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Abstract—High energy nickel manganese cobalt oxide materials (HENMC) are one of the most viable cathode materials
for a high energy density lithium ion battery (LIB), but they contain expensive and toxic cobalt (Co). We synthesized
Co-free high energy nickel manganese oxide cathode materials (HENM) via a solid state reaction method and a co-
precipitation method. Their structural and electrochemical properties were comparatively investigated using X-ray dif-
fraction spectroscopy (XRD), scanning electron microscopy (SEM), inductively coupled plasma (ICP), electron probe
micro-analysis (EPMA), particle size analysis (PSA) and electrochemical impedance spectroscopy (EIS). The co-pre-
cipitated HENM and the solid state fabricated HENM showed high capacities of 250 mAhg™ and 240 mAhg™, respect-
ively. It suggests that the solid state fabricated method of HENM would be a good candidate for practical application

as well as the co-precipitated one.
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INTRODUCTION

The lithium ion battery (LIB) is one of the most advanced
rechargeable batteries in the commercial battery market and its high
energy density, light weight, and better cycle performance make it
useful for applications in various areas, from cell phones and note-
book PCs to extended electric vehicles (XEV) and energy storage
systems (ESS) [1].

Even though both cathode and anode materials with high spe-
cific capacity are very critical for the development of LIB for high
energy density applications, there are no commercially available
high capacity cathode materials except for lithium nickel manga-
nese cobalt oxide (NMC) and lithium nickel cobalt aluminum oxide
(NCA). To develop novel cathode materials with a capacity higher
than 200 mAhg ', many researchers have investigated various types of
materials including Li,MnSiO, [2], LiFeF; [3], (1-z)Li[Li,;Mn,;]O,’
zLi[Mny;s_Nijs_,Co,]O, (high energy lithium nickel manganese
cobalt oxide, HENMC) [4-15], and xLi[Mn, sNiy5]0,-(1—x){Li,MnO;'
Li(Mn,sNiy5)O,} (high energy lithium nickel manganese oxide,
HENM) [4-7,16,17]. Among them, the HENMC has been known
to work at a high potential of 4.9 V vs. Li/Lit+ and to show a capacity
of more than 250 mAhg ' [4-7]. However, they have critical prob-
lems such as poor rate capability, large irreversibility of the first cycle,
and a continuous decrease of the discharge voltage plateau during
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cycling, which should be overcome for its practical use in XEV or
ESS.

The cobalt-free HENM has been fabricated by using a co-precipi-
tation process similar to the process used to make the NMC [16,
17]. The HENM behaves similarty to HENMC, but its structural
stability may be decreased due to the absence of cobalt atoms in
the lattice. Nevertheless, this cobalt free cathode is very attractive
because of the lack of expensive cobalt.

We synthesized the HENMs employing co-precipitation method
and analyzed their structural and electrochemical properties. After
that, the samples of same composition were prepared based on the
solid state reaction process, and their electrochemical and physical
properties were comparatively studied, including their crystal struc-
ture, elements distribution, morphology, particle size distribution,
cycle performance, rate capability, and charge transfer resistance.

EXPERIMENTAL

1. Sample Preparation

0.5Li,MnO,-0.5LiNi,sMn, ;O, powder (ss-HENM) obtained by
a solid state reaction was prepared as follows: First, the monoclinic
Li,MnO; was prepared by ball milling MnCO; and Li,CO, followed
by heat treatment at 500 °C for 72 h in air. Second, NiO+MnO, and
LiOH were subjected to ball milling and heat treatment at 1,000 °C
for 12 h in air to obtain LiNi,sMn,<O,. Finally, the LiNi,;Mn, O,
and Li,MnO; powders were mixed via ball milling with the same
stoichiometric ratio; then, the mixture was heat treated at 900 °C
for 6 h in air.
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We prepared the 0.5Li,MnO;-0.5LiNi,sMn,;O, (c-cHENM) by
using a co-precipitation process for precursors and solid state reac-
tion as follows: a 0.1 M aqueous solution of MnSO, and NiSO, with
a 1 :3 molar ratio, and a 1 M aqueous solution of NaHCO, were
injected into a glass reactor to precipitate the precursor Ni,,sMn,,;CO;
with a stirring speed of 250 rpm. The co-precipitated precursor was
washed several times and dried at 80 °C for one day. Li,CO; was
mixed with the Ni,,sMn,,;CO;, and the mixture was heat-treated at
900 °C for 6 h in air.

2. XRD, SEM, EPMA, PSA and TGA

s-HENM and c-HENM were investigated using XRD (Rigaku D/
max-II), SEM (Nova nano SEM 2000), EPMA (JEOL JXA-8500F)
and particle size analyzer (Micromeritics Saturn DigiSizer IT). X-ray
diffraction patterns were obtained from 26=10° to 80° with a scan-
ning rate of 0.3%min, and the applied current and voltage to gener-
ate X-rays (Cu K-« line) were 100 mA and 40 kV, respectively.

3. Cell Assembly and Test

Cathodes were made by mixing the prepared 0.5Li,MnO;-0.5LiNi;
Mn,;0,, acetylene black, and polyvinylidene difluoride at a ratio
of 8:1: 1. The slurry mixture was coated on an Al foil using a doctor
blade and dried at 80 °C for 24 h. The coated and dried electrode
was punched to make a circular 16 mm diameter disk with the surface
area of 2.0 cm’. The cathode was 80 um thick and it contained ap-
proximately 11-12 mg-cm’ of active material. The charge and dis-
charge characteristics of the cathodes were examined using coin
cells (2032 type). The cells consisted of a cathode, an electrolyte, a
lithium metal anode, and a Celgard 2500 separator. The electrolyte
was a 1 M LiPF-ethylene carbonate/dimethyl carbonate/ethylmethyl
carbonate (EC/DMC/EMC) solution. The galvanostatic charge-dis-
charge experiments were performed between 2.0 and 4.9 V using a
Maccor 4000 battery cycler. The rate capability was also tested by
applying various discharge currents of 0.05 C-2 C for 5 cycles step,
applying 0.05 C discharge current after each step and 0.05 C rate
was kept during every charge procedures. Electrochemical imped-
ance spectroscopy (EIS) was carried out in the frequency range of
100 kHz to 1 mHz with an AC-amplitude of 10 mV (Multi elec-
trochemical analyzer system VSP, BioLogic).

RESULTS AND DISCUSSION

1. Structure and Morphology of HENM

Fig. 1(a) shows the XRD data of the Li,MnO, which can be in-
dexed as a well-known Li,MnO; monoclinic structure. The Li,MnO,
structure has been reported to be trigonal (P3,12) [18] as well as
monoclinic, either C2/m [19-21] or C2/c [22]. The diffracted peaks
of approximately 21 degrees marked as “%” in the Fig. 1(a) were
previously reported to originate from the super lattice structure com-
posed of the Li,MnO; phase [23]. The super lattice diffraction pat-
tems of (020), (110), (111), (021), and (111) are not clearly shown
in the Fig. 1(a) due to the low calcination temperature of 500 °C.

The XRD of the s-HENM is shown in Fig. 1(b), which is well
indexed to the a~NaFeO, structure with the space group R3m [24].
Fig. 1(c) shows the XRD data of the s-HENM representing the lay-
ered structure of LiNi, sMn, ;O, with the super lattice peaks of Li,MnO;
between 26=20°-25°, suggesting that the sS-HENM can be expressed
by the two layered components as 0.5Li,MnO,-0.5LiNi,sMn, O,
[25]. The XRD result of the c-HENM is shown in Fig. 1(d). The
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Fig. 1. X-ray diffraction results of (a) