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ABSTRACT: Minimizing internal structural rearrangements upon oxygen
redox is currently considered the chief guideline for designing high-
performance Li-rich cathodes for Li-ion batteries. In contrast, our study of
Li-rich layered- and disordered-rocksalt cathodes reveals that while global
oxygen mobility promoted upon O-redox can be damaging, disruption of a
local structural order [e.g, medium-range-order (MRO)] triggered by O-redox
and associated volume expansion are highly beneficial as they reduce the Li-
transport resistance in the materials, that is, the Li-rich cathodes become .| %
“rejuvenated” by this process. Furthermore, we use this knowledge to informa s*
molten-salt treatment to predisturb the MRO, expand crystal volume before £
cycling, and endow a surface gradient composition for highly Li-rich Co-free
layered cathodes, such that the treated materials can achieve high capacity I
(>230 mA h/g) from the very first cycle with excellent rate capability (154 mA
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h/g at 2 A/g) and outstanding capacity/voltage-retention (~4% capacity-loss, ~140 mV voltage-loss after 200 cycles at 100 mA/g;
>210 mA h/g). From these results, we explain the mechanism and universality of the rejuvenation process in various charge-ordered
oxides and propose guidelines for designing advanced Li-rich cathode materials with combined transition-metal- and oxygen-redox

activities.

KEYWORDS: Li-ion battery, Li-rich layered and cation-disordered cathodes, oxygen redox, Li diffusion, rejuvenation, activation,

molten-salt treatment

1. INTRODUCTION

The ever-increasing demand for high-performance, low-cost
Li-ion batteries for electric vehicles and grid energy storage
calls for high-energy electrodes made with earth-abundant
elements. In this regard, Li-rich cathode materials (x > 1 in
Li,TM,_,0,, TM = transition metal) with a layered structure
(e.g, Lij,Nig13Mngs4Co0130,) or a disordered-rocksalt
structure (e.g, Li;3MnyNby30,) have received substantial
attention as advanced battery cathodes.'™'> These materials
can deliver substantially higher gravimetric capacity (>250 mA
h/g) and energy density (>800 W h/kg) compared to
traditional materials (e.g, LiCoO,; ~170 mA h/g, 660 W h/
kg). Also, they improve the sustainability of the Li-ion batteries
by removing or significantly reducing scarce, expensive, and
environmentally unfriendly elements (e.g, Co, Ni) in their
structure.”"?

In these materials, the theoretical TM-redox capacity is often
limited to ~140 mA h/g because of the limited amount of
redox-active TMs in their crystal structure. For instance, for
layered Li*| ,Ni**y,Mn* 0", only 0.4 Li, or 126.1 mA h/g,
can be extracted in charge through Ni**/Ni*"-oxidation
because Mn** cations can barely be oxidized to beyond
Mn** in the structure.” '" As a result, if one observes higher
capacity in the cycling of Li;,Nij,Mn,c0,, O-redox must
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additionally take place in the materials, which occurs in local
Li-rich environments (eg, OLi,TM,, OLi;TM,) around
oxygen where there are non-bonding O 2p orbitals (i.e, Li—
O-Li states)."”* In Li-rich materials containing multiple
TMs, the local electroneutrality demands the TM sites in the
OLi,TM, or OLisTM, unit to be occupied by high-valent TM
cations (e.g, Ti*", Mn*", Nb>*), instead of low-valent ones (e.g,
Ni**), which often results in medium-range-order [MRO,
detectable with X-ray diffraction (XRD)] of cations in the Li-
rich layered cathodes or short-range-order (SRO) in the Li-
rich disordered-rocksalt cathodes.”'*'*™'® For instance, this
tendency leads to the rise of the “Li,MnOs-like” MRO
(LiyMnOj-like domain) in the layered Li- and Mn-rich
cathodes,” ™"

primarily in the Li,MnOj-like domains, O-redox also takes

% and because the nonbonding O 2p orbitals are

place within the domains.
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Unfortunately, the radical oxygen ion generated upon
oxygen oxidation is highly mobile, and as the oxygen is
covalently bonded with TMs, this increased O-mobility often
accompanies TM migration, triggering reversible or irreversible
structural changes in Li-rich materials. This structural changes
result in oxygen loss or unwanted phase transformation, which
leads to voltage- and capacity-decay.” '”'*~*" Therefore,
minimizing the structural rearrangement while using combined
TM- and O-redox has been widely considered as a holy grail to
the development of Li-rich cathodes with high capacity and
stability.””'*~® For instance, Bruce et al. showed that by
changing the superstructure from the “honeycomb” to “ribbon”
structure via a slight compositional modification, one could
suppress the Mn-migration upon O-redox in the layered Na—
(Li, Mn)—O cathode to reduce voltage hysteresis.”* Also, Kang
et al. recently revealed that by utilizing the O2-type layered
structure instead of the O3-type, irreversible cationic migration
during O-redox could be mitigated for layered Li-rich and Mn-
rich cathodes, leading to improved voltage retention.”® Besides
the layered cathodes, Li-rich disordered-rocksalt cathodes also
experience structural damages upon O-oxidation, such as the
oxygen loss via cation-densification; hence, its mitigation by
various methods (e.g., fluorination) has been at the center of its
research.>* Finally, numerous doping (e.g, Ti*", F~, Cd**, and
$*7) and coating strategies (e.g., coating of AlF;, LaPO,) were
adopted, emphasizing the importance of minimal structural
changes in Li-rich materials.”>™° As such, internal structural
evolution upon O-redox has been widely considered as a
pathological phenomenon to suppress for Li-rich cathode
materials.

In this study, we reveal that, in contrast to the prevailing
opinion, the O-redox-assisted structural change can be highly
beneficial to the performance of Li-rich cathodes by
substantially reducing the internal Li-transport resistance. We
synthesized highly Li-rich layered cathodes (nominally
Li+1‘25Niz+04125Mn4+o.62502_2 and Li+1.25Ni3+0.25Mn4+o.5002_2)
with minimal Ni and no Co, which possess the Li,MnO;-
type MRO. Because the small Ni content in the materials limits
the theoretical Ni-redox capacity (~81 mA h/g for both
compounds), a high level of O-redox must additionally occur
for these materials to achieve a high cycling capacity. The
initial capacities of these materials are low; yet, they undergo
“rejuvenation” upon extended cycling with substantial
improvements in performance (reduced hysteresis and more
capacity), which correlates with disruption of the MRO and
associated volume expansion initiated by O-redox-facilitating
TM migration. Moreover, we show, for the first time, that an
essentially similar process occurs for a disordered-rocksalt-type
Li-rich cathode (Li;,Ni,/3Ti;;sMo,,,50,), suggesting the
universality of this rejuvenation process.

