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Abstract

Understanding the phase transition mecha-
nisms of active materials inside Li-ion batter-
ies is critical for rechargability and optimizing
the power/energy density of devices. In this
work, high-energy microfocused X-ray diffrac-
tion is used to measure in operando the state-
of-charge heterogeneities inside a high-voltage
spinel (LiMn, ;Ni, -O,, LMNO) cathode. The
structure of active material which resists com-
plete delithiation is studied, towards unlock-
ing the full storage capacity of ion-conductive
spinels. High-precision diffraction also reveals
nonlinear coupling between strain and lithi-
ation state inside the cathode at high volt-
ages, which suggests the phase diagram of this
material is more complex than previously as-
sumed. X-ray diffraction depth-profiling shows
that large lithiation heterogeneities through the
cross-section of the electrode are formed even at
low currents, and that decoupling these gradi-
ents are necessary to study the phase transi-

tions in detail.

Higher performance Li-ion battery elec-
trodes are required for the next-generation
of fast-charging and high power devices.!
LiMn, ;Ni, O, (LMNO) is an advanced cath-
ode active material, promising for battery elec-
tric vehicle applications due to its high voltage
at all states-of-charge, Co-free and Ni-poor
formula, and relatively stable crystal frame-
work.?# In addition, LMNO is capable of high
rate (dis)charge capability, even at large parti-
cle sizes due to the spinel structure’s excellent
Li ion conductivity with 3D diffusion path-
ways. 50

Utilization of LMNO is hindered by two
key issues. The first problem is instabil-
ity at high potential in conventional elec-
trolytes, which causes transition metal leach-
ing,™® self-discharge,’ and irreversible capac-
ity loss.'® The second problem is that LMNO
has a deceptively complex microstructure and
phase diagram.'"? The (de)lithiation mecha-
nism and kinetics are strongly influenced by



the presence of Mn/Ni ordering, '*'* Mn®* con-
tent,'>!0 antiphase domains,!” oxygen vacan-
cies, 819 surface faceting,®!® surface-localized
impurities, "?° cycling history,'® cycling rate,?!
annealing history, %2 temperature® and dop-
ing.?* The difficulty in controlling or even mea-
suring these structural parameters prevents the
preparation of well-defined material, and has
led to inconsistent results across the litera-
ture.!! Furthermore, these microstructural mo-
tifs usually co-exist inside the same material
and are coupled to one another, which compli-
cates mechanistic understanding. 16:22

Consensus has emerged on several aspects of
lithiation mechanics: LMNO possesses at least
three thermodynamically stable phases: the
fully lithiated LiMn, ;Ni, sO, (Li;, Ni*"), the
half-lithiated Li, ;Mn, sNiy O, (Ligs, Ni*"),
and the fully delithiated Mn, ;Ni, O, (Lio,
Ni**).25-27 The first phase transition from Li,
to Ligs occurs during the first voltage plateau
of the charging curve (4.7 V) initially through
a solid-solution mechanism, which switches to
a phase-segregation mechanism.?! The second
phase transition from Ligs to Lip occurs dur-
ing the second voltage plateau (4.75 V), mostly
through a phase segregated mechanism with a
small solid-solution component.

One major objective is to understand and
maximize the solid-solution behavior between
these three states during operation, since sharp
phase segregation is well-known to slow down
kinetics and accelerate degradation.?2® Sig-
nificant variations in the competition of the
solid-solution vs phase segregation mechanisms
during both phase transitions have been re-
ported by many groups. This has led to con-
tradictory mechanisms being proposed includ-
ing single-phase, %2 two-phase, 212330 and even
three phase!®?” coexistence inside individual
crystals. The relatively flat voltage curve of
LMNO places all of these states very close in en-
ergy, which makes experimentally probing the
phase diagram difficult. Only a few operando
X-ray or neutron diffraction studies with very
high quality intensity, time, and angular reso-
lution exist, 20-21:31,32

