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Synthesis and electrochemical properties of Li1.3Nb0.3Cr0.4O2 as a 
high-capacity cathode material for rechargeable Lithium batteries
Weiwen Wang, a Jingke Meng, b Xinyang Yue, b Qinchao Wang, b Xinxin Wang, b Yongning Zhou, b 
Zhengwen Fu*a and Zulipiya Shadike*c

A cation-disordered Li-excess cathode material on a binary system 
for xLi3NbO4-(1-x)LiCrO2 (x = 0.43) have been successfully prepared 
by mechanical milling, delivers a highly reversible capacity of ~362 
mAh g-1, which originates from a highly reversible Cr3+/Cr6+ three-
electron redox reaction with electrochemically inactive niobium 
ions.

With increasing demand for high-energy-density Li-ion 
batteries, great efforts have been made by using diverse high 
capacity and/or high voltage cathode materials.1-3 In particular, 
oxide-based materials have been extensively studied over the 
past decade, as they tend to deliver the highest energy 
densities.4-6 Significant breakthroughs will be most likely to 
come from deviations from the current exemplification of well-
layered oxides with one-electron transition-metal oxidation, 
such as LiCoO2 and LiMn2O4, because these materials have been 
fully explored. Recently, so called Li-rich manganese layered 
oxides, Li2MnO3 and its derivatives have drawn the special 
attention in the field of high-capacity cathode materials.7, 8 
Historically, Li2MnO3 had been originally thought to be 
electrochemically inactive because oxidation of Mn ions beyond 
the tetravalent state is difficult. However, the fact is that 
Li2MnO3 is electrochemically active, presumably due to charge 
compensation by negatively oxide ions, instead of conventional 
transition metal ions (e.g. Mn3+/Mn4+). Theoretical9, 10 and 
experimental11 studies for the Li-rich system have revealed that 
oxide ions as anionic species can also participate in the charge 
compensation process. However, in spite of the impressive 
success in achieving such high capacity (250 ~ 300 mAh g-1), 
irreversible structural changes during electrochemical cycles, 

which are associated with partial oxygen loss on charge, will 
inevitable plague its use for practical applications.12 As 
enormous progress has been made in the oxide space, enlarging 
the search space of high-energy-density cathode materials to 
cation-disordered lithium transition metal oxides (Li-TM 
oxides). Cation-disordered materials, in a very long time, have 
been disregarded as electrode materials because they generally 
result in poor electrochemical performance as cation mixing will 
mostly reduce the Li layer spacing (Li slab distance) and 
subsequently block Li diffusion channel.13 But recent 
breakthroughs with disordered Li-excess electrode materials (x 
> 0.1 in Li1+xTM1−xO2) and percolation theory have regained 
extreme attention in this field.4, 5, 14-16

Herein, chromium ions (Cr3+) are first substituted for Li+ and 
Nb5+ ions in Li3NbO4 based on a binary system for xLi3NbO4-(1-
x)LiCrO2. A single phase with nanosized (50 ~ 200 nm) was 
successfully obtained for x = 0.43, which corresponds to 
Li1.3Cr0.4Nb0.3O2. Approximately 362 mAh g-1 of reversible 
capacity can be delivered with small charge/discharge 
polarization, even though the Li1.3Nb0.3Cr0.4O2 sample 
crystallizes into the cation-disordered rocksalt-type structure. 
The electrochemical performance of Li1.3Nb0.3Cr0.4O2 was found 
to be much better than that of LiCrO2 with the layered structure. 
Chromium ions are oxidized/reduced reversibly based on three 
electron redox (Cr3+/Cr6+) in Li1.3Nb0.3Cr0.4O2 during the 
electrochemica process, which is consistent with the observed 
reversible capacity of Li1.3Nb0.3Cr0.4O2 electrode in Li batteries.

