mn in rather similar
oxidation states, consistent with the similar unit cell volumes.
In contrast, the fraction of intensity of the signals in the TEY
spectra positioned at absorption energies around 638.5 eV was
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always greater than in the TFY spectra of the same sample.
Since signals at this energy are associated with the presence of
Mn?* ions,” the result confirms the slightly reduced state of
Mn at the surface of both bare and modified spinels proposed
from the EELS analysis.23 The intensity (branching) ratio of I
(Ly)/1 (L + Ly) is indicative of the electronic environment
of Mn ions. In the case of CS-LMO 3 nanocrystals, the ratios
were 0.657 and 0.542 in TEY and TFY mode, respectively,
which were higher than the values of bare spinel (0.628 and
0.527) in a significant manner (Figure S6). The large
branching ratio corresponds to high spin states of Mn ions
with decreasing formal valences of Mn ions. The results
suggest that, compared to the bare material, CS-LMO 3 is in a
subtly more reduced state in the bulk and on the surface than
the bare nanocrystals, likely driven by the introduction of Al

O K-edge XAS represents the transition of a 1s electron in
oxygen to a 2p level hybridized with the 3d orbitals of Mn ions
with a low spin electronic configuration. A pre-edge absorption
between ~527 and 534 eV was predominant in all samples,
which represents the transition of a s electron in oxygen to a
2p hybridized with the 3d orbitals of Mn ions. Therefore, it is
very sensitive to changes in formal oxidation state of the metal.
The signal around 531 eV was found to be higher in the TFY
spectra of bare spinel compared to TEY. Comparison with
reference O K-edge spectra for Mn**/Mn*" and Mn*" in a
spinel structure further suggests a more reduced state of Mn in
the surface than the bulk (Figure 5b).”»** The degree of
difference was much smaller for CS-LMO 3, which would
imply that the surface reduction is slightly more pronounced
without the presence of the shell. In addition, the two broad
peaks above 535 eV in the O K-edge were assigned to the
transition to hybridized states between O 2p and Mn 4s/4p
or/and Li 2s bands as well as mostly ionic O states arising from
any aluminum oxides in the shell or at the interface. These
broad bands were more intense in the TEY spectrum of the
core—shell materials than the bare, as expected from the
formation of aluminum oxides on the surface.

Further insight into structural changes induced by the
introduction of Al shells, especially local environment, was
gathered with solid state magic angle spinning nuclear
magnetic resonance (MAS NMR). Previous studies on spinel
manganese oxides reported that lithium ions in the tetrahedral
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Figure 7. (a) *’Al MAS NMR spectrum of CS-LMO 3 nanocrystals and (b) magnified diamagnetic region. Asterisks indicate spinning sidebands.

site give rise to 'Li MAS NMR peaks in the 400—900 ppm
range, with higher oxidation states leading to greater shifts.**
These large shifts are ascribed to hyperfine (or Fermi-contact)
interactions between the paramagnetic ion and the lithium s-
orbital. As seen in Figure 6, the "Li NMR spectrum of bare
Li;,,Mn,_,O, was dominated by a resonance at ~514 ppm,
assigned to tetrahedral lithium environment in the ideal
tetrahedral (8a) position of corresponding domains of spinel
structure where the Li/Mn ratio was 1/2. Three additional
peaks were observed at ~556, 590, and 647 ppm at intensity
ratios consistent with the Li; sMn, O, composition extracted
from analysis of the unit cell parameter by XRD.** Therefore,
they were associated with the preference for the formation of
local Li*—Mn*" clusters associated with the excess of Li* ions
in the material, based on literature reports.”> Significant
changes were observed in the "Li NMR spectra of the core—
shell nanocrystals. As seen in Figure 6b, the introduction of the
thinnest Al shell, in CS-LMO 1, resulted in the collapse of the
small resonances into a single broad shoulder, concomitant to
the broadening of the main signal, which also shifted to lower
frequency, to 509 ppm. A very small peak was also detected
around —1 ppm. Such diamagnetic peak could be assigned to
Li domains in the shell surrounded only by Al. No clear signals
around ~0 ppm could be resolved for all other core—shell
samples due to overlap with the broad spinning sidebands of
the hyperfine signals in this spectral region (Figure 6¢c). CS-
LMO 2 and 3 showed very similar spectra. Introduction of
additional Al induced further broadening of the main ’Li
resonance, at 515 ppm, which was asymmetric toward higher
frequency; no other signals could be resolved. Comparison of
relative peak intensities when the data was normalized to the
mass of the sample showed that the lithium resonances
associated with defects driven by Li excess (observed at 556,
590, and 647 ppm for bare Li;, ,Mn,_,0,) disappeared and/or
shifted to lower frequencies, merging with the main resonance.
The increased broadening with the introduction of the shell is
ascribed to an increase atomic disorder, for instance, through
lithium substitution into vacancy and defect sites, which could
hypothetically break the tendency for Li*—Mn*" clustering in
bare Li; osMn,; 4sO,. The formation of Al-rich shells could
contribute to the observed structural disorder. As Al
incorporates into the shell, it intermixes with Mn within a
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spinel oxide framework, leading to new surface and subsurface
domains where varying concentrations of diamagnetic AI** are
introduced in the coordination sphere of Li at different depths
into the particle. This change would reduce the magnitude of
the hyperfine shift of the corresponding Li environments. No
unique peaks associated with Al**-rich environments could be
resolved, suggesting that it is located randomly in the structure,
not through formation of clusters around Li. The smaller shift
in core—shell than bare samples could also reflect subtle
changes in local bond geometries around Li as a result of
disorder. The changes certainly cannot be ascribed to an
increased excess of Li in Li;, Mn, ,O, when going from bare
to core—shell, since the "Li signals have been found to shift to
higher frequency with x, to as much as 840 ppm, because of the
increased oxidation state of Mn in the bulk.*®