It is challenging to reconcile the high Li mo-
bility with the practical observation that it is

difficult to electrochemically extract all of the
Li from the lattice of many spinel oxides, which
limits the practical energy storage capacity of
these materials.3*3* The usable specific capac-
ity of LMNO varies wildly across studies, rang-
ing from less than half to above 98% of the the-
oretical 146 mAhg~!, typically around 90%.3°
While a 10% fraction of "redox-inactive” mate-
rial is sometimes observed in LMNO, the pres-
ence of this phase is rarely acknowledged, and is
challenging to explain. 1629253136 Rapid and /or
deep delithiation has also been shown to in-
duce cracking and fracturing of large LMNO
crystals, which degrades device performance.?”
These numerous connections between the phase
transitions with the capacity and durability of
LMNO motivate an in-depth understanding of
the lithiation mechanism.

X-ray diffraction (XRD) depth profiling is
an emerging technique for investigating state-
of-charge (SOC) gradients through the plane
of electrodes.?” During (de)lithiation, limited
electronic and ionic conductivity through elec-
trodes, as well as the fundamental intercala-
tion kinetics of active material, produce sub-
stantial heterogeneity through the thickness of
electrode films.3"3® While these effects are ob-
viously accentuated at extreme current den-
sities, a growing body of evidence supports
the existence and importance of gradients dur-
ing lower C-rate operation.®® The small num-
ber of time, potential, and depth resolved in
situ studies limits the scope of our understand-
ing of electrode SOC heterogeneity.*’ Because
the rate capability of conventional lithium-ion
cells is normally limited by the graphite an-
ode, a large percentage of these studies have
focused on enabling faster charging of anode
active materials,3"3%4142 while a comparatively
fewer number have considered cathode SOC
heterogeneity. %43 In highly conductive oxides
like LMNO, SOC heterogeneity can be gov-
erned not by the active material, but by con-
centration gradients in the electrolyte. A clear
picture of these SOC gradients inside practi-
cal electrodes are needed to deconvolute simple
transport phenomena from fundamental litha-
tion kinetics, and model the rate limitations of
next-generation cathodes from individual crys-



tallites to the cell level.

In this work, we use high-speed X-ray mi-
crodiffraction to enable deeper understanding
of LMNO cathode solid-state chemistry at the
inter and intraparticle scale. SOC gradients
are observed even when cycling at a modest
current density of 16 pA cm™2, equivalent to
a cycling rate of C/6 (one full charge in 6
hours). Substantial kinetic limitations in both
phase transitions are observed, for charging and
discharging directions. Our approach enables
the (inter-particle) ionic conductivity through
the electrode to be decoupled from the (intra-
particle) ionic conductivity through the lat-
tice of the active material, providing a clearer
picture of what limits the rate capability and
accessible capacity in advanced cathode ma-
terials inside functional electrodes. The un-
precedented signal quality enabled by fourth-
generation synchrotrons,** reveals a small but
quantifiable fraction of electrochemically ac-
tive LMNO which resists complete delithiation,
raising further questions about the complex
phase transition mechanisms, and its link to the
cation kinetics, inside these cathodes.

In situ synchrotron powder diffraction was
collected over the first charge-discharge cycle of
a Swagelok-geometry LMNO/Li cell at a rate
of C/6. A constant-current/constant-voltage
(CC-CV) profile was used to understand the
dynamics at high potentials.

Powder diffraction acquired from the middle
of the cathode film’s cross-section during the
cycle is presented in Figure 1. Diffraction from
the as-prepared electrode and its analysis is pro-
vided in the supplementary material (Figs. S6
and S10), which matches the data from the ini-
tial assembled cell, showing that the cell as-
sembly and contact with the electrolyte does
not induce major structural modifications. Be-
cause of the cubic symmetry of spinel LMNO,
all XRD reflections show the same proportion-
ate shift as a function of potential, but those
at higher angle are sampled with better reso-
lution in reciprocal space. Therefore, we focus
our analysis on the 531 reflection (4.54 A to

4.66 Afl), which does not significantly overlap
with any intense neighbouring reflections. The

trends observed are qualitatively in agreement
with many previous reports of in situ XRD on
LMNOQO. 18:27:29.3243 These changes are roughly
symmetrical upon discharge, with a small hys-
teresis detected in the peak position. Several
studies have suggested the hysteresis reflects
an kinetic energy barrier for nucleation of the
emerging phase, although the details of this
phenomena are not yet clear.?%?%29 It should
be noted that the discharge was stopped at 4.1
V to prevent overlithiation,3? while the initial
cell potential was somewhat lower (Fig. 1B).

