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ARTICLE INFO ABSTRACT

Keywords:
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Li-rich layered oxides have garnered tremendous research interest as a promising high-energy cathode by har-
nessing combined cationic and anionic redox. Despite the great promise of oxygen redox, however, the distinct
activity of oxygen redox in Li-rich materials has inhibited the precise understanding of the oxygen redox acti-
vation mechanism. Herein, we unravel the interplay between de/activation of oxygen redox and the phase
transition behaviors of Li-rich cathodes through a comprehensive investigation of two Ru-based model Li-rich
layered oxides, Lij 2Nip2Mng sRug 302 and Lij oNig oRug 6O2. It is corroborated by synchrotron-based X-ray ab-
sorption spectroscopy analyses that the reversible oxygen redox occurs in Li; 5Nig 2Mng 3Rug 302 but the reaction
is not triggered in Lij 5Nig2Rug Oz despite high relevance in structure and stoichiometry. Operando X-ray
diffraction elucidates that the O3-type Lij oNig2RugsO2 undergoes a phase transition into the T3-type phase
during charging while there is negligible structural change in O3-type Lij 5Nigp 2Mng sRug 302, First-principles
studies reveal that the theoretical redox potential to extract Li* from T3-type phase is significantly higher
than that of O3-type Lij 2Nig 2Rug 602, inhibiting the activation of the oxygen redox. Our findings indicate the
significance of the dynamic structural evolution on governing the activation of oxygen redox, thereby offering
guidance for further design of Li-rich layered oxides toward the full utilization of the oxygen redox.

Li-rich cathode material
Anion redox reaction
Phase transition
First-principles calculation

1. Introduction

With great advances made in the battery technology over the last few
decades, it has become the most essential component of electrified
portable devices and personal mobility [1]. As lithium-ion batteries
(LIBs) are being intensively employed in an increasing number of large-
scale applications, including electric vehicles and energy storage sys-
tems, the need for cathode materials particularly with higher energy
density has become paramount. Despite successful adoptions of con-
ventional cathode materials such as LiNiyCoyMn;.x.;O2 (NCM), LiCoO2
(LCO), and LiFePO4 (LFP) in current state-of-the-art LIBs, however, their
capacities are inherently limited by the charge compensation capability
of transition metal (TM) redox centers [2-5]. Various energy storage
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mechanisms have thus been explored to surpass the theoretical specific
capacity of conventional cathode materials that merely rely on the TM
redox. Anionic redox from lattice oxygen has been suggested as an extra
charge storage mechanism that can be incorporated into conventional
cathode systems. The cathode materials formulated with excessive
lithium, so called lithium-rich layered oxide (LRLO, Lij ; x(TM);.xO52), are
proven as an emerging class of high-energy cathode (~300 mAh g™ 1)
that can utilize more Li* owing to the cumulative cationic and anionic
redox reactions [6-11].

The mechanistic understanding on the oxygen redox in LRLO has
been a central topic, spurring extensive explorations of various LRLO
types of cathodes, each of which exhibits unique electrochemical
properties [9,12]. LRLO possesses a typical structural characteristic of
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in-plane ordering (i.e. Li;,3TMy/3 honeycomb) induced by excessive Li*
residing in TM layers, which offers a local bonding environment of A-O-
Li (A: Na, Li, Va etc.). Theoretical calculations revealed that the local A-
O-Li environment leads to the non-bonding state of O 2p orbitals which
is the main participants for the oxygen redox reaction of LRLO cathodes
[13-19]. Mn (3d) or Ru (4d)-based LRLO cathodes have been mainly
subjected as promising LRLO cathodes as they can accommodate
excessive LiT into structure owing to their high valence state and the
feasibility of their oxygen redox activity was demonstrated by several
experimental evidence [7,20-23]. In particular, Ru-based LRLO systems
promise a good reversibility of oxygen redox likely due to the strong Ru
(4d) — O (2p) hybridization, stimulating intensive studies on derivatives
of Ru-based LRLO cathodes with diverse combinations of TM elements
[12,24,25]. However, it has been reported that the activation of oxygen
redox in Ru-based LRLO cathodes significantly differs depending on the
TM compositions. For example, Lij oNip 2Rug ¢O2 exhibits only cationic
redox reactions of Ni?*/4* and Ru**/>" without the participation of
oxygen redox, while a successive cationic and anionic redox was proved
with the nice electrochemical properties of the Lij 5Cog 4Rug 405 cath-
ode [26,27]. Though the degree of hybridization between TM and O
orbitals was suggested to bring out such complex anionic oxygen redox
activity depending on TM elements, a fundamental understanding on
the role of TM composition on governing the activity of oxygen-redox
chemistry in the LRLO system has still remained elusive to date [12].
Considering the crucial impacts of crystal structure on the oxygen-redox
property of LRLO, resolving dynamic structural evolutions of LRLO
cathodes during delithiation/lithiation might hold the key to elucidate
the explicit influences of TM elements on oxygen-redox activation.