Similar to Li2MnO3, the crystal structures of Li3NbO4 is also 
classified as cation-ordered rocksalt superstructures (Fig. 1a).17 
However, Li3NbO4 is electrochemically inactive (Fig. S1) because 
no electron existed in the conduction band (4d0 configuration 
for Nb5+), even though it crystallizes into the lithium-excess 
rocksalt structure.16, 18 As it is known, a crystal structure of 
LiCrO2 without niobium ions is assigned as the conventional 
layered structure like highly active LiCoO2, however, it shows 
almost no signs of reversible lithium intercalation (Fig. S1).19, 20 
The crystal structures of Li3NbO4 and LiCrO2 are all classified as 
rocksalt-type superstructures, indicating that both oxides 
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consist of a common cubic close-packed (ccp) oxygen lattice, 
and the difference is only existed in cation distribution in 
octahedral sites. Therefore, the formation of solid solution 
samples is expected in a binary system for xLi3NbO4-(1-x)LiCrO2. 
A single phase has been successfully obtained as 
Li1.3Nb0.3Cr0.4O2, which corresponds to x = 0.43 in Li3NbO4-(1-
x)LiCrO2. Clustering of niobium ions is disturbed in this binary 
system, forming the cation-disordered rocksalt structure.

Nevertheless, our trial to synthesize samples by conventional 
calcination failed (Fig. S2). Phase segregation into Li3NbO4 and 
LiCrO2 has been evidenced, and a narrow solid solution range is 
anticipated in this binary system. Li1.3Nb0.3Cr0.4O2 was not 
identified as a thermodynamically stable phase. Therefore, an 
alternate route was selected, i.e., synthesis of a metastable 
phase, and mechanical milling has been chosen in this study. 
Fig. 1b shows X-ray diffraction patterns of the samples before 
and after the mechanical milling. The diffraction lines of LiCrO2 
and Li3NbO4 in a 2θ range of 10-70° gradually disappear under 
mechanical milling, and new peaks appear at 38, 43.5, and 63°, 
which are assigned as a cation-disordered rocksalt structure. 
This fact indicates that a mixture of Li3NbO4 and LiCrO2 is 
gradually changed into the cation-disordered rocksalt structure, 
in which all ions are located in the same octahedral sites of the 
ccp lattice. A single-phase sample is obtained after milling for 8 
h. 

Particle morphology of the samples was observed by 
scanning electron microscope (SEM) and transmission electron 

microscope (TEM). From SEM images in Fig. 1c, the primary 
particle size of the as-prepared Li1.3Nb0.3Cr0.4O2 should be 
ranged from 50 to 200 nm, which is much smaller than that of 
LiCrO2 and Li3NbO4 (approximately 2 μm and 15 μm, 
respectively). The electrode performance of Li3NbO4-based 
electrode materials is known to depend on the primary particle 
size, which originates from the slow kinetics for the oxidation of 
oxide ion.18 Besides, substitution of 3d transition metal ions for 
Nb/Li ions can effectively induce conductive electrons, and 
color of samples is also changed from white for Li3NbO4 to black 
for substituted samples with Cr3+ after the mechanical milling. 
The black color of the electrode materials usually means good 
conductivity, which is vital to insure excellent electrode 
performance. With reduced particle size and improved 
electrical conductivity, the electrochemical performance of 
Li1.3Nb0.3Cr0.4O2 is worth expecting. TEM shows that the primary 
particles are polycrystalline and made of crystalline grains about 
10 nm in size, as the electron diffraction pattern consists of a 
series of diffraction rings and clear lattice fringes are noted in 
Fig. 1d). No amorphous components were detected in TEM, 
indicating that the electrochemical properties are 
predominantly determined by the Li1.3Nb0.3Cr0.4O2 phase. 
Energy-dispersive X-ray elemental mapping (EDX) on a 
Li1.3Nb0.3Cr0.4O2 particle, conducted by scanning transmission 
electron microscopy (STEM), reveals a homogeneous 
distribution of Nb, Cr and O, at least at the level of the resolution 
of STEM scanning (∼0.20 nm). Additionally, chemical 

Fig. 1 (a) Schematic of the crystal structures of Li3NbO4, Li1.3Nb0.3Cr0.4O2, and LiCrO2.  (b) X-ray diffraction patterns of a mixture of Li3NbO4 and LiCrO2 before and after the mechanical 
milling. (c) Particle morphology observed by SEM, Li3NbO4, Li1.3Nb0.3Cr0.4O2, and LiCrO2. The insert is the photographs of the sample powders with different colors. (d) TEM images, 
an electron diffraction pattern and STEM/EDX mapping images of Li1.3Nb0.3Cr0.4O2.
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compositions of the as-prepared Li1.3Nb0.3Cr0.4O2 obtained from 
EDX spectra are consistent with the nominal composition , as 
demonstrated in Fig. S3 and Table S1.

