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ABSTRACT: Layered transition metal oxides such as LiNigCo o;5Aly 450, (NCA) —«—RT
are highly desirable battery electrodes. However, these materials suffer from thermal ~+-150 °C —O2
runaway caused by deleterious oxygen loss and surface phase transitions when in ~2-150 °C — H2

highly overcharged and overheated conditions, prompting serious safety concerns. prepeak
Using in situ environmental transmission electron microscopy techniques, we
demonstrate that surface oxygen loss and structural changes in the highly
overcharged NCA particles are suppressed by exposing them to an oxygen-rich
environment. The onset temperature for the loss of oxygen from the electrode
particle is delayed to 350 °C at oxygen gas overpressure of 400 mTorr. Similar
heating of the particles in a reducing hydrogen gas demonstrated a quick onset of . . . . .
oxygen loss at 150 °C and rapid surface degradation of the particles. The results 520 530 540 550 560
reported here illustrate the fundamental mechanism governing the failure processes Energy loss (eV)

of electrode particles and highlight possible strategies to circumvent such issues.
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Bl INTRODUCTION

Lithium-ion batteries (LIBs) have been predominantly used in
consumer electronics and other power devices. The drive to use
LIBs in large-scale applications such as electric vehicles (EVs)
and smart grid applications has spurred significant research
activity, particularly concerning the cathode electrodes. The
current cathode materials, LiCoO, (~140 mA h/g) or LiFePO,
(~160 mA h/g), have lower energy densities and cannot match
the capacities of the next generation of anode materials (e.g., Si,
~4200 mA h/ g).l’2 Transition metal (TM) oxides such as
LiNiggCo 15Aly0s0, (NCA)—which is cheaper and has a
discharge capacity ~ 200 mA h/g—have been actively pursued
as potential replacements. However, NCA cathodes suffer from
rapid capacity fade and thermal instability, thus raising serious
safety concerns for use in LIB applications. For example, NCA
in the over-delithiated state (typically >4.2 V) and/or in
overheated conditions can lead to oxygen loss from the surface
of the particles, which can abruptly react with solvents in the
liquid electrolyte to cause catastrophic thermal runaway.'™®
Furthermore, this oxygen loss is accompanied by reduction and
rearrangement of transition metal (TM) ions (primarily Ni) in
the structure leading to deleterious phase transitions: from the
original layered (R3m) — disordered spinel (Fd3m) —
disordered rock salt (Fm3m).”” The disordered phases,
particularly NiO-like rock-salt (RS) phase at the surface,” can
lead to inhomogeneity of the transport of lithium ions and
electrons into the bulk, resulting in lower capacity and poor rate
capability of the electrode. Thus, it is critical to understand the
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mechanism that drives the loss of oxygen from the surface.
Particularly, the environmental constraints that surround the
particle (or electrode) surface can either catalyze or prevent
severe oxygen activity at the surface of NCA, thus directly
influencing the overall performance of the battery.

Previous studies have suggested that the overcharged or
overheated condition can cause chemical and electrochemical
decomposition of electrolyte solvents, creating a reducing
environment at the electrode—electrolyte interface.””~"" For
example, LiPF in ethylene carbonate and dimethyl carbonate
can undergo an oxidative reaction to produce CO,, H,0, and
H* ions. This results in electron exchange and extraction of Li*
ions, which in turn leads to oxygen evolution from the surface.
Likewise, the prolonged exposure of NCA particles to air (e.g.,
CO,) or moisture (H,0)—even in the absence of liquid
electrolyte at room temperature—can form Li,CO; or LiOH
layers on the surface of the particles. This triggers oxygen
loss.">"® Yang and co-workers”'* studied how temperature
affects NCA electrodes at various states of charge (SOC) in a
neutral helium gas environment through the use of time-
resolved X-ray diffraction (TR-XRD), mass spectroscopy (MS),
and X-ray absorption spectroscopy (XAS) techniques and
found that the onset temperature for surface oxygen loss in
overcharged conditions (~90% of lithium extracted) can occur
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at 180 °C. Similar studies using spatially resolved transmission
electron microscopy (TEM) in a high-vacaum environment
showed that some oxygen loss and phase transition at individual
overcharged particles can occur even at room temperature,é’s’15
and can become severe at 150 °C.'> Motivated by these
observations, we systematically study the effect of various
external stimuli on these processes. This includes the role of
oxidizing, reducing and neutral environments on the surface
oxygen loss, the role that the release of O, plays in the
rearrangement of TM cations (Ni, Co) during the phase
transformation, and the inherent mechanism to circumvent
such losses. Specifically, we track the structural and electronic
changes in the overcharged NCA particles at elevated
temperatures in order to evaluate the onset temperature for
oxygen loss and the overall thermal stability of the materials in
oxidizing/reducing environments. In addition to creating the
oxidizing/reducing environments at the elevated temperature
(i, the thermodynamic driving force for phase transitions),
the purpose of using high temperatures is to enhance the
reaction kinetics. Elevated temperature can have a similar effect
on an electric field during charging and discharging of a battery.
This is because of the following: (1) the high temperature
enhances ion migration and thus the kinetics of oxygen loss,'®
and (2) the migration of ions in LIBs during cycling is
accelerated under the action of an electrical field in addition to
a concentration gradient.'” While the driving forces are
different (thermal versus electric field), their effect is similar
(ie., enhancing the reaction kinetics).

In this report, we use in situ environmental TEM (ETEM) to
study the effect of oxidizing (O,), neutral (He), and reducing
(H,) gases on the oxygen loss and TM cation rearrangements
that occur at the surface region of electrochemically charged
NCA particles at elevated temperatures. ETEM provides a
unique platform for these studies, as individual nanomaterials
can be investigated for morphological, structural, or chemical
changes, under external stimul, in real time. Furthermore, an
aberration-corrected ETEM with a differential pumping
apparatus'® allows a high spatial resolution of <0.1 nm, even
in the presence of a high-pressure gas environment (e.g,, O,
and H,). We have used in situ electron energy loss
spectroscopy (EELS) of the overcharged NCA particles to
investigate the surface chemistry of the samples in various
environments, and we find that at an oxygen overpressure of
400 mTorr, the onset temperature for the surface oxygen loss is
significantly delayed (350 °C). Conversely, upon introduction
of reducing hydrogen gas, we observed quick loss of oxygen as
early as 150 °C. The changes in the EELS spectra are also
accompanied by surface structural changes, which we track
through the use of the in situ high-resolution TEM (HRTEM)
imaging. The results presented here provide fundamental
insights into the surface characteristics of NCA cathode
particles when subjected to varying environmental constraints
such as oxidizing and reducing gas atmospheres and different
temperatures. Furthermore, the robust demonstration that
NCA particles can retain structural integrity in the presence of
oxygen enrichment—even at extreme conditions (e.g, over-
charged and overheating)—suggests that synthetic methods
which suppress oxygen loss will lead to improvements in the
performance and safety of NCA-based battery electrodes.

B EXPERIMENTAL SECTION

Electrochemical Testing. Li,Ni;3Coy5Al;s0,, also referred to
as NCA, was commercially obtained from TODA America, Inc. The

composite electrodes were prepared using a mixed slurry of 80 wt %
active material, 10 wt % conducting carbon, and 10 wt %
poly(vinylidene difluoride) (PVDF) binder in N-methylpyrrolidone
(NMP) solvent. The mixed slurry was then cast onto an Al foil that
acted as a current collector. The 2325-type of coin cell was prepared
inside the Ar-filled glovebox with typical active material loading of S
mg/ cm?, Li metal as the negative electrode, a Celgard separator, and
an electrolyte of 1 M LiPFy dissolved in 1:1 ethylene carbonate (EC)/
dimethyl carbonate (DMC) volume ratio. The electrochemical cell
testing was performed using a battery cycler, MPG2 multichannel
potentiostat (Biologic). The cells were delithiated to an overcharged
state (x = 0.1) at a rate of C/10 using a galvanostatic condition
(constant current). The amount of remaining lithium was estimated by
the charge capacity, where 250 mA h/g corresponds to 90% state of
charge. The galvanostatic charge profile is shown in the Supporting
Information (Figure S1). The sample was charged to 4.7 V, and no
discharging was performed.

Sample Preparation. The electrochemically overcharged elec-
trode was immersed in DMC solution to remove the residual salts.
The powder particles were collected by gently scraping the Al foil with
a clean knife inside the glovebox. The powder electrodes were
dissolved in the isopropyl alcohol (IPA) and sonicated for a few
minutes to thoroughly disperse the particles. The solution of particles
was simultaneously drop-cast onto either the conventional TEM lacey
carbon grid or onto a MEMS-based EMheaterchip (DENS
Solutions)."”” The heating experiments were performed using
DENSsolutions’ single-tilt holder. The EMheaterchip consists of a
EMmicrohot plate which is 20 ym wide and 150 nm thick with
platinum heating spiral embedded in a 400 nm thick SiN sandwich.
There are 20 nm SiN windows between the heating spirals and
electron transparent areas for sample particle imaging and character-
ization. The heating chip is then mounted in a DENS Solutions’ TEM
holder. Both the sample preparation and the loading into the TEM
holder were performed inside an argon-filled glovebox. The holder is
quickly transferred to the TEM room in a hermetically sealed
container and inserted into prepumped goniometer with minimal air
exposure (~2-35s).

Environmental Transmission Electron Microscopy. Ex situ
characterization of NCA particles such as acquiring bright-field (BF)
images and selected area electron diffraction (SAED) patterns at room
temperature were performed with a JEM 2100F instrument (JEOL),
operating at an acceleration voltage of 200 kV. In situ heating of
overcharged NCA particles were performed with an aberration-
corrected Titan 80-300 (FEI) operated at 300 kV and equipped with a
differential pumping system'® that allows a gaseous atmosphere in the
sample column. The gases—oxygen (oxidizing), helium (neutral), and
hydrogen (reducing) were introduced into the sample particles at two
desired partial pressures: 0.2 and 400 mTorr. The temperature in the
sample region of the holder was controlled by DENSsolutions’
Digiheater software interface connected to the Heater Control Box.
The box communicated with the EMheaterchip via the contact
between the four electrical pads of the chip and the four electrical
contact pins of the holder. The temperature was determined by
measuring the electrical resistance of the thin platinum spiral with a
four-point probe method, and the readings were displayed on the
software interface. The small dimensions of the heating element
provide localized heating of the particles with a settling time of less
than a second and a minimum mechanical drift (less than 1 nm/min at
800 °C). The sample particles were heated to the desired temperature
and held for 2—3 min to reach thermal equilibrium before imaging.
The beam was blanked at all times, except during the imaging process,
to minimize beam-related damages on the particles.

Electron Energy Loss Spectroscopy. TEM-EELS was performed
to obtain O-K, Co-L,3; and Ni-L,; edges using a GIF Tridiem
spectrometer (Gatan Inc.) The spectra were obtained from the same
regions of interest from multiple particles. All spectra were referenced
with the position of the zero loss peak (ZLP). The energy resolution
as determined by measuring the full width at half-maximum of the ZLP
was about 1 eV. The background subtraction for all spectra were
performed with a freely available Athena (Demeter) package, which
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Figure 1. Characterization of pristine and overcharged NCA particles. (a) BF image of pristine NCA with corresponding electron diffraction (b)
taken from surface DP1 area of panel a. The electron diffraction pattern clearly shows the layered (R3m) structure at this stage. (c) TEM image of
overcharged NCA particle with corresponding electron diffraction pattern (d) taken from surface DP2 area of panel c. The SAED spots suggest the
presence of both the layered (R3m) and spinel (Fd3m) structures. TEM-EELS spectra of the pristine and overcharged NCA showing (e) O-K, (f)

Co-L,3 and (g) Ni-L,; edges.

used pre-edge line fitting, postedge curve fitting, and edge-step
normalization techniques. The Ni-L;/L, ratio were estimated using the
white-line maximum intensity method; the details of which are given in
refs 24 and 25. Any shifts in the position and the intensity of L; and L,
peaks determine the d-band occupancy and the valence state of the
transition metal ions.

Bl RESULTS AND DISCUSSION

Pristine versus Overcharged NCA. Pristine NCA
crystallizes in the layered (R3m) structure, in which lithium
and TM cations occupy the alternating octahedral layer sites
(3a and 3b, respectively) between the cubic close-packed
oxygen layers (6¢c) in an ABCABC stacking sequence. It is the
migration of cations (Li* and TM ions) to either the tetrahedral
or octahedral sites of the same oxygen framework that leads to
the phase transformation from layered (R3m) — disordered
spinel (Fd3m) — disordered RS (Fm3m). During the phase
transformation from the layered phase to the spinel, Li* cations
occupy the 8a tetrahedral sites while the TM cations occupy the
16d octahedral sites. Upon further transition to the RS phase,
both Li* cations and TM cations randomly occupy the
octahedral sites. Figure la presents a low-magnification TEM-
BF image of a typical pristine NCA particle. The particles are
mostly irregular in shape, and the size varies from ~200 nm to
1.5 um in length, with sufficiently thin electron transparent
edges (~50 nm) on the surface. We concentrate on the surface
region of the particles as the oxygen loss and the phase

transformations initiate predominantly from the surface and
propagate from the near-surface to the bulk of the
particles,”*'*° supposedly in a core—shell pattern.’ The
SAED pattern in Figure 1b, extracted from the marked area
(DP1) of the pristine particle (Figure la), shows sharp
reflections indicating the well-ordered layered R3m structure
viewed along the [1101] zone axis. However, if 90% of the
lithium (Li,NCA, x = 0.1) is extracted from the particles, which
we refer to as the “overcharged” state, we observe structural
inhomogeneity and phase transformation on the surface of the
most of the particles, consistent with prior reports.8 Figure 1c is
a typical TEM image of the overcharged NCA (Liy;NCA) at
room temperature. The corresponding SAED pattern obtained
from the marked area (DP2) in Figure lc is shown in Figure
1d. The SAED pattern has dominant spots from the layered
structure, with hexagonal symmetry when viewed along the
[1101] zone axis. Additionally, there are faint spots indicated by
green arrows, which can be indexed to the spinel structure
along the [112] zone axis. The observation of additional spots
indicates that there is a mixed structure, having both the layered
and spinel structures on the surface. Such spinel-like trans-
formation on the surface region of the overcharged NCA is
commonly observed, even at room temperature.”®'® First
principle calculations attribute this room-temperature phase
transformation to kinetics driven by cation mobility and
vacancies generated during delithiation, although a thermody-
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Figure 2. Temperature-dependent oxygen evolution of the overcharged NCA (Liy;NCA) particle observed at overpressurized oxidizing (O,),
neutral (He), and reducing (H,) environments in the ETEM. (a) Evolution of O-K spectra as a function of temperature at P, of 400 mTorr. Here,

the O-K prepeak starts to fade (shift to the higher energy) at 350 °C. (b) When overcharged NCA is heated under the similar partial pressure (400
mTorr) of helium (neutral gas), the prepeak fades at 200 °C. (c) Overcharged NCA heated in a vacuum condition (data extracted from ref 15)
shows the onset temperature of 150 °C. (d) In the reducing gas (H,) environment, the prepeak of O-K edge fades quickly at 150 °C, indicating the
reduction of (CoNi)O even at low temperatures. (e) Changes in energy loss (AEq ) with increasing temperature in different gas environments.
Note that the pristine NCA, extracted from ref 15, was heated in the vacuum environment of TEM.

namic driving force for this conversion is possible even at 0
K.'**" Upon cation relocation in the oxygen framework, the
nearby coordination number and bonding with the oxygen are
altered, triggering the change in the electronic state of NCA. To
track these changes, we use EELS to probe the same areas
where the SAED patterns are obtained, and compare
absorption spectra from the O-K edge, Co-L,; edges, and Ni-
L, edges of both the pristine and overcharged NCA particles.
Although XAS techniques provide higher energy resolution for
studying the electronic state of such materials,”'***** they
provide average information, mostly from the bulk. Moreover,
the phase transformation predominantly initiates from within
the few nanometer range of the particle. EELS is therefore
better suited for studying such localized changes. Figure le
shows two distinct edges for the O-K spectra, which include a
sharp pre-edge peak (“prepeak” from hereafter) at around
527—-530 eV and a broad main-edge peak (“main-peak” from
hereafter) at around 538—540 eV. The presence of a prepeak in
the O-K spectra is a typical characteristic observed in the TM
oxides.”* The prepeak arises due to the transition of electrons
from the O 1s state to unoccupied O 2p states, which then
hybridize with the 3d state of the TM (primarily Ni), while the
main-peak occurs due to the transition of electrons from the 1s
state to hybridized O 2p and TM 4sp states.”””** The change

27765

in the intensity of O-K prepeak and/or difference in the energy
(AEyx) between the prepeak and main-peak can be directly
correlated with the oxidation state of the TM ions.”>***
Hence, the prepeak analysis provides information on the 3d
occupancy or the oxidation state of the TM ions. All O-K edge
spectra in Figure le and hereafter are aligned and normalized to
the intensity of the main-peak. The slightly higher intensity of
the prepeak in the case of overcharged NCA (Liy;NCA),
compared to pristine NCA, is due to an increase in the
oxidation state of TM ions (mostly Ni** oxidizes to Ni**) and
charge compensation with the oxygen ions upon lithium
extraction at the surface.®'*?* Likewise, L edges for Co and Ni
typically show two characteristic peaks or white lines (L; and
L,) as shown in Figure 1fg. The two peaks originate from the
transitions of electrons from 2p,,, and 2p,,, core states to
empty 3d states, which then hybridize with the 2p orbitals of
oxygen in the oxide.” >’ The difference in the energies of the
two peaks is due to the spin—orbit coupling of the p-shell.”*
Interestingly, the white-line ratio between the L; and L, peaks
has been shown to present a rough estimate of the valence
(oxidation) state of the TM ions™>~>’ (see Experimental
Section). Figure 1f shows the Co-L,; edges for both pristine
and overcharged NCA. All Co-L, edge spectra in Figure 1f and
hereafter are aligned and normalized to the intensity of the Co-
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Figure 3. Correlating O-K spectra changes with corresponding Co-L, ; and Ni-L, 3 edges in both oxidizing (O,) and reducing (H,) gas environments
at RT, 150 °C, and 400 °C. (a—c) Spectral O-K, Co-L, ;, and Ni-L, ; changes at Py of 400 mTorr. (d—f) Similar EELS profiles showing changes in

O-K, Co-L,;, and Ni-L, ; edges at Py of 400 mTorr. (g) Summary of Ni (L;/L,) ratio measured as a function of temperature in O, and H, gas

environments.

L; edges. The ratio of the Co-L; intensity to that of the Co-L,
for both the pristine and the overcharged NCA shows no
obvious changes, consistent with previous EELS analys.is.20 It
should be noted that the stoichiometric composition for Co in
the NCA is only 15%, which will prohibit enough EELS signals
for accurate analyses from small areas. However, the bulk
studies with high energy resolution XAS techniques have
suggested that Co tends to be more stable upon its transition to
the spinel phase, while Ni is relatively unstable and quickly
reduces to form the RS phase.”*”* Thus, this study focuses on
tracking changes primarily in the Ni-L,/L; edges. Figure 1g
shows the Ni-L,; edges for both pristine and overcharged
NCA. All Ni-L, ; edge spectra in Figure 1g and hereafter are
aligned and normalized to the intensity of the Ni-L; edges. The
slightly lower Ni-L;/L, ratio and higher tail intensity observed
in both L; and L, edges of overcharged NCA over the pristine
NCA is likely due to the oxidation of Ni** to Ni*" state.”'**’
Several previous studies® ”"* have also demonstrated that the
surface/subsurface regions of the overcharged NCA can act as
the critical point of the electrode particles because of two major
changes: (1) abrupt reduction occurs on the surface (primarily
Ni*") even at room temperature, leading to release of oxygen
and possible thermal runaway, and (2) the formation of the RS
(NiO) phase causes severe rise in the impedance. Thus, we
concentrate our effort in understanding the thermal behavior of
NCA in the overcharged state at oxidizing (O,), neutral (He)
and reducing (H,) gas environments. Most importantly, it is
critical to understand the direct role that the overpressurized

oxidizing and reducing gases can play in changing the overall
oxygen chemical potential from the surface/subsurface regions
of overcharged NCA particles at various temperatures.

ETEM Gas Overpressure Influencing the Oxidation
and Reduction of Overcharged NCA. We track the
evolution of O-K edges in the overcharged NCA particles
(Figure 2a) as a function of temperature by flowing
overpressurized oxygen gas at Py ~ 400 mTorr. At room

temperature (25 °C), the shape of the prepeak and main-peak
resemble that of overcharged NCA, as shown in Figure le.
Upon increase in temperature, the intensities of the prepeak
gradually decrease, and the peak position shifts from lower to
higher energies. The prepeak starts to fade significantly only
when the temperature reaches around 350 °C and thereafter
becomes a shoulder of the main-peak. The reduced intensity in
the prepeak is a measure of stoichiometric oxygen loss (oxygen
vacancy formation) from the surface of the particle, which
occurs upon the reduction of TM ions and charge
compensation with the oxygen ions.'®******3! This onset
temperature for the prepeak fade is a conservative estimate and
could potentially occur beyond that temperature. This is a
significant improvement from a previously reported case in
which the onset temperature for severe oxygen loss has been
reported to occur quickly in the helium (%180 °C)”'* or
vacuum (150 °C)"® environment. To corroborate with these
reports, and to further verify that oxygen indeed played a role in
suppressing the surface oxygen loss from the particle, we track
O-K changes by flowing oxygen at a lower pressure of Py = 0.2
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mTorr (Supporting Information, Figure S2) and at similar high
helium gas overpressure (Py.) of ~400 mTorr (Figure 2b).
Interestingly, at P5 = 0.2 mTorr, the onset temperature for

prepeak loss occurred early at 200 °C, confirming that, at less
oxygen enrichment, the loss of oxygen is still significant.
Helium is a neutral gas and should not facilitate any structural
or chemical changes in the material. As shown in Figure 2b, the
prepeak in the He environment fades at or beyond 200 °C,
which approximately resembles the previous bulk-scale studies
using helium.”'* However, this onset temperature is signifi-
cantly lower than in the case of the higher oxygen overpressure
(Figure 2a). In vacuum (21077 Torr), the loss of the prepeak is
shown to occur as early as 120 °C, and it completely vanishes at
150 °C (Figure 2c, the O-K profile is extracted from ref 15).
Presumably the severity of oxygen loss in vacuum is because
any oxygen from the surface is readily removed in the high-
vacuum environment of the TEM. Upon verifying the
improved stability of overcharged NCA in a highly oxidizing
environment, we next perform a similar study in highly
reducing environments. More practically, the oxidation of
electrolyte solutions in both overcharged and overheated
conditions is known to create a reducing environment at the
electrode—electrolyte interface,””~"" which further motivates
these experiments. Figure 2d presents data from overcharged
NCA that is heated in the presence of a reducing H, gas at the
same partial pressure (Py,) of ~400 mTorr. As anticipated, the

loss of the O-K prepeak occurs at 150 °C, which is the worst
among all the cases we study herein. In Figure 2e, we compare
all of the above cases by plotting AEg as a function of
temperature. In the case of pristine NCA, which is replotted
using data from ref 15, the changes in AEq y are not significant
when it is heated to temperature around 400 °C in the vacuum
environment. This suggests that there is no significant oxygen
loss during this process. When the overcharged NCA is heated
in the O, environment, the AEq  drops significantly only when
it reaches a temperature at or beyond 300 °C. In the case of
vacuum, AEG ¢ drops relatively early, at or below 150 °C. The
change in AEgy occurs earlier when the sample particle is
heated in the reducing H, environment, suggesting an earlier
loss of oxygen. Thus, it is evident that the fading of the prepeak
correlates to the loss of oxygen from the surface of the particle,
and it can be significantly suppressed at the higher oxygen
enrichment.