We use this newfound insight to inform a molten-salt
treatment to predisturb the MRO and increase the crystal
volume before cycling and to endow a surface gradient
composition for improved cycling stability. As a result, the
treated materials can deliver outstanding performance from the
first cycle, including increased capacity, high power capability,
and excellent capacity/voltage retention. In particular, one of
the treated-Li; ,5Niy,sMng 50O, delivers 154 mA h/g even at a
very high rate of 2 A/g and loses only about 4% of its ~215
mA h/g-capacity and 140 mV of discharge voltage upon 200
cycles at 100 mA/g. Based on these results, we discuss the
mechanism and universality of the rejuvenation process in
various charge-ordered Li-rich cathodes and reveal the
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balancing act between the local-oxygen-mobility and global-
oxygen-mobility in the performance of Li-rich cathodes. Our
mechanistic insight about the rejuvenation process and
demonstration of high-performing Co-free Li-rich cathodes
guide us to exciting new directions in the design of advanced
cathode materials with combined TM- and O-redox activities.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Li;,Nij,sMng g0, (N125) and
Li; 55sNig,sMng 500, (N250) powders were synthesized from mixed
nickel—manganese carbonate precursors (Ni; sMn;,,CO; for N125;
Ni, ;;Mn, ;CO; for N250) obtained via a coprecipitation method.
Using a separating funnel, a 0.2 M mixed NiSO,, (Sigma-Aldrich, ACS,
>98%) and MnSO, (Amresco, 98%) aqueous solution (250 mL)
(Ni/Mn = 1:5 for N125; and 1:2 for N250) were added drop-wise to
an equal volume (250 mL) of a 1 M NaHCO; (Alfa Aesar, 99.7—
100.3%) aqueous solution under constant stirring of 200 rpm at SO
°C. The pH was adjusted to be 8—9 by adding ammonium hydroxide.
The mixed solution containing green precipitates that are formed
immediately was aged for 12 h under the same conditions of the
coprecipitation procedure. The nickel-manganese carbonate precip-
itate was collected from the solution using a centrifuge, washed with
deionized water several times, and dried overnight at 110 °C in a
vacuum oven. The dried powder was mixed with 5% excess of the
stoichiometric amount of Li,CO; (Alfa Aesar, ACS, 99% min) to
compensate for the possible loss of lithium during calcination. The
mixture was heated at 500 °C for 3 h in a box furnace in air. Then,
after cooling down, the resulting powder was manually mixed using a
mortar and a pestle. Finally, the mixture was reheated at 900 °C for 6
h in a box furnace in air to form NI125 and N250.
Li; ,Ni, ;3Ti,3Mo,,,50, (a disordered-rocksalt Li-rich cathode,
LNTMO) was made with a stoichiometric amount of Li,CO; (Alfa
Aesar, ACS, 99% min), NiCO, (Alfa Aesar, 99%), TiO, (Alfa Aesar,
99.9%), and MoO, (Alfa Aesar, 99%) as precursors. The precursors
were dispersed into acetone and ball-milled for 10 h at 300 rpm and
then dried overnight in a vacuum oven. The precursor mixture was
heated at 750 °C for 2 h in air to form the desired LNTMO phase.

The molybdate molten-salt treatment was conducted as reported
by Zhu et al”' First, the desired amount (30.66 mg for the “SM”
treatment and 61.32 mg for the “l0M’-treatment) of ammonium
molybdate tetrahydrate (AMT) (Sigma-Aldrich) was dissolved into 5
mL of deionized water. Then, 500 mg of N125 or N250 powders was
added into the ammonium molybdate solution. Such a weight ratio
between the AMT salt and the N125/N250 powder translates into S
wt % (25 mg) MoO; compared to the N125/N250 powder (500 mg)
for the “SM” sample and 10 wt % (50 mg) MoO; for the “10M”
samples. The pH of the mixed solution was adjusted to ~10 by adding
the ammonium hydroxide solution. The solution was stirred and
heated at 600 rpm at 80 °C using a hot stirring plate, during which the
water in the solution was evaporated. After the initial drying at the hot
plate, the sample was further dried at 110 °C for S h in a vacuum
oven. After the drying process, the mixed powder was collected from a
vial and manually mixed again to more uniformly distribute the AMT
salt in the powder mixture. Then, the salt-powder mixture was heated
at 800 °C for S h in air using a box furnace, during which the AMT
salt reacts with the N125 or N250 powder to form Li,MoO, and leach
lithium and oxygen from the surface of the N125 or N250 particles.
After cooling, Li;MoO, was removed from the SM- or 10M-treated
N250/N12S samples by washing several times with deionized water.
Finally, the treated samples were dried in a vacuum oven (110 °C)
overnight.

2.2. Electrochemical Measurements. To prepare a cathode film
from the (AMT-treated) N250/N125 samples, a slurry of 80 wt %
active material, 10 wt % carbon black (TIMCAL, Super C65), and 10
wt % polyvinylidene fluoride binder dissolved in N-methyl-1,2-
pyrrolidone (NMP, Sigma-Aldrich, 99.5%) was cast onto aluminum
foils using a doctor-blade. NMP was evaporated at 110 °C for 4 hin a
vacuum oven. Coin cells (CR2032) were assembled with the cathode,
the Li-counter electrode, a separator (Celgard 2400), and a 1 M
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solution of LiPF, in a mixture of ethyl carbonate/dimethyl carbonate
(EC/DMC, 1:1 v/v) in an Ar-filled glove box. The active material’s
loading on the cathode film was ~5 mg/ cm?. The galvanostatic
charge/discharge, intermittent titration tests, and rate-capability tests
were performed using a potentiostat (LAND CT2001, China) at
room temperature otherwise specified. The specific capacity was
calculated based on the amount of the active material in the cathode
film. The electrochemical testing protocol was the same for the
LNTMO cathode. However, the LNTMO cathode film was made
using a dry method. The LNTMO powder and carbon black
(TIMCAL, Super C65) were first manually mixed in the weight ratio
of 70:20 using a mortar and pestle. Then, polytetrafluoroehylene
(PTFE, DuPont, Teflon 8A) was added to the mixture as a binder,
such that the film is made of 70 wt % of the LNTMO powder, 20 wt
% of the carbon black, and 10 wt % of the PTFE binder. The
components were manually mixed again and rolled into a thin cathode
film using a stainless steel rod and a plate inside an Ar-filled glove box.

2.3. Material Characterization. The XRD patterns for the as-
prepared compounds and on electrodes were collected on a
PANalytical multipurpose diffractometer (Cu source) in the 26
range of 15—85°. To perform XRD on the cycled electrodes, the coin
cells were disassembled in an Ar-filled glovebox and washed with
DMC. Then, the electrode film was placed on a glass slide and sealed
with Prolene thin film (Chemplex SpectroMembrane 3018) and
vacuum grease. The Rietveld refinement on the collected XRD
patterns was completed using PANalytical X'pert HighScore Plus
software. Scanning electron microscopy (SEM) images were collected
on a Zeiss Merlin high-resolution SEM. Elemental analysis of the
compounds was performed with inductively coupled plasma—optical
emission spectrometry (ICP—OES, Agilent ICP—OES VDV 5100)
for lithium, nickel, and manganese. The high-angle annular bright-
field (HAABF) images and electron energy loss spectroscopy (EELS)
spectra are acquired from a JEOL ARM 200F scanning transmission
electron microscope (STEM) operated at 200 keV, equipped with a
cold field emission gun and integrated aberration (Cs) corrector. Dual
EELS spectrometers are used to collect both the low-loss and high-
loss spectra, and the low-loss spectra are utilized to correct the drift of
the zero-loss peak (ZLP). Based on the full width at half-maximum of
the ZLP, the optimal energy-resolution of EELS is about 1 eV. After
ZLP drift correction, EELS quantification was performed by using a
signal integration window of 50 eV, the Hartree—Slater model of the
partial ionization cross section, and power-law background sub-
traction. The STEM—EELS sample is prepared using FEI Helios
NanoLab 600 DualBeam FIB/SEM equipped with the Ga-ion source.
A platinum layer is deposited on top of the cathode particle to protect
it before the lift-out. The X-ray photoelectron spectroscopy (XPS)
measurement was conducted using a Physical Electronics VersaProbe
II X-ray Photoelectron Spectrometer.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Highly Li-Rich
Co-Free Layered Cathodes. We chose to make
Li*y 5sNi®" g 155Mn*"g 4,50°7, (N125) and
Li*) 5sNi**),50Mn*) 000>, (N250) in our study because of
our interest in identifying Co-free Li-rich materials with very
low Ni-content. The two materials were synthesized by a solid-
state reaction. The elemental analysis via ICP—OES show that
the actual Li/Ni/Mn ratio is 1.268:0.121:0.611 for NI125
(target ratio = 1.25:0.125:0.625) and 1.274:0.241:0.485 for
N250 (target ratio = 1.250:0.25:0.5).

XRD measurement of the materials shows typical patterns of
layered Li- and Mn-rich materials (Figure 1a). The Rietveld
refinement using the R3m structure as an input shows that the
a (=b) and c-lattice parameters are 2.8492 A and 14.2319 A for
N125 and 2.8539 A and 14.2316 A for N250 (Figure S1). The
peaks between 20° and 25° show the presence of LiMng or
LiMnNi superstructures in the TM layers (C2/m Li,MnO;-
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Figure 1. Characterization of two highly-Li-rich layered cathode
materials. (a) XRD patterns of Li;,sNig1,sMnges0, (N12S) and
Li; ,5Nig,50Mng 5000, (N250), (b) SEM images of N125 and N250.
Scale bar: 2 ym. (c) Ni 2p;,, peak of N12§ and N250 obtained from
the XPS.

like MRO).”~"° Figure 1b shows the SEM images of the N125
and N250 particles. Secondary particles with a diameter of 4—5
um are observed from both materials; the spherical
morphology is better developed for the N250 particles than
for the N125 particles. The primary particles have the shape of
a hexagonal prism for both materials, while the primary particle
size is bigger for N125 (300 nm to 1 gm) than for N250
(200—-300 nm). Finally, the XPS measurement reveals a
greater contribution of the Ni** signal (at ~856 eV) compared
to the Ni** signal (at ~854.8 V) in the Ni-XPS spectrum of
N250 than that of N125 (Figure 1c).*" This result indicates
that the Ni-oxidation state at the particle surface is higher for
N250 (~2.7+) than for N125 (~2.36+), as expected based on
their composition. The Mn oxidation state is ~4+ for both
materials (Figure S2).

3.2. Electrochemical Performance of N125 and N250.
We performed galvanostatic cycling tests to evaluate their
electrochemical behavior (2.0-4.8 V, 20 mA/g, room
temperature). Figure 2ab show the voltage profile of N12§
and N250, respectively. During the first charge, N125 and
N250 exhibit a sloping curve up to ~4.5 V, and then, a ~4.6 V
plateau follows, which is typical behavior of Li-rich layered
cathodes: the sloping-charge involves TM-oxidation (e.g., Ni-
oxidation), and the following plateau comes with O-oxidation
in the bulk structure, where some O-loss at the particle surface
is an undesirable side effect.”'****® The 1st discharge
capacity of N125 and N250 is 128 mA h/g and 161 mA h/
g, respectively, which is quite low compared to the initial
discharge capacity (>230 mA h/g) of standard Li-rich layered
cathodes with higher TM-content (i.e., less Li-rich).”™" On
the other hand, there is a slow increase in their capacity upon
cycling, which results in the stable discharge capacity to above
220 mA h/g for N125 and 210 mA h/g for N250. In particular,
the capacity remains nearly the same for N250 during its 50th
(211.3 mA h/g) to 200th cycles (214.2 mA h/g) (Figure 2c).

Voltage-profile analysis reveals that this increase of capacity
accompanies a notable reduction of internal resistance during
the initial 20 cycles. Figure 2d,e shows the 2nd and 1Sth
charge/discharge profiles of N125 and N250, respectively. For
both cases, voltage hysteresis (i.e, overpotential) is substan-
tially smaller in the 15th cycle compared to the 2nd cycle. Also,
during the 2nd to 20th cycles, the difference between the
average charging and discharging voltage decreases by as much
as 200 mV (from 0.56 V to 0.36 V) for N12S and by 160 mV
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Figure 2. Rejuvenation process in N125 and N250. The voltage profile of (a) N125, and (b) N250, when they are cycled at 20 mA/g at room
temperature between 2.0 V and 4.8 V and (c) their discharge capacity. The 2nd and 15th charging and discharging profiles of (d) N125 and (e)
N250. The insets show the difference between the average charging- and discharging-voltage of the two materials as a function of the cycle number.
(f) Energy loss (%; 100 — 100 X discharge energy/charge energy) of N125 and N250 during the cycling.
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Figure 3. Structure evolution of N125 and N250 cathodes upon cycling. (a) XRD patterns of the N125 cathode before cycling and after the 1st,
2nd, Sth, and 10th cycles (2.0—4.8 V, 20 mA/g). (b) Schematic of the layered lithium-TM oxide structure. The change of the (c) a- and c-lattice
parameters and (d) volume of N125 during the cycling. (e) XRD patterns of the N250 cathode before cycling and after the st discharge. Here, one
cell was charged to 360 mA h/g, and another was charged to 320 mA h/g before the 1st discharge. (f) Volume of the N250 cathode before and

after the first cycle.

(from 0.44 V to 0.28 V) for N250 (the insets in Figure 2d,e).
This reduction of voltage hysteresis is intriguing because the
hysteresis generally becomes worse upon cycling because of
the accumulation of side-reaction products at the cathode/
electrolyte interface or by irreversible structural damages
during cycling.*"'*** This alleviation of voltage hysteresis
indicates that Li-cycling kinetics is instead being upgraded or
activated: as a result, we observe a drastic decrease in their
energy inefficiency during the early cycles (Figure 2f).
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However, after ~20 cycles, the polarization and energy
inefficiency start increasing slowly for both compounds,
suggesting that Li-cycling kinetics becomes degraded after
the early improvements. We discuss this in more detail in
Section 3.7. Also, we will show later in this paper (Section 3.6)
that a virtually identical process (i.e, hysteresis reduction)
occurs for a disordered-rocksalt-type Li-rich cathode as well.

3.3. Structural Evolution of N125 and N250 during
Cycling. To understand the electrochemical behavior, we
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studied the structural evolution of the materials upon cycling.
Figure 3a shows the XRD patterns of the N125 electrode
before cycling and after the 1st, 2nd, 5th, and 10th cycles
(2.0-4.8 V, 20 mA/g). The XRD peaks, including (003),
(101), (006), (012), and (104) peaks, shift to lower angles,
indicating the increase of the lattice parameters of the layered
structure. A schematic of the layered structure is shown in
Figure 3b. The XRD refinement shows that after the 10 cycles,
the a-lattice parameter (=b-lattice parameter) increases from
2.850(7) A to 2.872(4) A, and the c-lattice parameter increases
from 14.225(3) A to 14.328(1) A, which translates into
volume expansion from 100.121 A® to 102.369 A® per unit cell
(Figures 3c,d, S3, and Table S1). Moreover, the intensity of
the (020)-peak from the LiMn, or LiMngNi superstructure in
the TM layers continues to decrease, indicating the
disturbance of the C2/m MRO. This randomization of in-
plane Li/TM ordering has been similarly observed for other Li-
rich layered cathodes,” ™ although the rate at which this
phenomenon appears to occur is slower for N125, as evidenced
by the C2/m XRD signal remaining discernible even after the
10th cycle.

N250 exhibits similar behavior. Figure 3e shows the XRD
patterns of the N250 electrode before cycling and after the first
cycle. In this test, one cell was charged to 320 mA h/g (320-
cell), and another cell was charged to 360 mA h/g (360-cell)
before discharging. To achieve a 360 mA h/g-charge capacity,
the 360-cell was charged at 60 °C instead of room temperature.
The XRD peaks shift toward a lower angle after the first
discharge, and the shift becomes greater with a higher charging
capacity (360 mA h/g). This shift translates into the increase
of the N250’s volume from 100.469 A* (before cycle) to
101.7343 A3 (320-cell) and 102.664 A3 (360-cell) per unit cell
(Figures 3f, S3, and Table S1). Also, we find a loss of the C2/m
XRD feature; yet, it remains visible after the first discharge.
These XRD results, combined with the electrochemical data,
suggest that the MRO disruption and associated volume
expansion are critical for the Li-rich cathodes to deliver high
capacity with reduced internal resistance, that is, such
structural changes are beneficial.

Layered Li-rich and Mn-rich cathodes such as
Li, ,Ni;,Mny 4O, display a characteristic long and flat charge
plateau at 4.5—4.8 V on the first charge, which is often labeled
“Ist charge Li,MnOj activation” and is associated with Li-
extraction from the Li,MnOj-like domains in the layered
structure with a certain degree of TM migration and O-loss at
the particle surface.””'" In this sense, we note that the
structural changes observed in N125 and N250 are consistent
with the “Ist charge Li,MnO;-activation” description, but in
our case, they evolve more incrementally over tens of cycles
rather than predominantly in the first cycle. More precisely, we
reveal a strong and general relationship between the measured
capacity hysteresis and structural evolution. Improved kinetics
manifested by reduced hysteresis and increasing capacity
correlate with increased MRO disruption and volume
expansion upon prolonged cycling. Furthermore, as we will
examine in more detail later in the paper, virtually identical
structural evolution and reduced voltage hysteresis occur in a
disordered-rocksalt Li-rich cathode, which does not possess
any “Li,MnOj-like” domains, and additionally illustrate that
the nomenclature of “Ist charge Li,MnO;-activation” may be
too narrow a description for a more general phenomenon in
Li-rich cathodes.
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3.4. Thermal Rejuvenation (Pre-activation) of N125
and N250. It is well known in the theory of glasses that a glass
retains a memory of its thermal and mechanical history in its
atomic structure, in the form of SRO.*7* The SRO can
evolve at anthropological time scales or beyond, depending on
the temperature and mechanical stress at present: if the
mechanical stress is zero, the SRO will evolve in the direction
of “more ordered” with associated mechanical stiffening and
hardening, and this is called aging, whereas under a large
enough mechanical stress, there can be plastic strain rate and
then the SRO will evolve in the direction of disorder with
associated mechanical softening, and this is called “rejuve-
nation” (as in, going back toward the liquid state where it first
came from).** ™ Such aging or rejuvenation transformation,
by definition, is mass-conserving and reversible.

The analogy to our system is the following. Instead of
mechanical stress, we have an external voltage driving force
from electrochemical cycling (similar to fatigue mechanical
loading); instead of structural SRO in the glass, we have MRO
in the crystal’s chemical order that has a diffraction signature;
instead of mechanical softening, we have a reduction of
electrochemical kinetic impedance. While the aforementioned
rejuvenation at room temperature due to electrochemical
cycling is effective, it takes quite a number of cycles to achieve
the beneficial effect of the disruption of MRO. Increasing the
temperature to above the MRO thermodynamic stability
temperature (similar to T in glasses), and then quenching
down, would be an alternative approach to disrupt the MRO
and freeze in this rejuvenated state for the better kinetic
performance of Li-rich layered cathodes right from the
beginning of room-temperature cycling.

Based on this understanding, we embarked on the thermal
acceleration of MRO disruption (pre-rejuvenation) to improve
the rate performance of N125 and N250. Because structural
rearrangement in Li-rich cathodes often incurs a certain
amount of irreversible Li- and O-loss upon cycling,®~'***7**
we applied the high-temperature molybdate-molten-salt treat-
ment that can extract Li and O from the cathode particles pre-
emptively.” We originally pioneered this method to target
surface reconstruction of cathode particles to mitigate O-loss.
However, for the first time, we will demonstrate below that this
method can also be used to thermally disturb the MRO to
prerejuvenate the Li-rich materials in the interior, leading to
enhanced bulk Li-transport properties. In this treatment, the
AMT-salt mixed with the Li-rich cathode particles decomposes
into MoOj; upon heating. Then, MoO; reacts with the cathode
particles at a high temperature (800 °C) to form Li,MoO,,
during which there is Li- and O-extraction from the cathode
particles: Li;MoO, is later washed away. A detailed procedure
is available in Experimental Section (also see Figure S4). One
critical advantage of this method over other Li/O-leaching
methods (eg, acid-treatment) is that the degree of leaching
can be controlled easily by changing the amount of the AMT
salt to that of the active materials.”*""** Also, this treatment
can introduce a concentration-gradient-type Li-rich structure:
the particle surface is “Li-poor” (e.g, LiggTM;,0,), and the
bulk remains “Li-rich” (e.g., Li; ; TM50,).”" Such a continuous
gradient structure is resistant to oxygen loss in subsequent
room-temperature electrochemical cycling, like after an
“immunization” treatment. In this study, we chose two
different salt amounts, such that the total amount of MoOj;
generated upon AMT decomposition would correspond to S
and 10 wt % of the active material.
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The XRD patterns of the pristine (N250), S wt % MoOj;-
treated (SM-N250), and 10 wt % MoO;-treated (10M-N250)
N250-power samples show that the treatment does not change
the overall shape of the pattern, indicating that the layered
structure is well maintained (Figure 4). However, as the

a
-
2858 .
/° 14.24
— o
<2856 =
-~ © 0/0 =
3 - W g L1423
& 28541 m’ —o0—¢
2
g N250  5M-N250 10M-N250
2
£
A.....{QM 10M-N250
o N—— Mmoo e I AL 5M-N250
N250
T T T T T J
20 30 40 50 60 70
Position (260, Cu)
b 10M-N250
{ JBUIK
~ E ] nL SN N~
3 ’ N~
& U‘ij 640 650 660 850 860 870 880
2 ——" .
¥ Ni-L
e "
g Ni: Mn: O =0.12£0.017 : 0.23+0.032 : 1.00
Ni: Mn: O =0.20:0.028 : 0.40+0.056 : 1.00
500 600 700 800 900

Electron energy loss (eV)

Figure 4. Thermal rejuvenation of the N250 cathode by a molten-salt
treatment. (a) XRD patterns of the N250, SM-N250, and 10M-N250
cathodes. The asterisks (*) show the signal from the C2/m Li,MnO;-
like domain. The left and middle insets compare the (020) and (110)
C2/m superstructure peaks and the (104) R3m peak of the three
samples, respectively. The right inset shows the a- and c-lattice
parameters of the three samples. (b) EELS data collected from the
surface and bulk of a 10M-N250 particle, showing the O-K, Mn-L,
and Ni-L edges. The inset HAABF image shows where the data were
collected. The two right insets highlight the Mn-L; and L,-edges and
Ni-L; and L, edges in the EELS data.

strength of the treatment increases, the XRD peaks [e.g., (104)-
peak in the middle inset] systematically shift to lower angles,
and the intensity from the superstructure (the left inset)
decreases, which indicates that the lattice parameter (volume)
of N250 is increasing (the right inset) and the MRO becomes
partly disturbed by the treatment (Figure SS). These two
changes in the XRD pattern are virtually identical to the
changes observed upon electrochemical cycling (Figure 3),
which implies that the AMT-treatment has the prerejuvenation
effect on the structure of N250. In Supporting Information, we
show that N125 shows similar changes in its XRD pattern after
the treatment (Figure S6). Note that prerejuvenation by up to
the 10M-treatment does not fully disrupt the MRO in the Li-
rich crystals, which is most likely because our treatment was
performed on lithiated Li-rich layered materials with
insufficient cation vacancies that kinetically promote the
cation-rearrangement required for full MRO disruption.
However, as we will show later, the partia-MRO disruption
by the treatment facilitates further electrochemical rejuve-
nation, overall accelerating the full MRO disruption necessary
to achieve high cycling performance.

The EELS data collected from the surface and bulk of a
10M-N250 particle show that this treatment also generates a
gradient structure, in which the surface of the cathode particle
is “Li-poor” (TM-rich), whereas the bulk remains “Li-rich”
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(Figure 4b).>" For this measurement, a thin-sliced 10M-N250
particle sample was prepared with the focused-ion beam (the
inset in Figures 4b and S7). The detailed procedure of the
EELS measurement can be found in Experimental Section.
Relative quantification of the bulk and surface EELS spectra
suggests that the atomic ratio between Ni, Mn, and O is 0.12 +
0.017:0.23 + 0.032:1 in the bulk and 0.20 + 0.028:0.40 +
0.056:1 at the surface, indicating that the particle core is Li-rich
(~Li,TM,,0,), while the surface is Li-poor (TM-rich;
~Li, TM;,0,). Also, this continuous gradient structure for
10M-N250 results in more reduced Ni- and Mn-oxidation
states at the particle surface, which is evidenced by that the Ni
L;- and L,-peaks from the surface are ~1.8 eV lower in energy
compared to those from the bulk (the right inset, Figure 4b)
and that the Mn L;/L, peak area-ratio is higher at the particle
surface (~1.84) compared to that at the bulk (~1.72) (the
middle inset, Figure 4b). These XRD and EELS results suggest
that the AMT treatment can partially predisturb the MRO in
the particle core while endowing a surface gradient
composition profile, although additional structural analysis
(such as via pair distribution function technique) would be
needed to further confirm our claim. We would like to
emphasize that this is the first report of the thermal MRO-
disruption effect (pre-activation) of the AMT treatment, while
the surface reconstruction effect was previously examined.”'

3.5. Electrochemical Performance of Prerejuvenated
N250. There is a notable improvement in the performance of
N250 after the high-temperature molten-salt treatment. Figure
Sa compares the first-cycle voltage profile of N250 (blue), SM-
N250 (red), and 10M-N250 (black) when they are cycled
between 2.0 V and 4.8 V at 20 mA/g. We observe a significant
increase in the first-discharge capacity and energy density from
161 mA h/g (577 W h/kg) to 196 mA h/g (722 W h/kg) and
235 mA h/g (860 W h/kg) after the SM- and 10M-treatment,
respectively. The voltage profiles of SM- and 10M-N250 to 70
cycles are shown in Figure Sb,c. Moreover, the number of
cycles needed to reach the maximum discharge-capacity and
the minimum voltage hysteresis decreases to 5 and 3 cycles for
SM-N250 and 10M-N250, respectively, whereas it takes more
than 30 cycles for N250 (Figure S8). At the same time, unlike
N250 whose C2/m-MRO XRD-feature remains visible after
the first cycle, the XRD-feature of 10M-N250 completely
disappears after the first cycle (Figure S9), which indicates that
“thermal” rejuvenation (partial- MRO-disruption) by the AMT
treatment facilitates further “electrochemical” rejuvenation,
overall accelerating the “full MRO-disruption” required to
achieve high cycling performance.

The GITT test suggests that the capacity increase originates
mainly from the improved Li transport. In this test, all
materials were equally charged to 320 mA h/g and discharged
to 1.5V at 20 mA/g, with a 5 h relaxation step after every 20
mA h/g charge or discharge step. Figure Sd shows the 1st-
discharge GITT profile of N250 (blue), SM-N250 (red), and
10M-N250 (black), shown as a function of time. Voltage
relaxation after each discharge step becomes substantially
smaller as the strength of the molten-salt treatment increases.
The relaxation in the profile consists of two parts: (i) instant
relaxation, which is related to the charge-transfer (CT)
resistance at the electrode/electrolyte interface and IR drop
and (ii) the time-dependent relaxation associated with MT
resistance (ie, Li* and polaron diffusion inside the Li-rich
oxide)."** The inset in Figure 5d shows an example from SM-
N250. Figure Se,f shows the contribution of each type in the
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Figure 6. Improved Li-transport after thermal prerejuvenation via a high-temperature molten-salt treatment. The representative voltage-profiles of
(a) N250, (b) SM-N250, and (c) 10M-N250 cathodes when they are cycled at different rates; from S0 to 1000 mA/g for N250 and from S0 to
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GITT curve. The alleviation of voltage relaxation by the discharge), there is as much as 1.3, 1.15, and 0.75 V-mitigation
molten-salt treatment is substantially greater from the MT in the MT polarization by the 10M-treatment, respectively,
source than from the CT/IR source. For instance, after the 8th, whereas there is only 0.03, 0.14, and 0.14 V-mitigation for CT/
9th, and 10th discharge steps (160, 180, and 200 mA h/g- IR-drop-polarization. This result suggests that the increased
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discharge capacity after the molten-salt treatment is primarily
due to the upgraded MT process (bulk Li diffusion) inside the
cathode structure while the improvement in the CT kinetics
(possibly due to surface-carbonate removal or formation of
trace molybdenum oxides) should also be beneficial.

This improved kinetics also leads to substantially faster rate
performance. Figure 6a—c shows the voltage profiles of N250,
SM-, and 10M-N250 when they are cycled between 2.0 V and
4.8 V at various rates. N250 was subjected to this test without
going through the electrochemical rejuvenation. N250 shows a
capacity of ~140 mA h/g when cycled at 50 mA/g, and its
capacity decreases to ~70 mA h/g as the rate increases to 1000
mA/g; SM-N250 and 10M-N250, on the other hand, deliver
~125 mA h/g (SM-N250) and ~150 mA h/g (10M-N250)
even at a very high rate of 2000 mA/g. The capacities obtained
during the tests are shown in Figure 6d. The 154 mA h/g-
capacity at the 2000 mA/g is quite impressive, considering that
the capacity of Co-free Li-rich cathodes (e.g.,
Li; ,Niy,Mn,0,) typically falls to below 150 mA h/g when
the rate increases to above 400 mA/ g.9’45’46 Moreover, the
capacity retention of both SM- and 10M-N250 is also quite
exciting (Figure 6e). After 200 cycles at 100 mA/g, the
capacity loss of SM-N250 and 10M-N250 is only 13.5 and
4.0%, respectively, compared to their maximum capacity
reached upon cycling (199 mA h/g for SM-N250; 217 mA
h/g for 10M-N250). In Supporting Information, we show that
the molten-salt treatment leads to a similar improvement to the
performance of the N125 cathode (Figure S10).

3.6. Mechanism and Universality of the Rejuvenation
Process. In this study, we highlighted the rejuvenation process
in the Li-rich layered cathodes, which reduces the Li-transport
resistance in the Lirich crystal. Also, we demonstrated that
high-temperature Li- and O-leaching through the molten-salt
treatment could thermally prerejuvenate the Li-rich cathodes.
We now provide a more detailed and nuanced explanation for
these observations. For the Li-rich layered structure, there are
at least two chemical order parameters to consider. One is
related to the degree of Li/TM-mixing (cation mixing)
“between the Li- and TM-layers,” that is, inter-layer order
parameter (Olnter_layer).42 The other is about the Li/TM-
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distribution “within the TM-layers,” that is, intra-layer order
parameter (OImra_layer). In the Li-rich layered materials, excess
Li* ions sitting in a TM layer prefer to be surrounded by high-
valent TM cations (eg, Mn*") to satisfy the local charge
neutrality. This preference, in turn, leads to the appearance of
the in-plane “LiMng or LiNiMn;” honeycomb ordering within
the TM layer, instead of random cation distribution.** Periodic
stacking of the in-plane-ordered TM layers can result in a
superstructure, as in C2/m-Li,MnO;. In typical Li- and Mn-
rich layered cathodes that have intermediate compositions
between LiMO, (M = Ni/Mn/Co) and Li,MnO;, the
development of a “completely” in-plane ordered structure
does not happen. Instead, seamlessly integrated “LiMO,-like”
and “Li,MnOj;-like” domains (MRO) evolve within the layered
structure.”"°

We see the rejuvenation process as a chemical-disordering
process triggered by the O-redox-facilitated TM-migration,
which increases the randomness of the TM/Li distribution
(decreases the order parameters) in the Li-rich compounds.
Indeed, the XRD refinement of the N125 electrode suggests
that the occupancy of TM cations in the Li layers increases
from ~5 to ~10% after the first five cycles, indicating the
decrease of the Ojyper-jayer (Table S1). For now, we are unclear
about the reduction of the Opyyyaye Within the TM layers.
However, we think it is possible considering that the formation
of Li vacancies in the TM layers upon charging can modify the
local electrostatic interaction and allow Ni and Mn to
rearrange within the TM layer using the Li vacancies. In
both cases, the internal order parameter decreases, as
evidenced by the disappearance of the in-plane-ordering
XRD signal (C2/m MRO-disruption) upon cycling (Figure
3a,e), signifying a decrease of the aforementioned charge-
ordering.

Two mechanisms related to the local disorder could facilitate
Li transport. First, such a randomization process will make Li-
site energies (Ey;) within different domains more similar to
each other, which reduces the energy penalty when Li* ions
travel across domain boundaries: Li-site energies (E;;) are
higher in the Li;_,MO,-like domains (a/a’ = before/after

rejuvenation, Figure 7) than in the Li,_ MnOs-like domains
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(/P in Figure 7), as reflected in the lower voltage required to
extract Li from the LiMO,-domain (3.5—4.4 V) than from the
Li,MnOs-like domain (4.5—4.8 V) upon first charging Li- and
Mn-rich layered cathodes (Figure 7)."~'" Such E;;-landscape in
the Li-rich structure can slow down Li diffusion by imposing
energy-barrier, for example, whenever Li in “low E;” f-
domains needs to travel across “high E;;” a-domains during
cycling. Chemical disordering in the C2m-Li,MnO; domain is
a voltage-lowering process, and this is supported by the well-
known voltage-decay issue of Li- and Mn-rich layered cathodes
upon the so-called “Li,MnOs-activation”.* "' Because voltage
is inversely proportional to E;; in the cathode [Vi

cathode anode cathode anode _ .
—(uti . Hiiee) o —(Eg — Ef}°*®); p = chemical
potential],”” such a decrease of voltage indicates increased Ej;

within the disrupted Li,_ ,MnO;-domain (f’). This effectively
reduces the E;;-difference between the two domains, hence the
domain-boundary energy barrier (Figure 7). Note that the
scenario we just described applies to even when the C2m-
Li;MnO;-MRO disruption occurs without any TM exchange
between different domains (e.g., local Mn/Li-disorder within
the Li,MnO;-domain). Such flattening of the E;-landscape
would become even greater if MRO disruption also
accompanies interdomain (@ < ) TM exchange, as it will
move the whole Li-rich crystal toward a solid-solution system
without sharp domain boundaries. Also, note that over this
entire process, a certain degree of voltage drop would be
necessary to adjust the Li-site energies in different domains
(hence the boundary energy barrier), although this voltage loss
could be minimized if we can engineer the domains to have
similar Li-site energies upon material synthesis.

Another possible benefit of MRO disruption for Li transport
is the accompanied volume expansion of the Li-rich crystal,
which leads to more free volume upon Li diffusion. The MRO-
disrupted structure of N125/N250 should be thermodynami-
cally less stable compared to their initial “nanocomposite”
structure that formed as a result of being most stable upon
synthesis. At a given composition, a crystal with metastable
ionic-configuration tends to be larger in volume than that of a
stable configuration, that is, larger “free volume” in the analogy
of glasses. For instance, theoretical data in the Materials
Project show that metastable polymorphs of LiCoO,, such as
“Imma” (34.649 A3), “C2/m” (34.744 A%) and “Fd3m” (35.993
A%) LiCoO,, have a bigger crystal volume per formula unit
than the stable R3m LiCoO, (32.956 A%).** This metastability-
volume correlation can explain why the lattice parameters and
volume of N125 or N250 systematically increase upon MRO
disruption (Figure 3). Meanwhile, we note that reduced Mn
species (Mn*" with a larger ionic radius than Mn*") created
after O loss at the particle surface may further increase the
volume of N125 and N250 upon cycling.*""° Such increased
volume can promote Li transport in the cathode structure for
its larger space for relaxation upon Li diffusion (Figure 7).**>°
For example, it was predicted that even as little as ~2% volume
expansion can decrease the octahedral-tetrahedral-octahedral
Li-migration barrier [Emigmion; Dy; exp(—Emigmﬁon/ ksT)] in a
rocksalt-type oxide by nearly 40 meV, which corresponds to a
five-fold increase of Li-diffusivity at room temperature.*’
Combined with the alleviation of the domain-boundary energy
barrier, the expanded volume after MRO disruption can further
improve Li transport in N125/N250 (Figures 2 and 3). In this
context, one can imagine that the rejuvenation (activation)
process can universally occur for Li-rich cathodes (not just the
so-called Li,MnOj-activation in Li/Mn-rich layered cathodes),
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in which a structure with medium/short-range charge-order
develops upon synthesis [LiMO, (a)—Li,MnO;, Li,TiOs,
Li;NbO,, Li;MoO; (f) in Figure 7]; yet, electrochemical
cycling partially or fully dissolves the local charge order and
increases the free volume.®'"'%175!

Indeed, we observe a nearly identical process in another Li-
rich cathode but now with a disordered-rocksalt structure,
Li; ,Ni; ;3Ti; Mo, 150, (LNTMO).”>** This material is also
known to utilize a large degree of O-oxidation after a limited
amount of Ni?*/Ni**-oxidation in charge.25’44 Figure 8a,b
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\Z/\WS) A

a=4.1666(4) A

a s LNTMO, 1.5-4.8 V, 20 mA/g C
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w
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1 =
0 50 100 150 200 250 300 0 g=4.1422(6) A
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—om Position (20, Cu)
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o 1 &>
g3 7 Sis %72 )
g SR £
010 o 3
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Specific capacity (mAh/g)

300 350 Before 1st 2nd

Figure 8. Rejuvenation process in a disordered-rocksalt-type Li-rich
cathode. (a) Voltage profiles of the disordered-rocksalt
Li; ,Ni; j3Ti; ;sMo0,,,50, (LNTMO) when it is cycled between 1.5 V
and 4.8 V at 20 mA/g and room temperature. The inset shows the
schematic of the crystal structure. (b) 2nd, 3rd, and 10th charging and
discharging profiles of LNTMO: The inset shows the difference
between the average charging- and discharging-voltage as a function of
the cycle number. (c) Fm3m (002) XRD peak of LNTMO before
cycling and after 1 and 2 cycles between 1.5 and 4.8 V at 20 mA/g
and (d) derived volume.