In this work, we investigate the electrochemical behaviors of two
different Ru-based LRLO cathodes of Li; sNig sMng 3Rug 305 (LNMRO)
and Liy 2Nig 2Rug 602 (LNRO) to uncover the interplay between the type
of TM elements and oxygen redox activity. Despite the fact that both
materials share analogous crystal structures and still have lithium con-
tents in the structure after full oxidation to Ni*t, Ru®* and Mn**, it is
found out that the LNMRO cathodes are able to deliver almost full uti-
lization of Li* (~315.7 mAh g~1) by implementing both cationic (Ni%*/
4+ and Ru**/®*") and anionic (0>7™, n < 2) redox, while the LNRO
cathodes only exhibit cationic redox corresponding to 232.9 mAh g~*.
The operando X-ray diffraction (XRD) studies unveil that LNMRO rela-
tively well preserves its original structure without notable phase change
throughout the whole electrochemical process, which is clearly distinct
from the case of LNRO cathodes that undergo a substantial phase tran-
sition from O3-type to T3-type phase upon 3.8 V. The formation of the
T3-type phase, by which Li ions occupy the tetrahedral site between
TMOg octahedron and the LiOg octahedron, might hinder the activation
of oxygen redox in LNRO during charging [28-30]. First-principles
calculation results elaborate that the theoretical redox potential to
extract Li" from LNRO significantly rises after the formation of the T3-
type phase compared to the O3-type phase, indicating that further
deintercalation of Li* via an oxygen redox reaction is nearly impossible.
Electrochemical properties are also comparatively assessed for the
cathodes, both showing reasonably stable but dissimilar responses
depending on the presence of oxygen redox during cycling. These
findings provide a new perspective on the structural interplay governing
the de/activation of anionic oxygen redox reactions in Li-rich cathode
materials.

2. Methods
2.1. Material preparation

Conventional solid-state synthesis method was employed to prepare
the materials. LioCO3 (Alfa Aesar, 99 %), MnCOs3 (Alfa Aesar, 99.9 %), Ni
(OH); (Alfa Aesar, 96.34 %), and RuO (Sigma Aldrich, 99.9 %) were
used as precursors. The precursors were mixed in a stoichiometric
amounts and subjected to high-energy ball milling at 400 rpm for 12 h in
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an Ar-filled jar. Note that 5 % of excess LioCO3 was more added to
compensate for the volatilization of Li in high temperatures. Subse-
quently, the resulting powder was compressed into pellets and calcined
in a quartz tube under a flow of dried air gas at 0.3 L min~!. Calcination
was carried out at 850 °C for 5 h.

2.2. Material characterization

The crystal structures of LNMRO and LNRO were analyzed using X-
ray diffractometer (PANalytical Empyrean) with Mo Ka radiation (A =
0.790319 A) in 20 range of 5.01° to 34.99° with step size of 0.015°. For
comparison with other studies, the 26 angles of XRD pattern were con-
verted to Cu Ko radiation (A = 1.54178 10\). Rietveld refinement was
carried out using FullProf software. In operando XRD patterns were
obtained during electrochemical operation at a current density of C/20
within the voltage range of 2.0-4.4 V. Ex-situ XRD patterns were ob-
tained using pristine electrodes and electrodes that were fully dis-
charged to 2.0 V after 20 and 50 cycles.

The atomic ratio of Li, Ni, Mn, and Ru in LNMRO and LNRO was
determined using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES; OPTIMA 8300, Perkin-Elmer) at the National Center
for Inter-University Research Facilities (NCIRF) at Seoul National
University.

Field-emission scanning electron microscopy (FE-SEM; Gemini SEM
560, ZEISS) was used to investigate the particle morphology and particle
size of LNMRO and LNRO at the National Center for Inter-University
Research Facilities (NCIRF) at Seoul National University.

High-resolution transmission electron microscopy (HR-TEM) image,
transmission electron microscopy-energy dispersive X-ray spectroscopy
(TEM-EDS) mapping images, and selected area electron diffraction
(SAED) patterns were acquired using field-emission transmission elec-
tron microscopy (FE-TEM; JEM-F200, JEOL Ltd.) at Seoul National
University’s National Center for Inter-University Research Facilities
(NCIRF). Each information was recorded using a 4k x 4k CCD camera.

Ex-situ X-ray absorption spectroscopy (XAS) spectra for the Ru, Ni,
and Mn K-edge were obtained at the 6D UNIST-PAL beamline at Pohang
Accelerator Laboratory (PAL). Ru, Ni, and Mn K-edge spectra were
collected in transmission mode with energy ranges of 21917-23088,
8133-9191, and 6339-7397 eV, respectively. Reference spectra were
simultaneously obtained by using Ru, Ni, and Mn metal foil. Soft X-ray
absorption spectroscopy (sXAS) spectra for the O K-edge were measured
in high-energy grating (HEG) with a photon energy range of 525-560 eV
at the 4D PES beamline at PAL. The collected XAS and sXAS data were
analyzed using Athena software [31]. Each sample was prepared in the
form of an electrode.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using an AXIS SUPRA (Kratos Analytical) at Seoul National
University’s National Center for Inter-University Research Facilities
(NCIRF) to confirm the oxygen redox reaction. XPSPEAK41 software
was used for XPS fitting after all data were calibrated at the binding
energy of 284.6 eV for the C 1 s peak.

