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Abstract: Lithium manganate Li,Mn,0, (LMO) is a lithium ion cathode that suffers from the widely
observed but poorly understood phenomenon of capacity loss due to Mn dissolution during
electrochemical cycling. Here, operando X-ray reflectivity (low- and high-angle) is used to study the
structure and morphology of epitaxial LMO (111) thin film cathodes undergoing lithium insertion and
extraction to understand the inter-relationships between biaxial strain and Mn-dissolution. The initially
strain-relieved LiMn,Oy films generate in-plane tensile and compressive strains for delithiated (x < 1) and
over-lithiated (x > 1) charge states, respectively. The results reveal reversible Li insertion into LMO with
no measurable Mn-loss for 0 < x < 1, as expected. In contrast, deeper discharge (x > 1) reveals Mn loss
from LMO along with dramatic changes in the intensity of the (111) Bragg peak that cannot be explained
by Li stoichiometry. These results reveal a partially reversible site reorganization of Mn ions within the
LMO film that is not seen in bulk reactions and indicates a transition in Mn-layer stoichiometry from 3:1
to 2:2 in alternating cation planes. Density functional theory calculations confirm that compressive strains
(at x=2) stabilize LMO structures with 2:2 Mn site distributions, therefore providing new insights into the

role of lattice strain in the stability of LMO.
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Introduction

Li-ion battery (LIB) technology has led a revolution in energy storage technology and continues
to attract significant scientific attention'”. The energy density of a LIB for a given choice of anode is
defined by a combination of the lithium site density and insertion potential of the cathode. Of the various
cathode materials, layered materials like LiCoO, (LCO) and lithium nickel cobalt manganese oxide
(NMC) are widely used, but have multiple disadvantages including high cost and toxicity. The spinel
Li,Mn,0, (LMO)’, has a comparable insertion potential and capacity to LCO and is attractive due to its
lower cost, high natural abundance of manganese, and a more benign environmental footprint.
Nevertheless, LMO has the well-known challenge of capacity loss that occurs upon repeated
lithiation/delithiation cycles. This behavior is associated with the discharged LMO compositions near
x=1 where LMO consists of a mixture of Mn(Ill) and Mn(IV). At this composition, the LMO lattice
undergoes a first order transition to a tetragonally distorted phase. Beyond structural deformations due to
this phase change, there is also a tendency for Mn to undergo disproportionation reactions (i.e., 2Mn(III)
- Mn(Il) + Mn(IV)), leading to the dissolution of Mn(II) from the LMO cathode surface’ . Recent
studies have demonstrated new insights into this behavior, including computational studies suggesting the
face-specific differences in the presence of Mn’* at the interface'', the direct operando observation of Mn-
release'” and the demonstration of new insights into the coupled mechanical and electrochemical response
of LMO electrode during lithiation/delithiation reactions''. However, a clear picture of the

crystallographic origins of Mn dissolution at the LMO surface during operation remains largely unknown.

One challenge with respect to understanding this behavior is that lithium manganese oxides have
a complex range of phases that are structurally similar and broadly distinguished by the Mn- and Li-site
distributions (on the octahedral sites) within an FCC oxygen array (Figure 1). The spinel polymorph (A-
Li,Mn,0,) is cubic for 0 < x < 1 and transforms to a tetragonal structure for x > 161 (Figure 1a). The
tetragonal distortion is described by a Jahn-Teller (JT) distortion of the oxygens bound to Mn(III)* "*
where the regular MnOg octahedron found at x <1 is elongated along [001] leading to an expansion of the
apical ligand bonds and a contraction of equatorial bonds (in x-y plane). In addition to the spinel phase, a
number of additional LMO phases are known that are structurally related to the spinel phase (Figure 1a),

including (at x = 2) the layered monoclinic phase (m-LiMnO,)" (Figure 1b and 1c) and the orthorhombic
phase (0-LiMnO,) "¢ (Figure 1d).

