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Evolution of redox couples in Li- and Mn-rich
cathode materials and mitigation of voltage fade
by reducing oxygen release

Enyuan Hu®"’, Xigian Yu®'27* Ruogian Lin'3’, Xuanxuan Bi?, Jun Lu®#*, Seongmin Bak’,
Kyung-Wan Nam ©?3, Huolin L. Xin®3*, Cherno Jaye®, Daniel A. Fischer®, Kahlil Amine* and
Xiao-Qing Yang'

Voltage fade is a major problem in battery applications for high-energy lithium- and manganese-rich (LMR) layered materials.
As aresult of the complexity of the LMR structure, the voltage fade mechanism is not well understood. Here we conduct both in
situ and ex situ studies on a typical LMR material (Li, ,Ni,,;Co,,Mn, ;s0,) during charge-discharge cycling, using multi-length-
scale X-ray spectroscopic and three-dimensional electron microscopic imaging techniques. Through probing from the surface to
the bulk, and from individual to whole ensembles of particles, we show that the average valence state of each type of transition
metal cation is continuously reduced, which is attributed to oxygen release from the LMR material. Such reductions activate the
lower-voltage Mn3**/Mn** and Co?**/Co** redox couples in addition to the original redox couples including Ni**/Ni3*, Ni3*/Ni**
and 0% /0, directly leading to the voltage fade. We also show that the oxygen release causes microstructural defects such as
the formation of large pores within particles, which also contributes to the voltage fade. Surface coating and modification meth-

ods are suggested to be effective in suppressing the voltage fade through reducing the oxygen release.

materials have been considered as one of the most promising

candidates for high-energy-density lithium-ion batteries'.
They can deliver reversible capacities of over 280mAhg™!, which
almost double those of conventional cathode materials such as
LiCoQ, (ref.”) or LiFePO, (ref.¢). However, these materials are still
facing significant challenges for commercialization in large scale.
One of the major problems is known as voltage fade, which means
that on cycling, the discharge voltage of LMR materials keeps
decreasing’~’. To overcome this problem, we need to acquire a fun-
damental understanding of the mechanism for voltage fade.

Numerous studies have been carried out to investigate this prob-
lem and the ‘layered-to-spinel phase transition” has been considered
as one of the main reasons for voltage fade. Xu et al."’ observed the
formation of a spinel phase on the surface of cycled LMR electrodes
using aberration-corrected scanning transmission electron micros-
copy (STEM). Moreover, Gu et al.'' observed spinel domains with
different orientations within the same particle of cycled samples.
On the basis of this observation, they proposed that the layered-
to-spinel phase transition follows a nucleation and growth mecha-
nism. In addition to these electron microscopy studies, Raman
spectroscopic studies by Hong et al.'? also provide evidence for such
phase transition.

Since layered and spinel phases differ in how lithium and transi-
tion metal cations are arranged in each metal layer, layered-to-spi-
nel phase transition indicates that the transition metal migration
must be involved in this phase transition process”. Sathiya et al.”
observed the trapping of transition metal ions in tetrahedral sites in

|_ithium— and manganese-rich (LMR) layer-structured cathode

cycled lithium-rich and ruthenium-rich samples (having very simi-
lar structure as LMR) using the STEM technique for comparative
studies on two samples of Li,Ru, ,;Ti,,;0; and Li,Ru,,sSn,,50;. They
found that there are more metal ions trapped in the Li,Ru,,;T1,,50,
sample than in the Li,Ru,,sSn,,;0; sample and attributed this result
to the smaller ionic size of Ti** versus Sn**. Recently, Dogan et al.®
identified the presence of tetrahedral occupation of the transition
metal in the LMR material after the first charge using nuclear mag-
netic resonance spectroscopy and suggested that such local struc-
tural reorganization can lead to both voltage fade and hysteresis.

These studies provide valuable insight into the crystal struc-
tural changes relating to the voltage fade in LMR materials.
However, the detailed relationship between such crystal structural
changes and the voltage fade, the contribution to such fade by
each element in the material during cycling, and how and where
such structural reorganization starts and propagates through the
particles of the cathode material during cycling have not been
thoroughly studied yet.