The *’Al MAS NMR spectrum of CS-LMO 3 (Figure 7)
showed a broad, distorted peak spanning from 100 ppm to
—50 ppm, which was a combination of multiple resonances.
Modeling of the data resolved at least four different *’Al peaks
with isotropic chemical shifts at ~9, 20, 44, and 89 ppm
(Figure S7). Comparison of the individual line shapes,
simulated quadrupole coupling constants, and chemical shift
values to literature studies suggested the presence of Al in 6-
fold coordination sites of Al,O; (8.8 ppm) and LiAlO, (19.4
ppm) as well as S-fold coordination in Al,O5 (43.5 ppm) and
tetrahedral Al in LiAlO, or distorted four-coordinated
aluminum oxide sites within the domain boundaries (89
ppm).”” These species likely form the thin amorphous shell
detected by high-resolution STEM (Figures 4 and S4). The
existence of LiAlO, would also confirm that some of the “Li
intensity around 0 ppm (Figure 6) in all core—shell samples is
indeed due to Li in Mn-free portions of the Al-rich shell. A
large spinning sideband manifold was also observed in the *’Al
MAS NMR spectrum (Figure 7a). These spinning sidebands
are partially due to electron dipolar (through-space)
interaction containing information on the interaction of these
aluminum environments with the paramagnetic Mn centers in
the material. Therefore, the broad and intense manifold reflects
the close physical proximity between the Al species and these
Mn centers, as expected from the formation of shells on the
spinel cores.”® Similar to "Li MAS NMR, any Al in the spinel
lattice would have paramagnetic Mn in the first or second
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capability at room temperature.

coordination shell, which should give rise to signals at large
shifts due to the hyperfine interaction. No such resonances
were observed in the sample within the wide spectrum ranges
studied. It cannot be discarded that signals exist below the
detection limit of the measurement, based on the low Al
content in a narrow region of co-existence of Mn and Al
observed in the EDX linescans (Figure 3b), coupled with the
expectation of large signal broadening due to the strength of
the dipolar coupling between the Al nucleus and the unpaired
electron density of Mn centers.

The electrochemical performance as cathodes of bare and
core—shell nanocrystals were evaluated in half cells with Li
metal. At each Al/Mn ratio, the specific capacity of the
electrodes decreased with increasing Li/Mn ratio in the
reaction mixture (Figure S8a—d), consistent with the increase
in x in the Li;, . Mn, O, core revealed by XRD above. Figure
8a shows the potential versus electrochemical profile of the
first cycle of cells containing the bare and core—shell samples
with the highest capacity at each Al/Mn ratio (i.e,, CS-LMO 1,
2 and 3), collected at room temperature. Incremental capacity
plots, dQ/dV, versus potential (Figure 8b) of the bare oxide
showed two distinct peaks at around 4.02 and 4.14 V upon
charging, and 3.98 and 4.11 V upon discharging, a typical
feature of Li;, Mn,_,O, with low x.>° All charge and discharge
potentials were found higher, in a significant manner, in CS-
LMO 2 and 3 than bare. In the case of CS-LMO 3, the
difference was the highest, at ~30 mV. In contrast, the
difference in redox potential between CS-LMO 1 and bare, as
observed in the incremental capacity plots, was very subtle.
The fact that increases were observed both in charge and
discharge implies the existence of an increased thermodynamic
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redox potential with Al content in the heterostructure. Kinetic
overpotentials would shift the redox steps in charge and
discharge in opposite directions, increasing the separation in
potential between the two anodic and cathodic sweeps. The
potential shift was also not consistent with the changes
observed when « is increased in Li;, Mn,_.O,, which involve
merging of the two redox steps (Figure S8e,f).* This
enhancement of the thermodynamic redox potential is
intriguing because it results in an increase of the energy
density of the cell. The origin of this effect is unclear.
Mechanisms derived from alterations of the location of the
redox-active O 2p—Mn 3d hybrid bands due to the presence of
Al in the lattice, as reported for LiCo,_,Al,O,>" may be a
contributor, although such shifts have not been observed in
bulk LiAl Mn,_,O, solid solutions in the literature, even at x
greater than introduced here.>*”%% Furthermore, since most Al
was found to be located in the shell rather than the bulk of the
nanocrystals, other effects in the bulk ensemble cannot be
discarded.*® It is tempting to speculate that this observation is
related to the changes in local Li structure revealed by NMR
(Figure 6), since different local environments will alter the
chemical potential. The structural disordering observed with
the introduction of Al shells would certainly explain the
smearing of each redox plateau and corresponding peaks of
dQ/dV. The smearing could signify a change in the order of
the transformation between pristine and charged states, which
will be explored in follow-up work. The reversible specific
capacities slightly declined with Al content. Bare LMO
delivered 108 mAh/g after the first discharge, and the
capacities of CS-LMO 1, 2, and 3 were 2.6, 3.5, and 6.4%
lower. Similar effects were observed in our previous study.'®
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After 100 cycles at room temperature, the capacity retention of
CS-LMO 1, CS-LMO 2, and CS-LMO 3 was 77.2% (87.3
mAh/g), 78.9% (83.1 mAh/g), and 89.5% (91.6 mAh/g),
respectively, compared to 72.8% (81.9 mAh/g) for bare LMO
(Figures 8c and S9). Therefore, the capacities of all core—shell
samples surpassed the bare material at this point. The
degradation in capacity was mirrored by a significant washing
out of the electrochemical profiles of bare LMO (see dQ/dV
plots in Figure S10). The profiles were found to be significantly
more stable as the Al content increased. CS-LMO 1 also
showed significantly enhanced rate capability compared to bare
LMO, delivering higher capacity even at rates as high as 10C.
Although CS-LMO 2 was comparable to the bare material, CS-
LMO 3 showed decreased capability (Figure 8d), possibly due
to the high ratio of AP** jons in the surface, thus affecting
electronic conductivity.

