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ABSTRACT: Spinel LiMn,Q, is an attractive lithium-ion battery
cathode material that undergoes a complex series of structural
changes during electrochemical cycling that lead to rapid capacity
fading, compromising its long-term performance. To gain insights
into this behavior, in this report we analyze changes in epitaxial
LiMn,0, thin films during the first few charge—discharge cycles
with atomic resolution and correlate them with changes in the
electrochemical properties. Impedance spectroscopy and scanning
transmission electron microscopy are used to show that defect-rich
LiMn, O, surfaces contribute greatly to the increased resistivity of the battery after only a single charge. Sequences of {111} stacking
faults within the films were also observed upon charging, increasing in number with further cycling. The atomic structures of these
stacking faults are reported for the first time, showing that Li deintercalation is accompanied by local oxygen loss and relaxation of
Mn atoms onto previously unoccupied sites. The stacking faults have a more compressed structure than the spinel matrix and
impede Li-ion migration, which explains the observed increase in thin-film resistivity as the number of cycles increases. These results
are used to identify key factors contributing to conductivity degradation and capacity fading in LiMn,O, cathodes, highlighting the
need to develop techniques that minimize defect formation in spinel cathodes to improve cycle performance.

KEYWORDS: thin-film battery, cathode material, LiMn,O, spinel, chemical solution deposition,
scanning transmission electron microscopy, stacking fault, surface degradation, structure—property relationships

1. INTRODUCTION also contribute in varying degrees to a decline in performance
of the cathode material and, thus, the battery as a whole.
Spinel LiMn,0, (LMO) has long been considered a
promising cathode material for next-generation LIBs because
of its high operating voltage (4.1 V vs Li/Li*), low toxicity,
s 14-16 .
o o ] good stability, and low cost compared to conventional
densities.” " For all these applications, next-generation LIB layered materials such as LiCoO,, Li(Ni,Co,Mn)O,, and
materials need to be developed to increase cycle life, safety, Li(Ni,Co,Al)O,. An even higher operating voltage (4.7 V vs
recyclability, and power density at reduced cost.’~” As the Li/Li*) is obtained by partially replacing Mn with Ni, e.g,
stability of an LIB during cycling ultimately depends on the LiNiy sMn, sO,.'”"® Despite these advantages, LiMn,0,-based

Lithium-ion batteries (LIBs) are ubiquitous energy storage
devices used in portable electronics, power tools, hybrid
electric vehicles, and, increasingly, large-scale stationary
applications because of their high energy and power

integrity of the electrode materials during lithium deinterca- cathodes are still not widely used because they typically exhibit

lation and reintercalation (which can be compromised even at rapid capacity fading.w_21

low potentials, particularly at interfaces), considerable effort Several studies have been carried out to identify the cause of

continues to be directed toward understanding the degradation capacity fadin§, with various mechanisms having been

mechanisms in greater detail.” ™ identified.'”'***~** The majority of these have focused on
It is generally understood that the surface of an oxide is the surfaces of LMO particles (or, more recently, thin films)

inherently less stable than the crystal interior because of the because these are known to change markedly during

lower (meaning incomplete and strongly anisotropic) coordi-

nation environments of surface atoms and their exposure to Received: September 27, 2021 —

different chemical species, and thus, surface layers are likely to Accepted: January 13, 2022

be the first to degrade. However, the structure and Published: January 27, 2022

composition of the crystal bulk, especially the ease of

formation of internal defects, phase separation, dopant

. . . 10-13
segregation, and other microscopic phenomena, may
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electrochemical cycling in response to various physicochemical
interactions with the liquid electrolyte.”” In particular, Mn-ion
dissolution from the cathode into the nonaqueous liquid
electrolyte,'”'>*>™** Jahn—Teller distortion associated with
the cubic-to-tetragonal ghase transition when cycled below 3
V,"* and cation mixing™ have been cited as factors strongly
affecting the reversibility of Li-ion intercalation, contributing to
poor cyclability.

Although these studies have provided remarkable insights
into the electrode—electrolyte interfacial behavior, several
aspects of the degradation mechanisms remain uncertain,
particularly those involving structural changes within the
cathode and how these relate to changes at the surfaces.
Understanding such complex processes at a fundamental (ie.,
atomic) level is an important step in identifying strategies to
limit capacity fade and develop improved cathode materials,
especially those with spinel-type structures. Thin-film cathodes
are well-suited for this because they allow greater control over
microstructure and crystal orientation, which allows model
systems to be prepared reproducibly and more practically than,
e.g., multifaceted particles or single crystals, so they were
chosen for this work.