Here, we carry out a systematic study on a typical LMR material
Li, ,Ni, ;5C0,,Mn, ;;O, by combining synchrotron X-ray absorption
spectroscopy (XAS) with high penetration power and the capabil-
ity to average through the whole cathode, STEM with atomic-level
spatial resolution and the newly developed three-dimensional (3D)
electron tomography'’. A very large number of in situ and ex situ
synchrotron X-ray spectra, from both hard XAS at transition metal
K-edges and soft XAS at oxygen and carbon K-edges, were collected
at various charge-discharge cycles and the capacity contribution
from each transition metal redox couple was calculated for a certain
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cycle number from these spectra. Comparing the charge-discharge
profiles, we demonstrated that the origin of voltage fade is the redox
couple evolution during cycling. We also investigated the evolution
of microstructure during cycling and studied how that relates to
the chemical degradation of the material. In addition, we demon-
strated that the surface coating or other surface modifications are
quite effective in suppressing the voltage fade through reducing the
oxygen release during charge-discharge cycling.

Evolution of the redox couples during cycling

The electrochemistry of Li, ,Ni,,;Co,,Mn, s;O, is plotted in Fig. 1,
showing the typical voltage fade problem associated with LMR
materials. The details are provided in Supplementary Note 1. The
X-ray absorption near-edge structure spectra at the K-edges of Mn,
Co and Ni were collected in situ during the 1st, 2nd, 25th, 46th and
83rd charge-discharge cycles. Detailed in situ data showing how the
spectra of each transition metal element change during the charg-
ing and discharging process are shown in Supplementary Figs. 1-5.
The results of these data at the end of charge and discharge for each
of these cycles are plotted in Fig. 2 together with the ex situ data for
the O K-edge for the same sample at the end of charge and discharge
for each of these cycles. It can be seen clearly that with an increased
number of cycles, the average valence states for all of these three
transition metals are continuously reduced.

The oxygen fluorescence yield (FY) spectra show that most of the
changes occur in the pre-edge region. There are continuous decreases
in pre-edge peak intensity during cycling, indicating the weakening
of the hybridization strength between the transition metal and the
oxygen in the bulk. One thing to note is that in the post-edge region
(peak centre at about 542 eV), the spectrum of the first cycle is differ-
ent from other spectra of the subsequent cycles. This is probably due
to the presence of oxygen vacancies in the materials, as has been dis-
cussed in previous reports'>'®. A semi-quantitative analysis was car-
ried out on the XAS data from the 1st, 2nd, 25th, 46th and 83rd cycles
and the results are shown in Fig. 3a. The detailed analysis procedure
is provided in Supplementary Note 2. In particular, the method of cal-
culating the Mn oxidization state is shown in Supplementary Fig. 6.

In the initial cycle, oxygen and nickel are the two major con-
tributors to the capacity, with 128 mAhg™' and 94mAhg™" deliv-
ered capacity, respectively. However, on cycling, their roles become
minor, with the capacity from oxygen decreasing to only 50mAh g~!
and the capacity from nickel decreasing to only 66 mAhg™ at the
83rd cycle. It is interesting to note that while the contributions from
oxygen and nickel diminish, the contributions from manganese and
cobalt steadily increase with their respective capacities going from
14mAhg™ and 26 mAhg™ in the initial cycle to 66 mAhg™ and
53mAhg™ in the 83rd cycle.

On the one hand, such a capacity increase from manganese and
cobalt compensates the capacity loss from oxygen and nickel, main-
taining the overall capacity during cycling. On the other hand, shift-
ing the redox couples from oxygen and nickel to manganese and
cobalt has a significant impact on the voltage profile, as illustrated
in Fig. 3b, which shows how the density of states of the cathode
material changes during cycling. The open-circuit voltage (OCV)
in the Li battery is determined by the relative Fermi level energy
with respect to the Li*/Li° energy level, which is related to the work-
function required to move the electrons from the cathode (LMR
material) to the anode (lithium metal)". For the pristine sample, the
Fermi level lies just above the Ni**/Ni** redox couple. As the cycle
goes on, oxygen loss occurs and leads to transition metal reduction.
Specifically, nickel is likely to be reduced on the surface first, form-
ing an electrochemically inactive rock-salt phase and decreasing the
capacity contribution from nickel. Such a surface reconstruction
process has been investigated in detail previously by Lin et al.'. For
manganese and cobalt, their reduction resulted in the activation of
the Mn**/Mn* and Co**/Co’* redox couples. Such reductions shift
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Fig. 1] Electrochemical characterization of Li, ,Niy;sC0,,;Mng s50,.

a, Charge-discharge curves for Li; ,Ni;sCoo;Mn, O, for the 1st, 2nd,
25th, 50th and 75th cycles. b, dQ/dV plot of Li; ,Nig;sC0o;Mn, 5O, for the
charge-discharge curves for the 1st, 2nd, 25th, 50th and 75th cycles.

the Fermi level higher and resulted in lower OCV and operating
voltages. In fact, such process can also explain why the capacity con-
tribution from oxygen is decreased: as transition metal is reduced,
the covalency between the transition metal and oxygen is conse-
quently weakened, causing less oxygen involvement in the redox
reactions. One may notice that the difference between the energy
levels is minimal for Ni**/Ni** and Ni**/Ni** redox couples but is
very large for Co**/Co®* and Co®*/Co** and even larger for Mn**/
Mn** and Mn**/Mn>*. The reason for these larger differences can be
explained by the schematic illustration of the electronic structures
shown in Fig. 3c. It shows that for Mn and Co, different orbitals
are involved when going from one redox couple to the other. For
example, the Co**/Co’* redox couple involves losing (oxidizing) or
adding (reducing) an electron in the spin-up e, orbital. However,
the Co**/Co** redox couple involves losing (oxidizing) or adding
(reducing) an electron in the spin-down t,, orbital. However, for Ni,
the same orbital (spin-up e,) is involved in both Ni**/Ni** and Ni**/
Ni** redox couples. Therefore, it is the reduction of Mn and Co that
is mainly responsible for the drop in OCV or so-called voltage fade.

Surface reactions probed by soft XAS
While hard X-ray absorption provides rich information on the reac-
tion in the bulk, the partial electron yield (PEY) mode of soft X-ray
absorption can give complementary information about the surface.
Spectra of O K-edge and C K-edge XAS collected in PEY mode
are shown in Fig. 4a,b respectively. In O K-edge XAS, the pre-edge
peaks (from 528 to 533 eV) arise from exciting an oxygen core shell
1s electron to unoccupied states that feature hybridization between
oxygen 2p and transition metal 3d states. It is obvious that the pre-
edge peak of the pristine sample is very similar to that of MnO,,
featuring a strong intensity. This was clearly explained by Luo et al.%,
who attributed such similarity to the high concentration of manga-
nese at the surface and the great number of unoccupied 3d orbit-
als in tetravalent manganese. For the first cycle, when the sample
was firstly charged, there is an increase in the pre-edge intensity,
which arises both from the stronger hybridization between the oxy-
gen 2p and the higher-valent transition metal and from the anionic
redox reaction.

After the sample was discharged, the pre-edge intensity decreases
reversibly (lower panel of Fig. 4a), suggesting that the top layer
(around 5nm, which is the probing depth of the PEY mode") is still
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Fig. 2 | XAS results of various elements in Li; ,Ni,;sC0,,Mn, 5s0, at different cycles. K-edge XAS of Mn, Co, Ni and O for Li;,Niy;5C0,;Mn, 550, collected
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in the FY mode. For each element, charged and discharged graphs are plotted using the same scale.
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Fig. 3 | Redox couple evolution of Li, ,Niy,sC00;Mn, 550, during cycling. a, The contribution towards the discharge capacity from each element at various
cycles. b, An illustration of the Fermi level being lifted up as a result of electronic structure change. As the voltage is determined by the energy gap
between the Fermi level and the Li*/Li® energy level, it is lowered accordingly. U, is the on-site Coulombic repulsion energy that splits up successive redox
potentials. ¢, A diagram showing that, for different redox couples, Mn and Co would involve different energy levels. However, for Ni, the energy level is

mostly the same. h.s. and |.s. are high spin and low spin, respectively.

mostly made up of active cathode materials during the 1st cycle. As
the cycles goes on, the pre-edge peaks keep decreasing, which can
be explained through two aspects. First, the surface reconstruction
can take place during cycling, leading to the formation of rock-salt/
spinel phases. This is supported by the PEY data for the transi-
tion metal L-edge shown in Supplementary Figs. 7-9. The tran-
sition metal valences are lower in these phases and consequently
the hybridization strength between the transition metal 3d orbitals
and the oxygen 2p orbitals is weakened. The second reason for the
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continuous decrease in the pre-edge intensity is the formation of
various inorganic/organic compounds such as Li,CO,, Li,O, LiOH,
RCO,Li and R(OCO,Li), (ref.?) as a result of electrolyte decom-
position?*>. This argument is supported by the increase in the
high-energy shoulder peaks (535eV and above), a typical signature
of surface OH species”*!. These oxygen-containing species do not
have available orbitals to hybridize with oxygen 2p orbitals, leading
to the absence of pre-edge peaks in their own O K-edge XAS spectra
and an overall decrease in the pre-edge of the measured spectra.
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The surface reconstruction and the formation of the layer contain-
ing electrolyte decomposition compounds at the cathode/electrolyte
interface (CEI) lead to a surface with gradually reduced electro-
chemical activity, as suggested by the greater and greater overlap
between the spectrum of the charged sample and the discharged
sample (Fig. 4b). The thickness of this inactive surface layer grows
on cycling. By comparing the PEY data with the FY data (shown in
Supplementary Figs. 10 and 11), it is estimated that the thickness
can be up to tens of nanometres after 100 cycles.

The spectra of C K-edge XAS are shown in Fig. 4c. The peaks at
284.8eV and at 292.6eV are attributed to the m anti-bonding and
the o anti-bonding of the carbon additive’>*. The peak at 290.2eV
is attributed to the CO,*~ in Li,COj; (refs****). During cycling, there
is a clear decrease in the peaks characteristic of the carbon additive.
These observations suggest that the carbon additive keeps degrading
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during cycling, presumably caused by intercalation of (PF,)~ into
graphite at high voltage, which has been studied by Seel and Dahn”.
In contrast, there is an increase in the peak belonging to Li,CO,,
which is a major product in the CEI layer®****'. This peak intensity
increase suggests that the CEI layer may grow during cycling, which
is in agreement with previous O K-edge XAS results. The growth of
the CEI layer can potentially make the whole electrochemical reac-
tion more and more kinetically sluggish, causing an increase in the
overpotential and a decrease in the observed discharge voltages.

The above results can be summarized in the illustration shown
in Fig. 4d and are consistent with galvanostatic intermittent titra-
tion technique (GITT) measurements for cycled samples as shown
in Supplementary Fig. 12, showing that surface degradation leads to
an overpotential increase. Detailed discussions on GITT results are
provided in Supplementary Note 3.
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Fig. 5 | 3D electron tomography reconstruction of Li; ,Niy;sC0,,;Mn, 550, materials. a,b, A volume rendition and a progressive cross-sectional view of
cathode particles in the pristine state (a) and after 15 cycles (b). ¢,d, The internal pore size distribution of the pristine sample weighted by occurrence
(c) and by volume (d). e f, The internal pore size distribution of the cycled sample (15 cycles) weighted by occurrence (e) and by volume (f). The green
and orange lines in ¢ and e are single-Gaussian and bi-Gaussian fitting of the pore size histogram. The reweighting by volume in d and f is applied to the

fitted curves.

Initiation and propagation of microstructural degradation
All of the spectroscopic evidence stated above and the results
reported in the literature point out that the voltage fade is caused
by the oxygen loss and consequential transition metal reduction
during cycling. However, where and how the oxygen-loss-induced
microstructure changes take place in cathode material and propa-
gate have not been thoroughly studied. To pinpoint the structure
nucleation and evolution, we performed atomic-resolution annular
dark-field STEM (ADF-STEM) imaging, spatially resolved electron
energy-loss spectroscopy (EELS) and ADF-STEM tomography.
Using ADF-STEM tomography, the 3D internal structures of the
cathode material before and after 15 charge-discharge cycles were
reconstructed (Fig. 5a,b). The 3D rendered reconstructions shown
in Fig. 5b qualitatively show that a new population of large pores
had formed in the interior of the cycled particle after 15 cycles. By
analysing the pore size distributions (Fig. 5c-f), it can be quanti-
tatively concluded that the large pores observed in Fig. 5b belong
to a new mode that did not appear in the pristine samples. The
volume-weighted distribution shows that the large pores contrib-
ute to the majority of porosity in the material. As the formation of
the large pores is correlated with charge cycles, they are very likely
formed by nucleating vacancies that had been left behind by oxygen
loss, agreeing well with the ‘lattice densification’ model proposed
by Delmas and co-workers™. To estimate how much oxygen is lost
from the lattice to create these pores, we selected several particles
and calculated their pore fractions. It is found that the pore fraction
varies from 1.5% to 5.2%, indicating that the maximum amount
of oxygen loss can be as large as 9% after cycling (the detailed
methodology to evaluate the amount of oxygen loss is provided in
Supplementary Note 4). It is worth noting that the pore distribution
evolution is found in multiple particles (Supplementary Fig. 13).
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Therefore, the results presented here are statistically reliable. In
addition to the estimation, we performed differential electrochemi-
cal mass spectrometry (DEMS) to directly observe whether the oxy-
gen loss is in the form of gas release from the material lattice, shown
in Supplementary Fig. 14a. A trace amount of oxygen was detected
after full charge of each cycle (Supplementary Fig. 14b), indicating
continuous oxygen loss during cycling. The detailed DEMS mea-
surement is explained in Supplementary Note 5.

