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Abstract: The effects of substituting cobalt and fluorine for manganese and oxygen on the structural and electro-
chemical properties of Li[Ni0.5CoyMn1.5-y]O4-zFz cathode materials were studied. The pure phase Li[Ni0.5Coy 

Mn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) spinel materials were successfully synthesized at 900 oC by an ultrasonic 
spray pyrolysis method. The Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) powders were characterized by 
means of X-ray diffraction (XRD), Rietveld refinements, scanning electron microscopy (SEM), energy dis-
persive spectra (EDS), Brunauer-Emmett-Teller (BET) analysis, and galvanostatic charge/discharge testing. The 
cobalt and fluorine substitutions were effective for improving the high current discharge capability, even though 
the electrode was cycled with a discharge current density of 1,350 mA g-1 (10 C-rate).
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Introduction
1)

  Spinel lithium manganese oxide, LixMn2O4, and its de-
rivatives are considered to be promising for use as cath-
ode materials for rechargeable lithium batteries because 
of their advantages, which include low cost, non-tox-
icity, abundance, and relatively high specific energy 
[1-4]. However, the Jahn-Teller effect involving Mn3+ 
ions induces a structural instability due to anisotropic 
volume changes through a cubic-tetragonal transition, 
which leads to a loss of electrode performance in ex-
tended battery cycling [5]. 
  One possible approach for improving the cycling per-
formance of LiMn2O4 is the partial substitution of man-
ganese with other transition metals such as Cr, Co, Fe, 
and Ni [6-8]. The capacity and voltage plateau in 
Li/LiMxMn2-xO4 cells strongly depend on the type and 
content of the transition metal (M). Among those materi-
als, LiNi0.5Mn1.5O4 has received much attention for its 
dominant potential plateau at 4.7 V, while other materi-
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als exhibited two plateaus around 4 and 5 V. However, 
defect are commonly found in the preparation of solid 
LiNi0.5Mn1.5O4 materials, and LixNi1-xO4 impurities have 
been identified that cause a decrease in the 5 V gravi-
metric capacity [6]. Moreover, the resulting Ni defi-
ciency in the spinel phase involves the presence of Mn3+, 
which leads to a significant extension of the 4 V plateau 
at the expense of the nominal 142 mAhg-1 capacity at 5 
V. Recently, to improve the cycle performance in the 5 
V range, several research groups have investigated the 
properties of LiNiyCo1-2yMn1+yO4 [9] and Li[Ni(0.5+x) 

Mn(1.5-2x)Mox]O4 [10]. Recently, our group determined 
that anion substitution in the form of spinel oxyfluorides 
improves the storage performance of spinel cathode ma-
terials [11]. 
  In this work, we attempted to synthesize cation (Co3+) 
and anion (F-1) doped Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 
1.0, z = 0 - 0.1) materials. A nominal charge balance of 
these materials is Li[Ni0.5

2+Coy
3+Mn1.5-y

4+]O-2
4-zF

-1
z. The 

structural and electrochemical properties of the prepared 
materials were characterized by XRD and electro-
chemical testing, respectively. This work represents the 
first reported cation and anion co-doped 5 V spinel 
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Figure 1. X-ray diffraction patterns of Li[Ni0.5CoyMn1.5-y] 

O4-zFz powders: (a) Li[Ni0.5Mn1.5]O4, (b) Li[Ni0.5Co0.05Mn1.45]O4, 

(c) Li[Ni0.5Co0.05Mn1.45]O3.95F0.05, and (d) Li[Ni0.5Co0.1 Mn1.4] 

O3.9F0.1.

Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) cath-
ode materials prepared by an ultrasonic spray pyrolysis 
method. 