Incomplete delithiation

The exceptional quality of the diffraction data
provided by the new Extremely Brilliant Source
at the European Synchrotron* allows for fully
quantitative analysis of weak, higher order re-
flections from minor phases in less than 1s ex-
posures in a microfocused beam. This unprece-
dented sensitivity combined with narrower nat-
ural linewidths at high angles permits the differ-
ences between the first and second phase tran-
sition to be fully resolved, along with the inter-
mediates formed during those processes.
Interestingly, we found that a small quan-
tity of LMNO does not completely delithiate
(Fig. 2A). After being held at 5.0 V for 1
hour, 6.5% of the Li; phase and 3.5% of the
Ligs phase remain, while 90.0% of the LMNO
is converted to the Liy phase (Fig. 2B). While
Figure 2 presents only the 531 peaks, similar
results are obtained for other reflections (Ta-
ble S1). It is foreseeable that some small frac-
tion of the LMNO is electrically isolated in the
electrode, and would therefore not participate
in the phase transitions. However, this can-
not explain the fraction of LMNO which un-
dergoes the first phase transition at 4.72 V to
Ligs but becomes trapped in this intermedi-
ate state, even when held at 5V. This Ligps
phase disappears again during the discharge,
indicating that those particles remain electri-
cally/ionically connected throughout cycling,
but are somehow unable to completely delithi-
ate. The low charging rate (C/6), and long hold
at very high potentials (1 hour at 5 V) applied
here preclude any other ionic or electronic con-
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Figure 1: Powder diffraction of the LMNO 531 reflection over the course of a charge-discharge cycle,
recorded from the middle of the electrode. Waterfall plot of the normalized intensities of the Liy,
Lip.5, and Liy peaks (A). Charging curve of the operando cell during measurement using a constant
current-constant voltage (CC-CV) protocol up to 5.0 V (B). Overlaid patterns of the 531 reflection
shown in part A. Every tenth powder pattern recorded is plotted here. (C).

ductivity effects from limiting the phase transi-
tions.

Many groups have repeatedly noted the diffi-
culty of extracting more than around 90% of the
the Li ions from spinel active materials based
on electrochemical and Li stoichiometry mea-
surements. 1921:33:3445 Tn an extreme case, Kan
et al. showed that a carefully annealed LMNO
had dramatically lowered capacity, where less
than 20% of the Li was capable of being ex-

tracted in the first cycle, and with the ca-
pacity gradually increasing on subsequent cy-
cles.'® However, several in situ diffraction stud-
ies on LMNO do not observe any untransformed
phases, despite having a detection limit suffi-
cient to observe them.??*32 These contradic-
tory results may be attributed to differences in
the crystal morphology, crystal quality, crystal-
lite size, pre-cycling, and charging rate of the
LMNO used in each study, which lead to sub-
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Figure 2: Waterfall plot of the diffraction intensities of the Liy, Liy.5, and Liy peaks for the LMNO
531 reflection, with contrast adjusted to show the trace quantities of the inactive phases.(A) Powder
diffraction after 1 hour hold at 5.0 V (B, extracted from magenta line in A). Each of the Liy, Lig s,
and Li; phases were background subtracted, fit with pseudo-Voight lineshapes, and integrated.

stantial differences in solid state reactivity.46

One of the possible explanations is that some
small fraction of LMNO crystallites experi-
ence strong heterogeneity in lithiation, with
large barriers to phase transitions. This has
been discussed by Bauer et al. when they de-
tected that ca. 10% of the Ni** and Mn®' in
LMNO was not fully oxidized at 5 V, similar to
this work, using operando XANES mapping. 2%
Their imaging further revealed that these unox-
idized regions are concentrated in specific par-
ticles. Unfortunately overlap between particles
prevented understanding whether these SOC
gradients occur only at the interparticle scale,
or also inside individual crystallites. However,
persistent intra-particle state of charge hetero-
geneity has been observed in several cathode
active materials.?” These states likely also ex-
ist in charged LMNO, since they are known to
occur in both the pristine, fully lithated start-
ing material*®*° and in chemically delithiated
samples. 27