To further clarify the origin of these pores, STEM-EELS map-
ping of a concealed pore and an exposed pore was performed as
shown in Fig. 6. Figure 6a shows the STEM-EELS mapping results
over a concealed pore in the bulk and the exposed pore at the sur-
face of the particle. The EELS map of the concealed pore shows that
there is only a very thin shell of Mn?* build-up around the pore
(Fig. 6a). Since a significant number of small pores were observed in
the pristine sample before cycling, it is assumed that these internal
concealed pores are formed during synthesis and may keep their
size and shape unchanged during cycling until oxygen release is
initiated near them. In contrast, for the opposite extreme situation
in an exposed pore, the entire pore surface area is exposed to the
electrolyte, as shown in Fig. 6b, and a thick layer of spinel/rock-salt
structure phase was formed through the interaction between the
pore surface and the electrolyte. The EELS relative concentration
mapping shows that there is a significant increase in Mn relative
concentration close to the surface volume. Based on the fact that the
number of large pores increases during cycling as shown in Fig. 5,
we can speculate that a large number of pores are neither com-
pletely concealed nor completely exposed. Instead, they are partially
exposed pores with oxygen diffusion pathways nearby in the form
of microstructural defects such as dislocation, grain boundaries
and micro cracks. During cycling, these partially exposed pores will
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mapping and atomic-resolution imaging of an exposed pore. Top left: an ADF-STEM image of an opened pore. Middle and bottom left: the Mn (middle)
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grow in size and number, together with those completely exposed
pores at the surface, contributing to the propagation of the struc-
tural phase transitions, facilitating the further oxygen loss and self-
feeding the further microstructural defect formation, as well as
accelerating the voltage fade.

Discussion

The role of manganese in voltage fade has been well studied and it is
understood that manganese goes through reduction on oxygen loss
and the Mn** cations resulting from the disproportionation reac-
tion (Mn** - Mn?* + Mn*") migrate more easily to the tetrahedral
site®**. However, not enough attention has been paid to the role
of cobalt on such voltage fade. As a matter of fact, cobalt has been
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known to be beneficial in stabilizing the layer structure, and it is
widely used in layer-structured cathode materials’™*. Therefore, the
role of Co in voltage fade is quite important.

Here, it is clearly shown that during cycling, cobalt also experi-
ences reduction and directly contributes to the voltage fade by shift-
ing the redox couple from Co**/Co** to Co**/Co**.

The continued transition metal reduction during cycling indi-
cates on-going oxygen loss at the same time. This is unambigu-
ously confirmed by the 3D TEM electron tomography and spatially
resolved EELS mapping. Most of the TEM studies reported in the
literature are 2D, limited to provide the statistics of the pore size
distribution. Powered by the newly developed 3D electron tomog-
raphy, we are able to visualize the growing size of the pores during
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cycling and the nucleation and propagation of the new spinel phase
at the interface between the surface of the exposed pore and the
electrolyte. It has been proposed that microstructural defects, oxy-
gen release and spinel phase formation are closely related factors
and they can facilitate each other during cycling’. Results from this
work are in very good agreement with those reported in our previ-
ously published papers using 3D transmission X-ray microscopic
tomography’**. A schematic illustration of the comprehensive
spectroscopic techniques used and the results obtained from these
studies are shown in Supplementary Fig. 15. The morphological
change induced by oxygen release can influence the voltage fade in
two ways. First, it exposes more surfaces and creates more defects
in the particle, both of which promote further oxygen loss. Oxygen
loss, in turn, leads to transition metal reduction that contributes
to voltage fade. Second, a porosity increase can give rise to more
cracks within the particle, weakening the contact between the
active material and the carbon additive/current collector’*'. This
would lead to an electric resistance increase in the cell and contrib-
ute to the deteriorated electrochemical performance through the
increased overpotential.