Experimental

  Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) pow-
ders were prepared by an ultrasonic spray pyrolysis 
method. Stoichiometric amounts of nickel nitrate hex-
ahydrate (Ni(NO3)⋅6H2O, Aldrich), cobalt nitrate hex-
ahydrate (Co(NO3)2⋅6H2O, Aldrich), and manganese 
nitrate tetrahydrate (Mn(NO3)2⋅4H2O, Sigma) salts 
were dissolved in distilled water. The dissolved solution 
was added into a continuously agitated aqueous citric 
acid solution. The molar concentration of citric acid was 
fixed at 0.2 M and NH4OH was added to the starting sol-
ution in order to maintain a solution pH of 7. Atomiza- 
tion of the starting solution was performed using an ul-
trasonic nebulizer with a resonant frequency of 1.7 
MHz. The resulting aerosol stream was introduced into a 
vertical quartz reactor (heated to 500 oC) with an inner 
diameter and length of 50 and 1200 mm, respectively. 
Air was used as a carrier gas and a flow rate of 10 L 
min-1 was maintained. The precursor powders obtained 
were mixed with excess amounts of LiOH⋅H2O and 
LiF. The mixture was then softly ground and heated to 
900 oC at a heating rate of 1 oC min-1. A powder X-ray 
diffraction (XRD, Rint-2000, Rigaku, Japan) measure-
ment using Cu-Kα radiation was employed to identify 
the crystalline phase of the synthesized material. Riet-
veld refinement of the collected data was made using the 
FULLPROF Rietveld program [12]. Particle morphol-
ogy and nominal elemental compositions of the powders 
were observed using a scanning electron microscope and 

Figure 2. X-ray Rietveld refined pattern of Li[Ni0.5Co0.05 

Mn1.45]O4 material.

energy dispersive spectra (SEM, EDS, JSM 6400, JEOL, 
Japan), respectively. Galvanostatic charge/discharge cy-
cling was performed using a 2032-type coin cell. 
Cathodes were prepared by blending Li[Ni0.5CoyMn1.5-y] 
O4-zFz, Super P carbon black, and polyvinylidene fluo-
ride (PVDF) (80:10:10) in N-methyl-2-pyrrolidone 
(NMP). The slurry was then cast on aluminum foil and 
dried at 110 oC overnight under vacuum. Disks were 
then punched out of the foil. Lithium foil (Cyprus Foote 
Mineral Co.) was used as the anode. The electrolyte sol-
ution used was 1 M LiPF6 in a mixture of ethylene car-
bonate (EC) and diethyl carbonate (DEC) in a 1:1 vol-
ume ratio (Cheil Industries Inc. Korea). The charge/dis-
charge measurements were carried out between 3.5 and 
5 V (vs. Li/Li+) with a current density of 27 mA g-1 (0.2 
C-rate) at room temperature (30 oC). 

Results and Discussion

  Li[Ni0.5CoyMn1.5-y]O4-zFz powders were synthesized 
within the ranges of y = 0 - 1.0 and z = 0 - 0.1 by an ul-
trasonic spray pyrolysis method. Figure 1 shows X-ray 
diffraction patterns of solids prepared with various co-
balt and fluorine content as described in the Li[Ni0.5 

CoyMn1.5-y]O4-zFz formula. The Rietveld refinement 
analysis of the selected Li[Ni0.5Co0.05Mn1.45]O4 materials 
is shown in Figure 2. The structure of Li[NI0.5Co0.05 

Mn1.5]O4 was refined in the space group Fd3m in the 
well-known spinel type with basic crystallographic 
positions. For Li+ ions, the crystallographic positions 
were 8a [1/8,1/8,1/8] with local symmetry. For Ni2+, 
Co3+, and Mn3+/4+ ions, the crystallographic positions 
were at the 16d [1/2,1/2,1/2] site. Also, oxygen was in 
the 32e [u,u,u] (u in 0.2623(8)) positions. There is a pos-
sibility that small amounts of transition metal ions may 
also occupy the 8a site. All transition metal scattering  
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Table 1. The Variation of Lattice Constants, ah, Volume, Specific Surface Area (Sa), and Summary of High Current Capabilities of the 

Li[Ni0.5CoyMn1.5‐y]O4‐zFz Materials

Initial composition ah (Å) Volume (Å3) Sa (m
2/g)

Current density
Retention (%)

135 mA g‐1 (1 C‐rate) 1,350 mA g‐1 (10 C‐rate)

