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Abstract

In this work, a series of ordered rocksalt (OR) type Li-rich Li2Ru1-xNixO3-δ (LRNxO, 0.3 ≤ x ≤ 0.5) 

are successfully synthesized and investigated for the first time. X-ray diffraction (XRD) and neutron 

powder diffraction (NPD) patterns exhibit an obvious phase transition from layered to an OR 

structure as the Ni content gradually increases from x = 0 to x = 0.5, which leads to different 

electrochemical behaviors. In the case of OR-LRN0.4O, a ~350 mV decrease of the oxygen oxidation 

potential compared with Li2RuO3 (LRO) is observed from around 4.2 V to 3.85 V, which is 

confirmed by both XPS O 1s spectra and dQ/dV results. The role of Ni substitution on the oxygen 

redox reaction is studied by first principles calculations, and it is concluded that the formation of 

the OR-structure caused by Ni substitution is the main reason for lowering the oxygen oxidation 

potential. In addition, the average discharge voltage of OR-LRN0.4O is also enhanced compared 

with LRO. This work provides a novel innovative strategy to modulate and control the oxygen anion 

redox reaction for high-energy-density Li-rich materials, which shed light on the fundamental 

understanding and optimizing the anion redox process in Li-rich materials.

Key words: cathode materials, Li-rich materials, anionic redox, ordered rocksalt, Ru-based materials

Introduction
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Lithium-ion batteries (LIBs) are widely used in electric vehicles, portable electronic devices, and 

many other applications as energy storage systems at present.[1-3] As the battery technology is 

becoming more advanced, the demand for Li-ion batteries with higher energy density keeps growing. 

In order to reach the goal of increasing the energy density of LIBs, both discharge specific capacity 

and average discharge voltage need to be further improved.[4, 5] From the aspect of capacity, current 

commercial cathode materials such as LiCoO2, LiNixMnyCo1-x-yO2, LiFePO4, can only deliver 

practical capacities of around or less than 200 mAh g-1, which cannot suffice the increasing demand 

on the energy density.[6-9] The reversible capacities of these materials depend on the redox reactions 

of TM ions. Although the theoretical capacity of LiCoO2 could be achieved by extending the charge 

cutoff voltage, the capacity is only 270 mAh g-1, and it suffers serious capacity degradation under 

this cycling condition. Therefore, investigations on new types of cathode materials with high 

capacities are being carried out.[10-17] The Li-rich materials, which can be generally written as 

Li1+xM1-xO2, host more Li+ ions for (de)intercalation compared with traditional commercialized 

materials, leading to greatly improved theoretical specific capacities (e.g. 460 mAh g-1 for Li2MnO3). 

In fact, the actual specific capacity has already reached ~360 mAh g-1 according to a recent report 

by Freire et al.,[14] which suggests Li-rich materials is a promising cathode candidate for next 

generation LIBs.

The anionic redox reaction plays a significant role in Li-rich materials, which theoretically enables 

more Li+ ions beyond the transition metal redox that participate in (de)intercalation process.[18] 

Nonetheless, this reaction is irreversible in the first cycle of NMC-based Li-rich materials, leading 

to serious oxygen gas release and the surface transformation.[12] Recently it is reported that Li-rich 
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materials based on 4d/5d transition metals (TM), such as Ru and Ir, show good reversibility of 

oxygen redox reaction during charge/discharge process.[19-27] The studies on these model 

compounds are beneficial for explaining the overall charge compensation mechanism of Li-rich 

materials. Moreover, the crystal structure and the cation ordering of the Li-rich materials also affect 

the electrochemical performance and oxygen activity, which is caused by the variation of Li-O-Li 

configurations and Li+ diffusion pathways.[28-32] 

According to previous reports, the anionic oxidation potential of Li-rich material is generally higher 

than 4 V so that a high charge cutoff voltage of 4.6 – 4.8 V is required to get the extra capacity from 

anionic redox process, but cycling a battery at such a high voltage usually causes serious electrolyte 

decomposition.[33, 34] One solution for avoiding the severe electrolyte degradation at high operating 

voltage is shifting the oxidation potential of the anions to a lower voltage range, which may also 

allow higher degree of anionic process take place within the same voltage window. This anion 

oxidation potential is strongly related to the crystallographic structure of the cathodes according to 

the studies on layered α-Li2IrO3 and 3D-hyperhoneycomb β-Li2IrO3 by Tarascon’s group, where 

the O2
n- that represent oxygen oxidation was observed at 3.9 V for α-Li2IrO3 and 3.5 V for β-Li2IrO3, 

respectively.[22, 23] As for Ru-based cathodes, the structure of Ni-substituted materials were found 

to be different from that of other Ru-based ones, but the relationship between the structure and 

electrochemical properties, especially the oxygen oxidation process, is not fully established.[24, 35] 