To further demonstrate that the loss of oxygen has direct
correlation with the reduction of TM ions (mostly Ni), we
systematically compare the evolution of O-K edges with the
corresponding Co-L,; and Ni-L, ; edges performed at RT and
150 and 400 °C, in both the oxidizing and reducing gas
environments. The observed changes in the intensity of the O-
K prepeak and/or AEgy correlate with changes in the
oxidation state of the TM ions.”'*** For example, the evolution
of AEyx in Figure le corresponds to changes in Co-L,; and
Ni-L, ; edges and identifies which among the transition metals
in the mixed oxides undergoes significant reduction. Previous
studies have shown that there is a linear correlation between
AEq g and changes in TM oxidation states:”**%*! the observed
decrease in the AEqy means that there is a reduction in the
TM oxidation state. Panels a—c of Figure 3 present the
evolution of the O-K, Co-L, ;, and Ni-L, ; edges of overcharged
NCA in oxidizing O, overpressure at RT and upon heating at
150 and 400 °C, respectively. The O-K prepeak of overcharged
NCA after heating at 150 °C is still prominent, and there is

only a slight reduction in the intensity compared to that of the
RT peak. As expected, there are only slight changes in the Co-
L, and Ni-L, intensities as well. At 400 °C, the intensity of the
O-K prepeak decreases significantly, which would suggest the
reduction of TM ions. The change in the intensity of Co-L,
peak is minor, indicating that there is less reduction in Co,
consistent with the previous study.” However, Ni-L, has
reduced significantly. Additionally, the tails of the O-K main
edge and the Ni-L; and the Ni-L, edges decrease significantly at
400 °C. When the overcharged NCA is heated in the presence
of a reducing H, overpressure (Figures 3d—f), the loss in the
O-K prepeak (Figure 3d) occurs quickly at 150 °C, which
correlates with some reduction in the Co-L, edge (Figure 3e)
and there is significant reduction in the Ni-L, (Figure 3f) edge.
At 400 °C, the O-K prepeak reduces significantly and becomes
a shoulder of the main-peak. The intensities of both Co-L, and
Ni-L, reduce as well. The changes in the Ni L;/L, ratio for
overcharged NCA upon heat treatment in the oxidizing and
reducing environments as a function of temperature are shown
in Figure 3g. The Ni L;/L, ratio for overcharged samples at
room temperature (Figure 1g) is expected to be around 1.8—
2.0."° As the temperature increases, the reduction of the TM
ions causes the Ni-L;/L, ratio to increase to around 2.5—
3.5.'%%? Figure 3g shows that such an increase in the L;/L, ratio
occurs rapidly at around 100 °C in the reducing environment
and increases linearly upon further heat treatment. However,
there is a slow increase in the L;/L, ratio for the oxidizing
environment, up to 200 °C, which then increases further in a
plateau-like manner. Clearly, there is a direct correlation
between the fading of the O-K prepeak and the reduction of the
TM cations—predominantly Ni—on the surface region of the
overcharged NCA. Furthermore, there is a delay in the loss of
the O-K prepeak in the oxidizing environment, which is also
concomitant with the delay in the increase in the Ni-L;/L,
ratio. The abrupt reduction of the O-K prepeak and early
increase in the Ni—L3/ L, ratio—even at the low temperature in
the reducing H, environment—is due to a higher rate of Ni**
reduction to Ni**/?*,

The delay in the release of lattice oxygen from the bulk is
governed by both thermodynamic and kinetic factors, primarily
the changes in the oxygen chemical potential between the gas
and the solid surface of the particle.'®** The adsorption and
desorption of gas species on the immediate surface of the
particle determines the chemical potential difference (Au®)
between oxygen in the gas equilibrium phase (,ugo) and the bulk

NCA equilibrium phase (p,°), such
thatAu® = (ﬂso —u°) = ~LkT ln(Picz),B’34 where k is the
g 2 R,

Boltzmann constant, T, Py, and PG, represent temperature,

actual oxygen pressure in the gas phase, and the equilibrium
oxygen pressure for NCA, respectively. At lower temperatures,
NCA likely maintains a stoichiometric composition and
remains in its most stable state. Upon heating in the presence
of flowing oxygen at the higher Po, of 400 mTorr (Figure 2a),
the surface adsorption of oxygen from the gas phase appears to
compensate for the oxygen loss from the NCA. Ideally, as P,
increases, Au® approaches zero and the surface loss of oxygen
from the NCA becomes less favorable thermodynamically. At
the overpressure of 400 mTorr, the onset temperature for the
fading in intensity of the O-K prepeak (oxygen loss) is
significantly delayed to 350 °C. With a lower Py, of 0.2 mTorr
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Figure 4. Tracking structural phase transformation with increasing temperature at P, of 400 mTorr. (a) HRTEM image of an overcharged NCA