LMO cathodic thin films for all-solid-state or miniaturized
LIBs can be sgrnthesized by a variety of techniques, including
sputtering,”” > pulsed laser deposition,”*" electrostatic
spray deposition,””*" and chemical solution processing.”**!
Chemical solution deposition (CSD) in particular is a versatile
non-vacuum process that offers a number of advantages over
other methods such as low cost, close stoichiometry control,
and environmental friendliness.*> By optimizing the processing
parameters, single-phase LMO can be crystallized at low
temperature, minimizing the amount of Li lost to volatilization,
and thus, the same CSD method used in our previous work on
cathode—electrolyte and cathode—substrate interfaces was
chosen to prepare (111) oriented LMO thin films for this
study.” "'

Here, we investigate the changes in oriented LMO cathode
films at the atomic level using scanning transmission electron
microscopy (STEM) at different stages of electrochemical
cycling. Atomic-level structures were determined from high-
angle annular dark-field (HAADF) and annular bright-field
(ABF) observations,™** and changes in Mn valence states
were deduced from electron energy loss spectroscopy (EELS)
measurements at the surface and inside the film. Changes in
structure and composition were correlated with changes in
electrochemical properties derived from impedance measure-
ments using a Metropolis algorithm for equivalent circuit
fitting. In particular, we observed the formation of character-
istic {111} stacking faults in the spinel structure upon Li
delithiation (charging), determining the atomic structure of the
stacking faults by imaging in two directions. Despite appearing
to be reversible after the first cycle, the number and
concentration of these stacking faults increased markedly
with further cycling. The increased resistance of the film bulk
to Li-ion transport suggests that they play a significant role in
decreasing capacity of the material.

2. EXPERIMENTAL SECTION

2.1. Thin Film Deposition. Epitaxial (111) LiMn,O, thin films
were chosen as model systems for this study because the small misfit
between (111) surfaces of the Au substrate and LiMn, 0O, allows high-
quality films to be prepared with minimal distortion to the lattice vis-
a-vis a single crystal. The (111) surface is also known to be the most
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stable,**** making it easier to prepare atomically flat, well-defined

surfaces amenable to atomic-level analysis. The thin films were
prepared using the identical method to our earlier studies on
LiMn,0,,****" so only a brief outline will be given here. Metal-
organic precursors LIOCH(CH;), and Mn(OC;H;), were each
dissolved in 2-ethoxyethanol (C,H;OC,H,OH or EGMEE) solvent
and refluxed at 135 °C for 3 h under a dry N, atmosphere. After
cooling to room temperature, each solution was condensed in a rotary
evaporator to remove the (CH;),CHOH byproduct. A homogeneous
metal-organic [Li—Mn—O] precursor solution was then prepared by
mixing the two solutions together, with fresh EGMEE added to lower
the viscosities to a suitable level, followed by refluxing at 135 °C for 1
h. The combined precursor solution was deposited by spin coating
onto Au-coated Al,O; (0001) substrates at a spinning speed of 2000
rpm for 20 s under flowing nitrogen gas. The LMO precursor films
were then calcined at 200 °C for 30 min to remove the organic ligands
and annealed at 750 °C for 1 h in oxygen.*' To obtain thicknesses
greater than 100 nm, the coating and heating steps were repeated
several times. X-ray diffraction (XRD) measurements of the heat-
treated films were performed with Cu K, radiation using a Rint2000
(Rigaku, Tokyo, Japan) diffractometer equipped with a monochro-
mator and operated at 40 kV and 50 mA.

2.2. Electrochemical Measurements. For electrochemical
characterization, the cathodic half-cells were transferred to a glove
box under an Ar atmosphere and a cell constructed using lithium
metal as the anode and a mixture of propylene carbonate and 1 M
LiClO, as the electrolytic solution. Cyclic voltammograms (CV) of
the cells were obtained using a Biologic VMP-3 potentiostat at 25 °C.
Electrochemical impedance spectroscopy measurements were carried
out over a frequency range from 10° to 10> Hz at different potentials.

Electrochemical impedance data were fitted using a Monte Carlo
;1lgc»rithm.46’47 During curve fitting, the objective function (y*) was
minimized according to

2 1 2

X = T Z lZexp(‘”) - Zg(w)! (1)
where Z, and Zg are experimental and theoretical impedance
spectra, @ is the frequency, and T is the noise variance estimated from
the imaginary part of the impedance plot, Im Z,,(®), when @ is
larger than 10° Hz. We used a random-walk Metropolis—Hastings
algorithm to analyze the spectra and identify the global minimum of
2’ One of the advantages of curve fitting using this algorithm is that
the statistical significance of the difference between two values can be
judged by plotting histograms of parameters that pass the Metropolis
test. The number of Monte Carlo sweeps used was 1.1 X 10° with a
10° iteration “burn-in” period. Details of the curve-fitting method
used are described elsewhere.*

2.3. Microscopic Observations. Thin-film samples were
prepared by separating LMO cathodes on Au/Al,O; substrate from
the cells and coating them with a protective layer of amorphous
carbon (~50 nm). Cross-sectional specimens for TEM and STEM
observations were prepared using a dual-beam focused ion beam
scanning microscope (NBS000, Hitachi, Japan) with Ga ions at an
accelerating voltage from 40 to 2 kV followed by ion milling (Gatan
691, Gatan, USA) at 1.5 to 0.5 kV, cooling with liquid nitrogen, and
lastly, argon plasma cleaning (Solarus 950, Gatan, USA) to completely
remove any residual amorphous film.