Therefore, we are trying to further explain such an association in this work. Here a series of Ru-

based Li-rich materials, for example, Li2RuO3 (LRO) and Ni-substituted Li2Ru1-xNixO3-δ with a 

unique ordered rocksalt structure (LRNxO or LRNO) were successfully synthesized by a facile 

solid-state method. The crystal structures of the materials were verified by X-ray diffraction (XRD) 
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and neutron powder diffraction (NPD). With the unique structure, the new ordered rocksalt LRN0.4O 

displays an oxygen oxidation potential at only around 3.85 V, which was observed from dQ/dV 

curves and data of X-ray photoelectron spectroscopy (XPS). Density functional theory (DFT) 

calculations were also conducted to further understand the effects of crystal structure and Li 

chemical environment on the anionic redox process. In addition, some other electrochemical 

properties were also studied. The novel OR-LRN0.4O delivers a high discharge capacity of 410 mAh 

g-1 between 1.35 – 4.3 V, and the average discharge voltage is enhanced compared with layered 

LRO. The combination of operando XRD and solid state NMR (ss-NMR) studies confirmed the 

structural transformation and the evolution of Li+ local environments during charge/discharge 

processes, which explained the origin of the high capacity. X-ray absorption near edge structure 

(XANES) revealed the oxidation states changes of the TM cations. This work controls the anionic 

oxidation potential through novel electronic and crystal structure design and helps further 

understanding the oxygen redox mechanism in Li-rich cathode materials.

Experimental section

Material synthesis

A solid-state synthesis was used for synthesizing all the materials (LRO and LRNO). Stoichiometric 

amounts of Li2CO3 (10 wt % excess, Sinopharm Chemical Reagent Co., Ltd. ≥98.0%), NiO 

(Sinopharm Chemical Reagent Co., Ltd. ≥98.0%) and RuO2 (Aladdin Industrial Corporation, 99.9%) 

were firstly grinded and mixed by a mortar and pestle for 10 min and then ball milled at 400 rpm 
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for 6h with acetone as dispersant via a planetary ball milling machine (QM-3SP04, Nanjing Nanda 

Instrument Plant). This mixture was then dried and pressed into pellets and was calcined at 950 °C 

for 15 h in air followed by natural cooling down in the furnace. The samples were stored in an Ar-

filled glove box before characterization or electrochemical test to avoid the moisture and air 

contamination.

Electrochemical tests

All electrochemical tests were conducted in CR2025 coin-type cells. The cells were assembled in 

an argon-filled glove box, using Li discs as the negative electrode. The active material, acetylene 

black (AB) and poly(-vinylidene fluoride) binder (PVDF) were ball milled in a weight ratio of 8:1:1 

in N-methyl-2-pyrrolidene (NMP) solvent to obtain the slurry, which was then cast on an aluminum 

foil and used as the positive electrode. 1 M LiPF6/EC-DMC (1:1 by vol.) (Shenzhen CAPCHEM 

Co., Ltd. (China)) were used as the electrolyte. Galvanostatic tests were performed on a LAND CT-

2001A (Wuhan, China) battery test system.

Material characterization

The powder XRD patterns were recorded with a Rigaku Ultima IV powder X-ray diffractometer 

using Cu Kα radiation (λ = 1.5406 Å). Time-of-flight (TOF) powder neutron diffraction data were 

collected at the VULCAN instrument at Spallation Neutron Sources (SNS), Oak Ridge National 

Laboratory (ORNL).[36] Approximately 1.6 g of powder was filled into a vanadium sample can. An 
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incident beam (5mm×12mm) allowing 0.5~3.6 Å d-space in the diffracted pattern of the ±90 2 

detector banks, was selected using the double-disk choppers at 20 Hz frequency. High-resolution 

mode was employed with Δd/d ~0.25%. The SNS was at nominal, 1100KW, power.[36] Powder 

neutron diffraction data were collected in high resolution mode for a duration of 3 h and processed 

using VDRIVE software.[37] Rietveld refinement against the neutron diffraction was performed 

using General Structure Analysis System (GSAS) software with EXPGUI interface[38, 39]  to obtain 

the lattice and atomic parameters of the powder samples. Schematic diagrams of LRN0.4O and LRO 

were drawn by a VESTA software.[40]