A second challenge to understand the Mn-loss from LMO is the need to make operando
observations of the LMO-electrolyte interface so that structure-reactivity correlations can be observed
directly. XR can probe the atomic-scale structure of solid-liquid interfaces including electrode-electrolyte

19-21

structure as well as the adsorption and distribution of ions at charged surfaces " ~. To date, there have
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only been a few reports in the literature of the X-ray based operando observation of a LMO (and LMNO)
cathode structural developments, primarily by X-ray reflectivity (XR)***, including LMO(111)- and
(110)-oriented electrodes under electrochemical control during lithiation reactions®>’. Low angle XR
measurements in the Fresnel regime of the LMO(111)-films revealed a significant (>2 nm) loss of LMO
thickness and associated formation of a ~2 nm-thick surface layer upon soaking the sample in the Li
electrolyte, followed by an increase in film roughness and evolution of the surface layer at potentials of
4.5 V (with respect to Li/Li*)***. Separate measurements using the LMO thin film Bragg peaks at
elevated potentials (5 V) revealed negligible changes in LMO(111) film lattice spacings that would be
expected from delithiation”>. But these measurements did observe significant changes to the Bragg peak
intensities near 5 V that were interpreted as due to small Mn-displacements associated with a loss of

symmetry, followed by substantial loss of most LMO signals at low potentials (2V)**.

Here, the important role of lattice strain in controlling the phase behavior of LMO is
demonstrated through operando x-ray reflectivity studies of epitaxial spinel Li;Mn,04(111) films under
electrochemical control for Li compositions ranging from 0 < x < 2. These films are grown with a
nominal composition of LiMn,0O,4 and are laterally strain-relieved with respect to the underlying SrTiO;
substrate and SrRuO; current collecting film. At applied electrochemical conditions, the LMO electrodes
become subject to tensile and compressive strain for x < 1 and x > 1, respectively, due to the changes to
the lattice volume with lithium content. While there was little change to the LMO film morphology and
structure for x < 1 (as expected), significant changes were observed for x > 1, including a reduction in the
LMO film thickness and a substantial (and largely reversible) decrease in the LMO(111) Bragg peak
intensity associated with the reversible site reorganization of Mn ions. This interpretation is confirmed by
density functional theory (DFT) calculations that reveal an instability in the over-lithiated LMO structure
(at x=2) under compressive strain leading to change in the vertical Mn site distribution from 1:3 in the
spinel phase to a 2:2 ratio. This strain-driven Mn reorganization, which has not been previously reported,

demonstrates the important interplay between strain and Mn-dissolution in this system.
Experimental Methods and Computational Details:

Sample Fabrication: High quality epitaxial (111)-oriented LMO films were grown on (111) SrTiO;
substrates (Nikko Hitech) making use of their close lattice match®>. The poor electrical conductivity of
LiMn,0, necessitates the use of a conductive current collector, which we implemented by incorporating a
thin electrically conducting buffer layer for electrochemical control. For this, STRuO; (SRO) was chosen
as intermediate layer between LiMn,0O, and SrTiO;. SRO films were coherently strained and showed
excellent epitaxial lattice match with STO*. The LMO/SRO/STO heterostructure therefore provide the

conductivity needed for electrochemical control while maintaining epitaxy. The films were grown by

3
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pulsed laser deposition” *. The LMO target was prepared by ball milling the LiMn,O, powder (99.9%
pure, < 50 nm particle size, Sigma Aldrich) with additional 15 wt% Li,O before uniaxially pressing into a
25 mm green-pressed pellet. The addition of Li,O ensures near stoichiometric lithium in the deposited
film due to a lower target-substrate transfer ratio for Li. The SRO target (99.9% pure, 25 mm diameter x
6.35 mm thick) was purchased from Kurt J. Lesker, USA. For film deposition, substrates were fixed to a
resistive heater using silver paint and heated to 650 °C. A base pressure of 5x10” Torr (6.67x107 Pa) was
maintained and the background oxygen pressure was set at 50 mTorr (6.6 Pa). A KrF laser (248 nm) was
used with 100 mJ beam energy and focused on an area of 0.05 cm” on the target surface (laser energy
density of 2.0 J.cm™). Targets were held on a rotation stage at a fixed distance (50 mm) from the substrate
surface. The substrates were first exposed to the plume of SRO target with 240 pulses and then switched
to the LMO target with same number of pulses to give the intended nominal film thickness (~ 10 nm SRO
/ 10 nm LMO). After deposition, the chamber was backfilled with oxygen at 400 mTorr (53Pa) as the

samples cooled.

Electrochemical Measurements and Control: The electrochemical potential of the working electrode was
controlled by a CHI760D potentiostat. Li metal was used as both the counter and reference electrodes
forming a half-cell, and all potentials are reported versus the Li/Li* redox couple. The electrolyte
consisted of 1.2M LiPF; in a mixture of ethylene carbonate and ethyl methyl carbonate (EC:EMC, at a
ratio of 3:7 by wt.). Cyclic voltammetry (CV) measurements were performed in two-stages, each with
multiple lithiation/delithiation cycles. The first stage used a potential range between 3.5 V and 4.3 V with
a scan rate of 0.2 mV/s, while the second stage scans were performed at potentials between 2.5 V and 4.3

V with a scan rate of 0.5 mV/s.