2.3. Electrochemical characterization

To make the LNMRO and LNRO electrodes, 70 wt% active material,
20 wt% Super P carbon black, and 10 wt% polyvinylidene fluoride
(PVDF) was mixed using N-methyl-2-pyrrolidone (NMP) as a solvent.
The mixture was cast on aluminum foil with a thickness of 200 pm and
dried overnight at 100 °C under vacuum conditions. The electrode was
then punched into a disk of 10 mm diameter, with a mass loading of ~ 2
mg cm 2. CR2032-type coin cells as a half-cell were assembled with Li
metal as a counter electrode, a separator (Celgard 2400), and 1.2 M
LiPF6 in ethylene carbonate (EC): dimethyl carbonate (DMC) = 3:7 v/v
as the electrolyte in an Ar-filled glove box. Galvanostatic charge/
discharge tests were conducted at different current densities from C/20
to 2C rate within a voltage range of 2.0-4.4 V (vs Li*/Li). The current
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density of 1C rate was set to be 325.3 mA g~! and 285.4 mA g~ ! for
LNMRO and LNRO, respectively. The charge current density was fixed at
C/20, and tests were performed using an automatic battery charge/
discharge test system (WBCS 3000, WonATech). The cyclic voltammetry
(CV) test was conducted in the voltage range of 2.0-4.4 V at a scan rate
of 0.5 mV s™! for the initial charge/discharge process. Galvanostatic
intermittent titration technique (GITT) analyses of the electrodes were
performed at a current density of C/20 with 60 min of charge/discharge
and 30 min of rest for each step. The cycle performance was evaluated at
a current density of C/5 during 50 cycles.

2.4. Computational details

All the DFT calculations were conducted by the ab initio Simulation
Package (VASP). Projector-augmented wave (PAW) pseudopotentials
were used with a plane-wave basis set, as implemented in VASP [32].
Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized
gradient approximation (GGA) was adopted for the exchan-
ge—correlation functional [33]. A 6x3x3 k-point grid was used to
calculate the structures of Li;4NigMnsRu30494 and Lij4NizRuyO024. The
GGA+U method was adopted to address the localization of the d-orbitals
in Ni, Mn, and Ru ions, with a value of 6.0, 3.9, and 4.0, respectively, as
validated in previous reports [34-36]. The Heyd-Scuseria-Ernzerhof
(HSEO06) hybrid functional was applied to accurately calculate the pro-
jected density of states (pDOS) of Ni, Mn, Ru, and O [37]. The kinetic-
energy cutoff of 500 eV was selected in all the calculations and all the
structures were optimized until the unit cell force converged to within
0.03 eV AL, Schematic figures and the crystal structures were depicted
using VESTA software [38].

From the obtained structural information from XRD and Rietveld
refinement analysis, cluster-assisted statistical mechanics (CASM) soft-
ware was utilized to gain the various Li-deficient phases of Liy
NioszHO.gRUOBOZ and LiXNio_zRLlQ_602 (0 <x< 12) [39,40] Direct
first-principles calculations were conducted on a maximum of 20Li*/
vacancy configurations with low electrostatic energies acquired by
Ewald summation at each delithiated phase. Calculated formation en-
ergies were arranged in a form of convex-hull plot to compare the
thermodynamic stability of LixNip2Mng sRug 302 and LixNip2Rug ¢O2.
The theoretical redox potentials of LiyNigsMng3Rup302 and Liy.
Nig.2Rug 602. were estimated by the following equations:

E[LiXZNio_zMno_gRuo_goz} 7E[LixlNio_zMTlo_gRuO_goz] - (Xz — X1 )E[Ll]
(X2 —x1)F

V=—
@

E[LiXZNl'OszH()ﬁOg] — E[Ll.xlNl'()szuOﬁOz] — (Xg — X1 )E[Ll]
(Xz — X1 )F

V= — 2)

where V is the average redox potential in the range of x; < x < x3; E
stands for the lowest formation energy at each configuration of Liy.
Nig oMng sRug 302 and LixNig oRug 02 compositions; F and E[Li] are the
Faraday constant and Li metal energy, respectively.