Operando X-ray diffraction patterns of LRNO were collected using beamline BL14B1 at the 

Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai, China) with a wavelength of 0.6887 

Å.[41] The operando XRD data were collected by a linear position sensitive silicon detector 

(MYTHEN 1K) with exposure time of ~60 s/step. A standard CeO2 powder sample was used for 

calibration. The current density used in the experiment was 80 mA g-1 and the voltage range was 

1.25 - 4.6V. The ex-situ and in-situ XANES data at the Ni and Ru K-edges were collected in 

transmission mode at a room temperature, using ion chamber detectors at beamline BL14W1 of the 

SSRF and Si(111)/Si(311) double-crystal monochromators.[42] The focal spot size at the position of 

the sample was ∼0.25 mm. The monochromators were calibrated to reject higher harmonics of the 

selected wavelength (harmonic content < 10-4) and data was collected over a range of energies, from 

200 eV below to 800 eV above the Ni (8333 eV) and Ru (22117 eV) K-edges. The incident photon 

energy was calibrated using standard Ni and Ru metal foils just prior to data collection in all ex-situ 

XAFS measurements. Processing and fitting of the XAFS data were performed using an Athena 

software.[43] 
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All ss-NMR experiments were performed in a 14.1 T magnetic field with a Bruker Avance III 600 

spectrometer, operating at a 7Li resonance frequency of 155.5 MHz, using 1.3 mm probe-heads at a 

magic-angle spinning (MAS) frequency of 60 kHz. A recycle delay of 0.05 s and a 90° pulse length 

of 1.8 μs were used for 7Li. The 7Li spectra were obtained with a stepwise spin-echo pulse sequence. 

The irradiation frequency of 7Li was varied with a step size of 0.12 MHz. A projection-magic angle 

turning phase-alternating spinning sideband (pj-MATPASS) pulse sequence was also applied in 

order to acquire isotropic 7Li NMR spectra. The chemical shifts of 7Li were referenced to LiCl 

solution (0 ppm).

XPS measurements were carried out in an ultrahigh vacuum system using monochromatized Al 

Kα radiation (1486.6 eV) and an Omicron Sphera II hemispherical electron energy analyzer. The 

binding energies were calibrated by setting the hydrocarbon C 1s (C−C, C−H) signal to 284.8 eV. 

A sample holder with all the electrodes to be measured was placed into a sealed argon-filled 

container, which was directly connected to the XPS spectrometer afterwards so that all the 

samples are transferred without exposure to the air.

First Principles Calculations

The present calculations are carried out by using the projector-augmented wave (PAW)[44] 

representations within the spin-polarized density functional theory (DFT) method, as implemented 

in the Vienna Ab initio Simulation Package (VASP).[45, 46] The Perdew-Burke-Ernzerhof (PBE)[47] 

exchange-correlation functional is used, together with the Hubbard U corrections (GGA + U) in the 

rotationally invariant form introduced by Dudarev et al.[48] to address the self-interaction energy. In 
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this work, an effective single parameter U-J is set to 4 and 6 eV for Ru and Ni, respectively.[28] The 

wave functions are expanded by using the plane waves up to a kinetic energy cutoff of 500 eV. 

Brillouin-zone integrations are approximated by using special k-point sampling of Monkhorst-Pack 

scheme[49] with a k-point mesh resolution of 2π × 0.02 Å-1. The unit cell lattice vectors (both the 

unit cell shape and size) are fully relaxed together with the atomic coordinated until the force on 

each atom is less than 0.01 eV/Å. 

Results and discussions

XRD and NPD studies on crystal structure of LRO and LRNO

A series of XRD patterns of the as-prepared LRO and LRNO are presented in Fig. 1a. The structure 

of LRO is indexed to a layered structure with monoclinic C2/c space group, which is consistent with 

previous works.[20, 25] As the amount of Ni increases, obvious changes of the diffraction peaks are 

observed. The superstructure peaks between 20° and 30°, which indicate an ordering of LiM6 units 

in the TM layers of layered oxides,[20, 50, 51] disappear in the high Ni content LRNO materials (x ≥ 

0.3). Fig. 1b displays the magnified regions of certain diffraction peaks in Fig. 1a, which clearly 

demonstrates the phase transformation from monoclinic structure to another phase after the Ni-

substitution.
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Fig. 1 Structural analysis of LRO and LRNO. a) XRD patterns of LRO and LRNO. b) Details of 

certain diffraction peaks in Fig. 1a. c) d) NPD patterns of LRO and LRN0.4O, respectively. Notes 

and bars in pink and cyan represent layered and OR structure, respectively.