X-ray Reflectivity Measurements: Operando X-ray Reflectivity measurements in the low angle and
crystal truncation rod (CTR) regimes were performed at beamline 33BM-C of the Advanced Photon
Source (APS) in Argonne National Laboratory (ANL) with an X-ray photon energy of 20.00 keV
(additional measurements were performed at beamline 12 ID-D, data not shown). A specially-designed

26-28
1

transmission electrochemistry cel was used to study the bilayer samples as a function of applied

electrochemical potential. Data were collected at fine intervals (low angle: AQ = 0.001 A=*; CTR regimes:

AL = 0.002 r.l.u., corresponding to AQ = 0.0056 A1) using an X-ray area detector (Pilatus 100k).

A key result of the present study is the observation of an electrochemically induced change of the
Mn site distribution within the LMO structure. Here, we outline the sensitivity of XR to these changes.
The differences between the A-Li,Mn,0,, m-LiMnO, and o-LiMnO, structures are characterized by the
Mn site distribution in the octahedral sites between the close-packed oxygen planes and can be observed

by XR. The manganese ions are distributed vertically between the close-packed oxygen planes in a 3:1

4
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ratio for A-Li,Mn,0y,, (Figure 1a right), while the manganese ions in 0-LiMnO, are equally distributed in a
2:2 ratio (Figure 1d right). In the m-LiMnO, phase, there are two ways to orient the Mn-layers, either
parallel to (Figure 1b) or at an angle with the LMO (111) plane (Figure 1c), that leads to projected Mn
distribution ratios of 0:4 and 2:2, respectively. These differences in the cation distributions are directly
distinguished by the X-ray diffraction intensity of the LMO(111) Bragg peak at Q = 1.32 A (for
convenience, we will denote this Bragg peak using the spinel notation as LMO(111) throughout this
paper). With respect to the 1:3 Mn distribution found for the A-Li,Mn,0,, the spinel (111) Bragg peak is
absent when the Mn is distributed in a 2:2 ratio for the 0-LiMnO, phase (since this reduces the repeat
period of the LMO lattice by half). In contrast, the intensity for the m-LiMnO, phase will depend on the
orientation of the Mn-layers. LMO (111) Bragg peak will increase in the monoclinic phase when the Mn-
layers are oriented parallel to (111) with an alternating 0:4 Mn distribution ratio, while this Bragg peak

intensity will vanish when orientated at an angle with the (111) plane resulting in a 2:2 distribution ratio.

Computational details: Density functional theory calculations were carried out with the plane-wave code
Quantum-Espresso ». Electron-nuclei interactions were represented by recently developed ONCV norm-
conserving pseudopotentials ***'. The PBE generalized gradient functional with Hubbard-U correction
was used in the simplified form of Dudarev et al., as implemented in Quantum-Espresso’>. The projectors
were built using the atomic (pseudo-)wave functions and a Hubbard-U parameter of 3.5 eV was applied to
Mn. We have recently used his same value to study the surface structure of spinel cubic LiMn,O, .
Similar values of U were used by others to predict voltages of Li;Mn,O, in good agreement with
experiments™ . A high wave function cutoff of 120 Ry was used to make the stress tensor converge.
Although the ground state of Li,Mn,O, is antiferromagnetic (AFM), we restricted our search to
ferromagnetic ground states to avoid complications arising from a wide variety of possible
antiferromagnetic solutions™. To verify that this choice did’t affect our conclusion, several tests were
carried out for the layered, spinel and orthorhombic LiMnO, compositions using recently reported best
AFM ground states. For the monoclinic structures, we relied on previous findings that showed that the
lowest energy AFM solutions require wire-like intra-layer AFM coupling of the Mn sites™. For the
orthorhombic structure, we used the experimental AFM ordering obtained previously’’. Here, anti-
ferromagnetically coupled ferromagnetically ordered chains run through the corrugated double Mn layers
which are then coupled anti-ferromagnetically in an alternating fashion. Finally, for the spinel structure
we tested the best AFM arrangement found recently that was commensurate with our unit cell®. This was
the second most energetically favorable arrangement. Although their study was carried out for the
LiMn,0O, composition, we assume that the same, or similar, AFM ordering would also occur in the over-
lithiated case. We used Gaussian smearing with a smearing width of 0.05 eV and 4x4x2 Gamma-centered

k-mesh for the 42 atom (hexagonal) unit cell. For a few select configurations, we verified our assumption
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by performing PBE+U calculations with a Hubbard-U of 5 eV on Mn and with the HSEO6 functional. The
HSEOQ6 calculations were performed without relaxing the atomic positions. Structural models were built
by transforming the bulk unit cells to reproduce the experimental system. The LMO spinel cubic (111)
direction was chosen to be the z-direction of the unit cell. Further, a hexagonal representation of the unit

cell was chosen to accommodate all of the relevant phases.