3. Results and discussion
3.1. Structural characterization of LNMRO and LNRO

We designed two model Ru-based Li-rich layered oxide cathodes of
Lil_zNiQ_zMnyRuO'G_yOZ (y = 0, LNRO and y= 03, LNMRO), which are
iso-structural but only compositionally different by substituting some of
Ru*" to iso-valent Mn**. Comparative investigations on two materials,
which are known to exhibit significantly different electrochemical be-
haviors, enable to study the role of TM elements on determining the
activity of oxygen anionic redox in Li-rich layered cathodes. The theo-
retical capacities of LNMRO and LNRO are 325.3 mAh/g and 285.4
mAh/g assuming all 1.2 mol of Li" are extracted, respectively. It is also
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notable that the cationic redox (i,e, Ni2 ™4+ & Ru**/°") can provide a
charge capacity (189.8 mAh/g) corresponding to 0.7 mol of Li* dein-
tercalation in LNMRO, while LNRO can induce 1.0 mol of Li* delithia-
tion (237.8 mAh/g) by cationic charge compensations. We prepared
LNMRO and LNRO powders via solid-state synthesis as described in
experimental section. The formation of layered structure of LNMRO and
LNRO was confirmed by the results of Rietveld refinements based on the
X-ray diffraction patterns in Fig. 1a-b. The details of structural infor-
mation including atomic positions and occupancies are tabulated in
Table S1 and Table S2. In both materials, a clear superstructure of
honeycomb-like ordering in the TM layer was manifested in the 20 range
of 20°-32°. The presence of typical superstructure patterns also verifies
the excessive Lit accommodation into the layered structure that resides
on TM sites in TM layer [41,42]. Scanning electron microscopy analysis
results in Fig. 1c-d present that the morphologies of the synthesized
LNMRO and LNRO are similar to each other, and their particle sizes are
around 100 ~ 400 nm. High resolution transmission electron micro-
scopy (HR-TEM) images confirmed the single-crystallinity of layered-
structure of two synthesized materials. In addition, the elemental
mapping of LNMRO and LNRO by energy dispersive X-ray spectroscopy
(EDS) revealed the homogeneous distribution of elements throughout
the particles without local ingenuity (Fig. S1). Furthermore, the suc-
cessful synthesis with targeted chemical composition of LNMRO and
LNRO was confirmed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) measurements (Table S3 and Table S4). The
average oxidation states of Mn, Ni, and Ru were assessed by X-ray ab-
sorption nearest edge spectroscopy (XANES, Mn K-edge, Ni K-edge, Ru
K-edge) analysis, which indicates that the as-prepared LNMRO and
LNRO are composed of Ni2*, Ru** and Mn** (Fig. $2). Redox activity of
two cathodes were investigated by CR2032-type coin Li half cells at C/
20 within the voltage range of 2.0-4.4 V (vs. Li*/Li). The current den-
sities of 1C for LNMRO and LNRO are 325.3 mA g~ ! and 285.4 mA g~ ?,
respectively, which is based on their theoretical capacities. Fig. le-f
display the charge/discharge curves for initial cycle of LNMRO and
LNRO, respectively. LNMRO could deliver a high charge capacity of ~
315.7 mAh/g corresponding to ~ 1.16 mol Li* deintercalation (utilizing
~ 97.0 % of theoretical capacity). The amount of Li" extracted (~1.16
mol) over the capacity from cationic redox (0.7 mol) directly implies the
participation of anionic redox from the lattice oxygen in LNMRO.
However, it is verified that the charge capacity of LNRO is ~ 232.93
mAh/g under the same testing condition. The obtained capacity ac-
counts for the ~ 0.98 mol of Li" extraction, which almost matches the
amount of electrons from the cationic redox reactions of Ru**/>* and
NiZ*** inferring the non-activity of oxygen redox in LNRO system. It is
also noteworthy that the LNMRO exhibit a typical staircase plateau
behavior with the activation of oxygen redox while a slanted voltage
profile is observed for LNRO. This dissimilar oxygen redox behavior
despite the same crystal structure makes it meaningful to re-examine the
mechanistic differences between two Li-rich cathode materials, the
detail of which will be discussed in the followings.

3.2. Redox-reaction mechanism of LNMRO and LNRO

To clarify the charge storage mechanism of LNMRO and LNRO, ex-
situ XANES analyses were conducted for samples with different states
of charge to track the oxidation state changes of each element. The white
line of Ru K-edge XANES spectrum of LNMRO shifted to higher energy
level during charge up to 4.2 V (vs. Li"/Li) and then showed negligible
variation during further delithiation to 4.4 V (a typical cut-off voltage
for TM redox) in Fig. 2a. Analogous oxidation behaviors were also
figured out in Ni K-edge XANES as shown in Fig. 2b, where a prominent
shift to higher energy of Ni white line occurs up to 4.2 V followed by
negligible changes upon 4.4 V. These results clearly indicate that the
sequential redox reaction by TM (Ru*™/>* & Ni?*/**) up to 4.2 V and
then subsequent oxidation by lattice oxygen, the evidence of which will
be further elaborated. By contrast, the Ru K-edge spectrum of LNRO



J. Kim et al.

(@)
LNMRO XRD patterns
Space group: C 2/c

< Observed
— Calculated
Obs-Calc
Bragg Position
H 5.0092(4) A
8.7071(7) A
9.7276(6) A
: 99.788(11)°

[N | L RL TR LR U R R

1

Intensity (a.u.)
e oe

” -~ "

1 1 " " " 1 " 1 .
20 30 40 50 60 70 80
26 (Deg.)

LNMRO SEM image

& w,g»

LNMRO HR-TEM image

Layered Bulk Structure

/ '::?Oy

(e) Capacity (mAh g™')
0 50 100 150 200 250 300
5 T T T T T —
Initial charge / discharge ! 1
4t . T - i
s R ] i
&3l
S
3
2 Theoretical cationic redox o Red
0_2 Ni2+/4-¢, 0'3 Ru4495v xygen edox
0.0 0.2 0.4 0.6 0.8 1.0 1.2

xin Li; 5.,Nig ;Mg 3RU, 30,

Chemical Engineering Journal 495 (2024) 153122

(b)

LNRO XRD patterns
Space group: C 2/c

< Observed
—— Calculated
—— Obs-Calc

| Bragg Position

a: 5.0392(4) A

b: 8.7754(6) A

¢ 9.8404(4) A

B: 99.825(10)°

MLUL_A.J\/\_N

[l | LA T ST AR AT RRRTRT IR |
]

TN VSO NP VS

Intensity (a.u.)

| I |
20 30 40 50 60 70 80
26 (Deg.)

(d)
LNRO SEM image

LNRO HR-TEM imag

| Layered Bulk Structure

(f) Capacity (mAh g')
0 50 100 150 200 250
5 T T T T

nitial charge / discharge

Voltage (V)
w

N
T

Theoretical cationic redox
0.2 Ni2*4+, 0.6 Ru*+/5+

1 . ‘ ;
0.0 0.2 04 0.6 0.8 1.0 1.2

x in Li; 5,Nig ,Rug 6O,

Fig. 1. Materials characterizations of LNMRO and LNRO: Rietveld refinement results of XRD patterns of (a) LNMRO and (b) LNRO. SEM and HR-TEM images of (c)
LNMRO and (d) LNRO. Voltage profiles of (¢) LNMRO and (f) LNRO for the first cycle at the current density of C/20 in the voltage range of 2.0-4.4 V.

shows a continuous shift to higher energy level during the entire charge
reaction to 4.4 V (Fig. 2d), implying the distinct charge storage behav-
iors of LNRO. In the case of Ni K-edge spectra of LNRO, a significant peak
shift was observed mostly during charging over 4.2 V to 4.4 V (Fig. 2e).
The dynamic oxidation state change at the high voltage region likely
suggests that most of the charge compensation is attributed to the Ru
and Ni cations in LNRO system with no or less redox activity from O
anion. Note that the oxidation state of Mn*" is almost invariable during
the entire charge/discharge process as shown in Fig. S3 despite
involving the minimal alteration of Mn K-edge spectra due to distortion
of MnO6 polyhedron after the oxygen redox reaction [43]. In addition,
soft X-ray absorption spectroscopy (sXAS) O K-edge spectra with various
states of charge was presented to directly evidence the occurrence of the
oxygen redox reaction of LNMRO and LNRO in Fig. 2¢ and Fig. 2f. It is
referable that the increase in intensity of the e, orbitals near at 530.4 eV
indicates the oxidation of localized oxygen orbitals, thereby proving
oxygen redox reaction [9,14,15,44-46]. We figured out that there was a
pronounced difference in the peak intensity between 4.2 V and 4.4 V at
530.4 eV in LNMRO (Fig. 2¢), demonstrating the oxygen redox activity
in the upper voltage region [6,15,16,27,44,47]. On the other hand, the
intensity variation at 530.4 eV was almost absent in LNRO the during
entire charging and discharging process (Fig. 2f). Together with XANES
analysis results, these findings firmly elucidate the inhibition of the
oxygen redox reaction in LNRO system unlike the case of LNMRO.
Furthermore, ex situ X-ray photoelectron spectroscopy (XPS) analysis
results of O 1 s spectra also supported the reversible oxygen redox in
LNMRO by showing appearance and disappearance of the peroxo-
species in the charged/discharged state (Fig. S4) [48,49]. Density