From the above discussion, it is clear that oxygen loss plays a
critical role in voltage fade. It contributes to voltage fade by reduc-
ing manganese and cobalt followed by activating the Mn’*/Mn**
and Co?*/Co’" redox couples at lower voltages. In addition, it slows
down the charge transfer across the CEI and deteriorates the elec-
trochemical performance by reducing nickel and facilitates the sur-
face reconstruction. Therefore, suppressing oxygen loss would be
a very effective approach to reduce voltage fade in LMR materials.

Practically, there are two good approaches to tackle oxygen loss.
First, surface modification is a relatively simple process to reduce
oxygen release at the surface of particles. For example, there are sev-
eral reports showing how surface coating can suppress voltage fade
in LMR materials. Considering that oxygen loss can be facilitated by
defects causing larger electrolyte-interacting areas, it would be even
more desirable to have the coating at the primary particle level, not
just at the secondary particle level. It is interesting to note that there
is recent progress in this direction as reported by Kajiyama et al.*.
Aside from coating, there are other surface treatment methods. For
example, Qiu et al.*’ recently demonstrated that a surface treatment
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that introduces more oxygen vacancy on the particle’s surface can
significantly decrease the scale of oxygen loss and effectively sup-
press voltage fade.

Second, as oxygen loss is usually associated with phase transi-
tion of the bulk material, it is possible to indirectly suppress oxygen
loss by kinetically manipulating the phase transition. This can be
achieved by introducing appropriate foreign elements into the bulk
material. This argument is supported by a recent example reported
by Nayak et al.**. These authors demonstrate the effectiveness of alu-
minium doping in suppressing voltage fade. Another example is a
paper published by Hu et al.** that pointed out that oxygen loss dur-
ing heating can be suppressed by doping the material with cations
that have tendencies to occupy tetrahedral sites. The tetrahedral site
occupation of these cations could hinder the transition metal cation
migration through tetrahedral sites, which is considered as a paral-
lel process for the phase transition to the spinel structure accompa-
nied with oxygen loss.

Although these design principles provide important directions
for material design, the practical optimization of the LMR mate-
rial synthesis still involves many trial-and-error efforts. It would
be highly desirable to predict the long cycling behaviour of LMR
materials by some simple methods without going through the long-
time cycling. It is interesting to note that similar oxygen release and
transition metal reduction processes are also observed in experi-
ments when heating up the charged cathode materials’>"". In those
thermal stability studies, it was found that transition metals, par-
ticularly manganese and cobalt, migrate to tetrahedral sites, lead-
ing to the formation of spinel phases. Such migration has also been
observed in the cycling experiments, but at a smaller scale and usu-
ally takes more effort to characterize’. The similar responses of the
cathode material to external forces (voltage in the case of cycling or
temperature in the case of heating) have been explored by Schilling
and Dahn*, Ceder and co-workers®” and Yang and co-workers™.
On the basis of these studies, it might be possible to speed up the
material screening test by associating the electrochemical cycling
performance with the thermal stability. Instead of characterizing
the stability of the cathode material by going through many elec-
trochemical cycles, a heating experiment (within hours) can be per-
formed on the material to reveal its thermal stability. This can serve
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as a strong indicator of the electrochemical performance. There are
several examples in the literature showing that doping and surface
coating can effectively mitigate the voltage fade problem in LMR
materials*>*'~*, For example, previous work by Zheng et al.*’ indi-
cates that AlF; coating can effectively suppress the voltage fade in
LMR material as shown in Supplementary Fig. 16.

To summarize, we demonstrated in this work that such per-
formance improvement in reducing the voltage fade during elec-
trochemical cycling can be well correlated with the improvement
in thermal stability. As shown in Fig. 7 (detailed in situ XRD data
covering the full 26 range is shown in Supplementary Fig. 16),
the uncoated LMR material experiences layered-to-spinel phase
transition (illustrated by the appearance of the (220) peak that is
characteristic of spinel) and oxygen release at a much lower tem-
perature than the temperature observed for oxygen release in the
AlF;-coated system, indicating that coated LMR is more thermally
stable. Such a correlation between electrochemical cycling and
thermal stability is not a coincidence but intrinsically caused by
the fact that both cycling and heating can involve oxygen loss, and
transition metal reduction and migration. This correlation pro-
vides a simple and quick procedure to test the effectiveness of a
new surface modification or a new material developed to suppress
voltage fade without having to conduct time-consuming multiple
cycling: if the material for surface modification has a better ther-
mal stability (meaning that oxygen is released only at high temper-
ature), it would have a better structural stability in resisting voltage
fade during cycling.