Results:

Structure of the As-Deposited LiMn,0,/SrRuQO; Bilayer on SrTiOs(111): The as-deposited bilayer
electrode structure was characterized by low angle X-ray reflectivity (XR) (Figure 2a), specular CTR data
(Figure 2b) and off-specular azimuthal phi-scans to probe the film/substrate alignment (Figure 2c).
Analysis of the XR results reveal the thickness, electron density and interface roughness for each layer.
The derived 1D electron density profile along surface normal direction is shown in Figure 2a insert. The
LMO and SRO layers have thicknesses of 102.8 + 1.4 Aand 816+ 1.1 A respectively. Their respective
XR measured electron densities of 1.14 + 0.03 e/A® and 1.77 + 0.04 e/A* match well to the bulk
electron densities for LMO (1.20 e'/A3) (measured film electron density is little bit lower due to
inadequate coverage) and SRO (1.77 ¢/A™). The specular CTR data (Figure 2b) include only the LMO
(111) and (222) Bragg peaks which indicates a structurally homogenous film with a (111) surface
orientation. Additional intensity oscillations near the LMO film Bragg peaks (often referred to as “Kiessig
fringes”) are due to the constructive and destructive interference of X-rays reflected from the top and
bottom interfaces of the crystalline LMO film. Using the position of the film Bragg peak, the measured d-
spacing of LMO(111), dpmoai 1s 4.75 A, which closely matches the reported bulk d-spacing of cubic
LiMn,O,(111) (4.76 A) suggesting that the film is relaxed from the substrate’s in-plane lattice. The non-
specular thin-film Bragg peaks of the LMO, SRO and STO reveals that the LMO film is azimuthally
aligned to the substrate lattice confirming its epitaxy and similar crystal structure. When viewed along
(111) direction, cations and anions are stacked in alternating layers with 3-fold in-plane symmetry. The
azimuthal orientation of the LMO{311}, LMO{400}, SRO{311} and STO{100} Bragg peaks (i.e., as a
function of rotation about the surface normal direction, ¢) are shown in Figure 2c. The observed
orientations of the SRO{311} matches that from the substrate STO{100}, which indicates that SRO has
the same in-plane orientation as STO. The azimuthal orientations of the LMO{311} and LMO{400}
Bragg peaks shows 6 orientations, consisting of one set of three weaker peaks whose orientation matches
that of STO{100} and another stronger set which is offset by 60-degrees. This indicates that the LMO
film adopts two inequivalent rotational domains that each are in-plane textured and highly aligned to the

substrate with the LMO (111) direction oriented along the substrate surface normal direction.

6
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Operando Observations of LMO Structural Changes Under Electrochemical Control: The
LMO/SRO/STO(111) electrode was sealed in a specially-designed X-ray transmission cell *° in a
glovebox having an Ar atmosphere, with an initial open circuit potential of 3.7 V (with respect to Li/Li")
corroborating the nominal composition of x = 1 determined by diffraction. In the first two electrochemical
cycles, the sample voltage is scanned between 3.5 V and 4.3 V at rate of 0.2 mV/s corresponding to Li
stoichiometries ranging between 0 < x < 1. (Periodic gaps in the plotted CV current are associated with
spikes in the current that are induced by the incident X-ray beam and have been removed for clarity.
These spikes are associated with photoelectron production and do not influence the lithium intercalation).
Cyclic voltammetry data (Figure 3a) clearly show two redox couples at 4.0 V and 4.16 V with little
polarization, matching the known electrochemical response of bulk LMO powders®. CVs at successive
cycles nearly overlap, indicating good capacity retention in this voltage region. In the second stage of
cycling (3rd through 5th cycles), the discharge voltage was lowered to 2.5 V and the scan rate was
increased to 0.5 mV/s with an additional redox couple appearing below 3 V (Figure 3b) for lithium
composition ranging between 1 < x < 2. In this stage, the redox features exhibit higher polarization and
broadening, and generally diminish with each cycle indicating capacity loss. These results are fully
consistent with the known bulk LMO electrochemical behavior® associated with the Mn redox from

Mn(IV) at x=0, a mixture of Mn(IV) and Mn(III) at x=1, and Mn(III) at x=2.