In contrast to the small X-ray scattering cross-sections of light elements, such as Li and O in, neutron 

diffraction has better sensitivity to the site occupancy and the atomic displacement of both light 

(b)(a)

(c)

(d)
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elements and transition metal elements in the crystal structure.[52, 53] Rietveld refinement on the NPD 

patterns of the LRO and LRNO was conducted to quantitatively analyze their crystal structures.[54, 

55] Table 1 lists the lattice parameters of the materials with different Ni content. The LRO material 

possesses a layered structure with C2/c space group. When x in LRNxO ≥ 0.3, the NPD pattern is 

indexed to an ordered rocksalt (OR) structure with a cubic Fd m space group.[56] The LRN0.1O and 3

LRN0.2O show coexistence of both phases. 

Table 1. Lattice Parameters Calculated from Rietveld Refinement of NPD Data of Pristine LRO 

and LRNO with Various Ni Contents

Ni content 0 0.1 0.2 0.3 0.4 0.5

a 4.9347(3) 4.9805(7) 5.0599(6)

b 8.7775(7) 8.7659(13) 8.7408(9)

c 9.8800(8) 9.8544(14) 9.8010(9)

La
tti

ce
 p

ar
am

et
er

s

β 100.020(5) 99.940(8) 99.777(10)

Layered 

structure 

(C2/c)

Mass content (%) 100 75.4 31.8 0 0 0

Lattice parameter 

a

8.2939(19) 8.3018(7) 8.3074(5) 8.3154(1) 8.3148(2)

OR 

structure 

(Fd m)3 Mass content (%) 0 24.6 68.2 100 100 100

Rwp (%) 6.68 6.66 5.10 7.81 3.65 3.78

Fig. 1c and Fig. 1d shows the NPD patterns and Rietveld refinement of LRO and LRN0.4O. Table 
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2 displays the atomic structure parameters of LRN0.4O calculated from NPD data by GSAS as an 

example to describe the OR structure. All the NPD patterns and Rietveld refinement results of 

materials with other compositions are available in supporting information. (Fig. S1 and Table S1) 

The Fd m space group is often associated with the spinel materials in LIBs,[57] and the frameworks 3

of the OR-LRN0.4O and spinel materials are indeed quite similar. Due to the differences on the 

specific sites and occupancy of the Li ions, these two structures are not exactly the same. For 

instance, all the Li ions are located in 8a tetrahedral sites in the spinel material LiMn2O4,[58] while 

the Li ions stays in both 16c and 16d octahedral sites in LRN0.4O. Since the LRN0.4O is Li-rich, it 

is not hard to understand that the excess Li+ ions sits in the 16d sites. Based on the description above, 

this Ni substituted LRO is a cation-ordered rocksalt instead of a cation-disordered rocksalt structure 

(space group: Fm m), and the name of ordered rocksalt here is just for the convenience of 3

classification.[56] Fig. 2a presents the crystal structure of Li-rich LRO, which exhibits 2D Li 

diffusion pathways. As a comparison, Fig. 2b and 2c illustrating the 3D Li diffusion LRN0.4O is 

given. The facts of Li/Ni mixing and oxygen defects are also presented in Table 2. Some Ni ions 

exchange their position with Li ions in 16c sites, and the site occupancy factors (S.O.F.) of oxygen 

is less than 1, which indicates the existence of oxygen vacancies. The oxygen deficiency is caused 

by substituting the Ru by low oxidation states Ni into the structure. For example, when the valence 

of M in Li2MO3-δ equals +4, there is no oxygen vacancy in the structure. Since the Ni oxidation state 

is less than +4, when x > 0, the δ in Li2Ru1-xNixO3-δ has to be more than 0 as well. This phenomenon 

was also noticed by Satish et al in Li2Ru0.75Fe0.25O3-δ.[59]

Table 2. Atomic Structure Parameters of OR-LRN0.4O Calculated from Rietveld Refinement.
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Atom Wyckoff site x y z Occupation factor Uiso