Additionally, differences in phase transition
kinetics have often been attributed to the for-
mation of lower-symmetry phases of LMNO,
where the occupancies of Ni and Mn inside the
lattice are not randomly distributed, but locally

structured.®®%! The LMNO in this work was
not subjected to long annealing at high tem-
perature and slow cooling which is necessary
to produce cation ordering. Analysis of the
active material scraped from fresh electrodes
exhibited no extra superstructural reflections
characteristic of these phases, and only a trace
quantity of rock-salt impurity (Fig. S10). Con-
trol experiments on annealed LMNO indicated
that even very small quantities of ordering are
detectable with synchrotron diffraction (<0.1
wt%). Therefore, it is reasonable to conclude
that ordered Mn/Ni domains are not responsi-
ble for the incomplete delithiation.

The presence of antisite defects (Ni-Li site
swapping) have also been suggested to inhibit
LMNO phase transition kinetics.%® We checked
this hypothesis by analyzing the weak 220 re-
flection which draws most of its scattering
power from the Li lattice position. Its quan-
titative disappearance during delithiation indi-
cates no detectable Ni in this site, and therefore
no substantial quantity of antisite defects inside
the LMNO (Fig. S9).

LMNO is known for having 3D Li-ion conduc-
tion pathways and very fast intrinsic rate ca-
pability, therefore this incomplete delithiation



behavior is unexpected. Even though we do
not have a definite answer for the observed in-
complete delithiation, we suggest that defects,
mosaicity, and coherency strain inside large sin-
gle crystals are responsible, as these can locally
disrupt ion conduction, creating pinned states
and energy barriers to phase transitions.?%52
Furthermore, large strain gradients inside crys-
tals can lead to cracking, enhanced corrosion,
and degradation processes.*® We believe that
future understanding of these apparent barri-
ers to phase transformation is critical to unlock
the full theoretical capacity, charging rate, and
durability of these high voltage active materi-
als, toward batteries with longer lifetimes, and
higher energy /power densities.

Solid solutions at high potentials

Understanding these degradation processses in
LMNO at high potentials requires a precise un-
derstanding of which phases are formed under
these conditions. The relatively high temporal
and angular resolution of the diffraction data
allows for precise measurements of the solubil-
ity of the different phases into solid solutions.
While the Lips/Lip phase transition is often
suggested to follow an exclusively phase segre-
gated mechanism, it is clear from Figure 1A
and C that a significant evolution of the Lij
peak width and position occurs.?® A completely
phase-segregated mechanism with rapid Li dif-
fusion would show no evolution in lattice pa-
rameter (peak position), and only changes in
intensity and crystallite size (peak shape) of
two peaks would be observed. These shifts, oc-
curing for both lithiation and delithiation, were
probed by peak fitting of the 622 reflection from
the Liy phase over the course of the charge-
discharge cycle (Figure 3). A green arrow
marks the end of the second voltage plateau.
Red, blue, and magenta lines have been added
as a guide for the eye, and correspond to the
onset points of the 5.0 V hold, a brief pe-
riod of cell relaxation, and the discharge re-
spectively. This fitting was performed on the
same data shown in Figures 1 and 2. A full
Rietveld analysis of all three phases including
the mixed-phase regime at lower potentials is

severely compromised by the peak overlap of
the different metastable solid-solution interme-
diates, which has been discussed elsewhere.?!