Repeated CTR measurements near the LMO (111) Bragg peak started in the middle of 2nd cycle
(3.5V). The 2D color map in Figure 3c provides an overview of the changes to the LMO (111) Bragg
peak changes with respect to the applied potential. These results show that the LMO Bragg peak exhibits
significant changes in position, width and intensity as a function of applied potential, indicating that the
film structure and morphology evolved during lithiation/delithiation reactions. These changes are
quantified by fitting the LMO(111) Bragg peak with a Gaussian function and a linear background,
revealing the peak position (Q,;;), the peak width (AQ,,), and the integrated intensity (I) versus time (as
indicated in Figures S1, S2). These parameters reveal the LMO(111) d-spacing and the crystalline LMO
film thickness (through the Scherrer equation t = 2n/AQ). The integrated peak intensity is sensitive to
multiple factors including the film coverage and the internal LMO crystal structure (e.g., the Mn-site

distribution).

The evolution of these parameters is plotted along with the applied potential as a function of time
(Figure 4). These results are discussed within four different time regimes, corresponding to the following
changes in applied potential and lithium stoichiometry: (1) a discharge/charge cycle from 4.3 V to 3.5 V
and back to 4.3 V (i.e. x = 0 to 1, and then to 0); (2) discharge from 4.3 Vto 3 V (i.e. x =0 to 1); (3) deep

7
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discharge from 3 V to 2.5 V and back to 3 V (i.e. x = 1 to 2 and then to 1); and (4) charge from 3 V and
to4.3V (i.e.x=1100).

The LMO lattice spacing (Figure 4b) is a direct indication of the lithiation state as Li insertion
into LMO increases its lattice volume. The measured LMO d-spacing at 3 characteristic compositions
(nominally x = 0, 1, and 2) is noted as do(Mn,0y,), d;(LiMn,0,) and d,(Li,Mn,0,4), which are compared to
the corresponding d-spacing values of bulk LMO (Dy, D, and D, respectively). The observed values of d,
and d, are close to Dy and D, (within 0.8%), but d, is significantly larger than D, (by 3.5%). The LMO d-
spacing ratio in d,/d; = 1.042, is close to the expected volume change in bulk LMO between Li,Mn,0, to
LiMn,0O,4 (V./V, = 1.054). This suggests that, as expected, the LMO epitaxial thin film is laterally pinned

to the substrate and compressive in-plane strains are present for lithium compositions of x >1.

The changes of effective LMO film thickness (Figure 4c) with respect to applied voltage provide
additional insight into the LMO reactivity. The thickness is stable when cycled above 3 V as shown
(regions (1) and (2)) with a measured thickness of 105 + 2 A, consistent with the ex situ XRR
characterization result (102.8 A). However, there is a significant and irreversible decrease of the
measured film thickness when LMO film is discharged below 3 V (region (3)). Such behavior can be due
to multiple causes, including a reduction in the crystalline thickness of the electrode (either due to simple
dissolution, or to the formation of a surface reconstruction that is structurally-distinct from the tetragonal
phase), or potentially due to an inhomogeneous vertical strain distribution within the film (e.g., due to a
vertical Li compositional gradient). Of these mechanisms, only the first leads to a reduction in the
physical film thickness. In order to distinguish these mechanisms, we also performed additional low-
angle XR measurements that directly probed the LMO film thickness that compared the operando film
structure initially and after 5 charge discharge cycles (Figure S3). These results directly reveal a
reduction of LMO thickness (from 102.8 A t0 90.5 A) and an increase in the LMO surface roughness
(from 5.0 Ato14.9 A). These results are only consistent with the reduction in the LMO film thickness,
and is fully consistent with reported capacity fading in this region, which is due to loss of active material
through Mn dissolution. These results, along with the variation in the LMO lattice spacing, are consistent
with known lithiation behavior of LMO (except for the evidence for compressive strain in the fully

lithiated phase).