A conventional 300 kV JEM-3000F microscope (JEOL Ltd., Japan)
was used for selected-area electron diffraction (SAED) and HREM
observations. A 200 kV JEM-2100F microscope (JEOL Ltd., Japan)
equipped with a spherical-aberration corrector (CEOS GmbH) was
utilized for angle-resolved STEM imaging. A convergence angle of 25
mrad and a dwell time of 20 us, together with annular dark-field
detector inner/outer angles of 70/240 and 29/70 mrad for HAADF
and LAADF imaging, respectively, and annular bright-field detector
inner/outer angles of 9/25 mrad for ABF imaging were used.

STEM-EELS analysis was carried out using a JEM-ARM200F
microscope (JEOL Ltd., Japan) equipped with a spherical-aberration
corrector (CEOS GmbH, Germany), a Gatan Image Filter (GIF), and
a Wien filter-type monochromator. An accelerating voltage of 120 kV
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ACS Appl. Mater. Interfaces 2022, 14, 6507—6517


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c18630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

and an entrance aperture of 2.5 mm were selected in all cases. EELS
spectra were recorded by scanning a comparatively large area in
STEM mode with an energy resolution of 0.3 eV; settings of 0.05 eV/
channel and an integration time of 0.2 s per readout were used for Li-
K and Mn-M, 5 edges, and a 0.1 eV/channel and an integration time
of 1 s per readout were used for O-K and Mn-L, ; edges. The energy
resolution was determined by measuring the full-width at half
maximum of the zero-loss peak.

In the ideal LMO spinel (Fd3m) unit cell, Li and Mn atoms occupy
the tetrahedral 8a and octahedral 16d positions, respectively, with O
atoms on 32e sites; when viewed along <110>[,;0 projections, all
columns contain atoms of only one type, with Mn columns arranged
in a diamond configuration.”” Another projection with columns of
only one element type is [112];y0, which lies normal to [110]; 0.
The [110].yo projection was thus chosen for the majority of
structure analyses in this study, with the[112]; ;0 projection used to
obtain data in the third dimension for a number of delithiated (fully
charged) samples.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Properties. Figure 1 shows a
schematic of an Au-Al,O; substrate/LMO cathode/electro-

Figure 1. Schematic of a spinel LiMn,0, thin-film battery grown on
an Au(111)/AL05(111) single-crystal substrate with a cross-sectional
bright-field TEM image of the cathode side.

lyte/Li anode thin-film cell together with a cross-sectional
bright-field TEM (BF-TEM) image showing a magnified view
of the cathodic half of an actual cell fabricated using CSD. The
top surface of such a thin film grows preferentially with a (111)
orientation on the Au(111)/Al,0;(111) substrate. Cyclic
voltammograms of this cell reported in a previous work™’
revealed two delithiation peaks at around 4.03 and 4.17 V
during the charge half-cycle and lithiation peaks at 3.99 and
4.09 V during the discharge half-cycle, confirming the
reversibility of the Li (de)intercalation process. The two
peaks of each process are characteristic of the spinel structure
and indicate that Li ions are extracted and inserted between
LiMn,O, and A-MnO, (spinel) phases in two steps, which is
consistent with previous reports. ° Measurements of the
decrease in area enclosed by the CV curves indicate a capacity
fade of around 8% after only four charge—discharge cycles.”’
In this study, impedance spectroscopy was used to
characterize the different components of the cell and
determine the changes in resistance with cycling. Typical
spectra at different potentials during the first charge of the
thin-film battery are plotted in Figure 2a. The spectrum at 3.0
V, taken before delithiation commenced, shows a small arc in
the high-frequency region and a slightly inclined line in the
low-frequency region, indicating the blocking character of the
fully lithiated electrode. When the potential was increased to
4.05 V, a second arc appears in the middle-frequency region,
and this becomes more distinct at a potential of 4.2 V. As the
process of delithiation during charging involves a sequence of
complex phenomena (viz., (i) Li-ion diffusion through the
LMO film, (ii) charge transfer across the cathode/electrolyte
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Figure 2. (a) Impedance spectra from an Au/LiMn,0,/electrolyte/Li
cell measured after a single charge at 3.0 V (blue squares), 4.05 V
(green triangles), and 4.2 V (red circles). (b) Two possible equivalent
circuit models: Q = capacitance, R = resistance, C = LMO/Au
interface, 1 = thin-film/electrolyte interface, L = electrolyte, 2 = Li/
electrolyte interface, and 3 = LMO-film bulk.

interface, and (iii) Li-ion transport within the electrolyte
solution), to analyze these spectra, we constructed two
candidate equivalent circuit models, model I and model II,
as illustrated in Figure 2b.