particle at room temperature (RT) with corresponding diffractogram shown in panel e. As shown by the diffraction spots in panel e, the surface
structure of NCA at RT is predominantly spinel-like (green hexagon). (b) At 300 °C, there is slight roughening in the morphology at the surface.
The corresponding diffractogram (f) shows prominent spots designated to the RS-like structure (yellow hexagon), while the spots for the spinel-like
structure appear faint. As shown in EELS profile in Figure 2a, the O-K prepeak starts to disappear at this temperature, suggesting that the oxygen loss
can be related to the spinel — RS phase transformation. (c) At 350 °C, the surface of the NCA particle undergoes more roughening. The
corresponding diffractogram (g) shows weakened spinel spots, while the spots for the RS phase become dominant. This occurs at the same point
when the shoulder of the O-K prepeak (Figure 2a) becomes rather plateaued. (d) At 400 °C, the surface is completely transformed to the RS phase
(h), and there are no spots featuring any spinel-like structure, although the RS spots become dominant.

(Supporting Information, Figure S2), the O-K pre-edge fades
early at 200 °C, although this is a modest improvement over
the neutral He gas at higher partial pressure (Py. & 400
mTorr). In the case of He gas (Py. & 400 mTorr), the
adsorption of neutral gas species cannot compensate for any
loss of surface oxygen from bulk NCA upon heating and the O-
K prepeak disappears at 200 °C, which is comparable to the
case in lower Po. In the case of vacuum, although the

thermodynamic driving force for oxygen loss should theoret-
ically remain the same as in the He case, any loss of oxygen
from the NCA surface will be quickly evacuated from the
surface by the vacuum environment of TEM, and the O-K
prepeak fades slightly early at 150 °C. In the reducing H,
environment, oxygen from the surface is swiftly consumed™
(presumably to form moisture), prompting drastic reduction of
the TM ion to its metallic form (particularly Ni).*® The rapid
increase of the Ni (L3/L,) ratio in Py compared to P, (Figure

3g) suggests that the Ni*" in the NCA undergoes reduction to
Ni** (or even Ni’) rather quickly in the low-temperature
regime.

Structural Phase Transformations with Temperature.
To corroborate the observed changes in electronic structure
with structural transformations in the oxidizing and reducing
gases, we also perform in situ HRTEM analyses of the surface
region of overcharged NCA. Figure 4 shows the surface
structural evolution of overcharged NCA upon heating in the
oxygen overpressure. At RT, the surface of the particle has
already transformed to the spinel phase, as is generally expected
in such a highly overcharged state.”*'* The diffractogram of the
viewed area (i.e., a fast Fourier transform or FFT of the
HRTEM image in the region indicated in Figure 4a), which is
shown in Figure 4e, has strong reflections (green hexagon) that

corresponds to the [011] spinel zone axis. When the
temperature reaches 300 °C (Figure 4b)—which is the point
when the O-K prepeak diminishes (Figures 2 and 3)—some
surface roughening is observed. From the corresponding
diffractogram in Figure 4f, it is evident that the reflections
corresponding to the RS phase (yellow hexagon) oriented in
the [011] zone axis become dominant over the spinel
reflections. It should be noted that the lattice parameter of
spinel is twice as large as that of the RS structure. Thus, the
evolution of spot intensity represented by yellow hexagon is an
indicator of phase transformation from spinel to RS phase.
Indeed, the dominance of RS reflections suggests that the
surface edge of the particle has undergone a nearly complete
phase transformation, accompanied by the loss of oxygen. At
350 °C (Figure 4c), the reflections for the spinel phase (Figure
4g) further diminish and the RS phase becomes dominant. At
400 °C (Figure 4d), no spinel reflections are visible from the
diffractogram in Figure 4h. The surface morphology of the
particle further degrades as well.

In contrast to the oxidizing environment, the heating of
overcharged NCA particles in the reducing H, environment
dramatically changes both the electronic state (Figure 2 and
Figure 3) and the nature of the structural phase transformation.
Figure Sa shows a low-magnification TEM image of the NCA
particle at RT. If we zoom in to the surface of the particle, as
marked by the blue frame, the immediate surface area of the
particle (~2—3 nm) shows a different lattice structure from the
bulk (Figure Sb), and the corresponding diffractogram taken
from the area in the yellow frame shows reflections
corresponding to the RS phase along the [011] zone axis.
The near-surface region is predominantly spinel, as is evident
from the reflections extracted from the green framed area, and
is indexed to the [112] zone axis. However, when the particle is
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Figure S. HRTEM analysis of overcharged NCA particle in the H, environment (P, of 400 mTorr) at RT and 400 °C. (a) Morphology of NCA at

room temperature. (b) Magnified image taken from the surface of the particle (blue box) in panel a. Again, the surface shows RS-like features (FFT
from yellow boxed area). The near-surface region is spinel-like, as shown by the magnified region of the HRTEM image and the FFT from the green
boxed area. (c) Compared to the O, environment, the particle in the H, environment degrades rapidly, as early as 400 °C. The low-magnification
image shows granular-like domains on the surface of the particle, which suggests the further reduction of NiO to form Ni nanodomains. (d) Further
magnification of the blue boxed area shown in panel c. There are Ni domains scattered on the surface. From the FFT (red box), the structure shows
features of metallic Ni. Upon inspection by FFT in the orange box area, the structure shows features both from NiO and metallic Ni structure,

though with some degree of rotation (~3—6°).