Additional insights into the changes to the film structure are revealed in the evolution of the
integrated intensity of LMO (111) Bragg peak (Figure 4d). The intensity is nearly unchanged when cycled
beyond 3V (regions (1) and (2)). However, an 80% decrease is observed for applied voltages below 3 V
(region (3), the onset potential for lithiation to x=2). This change is partially recovered upon delithiation

above 3 V (region (4) for x < 1) (and may have fully recovered if it were held for a longer period of time

8
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at elevated potentials). This 80% intensity drop is surprising, as the electron density of the LMO does not
change significantly with the insertion of Li. Nor can it be attributed to a loss of the LMO film since the
LMO thickness is reduced by only 10% in this region (3) and we observe that this intensity is partially
recovered at higher applied potentials. This suggests that the loss of intensity is due to a reversible
restructuring of the LMO film. Subsequent scans reveal similar behavior. This includes largely reversible
changes in lattice spacing and modest irreversible reductions in the LMO film thickness for each cycle at
potentials below 3 V. The data also show a continued damped oscillatory loss of the LMO(111) Bragg
peak intensity when the potential is driven below ~3 V in each lithiation cycle. This suggests that this
transformation is a kinetically slow process, consistent with the large polarization observed in the CV data
near the 3 V (Figure 3). Together these results indicate that the behavior seen in the first cycle was

representative of the response of the epitaxial LMO electrode.

Additional CTR measurements were performed on an equivalent, separately prepared, electrode
to understand the apparent loss of LMO(111) intensity by comparing the XR signal for the as-deposited
film with that after 10 lithiation/delithiation cycles (Figure 5). Here, an electrode consisting of 10 nm
LMO /30 nm SRO / STO (111) was cycled between 2.5 V and 4.3 V at a rate of 0.5 mV/s. These results
reveal that the while the as-deposited film has well-defined LMO (111) and (222) Bragg peaks, after
cycling the LMO(111) Bragg peak is strongly attenuated while the LMO (222) Bragg peak remains with
only modest changes in position and intensity. This is direct evidence that the loss of LMO(111) Bragg
peak intensity is not due to a loss of LMO film crystallinity or coverage and that the oxygen-framework
of the LMO film is preserved through these electrochemical cycles (except for the reduction in LMO film
thickness). This result is consistent with the oscillatory decay in the LMO(111) Bragg peak intensity

observed in the operando measurements (Fig. 4d).

This large decrease in the LMO(111) intensity without significant changes in the LMO(222)
reflection is explained by changes in the internal structure of the LMO film for x > 1. The intensity of the
LMO(111) Bragg peak derives from the modulation of the Mn ion occupation in alternating layers with a
1:3 ratio. A simple explanation for the observed loss of intensity is that the Mn site distribution changed
to a 2:2 ratio due to the migration of Mn ions from the Mn-rich layer to the Mn-poor layer. For such a
structure, the LMO (111) Bragg peak diffraction becomes forbidden (i.e. zero in intensity) while LMO
(222) is largely unaffected. Based on the XR results, we conclude that the loss of LMO(111) Bragg peak
intensity on subsequently deep lithiation cycles (x>1) is associated with a thermodynamically-driven, but

kinetically-limited, reorganization of the Mn ions within the LMO host lattice.
The close structural relationships between various LMO structures shown in Figure 1% suggest

that this is at least conceptually feasible as it only requires a cation reorganization while maintaining the

9
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oxygen sublattice. Nevertheless, the ability to transform between these structures requires Mn site-
exchange between the octahedral sites. For example, a transformation from the A-Li,Mn,0y to either the
0-LiMnO, or m-LiMnO, requires 1/4 of manganese ions to migrate across the oxygen stacking planes****.

This is expected to be a kinetically-hindered process, consistent with the experimental observations.

Additional insights into the possible changes of Li,Mn,O, film as a function of strain and
lithiation level were obtained by density functional theory (DFT) calculations. The question that these
calculations were designed to answer was whether the presence of lateral compressive strains in the
epitaxial film for compositions of 1<x<2 could change the relative stability of the different LMO phases,
as suggested by the XR data. Since it is known that the tetragonal phase for <1 is the most stable phase
for unstrained LMO, the unexpected loss of the LMO(111) Bragg peak intensity occurs at the second
lithiation plateau at 3 V, we concentrate on the relative stability of the over-lithiated phase with
composition Li,Mn,0; to explore if there is an energetic driving force for structural changes. In order to
be consistent with the experimental conditions, the DFT calculation adopted a hexagonal unit cell with a
fixed in-plane lattice spacings, a = b, and the angle between these directions, y = 120°. To address these
questions, we calculate the relative energy per formula unit for the fully lithiated Li,Mn,O, as a function

of the in-plane lattice constant (Figure 6) for the four structures shown in Figure 1 taking the tetragonal

phase as a reference and allowing the vertical LMO layer spacing to relax for each value of in-plane strain.