functional theory (DFT) calculations were also carried out to elaborate
the redox mechanisms of LNMRO and LNRO. Fig. 2g-h and Fig. S5 depict
the projected density of states (pDOS) of Ru, Mn, Ni, and O atoms in
LiXNioleno_gRUQ_goz (LixNMRO) and Linio.zRuO_GOZ (LinRO) and the
visualized electron and hole densities in Lig417NMRO and LigNMRO,
respectively. The sequential TM redox was confirmed by pDOS differ-
ence of Ru 4d between Li; ;NMRO and Lij 9;7NMRO, and Ni 3d between
Lip.917NMRO and Lip 417NMRO, respectively (Fig. 2g). Then, the finding
that dominant electron densities in O 2p orbitals below Fermi level in
Lip.417NMRO are converted to the hole densities in LIONMRO also ex-
plicates the oxidation of lattice oxygen at a high delithiated state
(Fig. 2h). Contrary to the LNMRO, however, a distinct pDOS change was
observed in LNRO where the oxidations of Ru and Ni cations are broadly
found in various state of charge in LNRO (Fig. S5). The electron densities
of Ru 4d-O 2p hybridized states in Li; ;NRO transformed into the hole
densities in Lips5gsNRO. During further delithiation to Ligog3NRO,
particularly, the electron density of Ni 3d orbital was just changed to the
hole density and there was negligible oxidation of the O anion. These
combined experimental and theoretical results equivocally corroborate
the different activation behavior of the oxygen redox in the two mate-
rials: the lattice oxygen takes participation in charge compensation of
LNMRO after full utilization of TM redox whereas LNRO is not capable
of triggering the oxygen redox.

3.3. Relationship between structural evolution and oxygen redox activity
of LNMRO and LNRO

We scrutinized the structural change during the initial charge/
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hole densities in Lip 417NMRO and Lio)NMRO, respectively.

discharge process of LNMRO and LNRO by using in operando X-ray
diffraction (XRD) measurements to understand distinct redox mecha-
nisms in the structural point of view. Fig. 3a describes that LNMRO
shows a negligible shift of XRD patterns including main layered peak of
(002) throughout the electrochemical cycling, indicating that the
overall structures well maintained, except for the disappearance of su-
perstructure patterns in the 20 range of 20°-25°. The point at which the
superstructure pattern starts to diminish corresponds to the onset of the
oxygen redox reaction, which means TM migration is happening in ox-
ygen redox-based materials [50]. In stark contrast, the collected XRD
patterns of LNRO in Fig. 3b exhibited markedly different behavior
involving substantial structural changes. The XRD pattern of the LNRO
was relatively unchanged until charged to 3.8 V. During the subsequent
charging process, however, the intensity of the (002) peak tends to
decrease, and an additional peak appears at a higher diffraction angle of
20 =~ 19°, manifesting a phase transition. The newly evolved phase
above 3.8 V could be assigned to the T3-type phase of LNRO where the
unit cell with contracted c-axis by Li™ occupying tetrahedral sites is
reflected in the high-angle shifted (002) peak [51,52]. The reversed T3-
03 phase transition was also found during the subsequent discharge

process, confirming the reversibility of the phase transition in LNRO.
More important is that the sharp superstructure patterns of LNRO were
conserved throughout the entire electrochemical cycle, indicating the
absence of TM migration and the mitigation of oxygen redox activity.
The appearance of the T3-type phase at the upper voltage region implies
that the suppressed activity of oxygen redox in LNRO might be strongly
relevant to the structural characteristics of the T3-type phase. It is our
rationale that the redox potential is increased to extract Li* trapped in
the tetrahedral site in the T3-type LNRO structure, resulting in the
deactivation of the oxygen redox reaction in the voltage window up to
4.4 V. We also performed first-principles calculations to unveil the
relationship between phase transition and TM migration behaviors of
LNMRO and LNRO cathodes. The probability of the O3-T3 phase tran-
sition was evaluated through a comparison of formation energies of
various Li-deficient phases of LiyNMRO and LiyNRO (0 < x, y < 1.2).
Fig. 3c describes the convex-hull plot of LiyNMRO where the O3-type
phase is the most stable phase throughout all compositions, revealing
the absence of a phase transition into the T3-type phase. However, the
formation energy of a T3-type Lip 0ssNRO was estimated as —-78.48 meV
f.u.’l, which becomes lower than that of the O3-type Lig ogsNRO
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(—69.48 meV f.u.!) at a highly delithiated state as shown in Fig. 3d. It
means that the O3-T3 phase transition is energetically favorable in
LNRO at a high state of charge (SoC) after the cationic redox reactions.
We expect that the relatively large amounts of high-valent Ru®* at the
highly delithiated phase of LNRO, whose Ru content is twice that of
LNMRO, experience electrostatic repulsion with Li" located at the
tetrahedral sites in the Li-layer. It is reasonable that Li" occupying the
tetrahedral site could not further migrate into the neighboring octahe-
dral site in the Li-layer due to the strong repulsion by TM cations in the
TM-layer. The trapped Li" in tetrahedral sites results in the structural
transition of LNRO into the T3-type phase. More importantly, the 03-T3