Model I consists of two parallel components corresponding
to (i) Li-ion transfer across the film/electrolyte interface and
(ii) Li-ion transfer from electrolyte to the Li-metal anode.
Here, R;, R; and R, are, respectively, the resistance of the
liquid electrolyte, the resistance of the interface between LMO
film and electrolyte (affected strongly by the state of the
LiMn,O, surface) and the resistance of the interface between
Li anode and electrolyte (predominantly affected by the state
of the Li-metal surface).

In model 1II, there is an additional parallel component in
which Rj; is the resistance of the LMO thin film to Li-ion
migration. The ohmic resistance (RL), i.e., electrolyte
resistance, is given by the intercept on the Re Z axis. In
these models, the capacitances of the LMO surface, the Li
surface, the LMO bulk, and the interface between LMO and
Au are represented by the constant phase elements Q;, Q,, Qs,
and Q,, respectively.

Electrochemical impedance data at 3.0, 4.05, and 42 V
during the first charge are plotted separately in Figure 3a—c,
together with their fitted curves. As seen in Figure 3d, the
histograms of y” calculated using model I and model II for the
spectrum in Figure 3a overlap, which means that model II is
overfitting the data, and thus, we chose model I to describe the
data before charging. In contrast, at 4.05 V (Figure 3b) and 4.2
V (Figure 3c), model II gives the better fit since y* is smaller
than that of model I in these cases (Figure 3e,f).

Experimental and fitted impedance spectra with y* plots for
the LMO film after its fifth charge to 4.2 eV are shown in
Figure 4. In this case, the experimental spectrum was also
better fitted (smaller 4*) to the simulated spectrum of model II
(Figure 4a) than that of model I (Figure 4b).

The quantitative results for the various equivalent circuit
components in all four cases are summarized in Table 1. These
values show that, with increasing potential voltage, the
resistances of the electrolyte (R,) and Li/electrolyte interface
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Figure 3. Comparison between experimental (circles) and fitted (lines) impedance spectra of an Au/LiMn,0,/electrolyte/Li cell after a single
charge at () 3.0V, (b) 4.05 V, and (c) 4.2 V. Histograms obtained from Metropolis tests of model I and model II for the corresponding spectra at

(d) 3.0V, (e) 405V, and (f) 4.2 V.
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Figure 4. (a) Comparison between experimental (circles) and fitted
(lines) impedance spectra of an Au/LiMn,0,/electrolyte/Li cell after
the fifth charge at 4.2 V. (b) Histograms obtained from Metropolis
tests of models I and IL.

(R,) remain essentially unchanged. In contrast, the resistance
at the film/electrolyte interface (R,) increased from 116 to 140
to 489 Q when the voltage was increased from 3 V (fully
lithiated) to 4.05 V (partially delithiated) to 4.2 V (mostly
delithiated) before decreasing again after the fifth charge. The
large increase after the first charge indicates that the greatest
disruption to the surface structure and chemistry occurs once
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Table 1. Estimated Resistances (in ) of Components of an
Au/LiMn,0,/Electrolyte/Li Cell at Various Stages of
Electrochemical Cycling

charge state (V)  cycle no. R RL R, R,
3.0 - 116 169 35.1 -
4.05 1 139.6 16.8 31.2 23.6
4.2 1 489 17.3 44.2 44.9
4.2 S 242 12.6 26.7 103

most of the Li has been removed for the first time. The LMO
film internal resistance (R;) also increased from 24 Q to
around 100 Q after only five charge cycles, suggesting that
further structural changes took place.