Li1 16c 0 0 0 0.950(3) 0.02443

Li2 16d 1/2 1/2 1/2 0.383(3) 0.00553

Ru 16d 1/2 1/2 1/2 0.4 0.00553

Ni1 16d 1/2 1/2 1/2 0.211(3) 0.00553

Ni2 16c 0 0 0 0.050(3) 0.02443

O 32e 0.2560(1) 0.2560(1) 0.2560(1) 0.869(9) 0.01088

Electrochemical Performances

Fig. 3a and Fig. 3b compares the first charge/discharge voltage profiles and dQ/dV curves of LRO 

and LRNO within the voltage window of 2−4.6 V, at 50 mA g-1. The specific capacities of LRNxO 

are all around 250 mA g-1 for 0 ≤ x ≤ 0.4, and diminish a little for LRN0.5O. From dQ/dV curves, 

apparent peak shifts are observed. The peak of LRO at ~4.27 V during charge represents the 

oxidation of oxygen,[19-21, 25] which gradually moves to lower than 4 V from LRO to LRN0.5O. On 

the other hand, the discharge peak at 3.3 V moves up to ~3.7 V with the increase of Ni content, 

indicating the enhancement of average discharge voltage. A comparison of the initial discharge 

curves between LRO and LRN0.4O and the average voltages of the first discharge process for all 

LRO and LRNO are presented in Fig. S2. The results imply that the materials with higher average 

discharge voltages are obtained by Ni-substitution. The LRN0.4O exhibits an enhanced average 

discharge voltage of 3.47 V, which is ~210 mV higher than the LRO. It’s not logical if the oxygen 
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oxidation potential is lowered while the corresponding oxygen reduction potential is raised, so this 

enhanced discharge voltage should be attributed to the variation of phase transformation and TM 

reduction potential after Ni-substitution. The oxidation peak shift of LRO at 3.4 V and 3.7 V to 

higher potentials as the amount of Ni increases in dQ/dV curves should also be noticed (Fig. 3b), 

which implies TM oxidation. 

Fig. 2 Schematic diagram of a) LRO with a layered structure b) LRN0.4O with an OR structure c) 

a cubic unit cell of OR-LRN0.4O.

(a) (b)

(c)
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Fig. 3 Electrochemical performances of LRO and LRNO. a) b) First cycle charge/discharge 

voltage profiles and corresponding dQ/dV curves between 2.0−4.6 V at 50 mA g-1. c) Comparison 

of specific capacities among LRN0.3O, LRN0.4O and LRN0.5O over the course of 50 cycles 

between 1.35−4.6 V at 50 mA g-1 and d) Voltage profiles of LRN0.4O between 1.35−4.6 V at 50 

mA g-1.

When x ≥ 0.3, a new discharge plateau below 2.3 V occurs, which becomes more evident as the Ni 

content increases. Due to the limitation of cutoff discharge voltage, this plateau is not completely 

(a) (b)

(c) (d)

Page 15 of 32

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



shown. In order to fully understand the electrochemical behaviors of the material, especially the 

plateau at low voltage region, the voltage window was further extended to 1.35 – 4.6 V.[23, 60, 61] The 

comparison of capacities of LRN0.3O, LRN0.4O and LRN0.5O over the course of 50 cycles are given 

in Fig. 3c. The specific capacities of all the materials at the first discharge exceed 400 mAh g-1, and 

the Li-rich LRN0.4O shows the best stability. Therefore, LRN0.4O is chosen for further 

characterizations. Fig. 3d exhibits the voltage profile of LRN0.4O, which delivers a high specific 

capacity of 410 mAh g-1 at the first discharge process. This equals to an exchange of 2.14 e- per 

mole of LRN0.4O. Here the discharge plateaus below around 2.0 V are completely exhibited, which 

implies Li in tetrahedral sites.[60, 62] According to Fig. 3d, the capacity fading of the first 10 cycles 

is 105 mAh g-1, which contains 48 mAh g-1 above 2.0 V and 57 mAh g-1 below 2.0 V. Therefore, 

the capacity fading should be ascribed to the electrochemical redox reactions both above 2.0 V and 

below 2.0 V. In addition, the first and the second charge curves above 3.2 V have similar shapes, 

unlike the majority of other Li-rich materials. This phenomenon implies that the oxygen redox is 

not to an excessive extent.[10]

Operando XRD measurement

An operando XRD experiment on LRN0.4O was conducted for real time observation of the phase 

transformations during the initial charge/discharge processes. The electrochemical voltage profile 

and XRD patterns are depicted in Fig. 4a. For the convenience of analysis, all data are divided into 

four regions. The first region is before 3.8 V during the charge. The LRN0.4O maintains the rocksalt 

phase without obviously structural change in this region (OR phase 1). The second region contains 
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the rest of the charge. In this region, several new diffraction peaks start to appear, which can be 

indexed to a layered structure with a space group of R m. The XRD pattern at 4.6 V is plotted in 3