shows the voltage profiles of LNTMO (1.5—4.8 V, 20 mA/g).
As seen from the N12S and N250 (Figure 2d,e), there is
significant mitigation of the voltage hysteresis (internal
resistance) upon initial cycles, as evidenced by ~500 mV
reduction in the average charge/discharge voltage difference
after 10 cycles (Figure 8b). Also, we observe irreversible shifts
of the LNTMO’s Fm3m (002)-XRD peak to a lower angle
after initial cycles, confirming that its improved kinetics
correlates with the volume expansion as was the case for
N125 and N250 (Figure 8c,d). Although further investigation
would be needed, we speculate that there is a disruption of the
Li,TiOylike SRO (not detectible in XRD) upon O-redox,
which was predicted to exist in disordered-rocksalt-type Li-rich
NiZ*—Ti*" oxide cathodes.'” That being said, we realize that
quantitative analysis of MRO and SRO in various Li-rich
crystals by local-bonding-analyzable characterization tools and
computational modeling will play a critical role in under-
standing the detailed correlation between the degree/type/
composition of local chemical order and Li-transport kinetics
in the Li-rich materials.'"'® The analogy of both layered- and
disordered-rocksalt Li-rich cathodes to glass aging/rejuvena-
tion under temperature/mechanical stress field (electro-
chemical cycling here) is indeed quite apt. The fundamental
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reason is that reversible oxygen redox can reduce the oxygen-
migration potential-energy barriers (from 2.3—4.0 eV of O to
0.9 eV of O7 in the case of Li,_ MnOj; according to Lee and
Persson),” so that local-oxygen-mobility (LOM) is possible at
room temperature, with associated local transition-metal
migrations (LMMs) as well, as the TM and oxygen are
covalently bonded.>*™>° The LOM-enabled LMM drives the
structural rejuvenation of Li-rich cathodes at room temper-
ature with electrochemical cycling. Contrary to popular beliefs,
this is intrinsically beneficial. However, what we have not
discussed so far is another side to the story, which is global-
oxygen-mobiliy (GOM), as a potentially harmful side effect of
LOM, if not sufficiently mitigated.”’ While LOM (and the
kinetics of aging/rejuvenation in general) can be reversible,
GOM is irreversible because the escaped oxygen would react
with the electrolyte and also leaves permanent mass deficiency
or even dramatic phase changes within the Li-rich cathode
crystal.

3.7. Balancing Act between the LOM and GOM. Our
understandings provide new directions for the design of high-
performance Li-rich cathodes. Poor 1st-cycle Coulombic
efficiency (=1st discharge capacity/Ist charge capacity) is
one of the most critical shortcomings of Li-rich cathodes.” "’
To achieve high 1st-cycle Coulombic efficiency, the MRO
disruption (or SRO-disruption for Li-rich disordered rocksalt
cathodes) must be completed as early as possible in the first
charge, so that fast Li diffusion in the fully rejuvenated
structure would allow for a high discharge capacity,
comparable to the Ist-charge capacity. Indeed, the higher
initial discharge capacity and Coulombic efficiency of 10M-
N250 compared with N250 are consistent with accelerated
“full” MRO-disruption upon first cycling after the thermal
rejuvenation by the AMT-treatment (Figure S9). Note that as
we discussed in Section 3.3, “rejuvenation by MRO/SRO-
disruption” describes the so-called “Li,MnOj-activation”
observed in the Li/Mn-rich layered cathodes. Thus, achieving
efficient MRO disruption is equivalent to achieving “efficient
Li,MnOj-activation” in the case of the layered Li/Mn-rich
cathodes. In this context, any strategy that can facilitate MRO/
SRO disruption would improve the performance of Li-rich
layered/disordered-rocksalt cathodes. For example, it could be
the thermal pretreatment (pre-activation) as we did for N125/
N250 or doping of elements that could interrupt the MRO/
SRO formation during material synthesis.'*"*>°°75% Interest-
ingly, it was shown that the C2/m-MRO develops less in
0.5Li,MnO5-0.5LiMn, ;_,Nij ;. Co,,0, cathodes with increas-
ing cobalt content in the structure.”” This trend suggests that
Co’"-doping effectively prerejuvenates the Li-rich layered
cathodes by partially interrupting the C2/m-MRO formation
during material synthesis, which may explain why Co-doped
Li-rich layered cathodes typically deliver higher capacity with
better initial Coulombic efliciency and rate capability
compared with Co-free Li-rich layered cathodes.””'>*” Mean-
while, it must be noted that Li-rich and Mn-rich layered oxides
may not necessarily develop a multi-domain structure through
careful tuning of the material composition, which would help
to improve performance in terms of both Li transport and
structural reversibility upon O-redox."'

Another consideration would be the control of oxygen
mobility in the Li-rich structure. As mentioned above, the
reduced oxygen migration barrier upon O-redox (thus
promoting LOM and LMM) facilitates the MRO/SRO
disruption for improved Li-transport property. Ironically, the
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lowered oxygen diffusion barrier can also increase the GOM,
triggering detrimental reactions near the particle surface, such
as the O-loss, pore creation, and electrolyte decomposi-
19721 1 Figure 2d,e, we observe that voltage hysteresis of
N125/N250 decreases upon cycling up to ~20th cycle, and
then, it starts increasing slowly. We believe that the earlier
reduction of the hysteresis is due to the effect of LOM-driven
MRO disruption (rejuvenation) on cycling kinetics being
greater than that of the GOM-triggered side reactions. As the
MRO disruption approaches near completion, the GOM-side
reactions start dominating the evolution of the cycling kinetics,
which explains the later increase in hysteresis.

In this context, the AMT-molten-salt treatment appears to
be one of the ideal treatments for Li-rich cathodes. First of all,
as we have shown for the first time in this paper, this treatment
can thermally disturb the MRO to prerejuvenate (preactivate)
the Li-rich materials in the interior to achieve improved
performance (eg, higher Ist-cycle Coulombic efficiency, and
higher capacity) and minimize the activation period (Figure
S8). Also, high-temperature Li- and O-leaching and the
continuous concentration-gradient structure generated by this
treatment can mitigate the GOM-related structural damages,
stabilizing the cycling performance.”’ Indeed, it is impressive
to see as little as ~4% capacity loss from 10M-N250 upon 200
cycles at 100 mA/g and that the material can deliver as high as
154 mA h/g-capacity even at 10C-rate (2 A/g). Finally, the
average discharge voltage of 10M-N250 decreases only by
~140 mV (from 3.65 to 3.51 V) during 200 cycles at 100 mA/
g (Figure S11), which is remarkably small considering that
various Li-rich cathodes have shown significantly greater
voltage decay sometimes, up to more than 600 mV upon
100 cycles.*™'" These results reveal how facilitating the
rejuvenation process while mitigating GOM can improve the
performance of Li-rich cathodes. We believe that further study
on the rejuvenation process in Li-rich crystals with various
structures (e.g, layered, disordered) and the development of
high-temperature prerejuvenation methods would help us to
design high-performing and sustainable cathodes for Li-ion
batteries.

tion.

4. CONCLUSIONS

In conclusion, based on the study of highly Li-rich layered- and
disordered-rocksalt cathodes, we revealed that, in stark contrast
to the current wisdom, the oxygen-redox-assisted structural
change can be beneficial to the performance of the Li-rich
cathodes by disrupting the local charge order and increasing
the crystal volume, which substantially improves the Li-
transport property in the materials. While the GOM promoted
upon O-redox should be prevented because it leads to
irreversible O-loss or side-reactions with the electrolytes, the
LOM and associated TM disordering should be promoted,
such that the fully rejuvenated Li-rich cathodes can achieve
high capacity, high rate capability, and high Coulombic
efficiency through the improved Li-transport property. We
believe that our mechanistic understanding of the local-charge-
order disruption and its influence on the Li-transport property,
as well as the demonstration of high-performing Co-free
layered cathodes, will pave an exciting new route to the
development of sustainable and high-energy Li-ion batteries.
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Figure S1. The XRD refinement results and structural parameters of (a, b)
Li; 55Nig 125sMng 6250, (N125) and (c, d) Li;25Nig250Mng 50002 (N250). The crystallographic
information file of R-3m LiNiO, (ICSD collection code 78687) was used as an input file. Pseudo
Voigt fit was used. The atomic occupancies were initially set to the atomic ratio obtained from
elemental analysis, based on which the lattice parameters were first refined. Then, we further
refined the lattice parameters and the atomic occupancies simultaneously: transition metal (TM)
occupancies were first refined, and then Li occupancy was refined. To account for cation mixing
between the Li- and TM-layer, we introduced Ni in the 3a site (Li-layer). However, a very
similar refinement result can be obtained even if we let Mn in the 3a site instead of Ni. Thus, we