For x=2 and in the absence of lateral strain, the tetragonal phase has ground state energies that are similar
to that of the monoclinic phase I and orthorhombic phases with energy differences within a few tens of
meV per formula unit, but it is not the energetically most favorable structure, in agreement with prior
theoretical calculations®. Note that the results in Figure 6 is specific to Li,Mn,0, and does not address

the relative stability of these phases at other Li stoichiometries.

Due to the epitaxial constraint on the LMO film and the known differences in the bulk spinel
LMO structure as a function of Li content, we estimate that the films will be under a ~4% compressive
strain when fully lithiated. The DFT results show that incorporation of compressive in-plane strain
changes the relative stability of these phases. The monoclinic phase I (Figure 1b) is energetically highly
unfavorable with compressive in-plain strain. However, the monoclinic phase II (Figure 1c) develops a
cooperative Jahn-Teller distortion that leads to a decreased energy. The JT distortion is cooperative since
every Mn-O octahedron distorts in the same manner. In the cooperative JT phase, the fcc oxygen lattice
became corrugated in the plane parallel to the substrate to accommodate the elongation of the Mn-O
octahedrons perpendicular to the substrate. The energetic stabilization of the monoclinic phase II can also
be attributed to its ability to accommodate compressive strains since it has a strongly anisotropic elastic

response. Indeed, the monoclinic phase II is “softer” in the direction of the applied strain since it has more

10

ACS Paragon Plus Environment

Page 11 of 25



Page 12 of 25

oNOYTULT D WN =

ACS Applied Energy Materials

Li-O bonds whereas the monoclinic phase I only has the “harder” Mn-O bonds within the Mn-O plane in
the direction of the strain. Moreover, the orthorhombic phase (Figure 1d) is also more stable than the
tetragonal phase under compressive in-plain strain. These results reveal that both the monoclinic II and
orthorhombic phases of the fully lithiated Li,Mn,0O, have lower energies than the tetragonal phase under
our experimental condition, and both have the Mn-site distribution that leads to the loss of the LMO(111)
Bragg peak. From these differences in stability and the apparent reversibility of the LMO(111) intensity
loss upon delithiation, we conclude that the observed changes in the Mn distribution from that found for
the spinel phase (1:3) (for x < 1) to the observed 2:2 ratio (for 1<x<2) are thermodynamically-driven for
these epitaxial thin-film LMO cathodes. That is, our results reveal that the over-lithiated LMO structure is
susceptible to an internal redistribution of the Mn site distribution under compressive in-plane strain
(imposed by epitaxial constraint of the thin-film). Through the combination of experimental observations
and theoretical calculations, we conclude that applied strain enables the local redistribution of the Mn ions
distribution (presumably through oxygen layers) leading to a change of Mn distribution ratio in
alternating cation layers from the 1:3 value in the tetragonal phase to a 2:2 distribution that is equally

distributed.
Discussion:

These results can be compared and contrasted with other results concerning the aging of cathode
materials where structural phase transitions are seen as an important cause for the cathode degradation**™.
In this respect, the visible reduction of LMO film thickness observed at the onset of the ~3 V lithiation
plateau (i.e. for x>1) is fully consistent with the onset of the Jahn-Teller distortion associated with the
transition from cubic to tetragonal spinel and the associated disproportionation reaction of Mn leading to
dissolution of Mn**. In this respect, the model films used here reproduce the widely observed capacity
loss behavior of LMO. A secondary impact of this phase transition and the associated volume/shape
change of the LMO is the internal stresses that might accumulate in a dense cathode. Recent results from
Capraz et al.*® demonstrated the strong correlation between lithiation reactions and the development of
internal stress, as well as the more subtle but important asynchronous development of stress and strain.
Recent studies have even mapped strain distributions within a given spinel cathode particle’”**. While

these relationships were observed on the 4.1 V plateau where Mn-loss is less significant than on the 3 V

LMO plateau, recent operando studies have demonstrated that Mn-loss also occurs on the 4.1 V plateau.*