Fig. S3, the observed new phase is consistent with the structure of a delithiated layered LiNiO2.[63] 

The third region is from the beginning of discharge to 1.6 V. Both of the cubic rocksalt phase and 

layered phase exist in the LRN0.4O. At the end of this region, the newly formed layered phase almost 

vanishes, only the initial ordered rocksalt structure stays. In the fourth region, some new diffraction 

peaks start to emerge closely to the pristine peaks at the lower angle side, which can be also indexed 

to an Fd m space group with larger lattice parameters (OR phase 2). At the end of discharge, another 3

new peak grows at a very low angle of ~7.85°, which implies that the material is overlithiated. It 

should be noticed that the original peaks from ordered rocksalt phase exist throughout the whole 

charge/discharge process without obvious shift, which is different from other types of Li-rich 

materials such as the Ru-based layered oxides,[20, 25] 3d metal-based materials[64] and cation 

disordered rocksalt type cathodes.[29] The zero shifting of the ordered rocksalt peaks suggest great 

stability of the main framework. Fig. 4b illustrates the calculated lattice parameters of different 

phases during the electrochemical cycling. The lattice parameter of the pristine OR main phase 

keeps stable, and the volume change of the layered phase is less than 2.5%. Below 1.6 V during 

discharge, the lattice parameter of newly formed OR phase enlarged by 10% compared with pristine 

phase. At the very end of discharge process, the lattice parameter of the overlithiated phase becomes 

much larger. It is not easy to judge the structure merely by the single new diffraction peak at ~7.85° 

for the overlithiated phase in Fig. 4a, and here the lattice parameter was calculated according to Fd3

m space group for the convenience of comparison, which should be mentioned.
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Fig. 4 a) Operando XRD patterns of LRN0.4O during its first cycle between 1.25 – 4.6 V at current 

density of 80 mA g-1. b) Corresponding Lattice parameters of different phases calculated from 

XRD.

7Li Solid-state NMR Spectra

The new discharge plateau below 2.3 V in LRN0.4O is associated with the new phase formation, 

which is verified by the Operando XRD. However, the specific sites of the extra Li ions that inserts 

into the LRN0.4O during the low voltage discharge region cannot be identified by XRD. Solid-state 

(a)

(b)
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NMR experiments were performed on the LRN0.4O to further identify the chemical environment of 

Li ions at different states of (dis)charges. Fig. 5 displays the resulting 7Li spin-echo ex-situ NMR 

spectra. For all the spectra, broad peaks show the information of Li in the sample and sharp ones 

with asterisk are ascribed to impurity peaks of 0 ppm and their sidebands. During the charge process, 

the sample peak keeps moving close towards 0 ppm, which is due to the oxidation of TM cations 

adjacent to Li and thus the decrease of the number of unpaired electron. Next, the broad peak in the 

2.15 V discharge spectra shifts back, indicating a reversible (de)lithiation process from pristine to 

the 2.15 V discharge state. In the subsequent discharge process, the peak moves towards an even 

lower chemical shift, which confirms that tetrahedral sites are really being occupied by Li ions.[65] 

Fig. 5 7Li spin-echo ex-situ NMR spectra. In all spectra, the sharp peaks marked with asterisks at 0 

ppm and other positions represent Li-containing impurities, such as LiF and Li2CO3, and their 

sidebands, respectively.

Oxidation State Analysis
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The oxidation states of TM cation and oxygen were characterized by XAS and XPS for completely 

understanding the charge compensation mechanism during the whole charge/discharge process. The 

variation of the TM cation oxidation state was firstly studied by XANES. Ex-situ XANES spectra 

at the Ni K-edge of LRN0.4O at different states of charges are given in Fig. 6a. Compared with the 

spectrum of NiO, the oxidation state of Ni in the pristine LRN0.4O is higher than +2. With the help 

of Ni 2p XPS spectra of the pristine electrode displayed in Fig. S4, the valence state of Ni on the 

surface of LRN0.4O can be quantitatively clarified.[66, 67] The fitting results show that the relative 

content of Ni2+ and Ni3+ on the LRN0.4O particle surface are 17.1% and 82.9%, respectively. During 

the charge process, the absorption edge keeps shifting towards higher energy, implying an evolution 

from Ni2+/Ni3+ to Ni4+. On the other hand, Fig. 6b shows in-situ Ru K-edge spectra upon charging, 

where an oxidation process from Ru4+ to Ru5+ occurs from OCV to 4 V, and no further oxidation 

afterwards. It should be also noticed that the pre-edge peak exists even at the OCV state, which is 

associated with the oxygen defect in the as-prepared LRNO material mentioned above. Moreover, 

beyond 3.8 V during charge, the pre-edge peak keeps increasing, which implies the distortion of 