Rietveld refinement of the pristine material
indicated that the crystallite size of the Li;
phase was immeasurably large at all time points
(> 100 nm), and that all of the measurable peak
broadening corresponds to local distortion of
the lattice parameter in the crystals, commonly
referred to as microstrain. Microstrain broad-
ening can be interpreted here as the ordering of
Li inside the lattice, and the degree to which
microscopic Li occupancy varies inside the Lig
domains. The constant peak width and stable
or slowly decreasing lattice parameter of the Lig
phase during the second charging plateau (be-
low 4.77 V) indicates that at these potentials,
the Li,; phase is slowly turning into Li, do-
mains and it is energetically favorable to keep
these domains in a highly disordered, moder-
ately strained state. At or below this potential,
the Li stoichiometry of the slowly growing Lig
domains and the Li ordering inside them are ef-
fectively constant, although the quantity of this
phase steadily increases.

After reaching a potential of 4.76 V (330 min-
utes, green arrow), the potential begins to in-
crease steeply (Fig. 3A). Concurrent with the
potential increase, the peak position of the Lig
phase also begins to increase (Fig. 3B, green
arrow). Removing the last few percent of Li"
ions becomes progressively more difficult, and
creates extra strain in the lattice. The peak
width also begins to decrease, indicating that
the variation in Li occupancy is reduced and
the domains are becoming more ordered. At
4.76 V the Lij phase intensity has only reached
around 50% of the maximum value (Fig. 3C,
green arrow).

The Li stoichiometry in the Liy solid solu-
tion can be estimated by linear interpolation of
the peak shifts.?! Using this method, the point
where the cell potential and peak position be-
gins to increase corresponds to a composition
of Lij oy in the Lip phase. (Figs. 3A and B,
green arrows). This is close to the concentra-
tion of Mn*" in this sample (3.9%, Fig. S5).
Therefore, we attribute this peak shift at high
potentials to either the onset of repulsive in-



teractions in the lattice as the occupancy of Li
decreases, or to an additional energy barrier as-
sociated with removing Li nearby Mn®" defects
in the lattice.

The Liy intensity begins to plateau at 4.879
V after reaching 83% of its maximum, with
a gradual small increase while the potential is
held for 1 hour at 5.0 V (Fig. 3C). Conversely,
the lattice parameter and peak width continue
to evolve until 5.0 V is reached (the red ver-
tical line), and then remain relatively constant
(Fig. 3B and D). After the potential hold, the
cell was allowed to relax for 15 minutes (be-
tween the blue and magenta lines). During
the relaxation phase, the potential and lattice
parameter immediately begin to decrease, and
the intensity and peak width remain constant.
While the voltage decay is a convolution of elec-
trochemical kinetics, Li* concentration gradi-
ents, and depolarizing reactions, any evolution
in the diffraction signal must reflect structural
re-lithiation, and can therefore be assigned to
self-discharge. Because the peak position shifts,
while the intensity and widths do not, we can
infer that the Li ions rapidly re-insert and equi-
librate throughout the crystals on the time scale
of seconds during relaxation, and that any sur-
face layers formed at high potentials do not dra-
matically impede the Li conductivity.

Once the discharge is initiated (magenta line)
the peak intensity begins to reduce, while the
peak width broadens. The diffraction shows the
process is partially symmetrical upon discharge,
with the lattice parameter reaching a minimum
at 4.732 V (463 minutes), where the intensity
of the Ly is 62%.

Simple solid solution behavior predicts lin-
ear shifts in peak position and intensity. The
strongly nonlinear behavior and mismatch be-
tween the lattice parameter, microstrain, and
intensity between 4.879 V and 5.0 V must re-
flect the continued structural ordering of the
lattice and electrode-surface interactions,?6->4
independent of the growth of Liy domains.
These reactions likely include an interplay of
Mn valence, irreversible rock-salt impurities,
electrolyte decomposition, oxygen vacancy for-
mation, which are directly responsible for per-
formance fade in full devices.! Although these

effects have been detected ex situ in cycled crys-
tals, we are not aware of any in-situ measure-
ments of these high voltage and defect mediated
transformations.®*> The instability of the elec-
trolyte between 4.75-5.0 V prevents a compar-
ative coulombmetric analysis in this window.

In light of our results, more work is clearly
needed to understand the link between these
Li" dynamics, and the reactions involved in
self-discharge, which limits the practical appli-
cation of LMNO and other high voltage cathode
materials.

