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ABSTRACT: In an attempt to enlarge the normal spinel phase diagram for the quaternary Li-Ni-Mn-Co-O system, the transfor-
mation at moderate temperatures (150-210 oC) of layered Li0.5(Ni1-y-zMnyCoz)O2 (R-3m), which were obtained  by an ambient-
temperature extraction of lithium from Li0.5(Ni1-y-zMnyCoz)O2, into normal spinel-like (Fd-3m) Li(Ni1-y-zMnyCoz)2O4 has been 
investigated. The phase-conversion mechanism has been studied by a joint time-of-flight (TOF) neutron and X-ray diffractions, 
thermogravimetric analysis, and bond valence sum map. The ionic diffusion of lithium (3a, 6c) and nickel (3a, 3b) ions has been 
quantified as a function of temperature. The investigated spinel phases are metastable and they are subject to change into rock-salt 
phases at higher temperatures. The phases have been characterized as cathodes in lithium-ion cells. The study may serve as a strate-
gic model to access other metastable phases by low-temperature synthesis approaches.  

1. INTRODUCTION 
Lithium-ion batteries have become the dominant energy-
storage technology for portable electronics, electric vehicles, 
and stationary storage of electrical energy generated from re-
newable energy sources. Since the conventional cathodes (e.g., 
LiCoO2 and LiMn2O4) developed in the 1980s by Goode-
nough’s group,1-3 a large number of new cathodes have been 
explored in the last two decades aiming to achieve better spe-
cific capacity, power capability, thermal/chemical stability, 
and durability.4-6 Notably, LiFePO4 is one of the most promis-
ing polyanion-based cathodes as it shows excellent thermal 
stability and cycling ability, although its electrical and ionic 
conductivities are intrinsically low.7-8  

For automotive applications, lithium manganese oxide 
LiMn2O4 with the normal spinel structure has been widely 
considered as a major component for cathode because of its 
low cost, low toxicity, high cell voltage, high tap density, and 
high rate capability.9-11 After the first report on the pristine 
LiMn2O4 in 1983, some new members have been synthesized 
by partially substituting other ions for Mn as in LiMn2-yMyO4 
(M = Li, Mg, Ti, V, Cr, Fe, Co, Ni, and Zn).12-14 The use of a 
low-valent and inert dopant, e.g., Li1+xMn2-xO4, has been 
found to be useful to improve the long-term cycling perfor-
mance by rising the valence of Mnn+ ions to >3.5+ and thereby 
reducing the cooperative Jahn-Teller effect.14 Another fasci-
nating composition is LiMn1.5Ni0.5O4 as the small amount of 
substitution (up to 25 %) of nickel ions can alter the entire 
redox chemistry from Mn3+/4+ into Ni2+/4+ during electrochemi-
cal cycling.15 Its practical application is, however, yet to be 
fully evaluated due to the lack of suitable electrolytes at the 
high operating voltage of ~ 4.7 V.6 

Co-doping (i.e., using more than one-type of dopants) is 
widely adopted strategy as it can help to optimize the chemi-

cal/physical properties of a system that a single dopant might 
not be able to. One of the most known examples is the layered 
LiNi1/3Mn1/3Co1/3O2, which exhibits superior electrochemical 
performance in term of practical specific capacity, thermal 
stability, and cyclability, as compared to LiNi1-yCoyO2 and 
LiNi1-yMnyO2.16-20 ~ 80 or so layered-type (O3) compounds 
with different compositions for the quaternary Li-Ni-Mn-Co-O 
system have been reported over the years.21 But quite surpris-
ingly, no known compounds with the normal spinel-type struc-
ture for the same quaternary system are found in the Interna-
tional Compounds for Diffraction Data (ICDD).21 Recently, 
Brown et al. studied the Li-Ni-Mn-Co-O system using combi-
natorial co-precipitation method hoping to identify new crystal 
phases.22 They confirmed that the normal spinels could not be 
made by conventional solid-state method.  