phase transition in LNRO results in an increase of the theoretical redox
potential required for further delithiation from Lip 0g3sNRO (4.67 V —
4.78 V). The relatively high redox potential of Ni cation in LNRO
compared to the case of LNMRO observed in Fig. 3d is also attributed to
the structural transition of LNRO into the T3-type phase during charge.
It is analogous to the higher redox potential of Ni>*/** in spinel-type
LiNig.sMn; 504 cathodes (> ~4 V), where Li" is extracted from tetra-
hedral sites, than conventional NCM type cathodes with Li* extraction
from octahedral sites [53,54]. Accordingly, the further delithiation
accompanied by oxygen redox in the T3-type LNRO is suppressed in the
voltage range of 1.5-4.4 V probably due to the trapped Li" in the
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tetrahedral site. The energetics of TM migration were also examined to
gain further insights on the structural impacts on oxygen redox in
LNMRO and LNRO. It should be noted that TM-migration behaviors are
strongly correlated with the occurrence of oxygen redox to stabilize the
oxidized oxygen ions [44,55]. Fig. 3e presents the normalized relative
site energy of TM between the original octahedral site and the migrated
neighboring tetrahedral site in the Li-layer which shares faces with the
original position. TM-migration into the tetrahedral site is an energeti-
cally downhill process in LNMRO likely accompanying the oxygen redox
reactions, as evidenced in previous sections. However, TM-migration in
LNRO requires a high energy about 643.29 meV according to the
calculated relative TM migration energy, indicating that the TM-
migration in LNRO is thermodynamically difficult. This is probably
due to the structural characteristics of the T3-type phase where Li*
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occupying the tetrahedral sites electrically repel TM ions to prevent the
TM moving down into the Li-layer (Fig. 3f). These findings on the phase
transition and TM-migration behaviors calculated from theory are well
consistent with the experimental interpretations derived from the
operando XRD measurements for LNMRO and LNRO. Furthermore, we
also checked the structural change of the two materials after long-term
cycling through ex-situ XRD analysis (Fig. S6). It is noticeable that the
superstructure peaks of LNMRO diminished after 50 cycles and the
(002) peak shifted to a significantly low angle, indicating the elongated
c-lattice parameter accompanied by substantial TM migration because of
oxygen redox. On the other hand, there was only a slight structural
change of LNRO with relatively well conserved superstructure owing to
the deactivation of oxygen redox by the O3-T3 phase transition, which is
in good agreement with our operando XRD analysis results [56].
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3.4. Electrochemical properties of LNMRO and LNRO

Having confirmed the impact of structural transformation on the
activation of the oxygen redox reaction, we investigated various elec-
trochemical properties of LNMRO and LNRO cathodes in the voltage
range of 2.0-4.4 V (vs Li*/Li). The differential curve (dQ dV’l) of the
galvanostatic charge/discharge profiles for LNMRO in Fig. 4a represents
a typical dQ dV~! plot of Li-rich layered cathodes utilizing both cationic
and anionic redox, showing that the broad peaks are assigned to the
cationic redox (Ru**/>* and Ni2?***) below 4.0 V and the sharp peak
appearing around 4.25 V indicates an anionic redox reaction of 0>”™ (n
< 2) in the high voltage region. As shown in Fig. 4b, however, the dQ
dv~! curve of LNRO exhibited that most of the redox reactions end up
below the onset of the oxygen redox potential (~4.2 V) in LNMRO, with
non-occurrence of anionic redox (0>”™). Each peak at about 3.5 V and
4.2V is ascribed to the redox reaction of Ru**/>* and Ni®**/4*, respec-
tively. Identical behaviors were also manifested in cyclic voltammetry
(CV) investigations of the two materials (Fig. S7). The CV curve of
LNMRO featured two apparent redox peaks attributed to cationic redox
by Ni?*/4* and Ru**/>* below 4.2 V followed by a strong peak corre-
sponding to anionic oxygen oxidation. On the other hand, LNRO
exhibited a broad redox peak in the CV curve throughout the entire
voltage range during the charging process, indicating the absence of
characteristic oxygen redox. The distinct oxygen redox activity of
LNMRO and LNRO was again confirmed even at a higher charge cut-off
condition applied (Fig. S8 and S9). It is understandable that Li™
extraction from the tetrahedral site in the spinel-like structure of the T3-
type phase LNRO raised the oxidation potential of the Ni*/4* redox in
LNRO higher than that of LNMRO, which is also in accordance with our
experimental observations and theoretical models. Fig. S10 also shows
the comparison of theoretically predicted redox potentials and initial
charge/discharge curves of LNMRO and LNRO. The theoretical redox
potentials were well matched with the experimentally measured charge/
discharge profiles. The power capabilities of LNMRO and LNRO cath-
odes were also examined as shown in Fig. 4c-d, respectively. At C/20,
LNMRO and LNRO delivered ~ 282.34 and ~ 210.45 mAh/g, respec-
tively, which means a larger energy density of LNMRO than that of
LNRO. Interestingly, whereas the capacity of LNRO at 2C was just
retained up to 63.3 % of the capacity measured at C/20, LNMRO cath-
odes delivered a large specific capacity of ~ 220.3 mAh/g at 2C, which
corresponds to ~ 78.0 % of the capacity measured at C/20. In addition,
galvanostatic intermittent titration technique (GITT) measurements of
LNMRO and LNRO were performed to compare the kinetic properties of
the two cathodes. As shown in Fig. S11, LNMRO exhibited very little
polarization across almost the whole range of voltage. However, LNRO
showed a significant potential drop in the high voltage range, which
might result from limited Li* diffusion in T3-type LNRO cathodes.
Considering the relatively sluggish kinetics of the oxygen redox in most
of LRLOs, it is astonishing that LNMRO exhibited better power capa-
bility than LNRO even with exploiting the oxygen redox. We speculated
that the different power capability between LNMRO and LNRO might
come from their disparate phase transition behaviors. Li" trapped in the
tetrahedral site and contracted c-lattice in T3-type LNRO might hinder
the diffusion of other Li™, while the relatively invariant structure of
LNMRO is able to ensure facile Li" transport during the electrochemical
cycling. The power capability tests for repeated cycles in Fig. S12 also
uphold our suggestion on the structural influences on kinetic properties
of the LNMRO and LNRO. In addition, we compared the cycle perfor-
mances of LNMRO and LNRO (Fig. S13). It was verified that LNMRO
exhibit slightly poor cyclability than LNRO, which is attributed to both
the occurrence of oxygen redox in only LNMRO and the larger contents
of de/intercalated Li" from the LNMRO structure compared to the LNRO
structure. The higher capacity retention of LNRO might originate from
the absence of oxygen redox, which is suppressed by the T3 phase
transition that effectively interrupts TM migration and maintains the
original crystal structure. In comparison of the cyclability between
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LNRO and LNMRO, the interesting point is the variation of voltage
profiles during prolonged cycling. It was reported that oxygen redox
reaction results in the continuous voltage decay during prolonged
cycling because of TM migration to the Li-layer [45]. The average
discharge voltages of LNMRO and LNRO for 50 cycles were arranged in
Fig. 4e. For the 50 cycles, LNMRO and LNRO exhibited the voltage re-
ductions of 266 mV and 151 mV, respectively. The larger voltage decay
in LNMRO compared to LNRO is due to the occurrence of the oxygen
redox reaction. Moreover, as shown in Fig. 4f-g, LNRO relatively well
maintained its original charge/discharge curves from 1st to 50th cycles,
while LNMRO exhibited voltage decay especially in the high voltage
range above 4 V during the same electrochemical cycles. Through the
differential capacity versus voltage profiles (dQ dV™') on the cycle
performances (Fig. S14), it was also verified that LNMRO with the ox-
ygen redox reaction delivered relatively large voltage decay and
remarkable changes in the charge/discharge profile compared to LNRO.
These cyclability results clearly show the occurrence of oxygen redox in
LNMRO, which is well matched with the various experimental and
calculation results.