3.2. Crystal Structure Changes. Simultaneous high-
resolution HAADF and ABF imaging revealed details about
the structural changes caused by Li extraction and reinsertion
during electrochemical cycling. The cross-sectional HAADF
micrographs in Figure 5 show low-magnification views of the
LMO cathode and Au current collector down the [110]; 0
zone axis before and after different numbers of charge cycles.
The Mn (Z = 25) columns in the film appear as bright
contrast, but the much heavier Au (Z = 79) atoms in the
substrate are too bright to be distinguishable at the same time
as Mn columns, and thus, the Au substrate appears as a white
slab**" In the pristine film (Figure Sa), the contrast is
uniform with no visible defects, whereas brighter layers appear
parallel to (111);y,0 and (111); o planes in the single-charged
film (Figure Sb); these correspond to stacking faults in the
spinel structure roughly one Mn diamond unit wide and
represent about 1.4% of all Mn diamond layers. The (111);y0
(oblique) stacking faults appear to initiate from terrace steps
on the (111)Au substrate (see Supporting Information Figure
S1 for higher magnification images of the LMO/Au interface).
As steps act as stress concentrators, this suggests that stacking

https://doi.org/10.1021/acsami.1c18630
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Figure 5. HAADF images taken along [110]; o zone axes (a) before cycling, (b) after a single charge (@0.1 mV/s), (c) after a single charge—
discharge (@0.1 mV/s), and (d) after five charges (@1 mV/s). Insets in (a) and (b) show SAED patterns of the films.

Figure 6. Atomic-resolution (a—c) HAADF and (d—f) ABF images of LiMn,0, epitaxial films before charging (pristine), after a single charge, and
after a single charge—discharge cycle, respectively, viewed along [110]; 0, with a structure model overlaid in (d). Mn1 columns lie at the corners of
the dotted diamonds, and Mn2 columns lie midway along their edges.

faults are particularly prone to formation at sites of increased
strain in the spinel lattice.

The single-layer stacking faults account for the diffuse
streaks connecting the {111}, spots observed in the
corresponding SAED images in the inset of Figure Sb. In
contrast, the film in Figure Sc after the first charge—discharge
cycle once again exhibits a stacking fault-free nanostructure
similar to that of the pristine film. Despite this, after the fifth
charge, many more stacking faults (7.7% of all Mn diamond
layers in the image) have formed, especially parallel to the
substrate. This suggests that a small concentration of lattice
defects remains even after full discharge, steadily accumulating
so that the formation of stacking faults becomes easier and less
reversible as the number of charge—discharge cycles increases.
An increasing portion of the cathode will thus be converted to
the stacking fault structure after many charge—discharge cycles.
It is not yet known why interstitial Mn defects accumulate in
some layers and not others, but as suggested by the association
of oblique stacking faults with terrace steps, it is likely a
function of local differences in lattice strains, point defect
concentrations, or Li/Mn*" concentration gradients as Li is
being removed. The cumulative damage caused by repeated
formation and elimination of stacking faults with the associated
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volume changes can be expected to have a strong effect on the
electrochemical and mechanical properties of the film.

Figure 6a—c shows higher magnification cross-sectional
HAADF images of the pristine, single-charged, and single-
discharged LMO film, respectively, viewed down [110];y0,
i.e, perpendicular to the images in Figure S. In these Z-
contrast images, the bright Mn (Z = 25) columns are readily
distinguished; Mnl columns are brighter than Mn2 columns
because the former have atom densities twice that of the latter.
No contrast is visible at 8a or 32e positions, as expected if
occupied by lighter elements Li (Z = 3) and O (Z = 8).

In the corresponding ABF image of the pristine sample in
Figure 6d, all elements, including light elements Li and O, are
visible; as an example, the arrows show that two Li columns are
distinguishable within an Mn diamond unit. After a single
charge to 4.2 V, however, no contrast is detectable on Li sites
as seen in the ABF STEM image in Figure 6e. This latter
observation confirms that the structure has changed from the
spinel structure of LMO to that of A-MnO,, with the Li
concentration below the detection limit. When the cell is
discharged to 3.0 V, Li atoms return to the Li 8a sites within
the Mn diamonds as seen in Figure 6f.

3.3. LiMn,0, Surface Structure Evolution. The HAADF
images in Figure 7 show that the structure at the thin-film
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Figure 7. Structure degradation at (111) surfaces of LiMn,O, thin
films during electrochemical cycling revealed by high-resolution
HAADF imaging: (a) before cycling, (b) after the first charge to 4.2
V, and (c) after the fifth charge to 4.2 V.

surface also undergoes substantial changes during electro-
chemical cycling. In Figure 7a, the arrangement of atom
columns in the surface region of the film before cycling is
identical to that in the bulk (in Figure 6a), indicating a
homogeneous crystal structure from the surface to the film
interior. In contrast, the single-charged film in Figure 7b has a
thin surface layer approximately 2 nm thick with bright
contrast at spinel 8a sites as indicated by two arrows
corresponding to the presence of Mn atoms on Li sites
(anti-site Mng, or Mny; defects), forming an Mn;0,-like
configuration when observed down [IIT]Mn3OA' At the same

time, the contrast of the Mnl and Mn2 columns decreases
markedly in the outermost layer in Figure 7b. This is consistent
with dissolution of Mn into the electrolyte; earlier studies
showed that the formation of Mn;0, results from the loss of O
ions to the organic electrolyte, and disproportionation of the
resulting Mn®" ions produces highly soluble Mn?* ions.'”**>°
In subsurface layers below the Mn;O, layers, the relative
brightness of Mn2 columns decreases compared with those in
the pristine sample (Figure 7a), suggesting that the Mn;; atoms
are predominantly from Mn2 columns. As Mn;0, is a poor Li-
ion conductor, this cation mixing at the surface is expected to
increase the resistivity of the cathode—electrolyte interface,
which is consistent with the results in Table 1.