The present study has added an additional level of understanding in showing that externally
applied stress (i.e. in our case, through the epitaxial constraint of the thin-film cathode) can significantly
alter the phase behavior of the LMO cathode upon lithium insertion. Remarkably, strain-driven re-

organization occurs throughout the thin-film cathode. In this sense, the transition that we observe is no
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longer a simple insertion reaction but instead involves a more subtle topotactic reaction in which the
cation site distribution in LMO is altered upon insertion of the second Li ion (while preserving the O-
sublattice). Such Mn-migration is normally associated with an irreversible change in the structure,
typically to an inert rock-salt phase. Furthermore, the motion of the Mn across the densely packed
oxygen planes is facilitated by the migration of Mn from the octahedral (16d) sites to the tetrahedral sites
that is coupled to the transformation to Mn** via a disproportionation reaction and the known higher

solubility of Mn*" in the electrolyte™'

. In this sense, it is apparent that the loss of Mn at the surface of
the cathode is intimately connected with both the stress development of Jahn Teller distortion (that drives
the Mn-site migration) and tendency of Mn to undergo a disproportionation reaction. This behavior may
be increasingly important for LIB cathodes when using ultrathin graphene binders™ where the direct

contact between individual grains and the volume changes from lithiation may lead to significant stresses.
Conclusions:

These studies reveal new insights into the role of strain in altering the structure and
electrochemical reactivity of insertion LiMn,O, cathodes. The use of single-phase epitaxially-constrained
(111) LMO thin films exhibits reversible lithiation reactions. The results, obtained through operando
observations, reveal the coupled strain evolution (by measurements of the vertical lattice spacing), Mn-
loss (by reduction of film thickness), and cation migration (through the loss of the LMO(111) Bragg peak
intensity as a function of lithium content). While a simple insertion reaction are observed for O<x<1, the
epitaxially constrained spinel LMO undergoes a topotactic reaction for x>1 that is characterized by a Mn-
site redistribution that preserved the O-sublattice structure. Density functional theory calculations
confirm that compressive strains (at x=2) stabilize LMO structures with 2:2 Mn site distributions. The
appearance of this structural transformation is correlated with the onset of Mn-loss, suggesting that the
mobility of the Mn within the LMO lattice appears to be correlated to the loss of Mn from the surface due
to reaction with the electrolyte. A key observation in the present results is that the change in Mn site
distributions is observed to be reversible. This is distinct from the known instability of the orthorhombic
phase to transform irreversibly into the spinel structure upon electrochemical cycling. These results
provide useful benchmark for understanding the well-known voltage fade in lithium- and manganese-rich
layered composite oxides. In particular, the present results reveal that the “layered to spinel” structural
modification/rearrangement, which is seen as a major reason for this voltage fade™, can be reversible
under compressive strains. More broadly, these results provide new and direct insights into the role that
the metastability of lithium manganese oxides plays in the context of lattice strain and provide a new
basis for understanding approaches to control the secondary reactivity of insertion cathodes, in particular

widely observed Mn-loss in LMO.
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Figure 1: Crystal structure (side view of close-packed oxygen arrays) for (a) tetragonal A-Li,Mn,Oy; (b)(c)
monoclinic m-LiMnO, with 2 different stacking orientations and (d) orthorhombic o-LiMnQO,. Red,
purple and green balls represent oxygen, manganese and lithium atoms, respectively. Projected electron
density profiles along [111] direction for each structure are depicted on the right.
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Figure 2: X-ray scattering characterization of as-deposited film. (a) X-ray reflectivity data (blue circles)
and model best fit (black line). Inset shows electron density profile model for best fit; (b) specular X-ray
crystal truncation rod data; (c) off-specular phi-scan of substrate SrTiO; Bragg peak family {100} (black),
buffer layer StRuO; Bragg peak family {311} (green) and LiMn,O,4 Bragg peak family {400} {311} (red).
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Figure 3: (a) CV curve for first 2 cycles between 3.5 V and 4.3 V; (b) CV curve for 3rd to 5th cycles
between 2.5 V and 4.3V; (c) 2D color map of LMO (111) Bragg peak changes with the related voltage.
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Figure 4: The time sequence of the Li\Mn,0, (0 < x < 2) thin film parameters with associated voltage.
(a) voltage profile; (b) d-spacing of LMO (111) Bragg peak. Dy, D; and D, marks the d-spacing of bulk A-
Mn,0,, LiMn,0, and Li,Mn,0, respectively. do, d; and d, marks the measured d-spacing of LMO film at
those 3 states; (¢) LMO film thickness; (d) integrated intensity of LMO (111) Bragg peak. Vertical dash
lines divide 2nd cycle into region (1) and 3rd cycle into region (2)(3)(4).
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Figure 5: Full range specular CTR scans for a 10 nm LMO /30 nm SRO / STO (111) thin film sample at
as-deposited state and after 10 cycles.
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