y = 0, z = 0 8.179 (5) 547.24 (3) 3.79 135 mA g‐1 47 mA g‐1 35

y = 0.05, z = 0 8.172 (9) 546.75 (9) 0.66 120 mA g‐1 52 mA g‐1 44

y = 0.05, z = 0.05 8.171 (9) 545.71 (1) 0.86 110 mA g‐1 79 mA g‐1 71

y = 0.1, z = 0.1 8.169 (1) 545.16 (0) 1.25 106 mA g‐1 86 mA g‐1 81

factors are very close to each other and it is therefore 
hard to confirm a difference between these three ions in
specific crystallographic positions. However, due to the 
large difference in scattering factors between Li and 
transition metal ions, it was possible to refine the small 
occupancy of transition metals in the 8a site with rela-
tively high accuracy due to the smaller difference be-
tween both intensities and the Bragg R-factor of 6.98 %. 
Therefore, the refinement pattern could be identified as a 
cubic spinel structure with a space group, Fd3m Also, 
the observed diffraction lines show that the intensity ra-
tio of the I (111) and I ( 311) directions are larger than 
the unit and the negligible peak of the I (220) direction; 
these observations agree well with a distribution of 
cations. Therefore, we can assume that the lithium ions 
occupy the tetrahedral (8a) sites, Ni2+, Co3+, and Mn3+/4+ 
ions are located at the octahedral (16d) sites, and O2- 
ions are located at the (32e) sites. 
  The calculated lattice constants, ah, of the cubic spinel 
unit cell of the samples with varying cobalt and fluorine 
content are shown in Table 1. As the cobalt and fluorine 
contents were increased, ah decreased from 8.179(5) to 
8.169(1) Å. The lattice constant decreased with an in-
crease in the amount of cobalt, which is related to the 
smaller ionic radius of cobalt (0.61 Å for high spin Co3+ 
and 0.645 Å for high spin Mn3+). The decrease in the lat-
tice constant is also due to the substitution of manganese 
by cobalt at the 16d sites as well as the higher Co-O 
(1,067 kJ mol-1) bond strength compared to that of 
Mn-O (946 kJ mol-1) [13]. G.T.-K. Fey and coworkers 
reported that with Al-substituted systems, a deviation 
from Vegard’s law was observed [14]. In this case, the 
deviation from Vegard’s law may have been related to 
the presence of extraneous phases, especially those with 
higher concentrations of Al. These parameter values and 
their decrease with increasing cobalt content are in 
agreement with results reported in the literature for lith-
ium-cobalt-manganese compounds [13]. Moreover, fluo-
rine ions also cause a decrease in the lattice parameter 
because of the 16d site of manganese and the strong 
bond energy of Li-F.
  Scanning electron microscopy (SEM) images for the 
post-calcined Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 

Figure 3. SEM images of Li[Ni0.5CoyMn1.5-y]O4-zFz powders: 

(a) Li[Ni0.5Mn1.5]O4, (b) Li[Ni0.5Co0.05Mn1.45]O4, (c) Li[Ni0.5 

Co0.05Mn1.45]O3.95F0.05, and (d) Li[Ni0.5Co0.1Mn1.4]O3.9F0.1.

- 0.1) powders are shown in Figure 3. Morphological 
changes are clearly seen as a result of cobalt and fluorine
substitution. In our previous work [15], Li[Ni0.5Mn1.5]O4 
spinel powders showed a well-developed octahedron mor-
phological shape, as shown in Figure 3(a). When cobalt 
was substituted for manganese, Li[Ni0.5Co0.05Mn1.45]O4 
particles are less defined and smaller particles are 
observed. Furthermore, an aggregation effect causes a 
complicated texture based on dendrite agglomerates of 
particles [9]. However, as fluorine ions are substituted 
by adding with LiF, the particles became larger and had 
a narrower size distribution than that of the unsubstituted 
samples as shown in Figure 3(b). A similar phenomenon 
was also reported with fluorine substituted in Li[Ni0.5 

Mn1.5]O4-yFy [11]. In this case, the introduction of a 
small amount of fluorine led to the development of larg-
er, square-shaped particles. J. R. Dahn and coworkers re-
ported that the LiF additives are able to act on sintering 
agents, which can increase the tapping density of materi-
als [16]. The specific surface areas for all the samples 
were measured by the BET method and are listed in 
Table 1. By introducing Co and/or F ions, the specific 
surface areas decreased slightly. In order to confirm the  
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Table 2. Energy Dispersive Spectra (EDS) Analysis Data for Li[Ni0.5Co0.1Mn1.4]O4‐zFz Materials with an Initial z Content of 0.1

Element App. Conc. K ratio Intensity App. Weight %

Pt 2.88 0.0287 (7) 0.7027 4.61

Ni 11.28 0.1188 (0) 0.9127 14.67

Co 2.99 0.0299 (4) 0.8749 3.86

Mn 37.42 0.3741 (7) 0.9359 45.06

F 0.51 0.0039 (1) 0.2181 2.63

O 46.05 0.1787 (4) 1.7794 29.17

Figure 4. Voltage profile vs. specific capacity of Li/Li[Ni0.5 

CoyMn1.5-y]O4-zFz cells cycled between 3.5 and 5.0 V at a con-

stant current density of 27 mA g
-1

: (a) Li[Ni0.5Mn1.5]O4, (b) Li 

[Ni0.5Co0.05Mn1.45]O4, (c) Li[Ni0.5Co0.05Mn1.45]O3.95F0.05, and (d) 