Methods

Electrochemical measurement. The Li, ,Ni,,;Co,,Mn, O, cathode electrodes
were prepared by slurrying the active material, carbon black and polyvinylidene
fluoride with a weight ratio of 86:6:8 in N-methyl pyrrolidone solvent, and then
coating the mixture onto an Al foil. High-purity lithium foil was used as the
anode. The electrolyte was 1.2 mol LiPF in ethylene carbonate and dimethyl
carbonate solvent (3:7 by volume, Novolyte Inc.). The 2032-type button cells for
electrochemical studies were assembled in an argon-filled glove box and tested
on a VMP3 BioLogic electrochemistry workstation. GITT experiments (Biologic
Inc.) were performed by charging/discharging the cell for 1h at a current density
of 21mAg™" and relaxing it for 12h to reach a quasi-equilibrium state and then
repeating this process until the voltage limitation was reached.

X-ray absorption spectroscopy. The hard XAS experiments were carried out at
beamline X18A of the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The in situ XAS experiments were performed in transmission
mode using a Si (111) double-crystal monochromator detuned to 35-45% of its
original maximum intensity to eliminate the high-order harmonics. A reference
spectrum for each element was simultaneously collected with the corresponding
spectrum of the in situ cells using transition metal foil. The energy calibration
was carried out using the first inflection point of the K-edge spectrum of the
transition metal foil as a reference. The XANES and extended X-ray absorption
fine-structure data were analysed using the ATHENA®* software package. The soft
XAS measurements were performed in both FY and PEY modes at beamline U7A
of the NSLS. The beam size was 1 mm in diameter. The estimated incident X-ray
energy resolution was ~0.15eV at the O K-edge. The monochromator absorption
features and beam instabilities were normalized out by dividing the detected FY
and PEY signals by the photoemission current of a clean gold Io mesh placed in
the incident beam. The energy calibration was carried out by initially calibrating
the principal monochromator Io oxygen absorption feature to 531.2 eV using an
oxygen gas-phase absorption cell. An additional Io mesh of Ni was also placed in
the incident beam to ensure energy calibration (based on the oxygen calibration
above) and energy-scale reproducibility of the many PEY or FY spectra presented.
The PEY data were recorded using a channel electron multiplier equipped with a
three-grid high-pass electron kinetic energy filter, while the FY data were recorded
using a windowless energy dispersive Si (Li) detector. A linear background fit to
the pre-edge region was subtracted from the spectra. The O K-edge spectra are
normalized between 585 and 630 eV.

In situ time-resolved XRD and mass spectroscopy. The charged cells were
transferred to a glove box for disassembly. The charged cathodes were washed

in dimethyl carbonate solvent in the glove box and the fine cathode powders
(including the binder and conductive carbon) were obtained by scratching away
the electrode from the current collector. They were loaded into 0.5-mm-diameter
quartz capillaries in the glove box and the capillary tip was sealed temporarily
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with vacuum grease in the glove box. The capillary then was transferred from the
glove box and hermetically sealed using an oxygen torch before being mounted
on the thermal stage of beamline X7B, at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. The detailed experimental procedure is
described in a previous report™.

TEM characterization. Atomic-resolution annular dark-field STEM imaging, and
spatially resolved electron energy-loss spectroscopic mapping were performed on
a200-keV probe-corrected dedicated STEM equipped with a cold field emitter

and an Enfina spectrometer. The electron tomography results were acquired in a
200keV S/TEM with a Schottky field emitter. For each 3D reconstruction, a tilt
series of 71 images were acquired in the annular dark-field STEM mode from —70
degrees to +70 degrees with 2-degree intervals. The tomograms were reconstructed
using a custom-written MATLAB script that implements a multiplicative
simultaneous iterative reconstruction technique.

Data availability. The data that support the plots within this paper and
other finding of this study are available from the corresponding author upon
reasonable request.
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