 
Figure 1. Schematic diagram showing that some metastable nor-
mal spinels could be prepared from their layered-type analogs in 
the Li-Ni-Mn-Co-O system. 

Not long ago, Shukla et al. observed the presence of a Ni-
rich spinel phase on the surface of Li1.2(Ni0.13Mn0.54Co0.13)O2 
crystals by high-resolution electron microscopy and spectros-
copy techniques.23 This finding encouraged us to look for oth-



 

 

er metastable spinels and study their physical/chemical proper-
ties. One of our recent studies also showed that metastable Ni-
rich spinels with a general chemical formula LiNi2-xMnxO4 (x 
= 0.4 to 1) could indeed be prepared by a low-temperature 
synthesis.24 Those reports shed some lights on the possibility 
of preparing new metastable normal spinel members by mild 
synthetic approaches, e.g., low-temperature phase conversion 
reactions. Accordingly, we aim to explore in this paper some 
new metastable spinels, which could exist in the Li-Ni-Mn-
Co-O system (Figure 1), via a low-temperature synthesis ap-
proach. This could provide a new strategy to access metastable 
phases by low-temperature-driven conversion reactions. 

2. EXPERIMENTAL SECTION 
2.1 Synthesis. The layered-type LiNi1-2yMnyCoyO2 (y = 

0.1, 0.15, 0.2, and 0.25), LiNi1-2yMnyCoyO2 (y = 0.1, 0.15, 
0.2, and 0.25), and LiNi0.5-yMn2yCo0.5-yO2 (y = 0, 0.05, 0.1, 
and 0.15) were prepared by a sol-gel method. Stoichiometric 
amounts of Li(OAc)·2H2O, Ni(OAc)2·4H2O, 
Mn(OAc)2·4H2O, and Co(OAc)2·4H2O were dissolved in 
deionized water. A 3% excess lithium salt was added to com-
pensate the loss of Li due to evaporation at elevated tempera-
tures. Citric acid, equivalent to the sum of lithium and transi-
tion-metal ions, was added to the above solutionas a chelating 
agent. The solution was first stirred for 30 min at 25 oC and 
thereafter maintained at 90 oC to form a sol/gel. The dried 
mixtures were then decomposed at 450 oC, hand-ground, and 
further heat treated at 800 oC in air for 12 h. The partially 
delthiated samples Li0.5MO2 (M = Ni, Mn, and Co) were ob-
tained by reacting the prepared layered oxides with certain 
amount of NO2BF4 in dried acetonitrile under Ar atm for 12 h. 
The cationic ratios in the samples were verified by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES).  

2.2 Phase characterization. All the samples prepared were 
first characterized for phase purity by powder X-ray diffrac-
tion (PXRD, Rigaku Ultima IV powder x-ray diffractometer, 
Cu Kα radiation, 40 kV, 44 mA) at 2θ = 10˚ to 80˚ at a count 
rate of 10 s per step of 0.02o at room temperature. Synchrotron 
X-ray diffraction was also performed at ambient temperature 
at 2θ = 0.5˚ to 50˚ with a 2θ step size of 0.0001° with a mono-
chromatic X-ray (λ = 0.414 Å) at the Advanced Photon Source 
(APS), for Li0.5Ni0.45Mn0.1Co0.45O2 (25, 150, 170, 190, 
210 oC) and Li0.5Ni0.35Mn0.3Co0.35O2 (25, 150, 170, 190, 
210 oC). The samples were packed into Kapton® Capillary 
Tubes. Time-of-flight neutron diffraction (ND) data were col-
lected at the Oak Ridge National Laboratory (ORNL) Spalla-
tion Neutron Source (SNS) POWGEN beamline using a beam 
of neutron with a center wavelength of 1.333 Å (covering a d-
spacing range of 0.4 to 5.4 Å). For in-situ measurements, the 
samples were packed into a vanadium tube and the data were 
collected between 25 and 350 oC in a vacuum cryofurnace. For 
ex-situ measurements, the partially delithated samples were 
heated between 150 and 210 oC for 12 h in air at the Universi-
ty of Texas at Austin. The samples were then shipped to SNS 
for ND measurements using vanadium sample tube. For ex-
situ measurement, the room temperature synchrotron X-ray 
and neutron datasets were joint-refined by the conventional 
Rietveld method using the General Structure Analysis System 
(GSAS) package with the graphical user interface 
(EXPGUI).25 The background, scale factor, zero (for X-ray 
only), absorption (for neutron only), cell parameters, atomic 
positions, thermal parameters and profile coefficients for 