The electrode performance of Li1.3Nb0.3Cr0.4O2 is shown in 
Fig. 2a in the voltage range of 1.0-4.8 V at ambient temperature. 
The Li1.3Nb0.3Cr0.4O2 sample exhibits high initial 
charge/discharge capacity of ~368/362 mAh g-1, which are close 
to the theoretical capacity (388 mAh g-1) of Li1.3Nb0.3Cr0.4O2 if all 
lithium ions are extracted/inserted reversibly from/into the 
crystal lattice (Fig. S1). Such high reversible capacity of the 
electrode materials is the highest among the reported binary 
systems between Li3NbO4 and LiMeO2 (MeO).16, 21 However, the 
cyclability as electrode materials with galvanostatic 
charge/discharge is not ideal with capacity fade rapidly, need 
further improvement. The improved cyclability was realized by 
charge with a constant capacity mode. Charge capacities were 
stepwisely increased from 100 to 250 mAh g-1 by 50 mAh g-1 
after each five cycles. Typical discharge profiles at 10 mA g-1 
with different charge capacities are shown in Fig. 2b. Excellent 
capacity retention is observed even at a charge capacity of 250 
mAh g-1. And the reversible limit of Li1.3Nb0.3Cr0.4O2 as electrode 
materials is estimated to be ∼250 mAh g-1 in this experimental 
condition, mainly restricted by the decomposition of the 
electrolyte at high voltage.22 Therefore, a continuous cycle test 

was performed by charge with constant capacity of 250 mAh g-

1. As shown in Fig. 2c, cycling performance of Li1.3Nb0.3Cr0.4O2 
was obviously improved by constant capacity charge. The 
sample demonstrates a stable discharge profiles with ∼250 
mAh g-1 of reversible capacity (~99% of coulombic efficiency) for 
more than 60 cycles (Fig. 2d), even though initial discharge 
capacity was slightly low (241 mAh g-1) and a gradual increase in 
charge polarization was observed.

The XAS spectra of Cr and Nb at K-edge were collected for 
Li1.3Nb0.3Cr0.4O2 with different oxidation/reduction conditions 
to clarify the redox species on the oxidation/reduction 
processes (Fig. 3a). From Cr K-edge (mainly dipole transition 
from 1s core-level to empty 4p level) spectra, as shown in Fig. 
3b and S4, energy position of spectra for the as-prepared 
sample is similar to that of Cr2O3 and LiCrO2 containing trivalent 
chromium ions.15 The spectra clearly shift to a higher-energy 
region on charge as increase in charge capacities. Additionally, 
the increase in area for a pre-edge peak at ~5994 eV was found 
in the XAS spectra. The prominent pre-edge peak formed 
appered during the charging process is a strong evidence of Cr6+ 
formation and migration of Cr6+ ions to tetrahedral sites. In the 
case of tetrahedral symmetry, the strong pre-edge peak mainly 
originates from an electric dipole transition from the 1s to p 
components, which are hybridized with 3d-orbitals for 
chromium ions.23 Besides, the pre-edge peaks by the electric 
dipole transition are often intensified by a decrease in the 
number of d-orbital electrons.24 The spectrum of the fully 
charged sample (386 mAh g-1) resembles that of the CrO3 (Cr6+) 
reference material. (Fig. S4). So, by considering the large 
reversible capacity and change in the profile of Cr K-edge 
spectra, trivalent chromium ions (Cr3+) in Li1.3Nb0.3Cr0.4O2 are 
oxidized to a higher oxidation state, ∼Cr6+, after fully charged. 
This is consistent with the previous reports about the Cr3+/Cr6+ 
redox process.15, 25, 26 Chromium often occurs as Cr3+ or Cr6+ ions 
in its oxygen-based compounds. The larger Cr3+ ion (2.01 Å) 
tends to prefer octahedral coordination, while the smaller Cr6+ 
ion (1.64 Å) prefers tetrahedral coordination with oxygen.27 
Similar to a solid solution of Li2MnO3-LiCrO2 (Li1.2Cr0.4Mn0.4O2), 
when it was electrochemically oxidized, Cr3+ was oxidized into 
Cr6+, simultaneously, chromium is migrated from the original 
octahedral site to the interstitial tetrahedral site in the interslab 