After the fifth charge, surface degradation has progressed
with further loss of O. Figure 7c shows that this results in a
defect-rich surface with a significant fraction of Mn atoms on
16¢ sites in the topmost 2 nm, which essentially means that a
rock-salt structure has formed with a denser packing of cations
and anions. As rock-salt MnO does not conduct Li ions, this is
expected to further increase the resistance of the interface, but
this thin phase, like the rest of the surface, is deficient in Mn
and O. These vacancies may then provide some pathways for
Li to diffuse into the bulk. Our atomic-level HAADF
observations and impedance results thus suggest that the
increased resistivity of the interface is related to formation of
the Li-blocking Mn;0,-like and rock-salt phases at the surface.
Mn?*" dissolution and loss of oxygen has also been shown to
accompany surface degradation during cycling.”® The reason
for the decrease in cathode/electrolyte resistance after the first
cycle is not discernible from the present results, but it may well
be related to the well-known phenomenon of “conditioning,”
which occurs after several cycles of battery as an electric double
layer and permeable cathode—electrolyte interface® ™ is
established, which allows faster Li-ion transfer than when the
surface is delithiated for the first time.

3.4. Stacking Fault Formation. Figure 8ab shows
HAADF and ABF images, respectively, of a region of a thin
film containing a (111) stacking fault parallel to the film—
substrate interface after its initial charge to 4.2 V. Jahn—Teller
distortion of the MnOy octahedra is evident from the shorter
and longer O—Mn—O distances in Figure 8b, suggesting that
Mn ions at their centers are in the trivalent state. The dashed
rectangles highlight a repeat unit of the stacking fault, which
forms a coherent interface with the matrix spinel structure
(dashed diamonds) on either side. Based on changes in Mn2
contrast within the stacking fault layers, the stacking fault
appears to have formed as a result of Mn2 atoms at the side
edges of Mn diamonds relaxing to the diamond centers (Mn3
sites) in the absence of Li atoms. This is similar to the rock-salt
structure at the film surface observed after five charges but with
the structure compressed in the [111];o direction and the
Jahn—Teller MnOy octahedra flipped across the (112) mirror
plane (Figure 8c).

The thickness of each (111) o layer of the HAADF image
in Figure 8a is plotted in Figure 8d. The average thickness of
the spinel layers is about 0.466 nm (close to that of the fully
lithiated spinel at around 0.476 nm), and the thickness of the
stacking fault layer is 0.403 nm. The height of the stacking fault
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Figure 8. (a) HAADF and (b) ABF images of a stacking fault in an epitaxial LMO film after a single charge to 4.2 V viewed down [110]} ;0. Mn2
columns contain half the number of atoms as Mn1 columns and thus have weaker contrast. (c) A model of the stacking fault structure, with dashed
lines indicating the Mn-sublattice repeat units and dashed circles indicating Mn2 sites with low occupancy. Mn1 atoms are dark blue, Mn2 atoms
are light blue, Mn3 atoms are purple, and O atoms are red. Mn3 sites at the centers of repeat units in the stacking fault layer have occupancies
midway between those of Mnl and Mn2 sites. (d) Plot of layer thickness across the stacking fault in (a).
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Figure 9. (a) High-resolution HAADF STEM image of (111) stacking faults (indicated by red arrows) in Li,Mn,O, (a &~ 0) after five charge
cycles, observed down [112]; y0; the light-blue and red rectangles indicate the repeat units of a spinel layer and stacking fault layer, respectively,
together with the corresponding atom models. (b) Columns of Mn and O atoms in spinel-structured Li,Mn,O, (@ = 0) observed down [112]; 0.
(c) Columns of Mn and O atoms observed along [112]; 0 in a stacking fault layer formed by Mn2 atoms in the spinel structure occupying rock-
salt type positions as in Figure 7c. The structures in (b) and (c) appear identical apart from the contraction of the stacking fault layer in the
[111]; 0 direction. Mn1 atoms are dark blue, Mn2 atoms are light blue, Mn3 atoms are purple, and O atoms are red.