RuO6 octahedral and a lowered oxygen oxidation potential at only around 3.85 V.[60] 

Ex-situ XPS analysis was also carried out for studying oxygen redox reaction. Fig. 6c shows ex-situ 

O 1s XPS spectra during the first cycle. In the spectrum for the pristine material, two profile peaks 

at ~529.5 eV and ~531.8 eV are observed, which are related to O2- in the lattice and weakly adsorbed 

oxygen species.[20, 68, 69] During delithiation process, some oxidation products of electrolyte at 

~533.5 eV can be found. At 3.85 V charge state, a new profile peak occurs, which represents the 

oxidized lattice oxygen O2
n- (1 ≤ n ≤ 3). It is worth noting that the anionic oxidation reaction in this 

novel ordered rocksalt LRN0.4O occurs at a much lower potential than other reported Ru-based 
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systems with the Li/M ratio = 2 : 1, where the anionic oxidation reaction can only be achieved above 

4 V.[19-21] This unique property also matches the dQ/dV curve mentioned above in Fig. 3b and the 

pre-edge peaks in Ru XANES spectra. As a consequence, the lowered anionic oxidation potential 

is beneficial for operating the Li-rich materials within a safe electrolyte voltage range without 

sacrificing the high capacity.[34, 69] In previous reports of layered α-Li2IrO3 and 3D-hyperhoneycomb 

β-Li2IrO3, the lowered oxygen oxidation potentials are also observed at around 3.9 V and even 3.5 

V, respectively.[22, 23] These facts all imply that the oxygen oxidation should be strongly linked with 

the selection of TM cations and the crystal structure, which is discussed in first principles 

calculations in detail.

(a) (b)
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Fig. 6 Oxidation state analysis. a) Ex-situ XANES spectra at the Ni K-edge of LRN0.4O at 

different states of charges. b) In-situ XANES spectra at the Ru K-edge of LRN0.4O upon charging. 

c) Ex-situ O 1s XPS spectra during the first cycle at different states of charges.

First Principles Calculations

As mentioned above, the anionic oxidation reaction of LRN0.4O below 4 V was observed by 

electrochemical analysis, Ru XAS pre-edges, and O 1s XPS. However, the exact role of Ni on the 

local oxygen environment and electronic structure of oxygen has not been identified yet. The DFT 

calculations were carried out to further understand the fundamental reasons of oxygen oxidation 

potential change in LRNO. Based on the structural parameters from the diffraction data, a 

(c)

Page 22 of 32

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 conventional cell of Li64Ru19Ni13O96 (~32Li2Ru0.6Ni0.4O3) polymorph with 32 formula 1 × 1 × 3

unites is constructed (Fig. S5), where oxygen defects and Li/Ni mixing between 16c and 16d sites 

are not considered at the beginning. Here Li, Ru and Ni atoms are randomly distributed in 16d sites 

and there is only Li in 16c sites. The calculated and experimental XRD patterns are displayed in 

Fig. S6, which reveals that the calculated XRD pattern of OR-LRNO under relaxation is highly 

consistent with the experimental result. 

In layered Li2RuO3 (LRO), there is only one local oxygen environment, in which each oxygen atom 

is coordinated by four Li and two Ru (marked as 4Li/2Ru, Fig. 7a). By contrast, in the OR-LRNO 

structure, each O are connected with three atoms in 16c sites (all are Li regardless of Li/Ni mixing) 

and three in 16d sites (random distribution of Li, Ru and Ni), therefore, the number of Li for 

coordination can be 3, 4, 5 or 6, leading to 10 possible local environments including 4Li/2Ru. To 

explain the modified oxygen oxidation in OR-LRNO, we compared the projected density of states 

(pDOS) of oxygen 2p states of different oxygen configurations between OR-LRNO and layered 