The trends were aggravated at elevated temperature (50
°C), where side reactions between electrode surface and
electrolyte are accelerated. Although the voltage profiles in the
first cycle were largely the same as at room temperature
(Figure 9), the capacity degradation accelerated. At S0 °C,
bare LMO retained only 65.5% (69.3 mAh/g) of its initial
capacity after SO cycles at C/10, compared to 69.8% (73.1
mAh/g), 70.4% (752 mAh/g), and 80.9% (81.5 mAh/g)
retention of CS-LMO 1, 2, and 3, respectively. The effects of
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Al-rich oxide shells were more significant in this harsh
environment than room temperature after only 50 cycles.
Evidence that the improved electrochemical performance at SO
°C associated with enhanced interfacial stability was provided
from elemental microanalysis of multiple areas of the surface of
the lithium anode after cycling at C/10, using SEM—EDX
(Figure S11). Roughly 4 times lower atomic contents of Mn
were found on the Li metal assembled with CS-LMO 3
electrode compared to bare LMO (0.48 + 0.08 versus 2.1 =+
0.6 atom %). The presence of Mn on the anode is associated
with the dissolution of the transition-metal ions upon
degradation of the cathode—electrolyte interface during
cycling, for instance, through degradation mediated by Mn
disproportionation in the presence of acidic impurities.’”
These dissolved ions can migrate toward the anode and
deposit on its surface.”® It is noteworthy that low levels of Mn
dissolution were found for CS-LMO 3 despite evidence of
Mn*" in some particle surfaces, as evidenced by STEM—EELS
(Figure 4). The result suggests that the Al-rich shells were
effective at passivating the active crystal surface toward

interfacial degradation.
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4. CONCLUSIONS

Core—shell architectures of Li;,,Mn,_,O, battery cathodes
were engineered at significantly larger core-to-shell volume
ratios than in our initial reports, following a method of
sequential colloidal growth of oxide layers, using annealing at
moderate temperature to create the final heterostructure and
tailor the specific chemistry of the shell. This approach allowed
the tuning of the specific chemical and structural characteristics
of the heterostructures and their correlation with electrode
performance. The passivating layers were a combination of thin
amorphous aluminum oxides (with lithium, in some cases)
with a deeper crystalline component sharing the spinel
structure with the core, with gradients of Al/Mn ratio from
surface to bulk. The core in all samples was tailored to result in
the same amount of electrochemically active Mn®* to assess the
effect of varied shells. Electron spectromicroscopy revealed the
existence of Mn?* defects at the surface of both bare and core—
shell nanocrystals. The modified spinel enhanced cycling
durability with respect to materials where a shell was not
present. Evidence was gathered that the differences between
samples were driven by the role of the protecting surface sites
in contact with electrolyte. An enhancement in the redox
potential was observed with Al content, which could not be
explained by conventional bulk effects but seem to correlate to
a change in local structure of the spinel core as the shell ratio
increased. This intriguing effect warrants further investigation.
This work expands our ability to tailor multifunctional battery
architectures where phases with different roles are placed
efficiently with exquisite chemical control.
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