is about 0.865 X d(111) 0, which corresponds to a volume
contraction of 13.5%. Oblique stacking faults originating from
steps on the Au surface with (111) orientation were confirmed
to have identical structures (Figure S1 of Supporting
Information). The marked increase in the number of stacking
faults between the first and fifth charges indicates that point
defects in the crystal lattice accumulate as Li is removed and
re-enters the structure, even though the stacking faults were all
removed after the first cycle. At some point between the first
and fifth charges, this accumulation results in the creation and
annihilation of stacking faults no longer being reversible
(Figure S). Repeated anisotropic expansion and contraction of
the structure at these high levels (Avol > 10%), particularly as
the stacking faults increase in number, can be expected to
induce cracks that lead to exfoliation of surface layers and,
ultimately, the mechanical failure of the LMO thin film. In
particles of LiMn,O, this typically occurs after some tens of
cycles,'’ but may take longer in the case of these thin films
owing to the constraining effect of the Au/Al,O; substrate.

Figure 9a shows a HAADF image of stacking faults viewed
down the [112];,,0 zone axis, with structure models of the
spinel matrix and the stacking fault structure viewed down the
same direction in Figure 9b and Figure 9¢, respectively. Down
this direction, the spinel layers and stacking faults appear the
same, apart from the compression of the latter in the [111]; 0
direction and slightly higher background contrast, which are
indicative of greater lattice strain. We note that the stacking
fault structure is reminiscent of, but not identical to, that of
rutile f-MnO,; a comparison of these structures is given in
Figure 10.5%%°

Density functional theory calculations of rutile-structured j-
MnO,® showed that Li-ion migration in such a structure
occurs primarily parallel to [001] (i.e., one-dimensionally),
with an energy barrier of only 0.17 eV compared to 7.33 eV
parallel to [100]. In spinel LMO, Li ions migrate in <111>
directions; in the case of our thin films, the (111) ;0 plane is
inclined at 70° to the Au(111) substrate surface and the
(111) o planes parallel to it. In the case of the latter, the
[001]y direction of the rutile-like structure is parallel to
[110] 0, ice, it lies parallel to the stacking fault layer (Figure
9), and [100]y is perpendicular to it. Assuming that Li-ion
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Figure 10. Comparison of {111} stacking fault and rutile f-MnO,
structures viewed down [110];yo and [001]y directions (a) and
viewed down [112]; ;0 and [010]y directions (b). Large blue balls are
Mn, and small red balls are oxygen. Dashed circles indicate sites
occupied by Mn in the stacking fault structure.

migration through the stacking fault layer is similar to that in
the rutile structure, this suggests that stacking faults parallel to
the film-substrate interface strongly block Li-ion migration
from the interior to the surface and then to the electrolyte
(however, oblique stacking faults may be less blocking).
Furthermore, the smaller volume of the stacking layers
compared to f-MnO, may result in an even larger activation
energy for migration across them. As the number of stacking
faults parallel to the substrate was observed to be much greater
than the number oblique to it after only a few cycles, the
overall effect is expected to be an increase in film resistance
with increasing number of cycles, which is consistent with the
increase in thin film resistance with cycle number in Table 1.
The formation of stacking faults thus appears to be the major
cause of the increased resistance of the film during cycling,
which is another factor contributing to the capacity fade.

We also examined the intersections between pairs of
stacking faults. Figure 11 shows a HAADF image of a region
of the thin film where a lateral (111) stacking fault (parallel to
the substrate) and an oblique (111) stacking fault (at ~70° to
the substrate) intersect. It can be seen that the oblique stacking
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Figure 11. HAADF image taken down [110] 0 of an LiMn,O,
epitaxial film after the fifth charge to 42 V (@1 mV/s) showing an
intersection between stacking faults. Dotted lines demarcate the
stacking fault layers and Mn diamonds adjacent to the intersection.
Arrows point to contrast suggestive of Mny; antisite defects.

fault shifts by one repeat unit across the intersection, whereas
the lateral stacking fault is only shifted by a fraction of this. The
reason for this difference is not known, but it may be related to
the presence of Mny; cation-site exchange defects next to the
upper branch of the oblique stacking fault as indicated by
arrows in the figure. The HAADF image reveals the high
degree of coherency of the stacking fault layers even at their
intersections, with the largest amount of structural distortion
observed at the crossover point.

3.5. EELS Analysis of Stacking Faults. In addition to
direct observation of the crystal structure by STEM, EELS
analysis was performed using an aberration-corrected and
monochromated probe to shed light on the local compositional
changes during charge/discharge. Figure 12 shows the
background-subtracted EELS spectra of the Li-K (together
with Mn-M,;), O-K, and Mn-L,; signals taken from the
pristine film (black line; SO), the single-charged film (blue line;
$1°), and from a region of the film containing stacking faults
after the fifth charge (red line; S1%). In the single-charged film,
the Li-K signal becomes virtually undetectable in the bulk
region (Figure 6b) compared to that in the pristine film
(Figure 6a), which is consistent with its low Li content after
their extraction into the electrolyte.