Pseudo-Voigt / Finger, Cox, and Jephcoat (FCJ) Asymmetric 
peak shape function were refined until the convergence was 
achieved. For in-situ measurements, only the neutron diffrac-
tion data were used in the refinement. The bond valence sum 
maps were calculated by 3DBVSMAPPER where the valence 
of all Mn ions was assumed to be 4+ in all partially delihiated 
samples.26 The crystallographic information files (cif) were 
obtained from International Centre for Diffraction Data 
(ICDD) database as an imported file for the calculation.21 
Mass change/oxide-ion vacancy was analyzed in air with a 
NETZSCH Jupiter STA 449 F3 thermogravimetric analyzer. 

2.3 Electrochemical performance. The electrode-slurry 
was prepared by simply mixing the active material (80 wt. %), 
super P (10 wt. %) and polyvinylidene fluoride (PVDF; 10 wt. 
%) in N-methyl-2-pyrrolidone (NMP) overnight. The slurry 
was then coated onto an aluminium current collector, dried 
overnight in a vacuum oven, and used to fabricate the cathode. 
A CR2032-type coin cell was assembled in an Ar-filled glove 
box with the cathode thus prepared, 1 M LiPF6 in ethylene 
carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume) elec-
trolyte, and metallic lithium anode. The cells were cycled gal-
vanostatically with an Arbin cycler between 2 and 4.9 V at a 
current rate of 5 mA g-1. 

3. RESULTS AND DISCUSSION 
3.1 Structural analysis of LiNi1-2yMnyCoyO2 (x = 0.1, 

0.15, 0.2, and 0.25) and LiNi0.5-yMn2yCo0.5-yO2 (y = 0, 0.05, 
0.1, and 0.15). With an aim to cover the area of interest for the 
Li-Ni-Mn-Co-O (NMC) system, 8 new NMC layered-type 
compounds were synthesized, as shown in Figure 1; the other 
4 layered compounds Li0.5Ni1-yMnyO2 (y = 0.5 - 0.8) were 
shown in our earlier report24 that they could transform into 
spinel-like LiNi2-yMnyO4 (y = 0.4 – 1) by a low-temperature 
synthesis. High purity layered-type samples were prepared by 
a sol-gel method in which the acetate-based precursors was 
first dissolved homogeneously into water prior to the heat 
treatment. The partially delithiated samples were confirmed to 
maintain their layered-type structure (space group R-3m) by 
Rietveld refinement on joint neutron and X-ray diffractions 
(Figure 2 and Table S1). The refinement result also showed 
that the lithium and transition-metal ions predominantly occu-
pied the 3a and 3b sites, respectively, of the cubic-close-
packed oxygen arrays (6c). A small amount of defect, mainly 
the anti-site defect for Li and Ni ions, was also found, and it 
was consistent with our previous studies.24, 27 The cationic 
ratio was verified by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES; Table S2). 