4. Conclusion

We successfully correlated the de/activation of oxygen redox to the
redox potential modulation as a result of dynamic structural evolution
through a comparative examination on two Ru-based model LRLO
cathodes. Although the two materials possess an analogy in their crystal
structure and stoichiometry, the activation of oxygen redox is possible
for LNMRO cathodes whereas LNRO could not trigger the oxygen redox.
At C/20, LNMRO delivered the charge capacity of ~ 315.7 mAh/g,
corresponding to ~ 1.16 mol Li" deintercalation through both the
cationic Ni and Ru redox and the anionic oxygen redox. On the other
hand, LNRO just exhibited ~ 232.93 mAh/g at the same conditions,
corresponding to ~ 0.98 mol Li" deintercalation through only cationic
Ni and Ru redox. The ex-situ synchrotron-based XANES and sXAS results
clearly indicated that both the TM-based cationic redox and the oxygen
redox reaction are occurred in LNMRO, whereas LNRO only shows the
redox reaction based on the TM cations without oxygen redox. It was
also revealed from operando XRD analyses that LNMRO conserves the
overall crystal structure even with the progressive oxygen redox except
for the vanishing of super-lattice by the TM-migration. On the other
hand, in the case of LNRO, the substantial O3-T3 phase transition hap-
pens during charge/discharge, which is also supported by first-
principles calculation. The calculation results suggested the formation
of T3-type phase significantly inhibits oxygen redox in LNRO by raising
the theoretical voltage of further Li™ extraction from the T3-type phase
beyond the operation voltage window. The distinct difference of elec-
trochemical responses for LNMRO and LNRO depending on the oxygen
redox were confirmed in the various testing conditions. It is noteworthy
that LNRO show relatively poor power-capability, resulting from the
sluggish Li* diffusion induced by the highly decreased c-lattice param-
eter after O3-T3 phase transition. Specifically, the disparity in cycle
performance between LNMRO and LNRO, including variations in the
average operation voltage and charge/discharge profiles during cycling,
further substantiates the presence of oxygen redox in LNMRO and its
absence in LNRO. This work is the first to disclose the intricate rela-
tionship between the oxygen redox de/activation and structural char-
acteristics in LRLO-type cathodes. We believe that this new mechanistic
perspective will aid in the enrichment of rudimental understanding of
oxygen redox chemistry in various LRLO-type cathodes.
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