Depth profiling the state of charge

A major advantage of grazing incidence mi-
crobeam diffraction is that depth profiles
through planar electrode films of conven-
tional thickness can be obtained. Without
depth-resolution, the influence of finite elec-
tronic/ionic conductivity limits the precision
of mechanistic investigations, such as deter-
mining the miscibility of the different phases
in solid solution. These SOC gradients cre-
ate a distribution of material properties which
are averaged through the thickness of the elec-
trode in most studies, and therefore blurred
together. Measuring this additional dimension
of the electrode allows for these effects to be
decoupled. In our experiments the beam was
scanned through the cross section of the elec-
trode with 5pm resolution during the whole
experiment.

Figure 4 shows the results of a Rietveld re-
fined linescan collected near the end of the sec-
ond voltage plateau (318 min elapsed, 4.755
V). A detectable SOC gradient can be observed
through the depth profile of the electrode, using
the relative peak intensities. The ratios of the
Lig 5 and Liy peak intensities show a clear trend,
with the regions closer to the separator having a
lower ratio than the regions closer to the current
collector on the right-hand side (Fig. 4). The
magnitude of this depth profile effect is sub-
stantial, with the phase transition progressing
41% further in the region of the electrode closer
to the separator.

Because the SOC is higher further away from
the current collector during the charging, it
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can be rationalized that the ionic, and not
the electronic conductivity of the electrode is
producing the through-plane lithiation gradient
in this experiment.® Since these gradients are
observed in a cell using a conventional Li-ion
electrolyte, reasonably low C-rate, and "high-
speed” active material, all of which suppress
SOC gradients, it is concluded that through-
plane SOC heterogeneity is likely a very com-
mon phenomena in standard Li-ion electrodes,
even though it is rarely measured.2%56 SOC gra-
dients may explain some aspects of the hys-
teresis phenomena commonly observed upon
charge/discharge in LMNO.2%212% Tmaging the
gradients formed inside electrodes is itself im-
portant for optimizing battery coatings, and
power performance.3” 3956

After the X-ray experiment, continued ex situ
cycling of the cell demonstrated equivalent per-
formance as during beam exposure, with no ob-
servable capacity fade (Fig. S4). Operando ex-
periments over a larger number of cycles are
necessary to probe how phase transitions con-
tribute to the mechanisms of irreversible capac-
ity loss. !0



Advances in operando X-ray diffraction allow
easy access to the fine structure of active ma-
terials which have previously only been visible
using neutron scattering, but now with much
higher spatiotemporal resolution. Details of
the phase transition mechanisms inside high-
voltage cathode materials such as LMNO are
required to accelerate their commercialization,
since these processes are directly responsible
for their capacity, durability, and rate perfor-
mance.

Trapped, lithiated LMNO phases linked to
the complicated phase transition kinetics in-
side ion-conductive spinels were clearly quan-
tified for the first time. These trapped states
limit ion (de)intercalation and partly explain
the diversity in reported LMNO capacities, al-
though their physical origin remains poorly un-
derstood.

High speed, precision measurements of the
LMNO lattice parameter during deep delithia-
tion show unusual nonlinear strain evolution as-
sociated with active material degradation pro-
cesses, and provide a way to quantify rapid self-
discharge reactions.

Depth-profile microdiffraction demonstrates
that large state-of-charge gradients are es-
tablished through the plane of the electrode,
even under conditions which are typically
thought to minimize these effects, such as high-
conductivity electrolyte, low C-rate, high speed
active material, and thin electrode coatings.
Decoupling this heterogeneity at the electrode
scale from the crystallite scale is necessary to
differentiate phase transition mechanisms, and
to optimize electronic and ionic conductivity
inside electrode films.

Unravelling the phase transition mechanisms
inside LMNO will ultimately require a bet-
ter understanding of heterogeneities at the
single-particle level.?%212757 Nanofocused X-
ray beams are well-suited to probe the com-
plex microstructure inside cathode active ma-
terials,*® and the rapid advances in this field
are likely to provide even deeper insight.