The partially delithiated layered-type samples are known for 
thermal instability and they are subject to change to spinel or 
rock-salt structures at elevated temperatures.28-30 Therefore, 
the heat treatment temperature range was first determined to 
avoid any over-heating to yield unwanted rock-salt phases. 
The formation of rock-salt phase was monitored by thermo-
gravimetric analysis (TGA) and PXRD as a function of tem-
perature. In general, Li0.5Ni1-2yMnyCoyO2 (y = 0.1, 0.15, 0.2, 
and 0.25) were found to have insignificant weight losses of 0.3 
- 0.8 wt.% from 25 – 200 oC, as shown in Figure 3a. In other 
words, 0.9 to 2.2 mol% of oxide-ion vacancy (assuming no 
adsorbed moisture and residual solvent) were formed in sam-
ples below 200 oC, if all the weight losses were used to ac-
count for the formation of oxide-ion vacancy (i.e., 2O2- → O2 
+ 4e-). Similarly, Li0.5Ni0.5-yMn2yCo0.5-yO2 (y = 0, 0.05, 0.1, 



 

 

0.15) were thermally stable, except a larger amount of oxide-
ion vacancy (6.9 mol%) was observed for Li0.5Ni0.5Co0.5O2 
below 200 oC. From the ex-situ PXRD patterns, most of the 
major peak positions were unchanged, but a progressive merg-
ing of (018) and (-120) peaks at 2θ = 65o happened from 150 
to 200 oC (Figure S1-S8). The relative intensity ratio of 
(003)/(-114) peak was also found to decrease with increasing 
temperature, an evidence of the formation rock-salt impurity at 
the higher temperature regime. However, no other unknown 
impurities were found for the whole temperature range. 
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Figure 2. Joint neutron and X-ray Rietveld refinement for (a) 
Li0.5Ni0.8Mn0.1Co0.1O2, (b) Li0.5Ni0.6Mn0.2Co0.2O2, (c) 
Li0.5Ni0.5Co0.5O2, (d) Li0.5Ni0.45Mn0.1Co0.45O2, and (e) 
Li0.5Ni0.35Mn0.3Co0.35O2 at 25 oC. 
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Figure 3. Thermogravimetric analysis of (a) Li0.5Ni1-

2yMnyCoyO2 (y = 0.1, 0.15, 0.2, and 0.25) and (b) Li0.5Ni0.5-

yMn2yCo0.5-yO2 (y = 0, 0.05, 0.1, and 0.15) as a function of tem-
perature. The corresponding oxide-ion vacancy concentration was 
also calculated. 

The detailed phase transformation mechanism was further 
investigated by time-of-flight (TOF) neutron diffraction. Two 
nickel rich samples, Li0.5Ni0.8Mn0.1Co0.1O2 and 
Li0.5Ni0.6Mn0.2Co0.2O2, were found to be suitable for in-situ 
measurement due to their rapid phase change (within 1 - 2 h). 
Three other lower nickel-content samples, Li0.5Ni0.5Co0.5O2, 
Li0.5Ni0.45Mn0.1Co0.45O2, and Li0.5Ni0.35Mn0.3Co0.35O2, were 
studied by ex-situ neutron and synchrotron X-ray diffractions 

by heat-treating the samples between 150 and 210 oC for 12 h 
prior for each measurement.  

Rietveld refinement of the neutron diffraction data was em-
ployed to understand the ionic movement of all cations.  Vari-
ous cationic species with similar electron densities or light 
weight, e.g., Li, Ni, Mn, Co, can be differentiated quantitative-
ly in different crystallographic sites. Two position constrains 
were created to track all cationic species involved in the trans-
formation reaction: First, all transition-metal ions (3b) were 
allowed to move into the partially empty octahedral site (3a) 
for lithium ions. Second, the lithium ions were also allowed to 
move from their original octahedral 3a sites into an empty 
tetrahedral 6c site. Most other parameters were allowed to 
move freely until a convergence was reached.  