examined at 400 °C (Figure Sc), the surface appears granular,
as is typically observed during the reduction of metal oxide.””’
Upon closer examination (Figure Sd; Supporting Information
Figure S3), the grains appear to be metallic Ni. An FFT of the
lattice fringes from the red frame area of the particle shows
reflections corresponding to Ni in the [011] zone axis. A similar
FFT pattern from the yellow framed area shows a difference in
the lattice fringe spacing, which can be indexed to Ni and NiO
(RS phase) and are aligned with a rotation of ~3—6°. The
coherency of the FFT spots between the Ni and NiO (albeit
with some rotational difference) suggests that the Ni nucleates
over NiO by forming a loosely epitaxial relationship.’* The
angular difference between the Ni and NiO reflections results
from the presence of dislocations in the Ni domains.”® Such
isolation of inactive Ni domains on the surface is likely
responsible for the rise in the interfacial impedance and the
significant capacity loss from the electrode.”

Compared to the deleterious effect of overcharged NCA
under the H, partial pressure, similar heating in the O,
environment at the temperature as high as 600 °C shows no
apparent coarsening of the particles. Figure 6a presents a low-
magnification image of the NCA at RT. Upon heating to 600
°C (Figure 6b), there is some roughening on the surface but no
granular-like features are present. Close examination of the blue
frame area of the particle taken from Figure 6a at RT shows

about 2—3 nm of RS phase at the immediate surface area
(Figure 6c), which is commonly observed in overcharged
NCA.*"® The FFT pattern in the yellow frame area (box 1)
shows reflections for the [011] zone axis of the RS phase. The
near-surface region shows pristine lattice fringes for the spinel
phase. The FFT pattern from the green frame area (box 2)
shows reflections for spinel along the [011] zone axis. At 400
°C (Figure 6d), both the surface and the near-surface area
undergo phase transformation. The FFTs from boxed areas “3”
and “4” show reflections from the RS phase. At 600 °C (Figure
6e), the morphology of the particle surface changes
significantly. However, the FFTs from the boxed areas “5”
and “6” show prominent lattice fringes from the RS phase. In
stark contrast to the reducing H, gas environment, Ni
segregation is not observed, even at such extreme temperatures.
From these observations, it is clear that oxygen enrichment
prevents the NCA particle from the rapid degradation by
delaying the permanent loss of oxygen from the structure and
leads to reconstruction of the surface.

B CONCLUSIONS

In conclusion, we have demonstrated that environmental
constraints, such as oxidizing or reducing environment can
have a direct impact on the surface oxygen loss and the
concomitant phase transformations that occur in NCA-based
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Figure 6. HRTEM analysis of overcharged NCA particle in the O,
environment (P, of 400 mTorr) at RT and 600 °C. Morphology of

the overcharged NCA at (a) room temperature and (b) 600 °C. (c)
High-magnification image taken from the surface edge (marked in blue
box) in panel a. Based on the FFT taken from boxed “1” and “2” areas
of panel c, the top surface edge of the NCA has RS structure, while the
near-surface region is predominantly spinel. (d) At 400 °C, the surface
and near-surface regions of the particle appear roughened. The FFTs
from both boxed areas “3” and “4” show reflections for the RS phase.
(e) Upon heating the sample to 600 °C in the higher O, pressure
(~400 mTorr), both the surface and the near-surface regions
completely transform into the RS phase (see FFT “S” and “6”).

cathode materials. Furthermore, the robust behavior of NCA
particles at higher Py, even at extreme heating conditions (600

°C), suggests that the creation of a compatible surface
environment (such as robust battery electrolyte® or appro-
priate surface modifications*”*" of the electrodes) to suppress
oxygen loss could be a viable option for successful utilization of
NCA-based battery electrodes. Such a strategy could be
extended to other TM oxide based battery cathode materials
such as LiNi.Mn,_,_,Co,0, (NCM), which more or less suffer
from similar surface degradation effects.”'**%*** Burthermore,
the real-time insights of surface oxidation and reduction

processes observed in our study may be applied to understand
the atomic scale effects of a reducing and oxidizing chemical
potential on the surface of other energy-related materials, such
as lithium—air batteries, catalysts, and solid oxide fuel cells.
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