Quantitative EELS analysis using the white-line ratio
method”™” revealed that the average valence state of Mn

increased from about 3.48 in the pristine film to about 3.90
after a single charge, which is consistent with the increased pre-
peak intensity of the corresponding O-K edge. This suggests
that the average composition of the film interior after a single
charge was close to that of MnO, (i.e., Li,Mn,0, where x ~
0), which is consistent with near-complete delithiation. The
EELS analysis of stacking fault layers, however, revealed a
composition that is slightly lower in O content (decreased O-K
pre-peak intensity) and a lower valence state of Mn compared
to the spinel matrix, i.e., MnO,_s. Quantltatlve analysis gave a 0
value in this case of about 0.35,”* although the actual § value
could be slightly larger if beam broadening effects are taken
into account.

The EELS results show that the stacking faults contain a
substantially higher concentration of oxygen vacancies than the
spinel matrix, with many Mn atoms retaining a trivalent charge
state. In other words, upon Li extraction, rather than the Mn**
ions being oxidized to Mn*', removal of certain Li layers is
compensated for by the formation of O~ vacancies according
to

LiMn™™. 0, - Lit + 2Mn™™v0, 5 + 5/20, + &~

)

MnOjg octahedra with central Mn** atoms undergo strong
Jahn—Teller distortion, and this strain likely drives the sliding
of one part of the crystal to produce the -ABCBCABC-
stacking sequence in the [111],o direction that is character-
istic of the {111} stacking faults. Although many of these
stacking faults apparently disappear upon the reintercalation of
Li (i.e, during discharge), with increasing numbers of cycles,
some O and Mn vacancies most likely remain, their numbers
increasing with the cycle number as damage to the crystal
lattice accumulates. As mentioned in the previous section, this
makes the formation of stacking faults easier as observed in our
STEM images. A schematic summarizing the proposed
formation mechanism of {111} stacking faults based on the
STEM and EELS results is provided in Figure S2 of the
Supporting Information.

Observations of structural changes in LMO particles during
electrochemical cycling reported in the literature suggest that
similar degradation mechanisms are also active in other spinel-
type cathode materials. For example, the formation of large
numbers of stacking faults in LMO particles during cycling has
been observed using conventional transmission electron
microscopy and is associated with phase transformation to a
double hexagonal type structure,'' although the atomic
structure could not be directly determined because of
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Figure 12. Background-subtracted EELS spectra of (a) Mn-M, ; (together with Li-K), (b) O-K, and (c) Mn-L, ; obtained from bulk regions of the
pristine film (black lines; SO) and the single-charged film (blue lines; S1°), and from stacking fault layers (red lines; S1° f). Intensities of all profiles
are normalized to those of the arrowed peaks.
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technological limitations. The formation of cracks parallel to
{111} 10 planes in electrochemically cycled LMO particles
has also been studied recently,'>'® which is likely caused by
the buildup of stress at the stacking faults after many cycles.
Reducing the number of stacking faults that form parallel to
the substrate should thus be a priority for increasing the
cyclability and reducing capacity fade in these materials in
addition to taking measures to stabilize the surface structure.

4. CONCLUSIONS

Using advanced STEM methods, we observed the effects of Li
deintercalation and intercalation at the atomic level in
LiMn,0, (LMO) epitaxial cathode thin films during charging
and discharging of LMO/electrolyte/Li cells. Columns of Li
atoms within Mn diamond units in pristine LiMn, O, thin films
viewed down [110];yo were visualized directly by ABF
imaging. After charging the battery at 0.1 C to 4.2 V for the
first time, Li atoms were confirmed to be removed from the
structure to form A-MnO, in the bulk of the film, but an
Mn;0,like layer formed at the surface; Mn;O, is known to be
a poor Li conductor and thus contributes to increased
cathode/electrolyte interface resistance. After discharge,
columns of Li atoms again became visible with a return to
the spinel LMO structure.

Fitting of impedance plots to equivalent circuit models
indicated that in the charged state, the resistivity of the LMO/
electrolyte interface increased, and this was correlated with the
formation of Mny; defects at the surface of the LMO film.
Further electrochemical cycling induced a number of {111}
stacking faults to propagate through the structure. These
stacking faults were observed to be more compact than the
spinel matrix and thus likely impede the intercalation of Li ions
back into the cathodic thin film. Repeated volume expansion
and contraction caused during cycling produced higher
concentrations of stacking faults with a concomitant increase
in film resistance. Further cycling is expected to lead to a
further decrease in conductivity and capacity, not least because
increasing lattice strain is expected to lead to crack formation
and the eventual mechanical failure of the LMO thin film.
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