Among all the cationic species, only lithium and nickel ions 
were found to move in the layered-type structure between 100 
and 210 oC, as shown in Figure 4. The ionic movement of Co 
and Mn ions were ruled out in the refinement for the entire 
temperature range, and the kinetic hindrance was not fully 
understood. The octahedral site stabilization energies (OSSE) 
were believed to be major factors to govern the diffusion of 
ionic species, and they were undoubtedly used to explain the 
transformation of α-NaFeO2-type LiMnO2 into spinel-type 
LiMn2O4.31-32 However, in our previous study, Mn ions were 
found to be immobile from 25 – 200 oC in Li0.5Ni1-yMnyO2 (y 
= 0.2 – 0.5), indicating that the electrostatic repulsion could be 
another critical factor. On the basis of the electronic band 
structure, the valence state of Mn ions was presumably 4+ due 
to the lying of Mn3+/4+ redox energy above those of Ni2+/3+ and 
Co3+/4+. Therefore, the Mn4+ ions with a higher charge might 
not be able to move as easily as the other cationic species in 
the lattice. The Co3+ ions may not also move due to its larger 
OSSE. Therefore, only the lithium and nickel ions were found 
be mobile due to their lower charges and smaller OSSE. 
Moreover, lithium ions have no OSSE and encounter smaller 
electrostatic repulsion, as compared to the nickel ions. There-
fore, lithium ions were found to have much higher tendency to 
move as compared to the nickel ions (Figure 5). Among the 
investigated samples, Li0.5Ni0.35Mn0.3Co0.35O2 had the highest 
percentage change for both lithium ions (52%) from 3a site 
into 6c site, and nickel ions (27%) from 3b site into 3a site, as 
shown in Figure 5.  
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Figure 4. Change in the occupancy of Ni (3a, 3b) and Li (3a, 6c) 
in (a) Li0.5Ni0.8Mn0.1Co0.1O2, (b) Li0.5Ni0.6Mn0.2Co0.2O2, (c) 
Li0.5Ni0.5Co0.5O2, (d) Li0.5Ni0.45Mn0.1Co0.45O2, and (e) 
Li0.5Ni0.35Mn0.3Co0.35O2, as a function of temperature. 
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Figure 5. Percentage change in the occupancy of Li (3a) and Ni 
(3b) sites as a function of temperature for all the investigated 
samples. 

As the spinel-like phases started to emerge at as low as 
150 oC, all neutron diffraction patterns were also modeled with 
the spinel-type space group Fd-3m to understand the change in 
cell parameters as a function of temperature. In the fitting, 
anti-sites in spinel were also considered by allowing the transi-
tion-metal ions (Ni, Mn, Co; 16c site of Fd-3m) to partially 
occupy the lithium sites (8b site), or vice versa. For the first 
time, the cell parameter of the spinel-like species for Li-Ni-
Mn-Co-O system was found to be 7.9 - 8.1 Å, in good agree-
ment with other normal spinel-type lithium metal oxides.21 In 
general, a linear increase in the cell parameter with tempera-
ture was observed, and it suggested that some of the transition-
metal ions were partially reduced as the temperature increased. 
For the current study, about 15-20 mol.% of anti-site defect 
was found in the investigated samples (Figure 6f). The results 
pose some challenges that ideal and defect-free spinels are 
difficult to obtain for the Li-Ni-Mn-Co-O system, by the low 
temperature synthesis. Lastly, low defect samples are yet to be 
prepared by optimizing the experimental conditions.  
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Figure 6. Cell parameters of the spinel-like (a) 
LiNi1.6Mn0.2Co0.2O4, (b) LiNi1.2Mn0.4Co0.4O4, (c) LiNiCoO4, 
(d) LiNi0.9Mn0.2Co0.9O4, and (e) LiNi0.7Mn0.6Co0.7O4 as a func-
tion of heat-treatment temperature. (f) Concentration (mol.%) of 
anti-site defects in the spinel-like samples. 