cannot specify which TM is in the Li-layer.
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Figure S2. The Mn X-ray photoelectron spectroscopy result of the N125 and N250 powder
samples. From both samples, we observe the binding energies of the Mn 2p;,, and 2p;,, at ~654
eV, and ~ 642 ¢V, which are the typical binding energies of Mn** such as in MnO,.! This result
indicates that the Mn in the as-made N125 and N250 is in the Mn*" state.
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Figure S3. The XRD refinement results of the (A, B, C, D) N125 electrodes after 1, 2, 5, and
10 cycles between 2.0 V and 4.8 V at 20 mA/g and room temperature; and of the (E, F) N250
electrodes after the 15 cycle at 20 mA/g: for the N250-320-cell, N250 was charged to 320 mAh/g
before the 1% discharging to 2.0 V (160 mAh/g-discharge) at room temperature. For the N250-
360-cell, N250 was charged to 360 mAh/g at 60°C and then discharged to 2.0 V (230 mAh/g-
discharged). The hump between the 25° to 28° is from the prolene film, which was applied to
seal the electrode samples. The Fe peak is from the stainless steel XRD holder, and the Al peak

is from the Al-current collector.
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Table S1. The structural parameters from the XRD refinement data in Figure S3: (a) N125-
1 cycle, (b) N125-2 cycles, (c) N125-5 cycles, (d) N125-10 cycles, (e) N250-320-cell, (f) N250-
360-cell. We used a similar protocol, as we described for Supplementary Fig. 1 for this
refinement. The Li-occupancy was estimated by subtracting the irreversible Li loss during
cycling from the original Li content, which can be obtained by translating the difference between

the cumulative charge (Li-extracted) and discharge (Li-inserted) capacities into the irreversible

Li-loss.
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Figure S4. The molten-salt treatment procedure. (a) The XRD data from the as-made N250
powder (black), 10M-N250 powder before washing (red), and 10M-N250 powder (blue) after
washing with the deionized water. The asterisks belong to the R3-Li;MoQ,, which formed as a
result of the Ammonium Molybdate Tetrahydrate (AMT) reacting with the as-made N250
powder to leach some lithium and oxygen from the N250 particles. The XRD peaks from
Li;,Mo0O, are not seen after the washing. (b) The energy-dispersive X-ray spectroscopy (EDS)
mapping on a “before wash” 10M-N250 particle. We can see the molybdenum signal from the
particle surface, along with the signal from Ni, Mn, and O. (¢) The EDS spectra of 10M-N250
particles before (red) and after wash (blue). From the spectra, we can see that the Mo signal
disappears after the washing. These results confirm that the AMT-salt reacts with the N250
particles to form Li,Mo0QO,, which is washed away with the deionized water. These results are

consistent with our previous results.?



Space group: R-3m
Wyckoff

(u,vyw) = (0.252517,-0.061149, 0.021234)

5M_N250 —— Observed
5 —— Callculation
—— Obs.- Calc.
= ' Bragg Peak
s
P
7]
c
9
= . L i A j & &
1 (A1} 1 1 n " I .III i
~+~"‘— )

T T T T T T d T

20 30 40 50 60 70 80
Position (26 degree, Cu)

C
; 1 0M_N250 —— QObserved
Calculation
—— Obs.- Calc.
= 1 Bragg Peak
S
=
k7]
c
2 L
£ . N A lj )
i 1 1 n " 1 Mot

Atom position ¥y Z Occupancy  Biw
Lil 3a 0 0 0 0.95 0.5
Nil 3a 0 0 0 0.045 0.5
Li2 3b 0 0 0.5 0.2917 0.5
Ni2 3b 0 0 0.5 0.2083 0.5
Mn2 3b 0 0 0.5 0.50 0.5
01 6¢ 0 0 0.2422(2) 1 1.60

a=h=2.8564(9)A e=14.2353(DA volume=100.592A°
Rwp=3.323, Goodness of fit=1.8802

Space group: R-3m (u,v,w) = (0.082412, 0.021972, 0.007181)

Atom ‘;3;:;3:: ¥y g Occupancy  Biy
Lil 3a 0 0 0 0.96 0.5
Nil 3a 0 0 0 0.038654 0.5
Li2 3b 0 0 0.5 0.24 0.5
Ni2 3b 0 0 0.5 0.2557 0.5

Mn2 3b 0 0 0.5 0.50 0.5
01 6¢ 0 0 0.2414(3) 1 1.50

T T T T T T T T T T T T T

20 30 40 50 60 70 80
Position (20 degree, Cu)

a=h=2.8582(5)A

e=14.2403(9)A volume=100.7615A%

Rup=4.0647, Goodness of fit=2.872

Figure S5. The XRD refinement results and structural parameters of (a, b) SM-N250 and (c,

d) 10M-N250. The protocol for this refinement was similar to the one described in Figure S1.
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Figure S6. The structural change of N125 by the molten-salt treatment. (a) The XRD results
of N125 and 10M-N125 powder samples. (b) The in-plane ordering XRD peaks from the N125
(black) and 10M-N125 (blue) samples. (¢) The R-3m (101), (012), and (006) XRD peaks of the
two samples. We observe that the in-plane ordering signals become weaker (i.e., disturbance of
the ordering), and the XRD peaks shift to lower angles (i.e., volume increase) after the 10M-
AMT treatment. This result shows that the AMT-treatment thermally disturbed the C2/m

medium-range-order in the N125 structure, as was the case for N250.
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Figure S7. The morphology of the 10M-N250 focused-ion-beamed (FIB) sample used for
the EELS measurement. (a) The scanning transmission electron microscopy (STEM) bright-
field image of the FIB-ed 10M-N250 sample. The middle part of the image shows the FIB-ed
portion. (b) The line-scan trajectory (yellow dash-line) during the EELS measurement. The
EELS data shown the Figure 4b in the manuscript were collected from the two points in the

image (c): the thickness of the portion shown in Figure c is ~90 nm.
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Figure S8. The shortened electrochemical rejuvenation period after the thermal pre-

rejuvenation. (a) The discharge capacities of N250, SM-N250, and 10M-N250 when they are
cycled between 2.0 V and 4.8 V at 20 mA/g. (b) The difference between the average charging

voltage and discharging voltage of the three materials during the cycle.
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Figure S9. The XRD results that support the shortened electrochemical rejuvenation
period after the thermal pre-rejuvenation. The XRD patterns of (a) N250 and (b) 10M-N250
electrodes before cycling (black) and after the 1%t cycle at 20 mA/g (blue). For both electrodes,
the first charge capacity was set to 320 mAh/g. While the in-plane ordering peaks (asterisks)
from the C2/m Li,MnOs-like domain are visible for N250 after the first cycle, they are not seen
for the 10M-N250. This result shows that a high-temperature pre-rejuvenation treatment
accelerates the full rejuvenation (disruption of the C2/m medium-range order) of the Li-rich

layered material upon cycling.
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Figure S10. The thermal pre-rejuvenation effect on N125. (a) The first-cycle voltage profiles
of N125 and 10M-N125 cathodes when they were cycled between 2.0 V and 4.8 V at 20 mA/g

and room temperature. The extended cycle voltage profiles of 10M-N125 when it is cycled
between (b) 2.0 V and 4.8 V, and (c) 2.0 V and 4.6 V at 20 mA/g. The representative voltage-
profiles of the (d) N125 and (e) 10M-N125 when they are cycled at different rates (50, 100, 200,
400, 1000 mA/g). In this rate-test, N125 did not go through the activation cycle. (f) The charging

and discharging capacity of the two samples during the rate-capability test. From these results,

we can see that the 10M-N125 deliver substantially improved cycling performance compared to

N125.
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Figure S11. The average discharge voltage of SM-N250 and 10M-N250 when they are cycled
between 2.0 V and 4.8 V at 100 mA/g and room temperature.
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