Fig. 3 (a) Galvanostatic charge/discharge profiles of Li1.3Nb0.3Cr0.4O2 at a rate of 10 mA g-1 in the range of 1.0-4.8 V during the first cycle, the points on the profiles 
stand for the states where X-ray absorption spectra (XAS) data were collected. XAS spectra at the (b) Cr and (c) Nb K-edges of the Li1.3Nb0.3Cr0.4O2 samples at 
different charge/discharge states.

Fig. 2 (a) Galvanostatic charge/discharge profiles of Li1.3Nb0.3Cr0.4O2 at a rate of 
10 mA g-1 in the voltage range of 1.0-4.8 V. (b) Voltage-capacity profiles of 
Li1.3Nb0.3Cr0.4O2 with constant charge capacity (100, 150, 200, and 250 mAh g-
1) at a rate of 10 mA⋅g-1. (c) Voltage-capacity profiles and (d) cycling 
performance of Li1.3Nb0.3Cr0.4O2 with constant charge capacity of 250 mAh g-1 
at a rate of 10 mA⋅g-1.
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space. Indeed, reversible Cr6+ migration has been observed in 
Li1.2Cr0.4Mn0.4O2 during electrochemical cycling using in situ X-
ray absorption spectroscopy.25 It is also worthy to note that 
chromium ions are reduced reversibly to a trivalent state after 
discharge to 1.0 V, as the oxidation state of Cr for the fully 
discharged state is found to be almost the same as that of the 
as-prepared sample. No change in the absorption edge and 
peak position of niobium ion is observed even at the full 
discharged state, as shown in Fig. 3c, indicating that Nb 
oxidation state is found to be not affected by charge/discharge 
process even though peak profile is slightly changed by charge 
process. This fact shows that niobium ions are stabilized at 
pentavalent state and are not reduced by discharge process, 
indicating that niobium ions are not responsible for the large 
discharge capacity of Li1.3Nb0.3Cr0.4O2 as the redox center. 
Additionally, based on the observed reversible capacity, the 
contribution of oxide ions is not evidenced in the chromium 
system. Moreover, it needs to be pointed out that the 
mechanical milling process will result in the formation of 
nanosized particles, highly increased specific surface area and 
the samples contain many grain boundaries. Thus, 
contributions of surface conversion28 and interfacial charge 
storage29 to reversible capacities cannot be ignored. Further 
studies of the reaction mechanisms are currently in progress in 
our group.

In summary, a cation-disordered rocksalt Li-excess cathode 
material on a binary system for xLi3NbO4-(1-x)LiCrO2 have been 
successfully prepared by mechanical milling. A single phase, 
obtained for x = 0.43 (Li1.3Cr0.4Nb0.3O2), shows large reversible 
capacities of ~362 mAh g-1, which originates from a highly 
reversible Cr3+/Cr6+ three-electron redox reaction with 
electrochemically inactive niobium ions (Nb5+). Moreover, 
excellent capacity retention as electrode material was 
confirmed by charge with constant capacity of 250 mAh g-1. A 
relatively stable coulombic efficiency of ~99% and negligible 
capacity loss waswere demonstrated for over 60 cycles. These 
findings will contribute to the development of high-energy-
density cation-disordered Li-excess cathode materials for 
rechargeable Li batteries in the future.
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