3.2 Bond valence sum (BVS) map analysis. BVS map is 
often used to calculate the monovalent or divalent species 
(e.g., Li+, Na+, O2-) in ionic conductors.24, 33-34 Herein, BVS 
calculation was used to understand the ionic diffusion of both 
lithium and nickel ions during the transformation reaction. 
First of all, a hypothetical crystal information file (cif) of 
Li0.5NiO2 was created such that half of the lithium ions were 
distributed into the 3a sites, and the other half were located in 
the 6c sites. This atomic arrangement was to mimic the very 
first moment of the phase-conversion reaction. Quite interest-
ingly, the lithium ions in 6c sites did not alter the 2D diffusion 
pathway in between the MO2 slabs, as shown in Figure 7a, 
that the low bond valence (b.v. = 0.4) mismatch iso-surface 
overlaps well with the 3a and 6c sites. However, such a 2D 
iso-surface disappeared when a small amount (10%) of Ni ions 
was located in the 3a sites, indicating that the transport of lith-
ium ions is highly impeded by Ni ions in the conduction plane. 
To understand if diffusion of lithium ions was necessary for 
the nickel ions to diffuse, another hypothetical cif file was 
created in which all lithium ions were located in the 6c sites 
and the bond valence sum map of Ni3+ ions was calculated. 
This was similar to the final stage of phase transformation. 
Quite interestingly, another 2D iso-surface (b.v. = 0.05) for 
Ni3+ ions was revealed in Figure 7b. The overall calculation 
results support that diffusion of lithium ions should occur first 
in order to provide a low energy pathway for nickel ions to 
diffuse from 3b sites into 3a sites. On the basis of the neutron 
diffraction analysis, only lithium and nickel ions were found to 
move as the temperature increased. Therefore, it is challenging 
to complete the phase conversion for samples with low nickel 
content as other transition-metal ions would not participate in 



 

 

the diffusion, and the nickel-ion movement was only favorable 
when most the lithium ions moved into 6c sites.  

 

 
Figure 7. Bond valence sum (BVS) map of Li+ ions on (110) and 
(003) planes are shown in (a) and b), respectively, for layered-
type (R-3m) Li0.5NiO2. The corresponding BVS map of Ni3+ ions 
on (110) and (003) planes are also shown in (c) and (d), respec-
tively. 

3.3 Electrochemical performance of spinel-like samples. 
The impact of ionic diffusion on the electrochemical perfor-
mance was evaluated in a coin-cell configuration. Two repre-
sentative samples, Li0.5Ni0.8Mn0.1Co0.1O2 and 
Li0.5Ni0.6Mn0.2Co0.2O2, were chosen as they had substantially 
more ionic diffusion for lithium and/or nickel ions to represent 
the targeted spinel-like compounds. As shown in Figure 8, the 
slope-like characteristic of the layered-type structure was still 
clearly observed in the discharge profile of the samples heat-
treated at 150 oC for 12 h. Nonetheless, the ionic moment of 
lithium and/or nickel ions did impact strongly the discharge 
voltage and specific capacity, particularly heating at higher 
temperatures. Unlike the LiMn2O4 spinel, a second plateau 
was not observed at 2.5 - 3 V.3, 35 This might be because the 
accessibility of such octahedral sites for the insertion of a sec-
ond lithium is blocked by the transition-metal ions. When the 
temperature was increased further, more spinel and rock-salt 
phases were formed until about 200 oC. But the defective spi-
nel-like and rock-salt species did not contribute positively to 
the capacity, and therefore specific capacity was found to de-
crease as the heating temperature increased.  Finally, a better 
electrochemical performance may be possibly by optimizing 
the synthetic conditions and chemical composition.  
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Figure 8. Charge-discharge profiles of the 2nd cycle of (a) 
Li0.5Ni0.8Mn0.1Co0.1O2 and (b) Li0.5Ni0.6Mn0.2Co0.2O2 after 
heat-treating at 150-200 oC for 12 h. 

4. CONCLUSION 
A new metastable normal spinel-like phase diagram has 

been investigated for the Li-Ni-Mn-Co-O system by a low-
temperature synthesis approach. Our study shows that a high 
yield for spinel-like phases and defect-free spinel phases are 
difficult to obtain, but further optimization in terms of synthe-
sis conditions and chemical compositions could help improve 
the quality of the spinel-like phase by eliminating the defects 
and thereby boost the electrochemical performance. We antic-
ipate that the methodology presented here could become use-
ful to synthesize other complex spinel compounds from their 
layered-type counterparts.  
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