Li[Ni0.5Co0.1Mn1.4]O3.9F0.1.

nominal compositions, an Energy Dispersive Spectra 
(EDS) analysis was performed and the results are shown
in Table 2. EDS results confirmed the nominal elemental 
compositions of each transition metal as well as that of 
O and F.  
  In our recent results for F-1 substituted on Ni-Co-Mn 
layered materials, fluorine ions successfully substituted 
for oxygen sites, more closed at the surface, followed by 
possible changes in the oxidation state of the transition 
metal ions as confirmed by XPS analysis [17,18]. More 
recently, Manthiram’s group also reported that an oxy-
fluoride spinel, such as LiMn1.8Li0.1Ni0.1O3.8F0.2, ex-
hibited superior cycling properties compared to normal 
LiMn2O4 materials [19]. Their results were thought to 
have originated from significantly suppressed man-
ganese dissolution. We did not address the exact content 
and distribution of F-1 ions in this study. Thus, we will 
report the electronic and local structures of the deli-
thiated-relithiated Li[Ni0.5CoyMn1.5-y]O4-zFz system, in 

situ transition metal K-edge X-ray absorption spectro-
scopic (XAS), and IC in the near future.
  Figure 4 shows the voltage profiles vs. specific ca-
pacity of the Li/Li[Ni0.5CoyMn1.5-y]O4-zFz cells during 

Figure 5. Differential capacity vs. voltage curves for Li/Li 

[Ni0.5CoyMn1.5-y]O4-zFz cells: (a) Li[Ni0.5Mn1.5]O4, (b) Li[Ni0.5 

Co0.05Mn1.45]O4, (c) Li[Ni0.5Co0.05Mn1.45]O3.95F0.05, and (d) Li 

[Ni0.5Co0.1Mn1.4]O3.9F0.1.

galvanostatic charge/discharge cycling. The Li/Li[Ni0.5 

CoyMn1.5-y]O4-zFz cells were cycled between 3.5 and 5 V
with a constant current density of 27 mA g-1 (0.2 C-rate). 
The flat voltage profiles observed around the 4.7 and 4.1 
V regions are attributed to the Ni2+/4+ and Mn3+/4+ redox 
reactions, respectively [6,8,10,20].  However, as the co-
balt and fluorine doping contents were increased, Li/Li 
[Ni0.5CoyMn1.5-y]O4-zFz cells showed steeper voltage pro-
files, which are attributed to Co3+/4+ redox reactions and 
to Co3+ ions reducing some of the Mn4+ to an oxidation 
state of Mn3+. Recently, R. M. Sojas and coworkers. re-
ported that their cobalt-doped spinel had the same 
Co3+/4+ redox couples as compared to Ni2+/4+ redox po-
tentials, so that Co3+/4+ redox reactions were detected as 
overlapping around the 4.7 V region [20]. Moreover, B. 
J. Hwang and coworkers [21] and J.-H. Kim and cow-
orkers [22] observed similar phenomena, in spite of the 
absence of Co ions. Therefore, a more detailed study on 
the electronic state and the local structures of the deli-
thiated-relithiated Li[Ni0.5CoyMn1.5-y]O4-zFz system shou- 
ld be undertaken.
  Figure 5 shows differential capacities vs. voltage 
curves at the 1st cycle for the Li/Li[Ni0.5CoyMn1.5-y] 
O4-zFz cells. All cells showed two redox peaks at around 
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Figure 6. Discharge capacity vs. number of cycles for Li/Li 

[Ni0.5CoyMn1.5-y]O4-zFz cells cycled between 3.5 and 5.0 V at a 

constant current density of 27 mA g
-1

: (a) Li[Ni0.5Mn1.5]O4, (b) 

Li[Ni0.5Co0.05Mn1.45]O4, (c) Li[Ni0.5Co0.05Mn1.45]O3.95F0.05, and 

(d) Li[Ni0.5Co0.1Mn1.4]O3.9F0.1.