LRO. Three types of local environment in OR-LRNO were firstly considered: 1) oxygen surrounded 

with four Li and two Ru (also marked as 4Li/2Ru, but for LRNO, Fig. 7b), 2) oxygen surrounded 

with four Li, one Ru and one Ni (marked as 4Li/Ru/Ni, Fig. 7c), and 3) five Li and one Ru (marked 

as 5Li/Ru, Fig. 7d). The pDOS of the oxygen 2p states in 5Li/Ru is much closer to the Fermi level 

than that with other configurations (Fig 7a-c). The contribution of pDOS near the Fermi level is 

largely affected by the M-O orbital interactions. Here ‘M’ refers to Li, Ni and Ru, and the orbital 

interaction is Li-O < Ni-O < Ru-O.[70] For 5Li/Ru, it can be regarded as one Ru substituted by Li in 

4Li/2Ru configuration. The weaker interaction leads to the increasing oxygen pDOS below the 

Fermi level, which suggests a much easier oxygen oxidation process. Based on this result, if there 
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are more than 4 Li connecting to oxygen, the pDOS of oxygen will move up to higher energies (Fig. 

S7a-d). Conversely, the oxygen pDOS will be away from the Fermi level if one Li is substituted by 

Ni or Ru in 4Li/2Ru (3Li/2Ru/Ni and 3Li/3Ru, Fig. S8a-c). For the last two configurations, if one 

Li and one Ru are substituted by two Ni in 4Li/2Ru, the effect on oxygen 2p states may cancel out, 

as the variation of oxygen pDOS is not obvious near the Fermi level (3Li/Ru/2Ni, Fig. S9b). 

Moreover, if one more Ru is replaced by Ni (3Li/3Ni, Fig. S9c), the energy of oxygen pDOS will 

be higher than that in 4Li/2Ru. 

According to the discussions above, several oxygen environments in OR-LRNO, especially oxygen 

connected with more than 4Li, have higher energies of O 2p orbitals than that 4Li/2Ru in layered 

LRO. The reason can be explained as follows: (1) The main reason is, unlike layered LRO which 

exhibits only one local oxygen environment, a variety of oxygen configurations exist in OR-LRNO 

due to the random distribution of Li, Ru and Ni in 16d sites. Therefore, oxygen are possible to 

coordinate with more Li, leading to higher energies of O 2p states. (2) Ni substitution of LRO itself 

can also bring the weaker Ni-O than original Ru-O, which can make O 2p states more closed to the 

Fermi level. This is the secondary reason. As shown in Fig. 7e, the total oxygen density of states 

(DOS) of OR-LRNO is closer to the Fermi level than that of layered LRO, and the difference is 

exhibited in orange. These results explain the lower oxygen oxidation potential that are observed in 

Ni-substituted LRNO materials. Finally, the oxygen defects and Li/Ni mixing are also considered, 

the total DOS of Li64Ru19Ni13O84 supercell with 0.875 oxygen defects (random distribution of O 

defects) of OR-LRNO (Fig. S10) doesn’t show much difference compared with OR-LRNO without 

O defects and Li/Ni mixing, indicating that O defects and Li/Ni mixing have little effect on oxygen 

oxidation potential. 
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Fig. 7 a) b) c) PDOS of the O 2p orbitals in different local environments. a) 4Li/2Ru in layered 

LRO, b) 4Li/2Ru, c) 4Li/Ru/Ni and d) 5Li/Ru in OR-LRNO. Li, Ru, Ni and O are colored in grey, 

blue, dark cyan and red, respectively. e) Total DOS of O in layer LRO (pink) and OR-LRNO 

(cyan). Orange area shows the differences of DOS of Oxygen in LRO and LRNO closely below 

the Fermi level.

Conclusions

In conclusion, a series of new ordered rocksalt type LRNxO (0.3 ≤ x ≤ 0.5) are obtained by the facile 

solid-state synthesis. The oxygen oxidation reaction of LRN0.4O occurs at a low potential of around 

3.85 V during charge process, which has never been observed in other type of Ru-based Li-rich 

materials before. This phenomenon can be mainly attributed to the formation of OR-structure after 

Ni-substitution according to the DFT calculation. The new material shows exceptionally a high 

discharge capacity of 410 mA h g1 in the voltage range of 1.35 – 4.6 V, with a high average discharge 

(a) (b) (c) (d) (e)
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voltage of 3.47 V in the voltage range of 2 - 4.6 V. This study paves a new way to lower the potential 

of oxygen oxidation by simple Ni-substitution, which is beneficial for achieving high capacity and 

safe Li ion batteries. Although Ru is expensive, this work mainly focus on the fundamental 

understanding on manipulating the oxygen behaviors, which provides a new possibility – some other 

low-cost elements might be used to replace Ru for high energy density Li-rich materials with an OR 

structure. 
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