Materials and Methods

The LMNO active material was synthesized us-
ing high temperature solid state synthesis as de-
scribed elsewhere.!® The disordered phase was
prepared by annealing at 750 °C for 10 hours,
then cooling at 2°min~! The absence of well-
defined superlattice peaks in the Raman spec-
trum (Fig. S1) for ordered LMNO material as
described by Amdouni et al. confirms the dis-
ordered distribution of Ni and Mn cations in
the structure.®® As revealed by the TEM image,
LMNO presents as octahedral crystals of sizes
ranging from 200 nm to 1 pm. TEM images
show the expected truncated octahedra mor-
phology of the crystallites. Atomic resolution
imaging reveals no obvious surface layer of dis-
ordered material or defects.®® The distance be-
tween two crystal planes in the high resolution
image is 0.47 nm, corresponding to the (111)
plane of spinel LMNO (Fig. S2).

An ink was prepared with a composition of
85 wt % LMNO, 10 wt % conductive carbon,
and 5 wt % polyvinylidene fluoride as a binder.
The ink was coated onto Al foil using a doc-
tor blade, producing electrodes with areal ca-
pacity of 0.136 mA h cm ™2, measured using slow
cycling up to 4.85V. Direct measurements
of the active material mass loading on small
electrodes were less accurate, but was approx-
imately 1.4mgcm™2, corresponding to an ex-
perimental Li capacity of 102mAhg~!. The
powder diffraction experiment determined the
utilization and electrical connectivity of the ac-
tive material was a minimum of 93.5%. The
charging curves in the main text are presented
over time because of uncertainties in the cur-
rent efficiency at high potential and the areal
mass loading, as well as the poorly defined to-
tal Li capacity of the LMNO material. Charge-
discharge curves as a function of cell capacity
and differential coulometry are available in the
Supporting Information (Figs. S4 & S5).

A commercial, 0.25 inch diameter ” Swagelok”-
style® half cell was used for the diffraction ex-
periment (S4R, France). The perfluoroalkoxy
polymer body was lathed to a wall thickness
of approximately 200 pm to minimize scatter-
ing from the cell body (Fig. S3). A relatively



thick glass fiber separator (EL-CELL, 1 mm)
was used to create gentle homogeneous com-
pression of the stack during operation. Li foil
(99.9% purity, 0.75 mm thickness, VWR), was
used as a counterelectrode. The electrolyte
was 20 uL of 1.0 M LiPFy in ethylene carbon-
ate/ethyl methyl carbonate (3/7 g/g, LP-57),
added in several portions to the separator to
ensure a fully wetted cell. A Biologic SP-240
potentiostat was used to control the cell poten-
tial.

Operando powder diffraction was collected at
ESRF beamline ID31. The X-ray wavelength
was 0.161 A (77keV), and the cathode was se-
lectively illuminated at grazing incidence with a
beam 25x5 pm in horizontal x vertical size. The
data was collected using a Pilatus 2M CdTe
detector at a distance of 2.25m using an ex-
posure time of 1s per pattern, measured every
30s with an incident flux of 6 x 10'° ph/s. Data
was radially integrated using the PyFAI anal-
ysis package, calibrated with NIST SRM 674b
CeO,.

For the analysis of the 531 reflection shown
in Fig. 4, the integrated peak intensities of
each phase were weighted to account for the
small change in structure factor upon delithia-
tion, calculated using VESTA 3.57.

The relatively high flux density of the X-ray
beam used in this work could perturb the lo-
cal potential inside active cells. To determine
the extent of undesirable beam influence, a sep-
arate control experiment was performed where
two different spots on an LMNO electrode in-
side the operando cell were given different X-
ray doses while cycling. The first location was
given a dose equivalent to that shown in this
work, while the second location was given a 10-
fold higher dose. The phase transitions of the
LMNO were unaffected by changes in the beam
dose, leading us to conclude that exposure in
this range does not produce substantial X-ray
damage, at least over one cycle. High energy
X-rays such as those used in this work have
previously been shown to minimize or eliminate
beam damage during cycling, versus lower en-
ergies which are more strongly absorbed. %!
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