the 4.7 and 4.1 V regions during the oxidation-reduction 
process, which are attributed to the Ni2+/4+ and Mn3+/4+ 
redox reactions, respectively [10]. As the cobalt and flu-
orine content increased, Ni2+/4+ and Mn3+/4+ redox peaks 
resulted in broadening of the 4.7 and 4.0 V regions, re-
spectively; this result may be caused by participating 
Co3+/4+ ions. As the Co doping content increased, the 
discharge capacities also decreased. This observation of 
the decrease in the electrochemical capacities is in 
agreement with a previous report [23].
  Figure 6 shows the cycling performances of the 
Li/Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) 
cells. As the cobalt doping content increased, Li/Li [Ni0.5 

CoyMn1.5-y]O4-zFz cells exhibited lower discharge capaci-
ties than that of the Li/Li[Ni0.5Mn1.5]O4 cell, which can 
be attributed to a shift to higher voltage regions and 
broadening of the redox peaks in the 4.7 V region.  
Moreover, the introduction of fluorine ions resulted in a 
decrease in discharge capacity because F-1 ions replaced 
O2- ions. The stronger bond energy of Li-F (557 KJ 
mol-1) compared with that of Li-O (333 KJ mol-1) re-
sulted in more energy to the (de)intercalation of lithium 
ions. However, all Li/Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 
1.0, z = 0 - 0.1) cells had cycling performances of almost 
100 %, even after the 50th cycle, indicating that high pu-
rity materials can be obtained using ultrasonic spray 
pyrolysis. 
  Figure 7 shows the various applied discharge current 
densities for Li/Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 
0 - 0.1) cells with potential limits of 3.5∼5.0 V.  The 
cells were charged using a constant current density of 27 
mA g-1 (0.2 C-rate) before each discharge test. The 
capacity difference between the electrodes became   
larger as the applied current density increased. The 

Figure 7. Normalized capacity vs. number of cycles for Li/ 

Li[Ni0.5CoyMn1.5-y]O4-zFz cells with various current densities 

between 3.5 and 5.0 V. The cells were charged using a current 

density of 27 mA g
-1

 (0.2 C-rate).

Li[Ni0.5 Mn1.5]O4 electrode discharge capacity decreased 
very rapidly with increasing current density. However, 
Li[Ni0.5Co0.05Mn1.45]O3.95F0.05 and Li[Ni0.5Co0.1Mn1.4]O3.9F0.1 
electrodes delivered a normalized discharge capacity of 
70 and 80 % at 1350 mA g-1 (10 C-rate), respectively, 
compared to the 135 mA g-1 (1C-rate) current density.  
Li+ ions diffuse through the electrolyte and solid-state 
lithium ions diffuse within the electrode. The high cur-
rent capability is related to a combination of electrode 
polarization and electric conductivity of the host 
material. In fact, the electric conductivity of Co is great-
er than that of Mn, and a small amount of cobalt doping 
increases electric conductivity. Moreover, the observed 
reductions of the spinel lattice and cell volume with co-
balt doping arise from a local contraction of the man-
ganese lattice about the substituted Co3+ ions [13]. 
Therefore, electrochemical insertion/extraction of lith-
ium ions was more easily performed with Li[Ni0.5Coy 

Mn1.5-y]O4-zFz than Li[Ni0.5Mn1.5]O4. Moreover, Ama- 
tucci and coworkers [24] also reported that a small 
amount of F ions form Mn-F bonds, which may affect 
the chemical stability of the spinel towards Mn dis-
solution initiated by acidic species. Therefore, it seems 
that the small amount of Co and F substitution in the 
Li[Ni0.5Mn1.5]O4 structure enhances the electrochemical 
performance resulting in a significant improvement in 
rate capability of Li[Ni0.5Mn1.5]O4. 

Conclusion

  Spinel Li[Ni0.5CoyMn1.5-y]O4-zFz (y = 0 - 1.0, z = 0 - 0.1) 
materials were synthesized by an ultrasonic spray py-
rolysis method. All materials had a cubic spinel structure 
with a space group of Fd3m and high crystallinity with 



Improved High-rate Capability of Li[Ni0.5CoyMn1.5-y]O4-zFz Spinel Materials for 5 V Lithium Secondary Batteries 1179

well-developed morphology. Cobalt and fluorine co- 
doped materials exhibited lower discharge capacities 
than Li[Ni0.5Mn1.5]O4. However, Co and F-doped spinel 
materials such as the Li[Ni0.5Co0.1Mn1.4]O3.9F0.1 elec-
trode showed a excellent high current discharge capa-
bility, 80 % higher, even when applied at 10 times the 
135 mA g-1 (1 C-rate) current density. They also showed 
100 % cycling retention after 50 cycles.
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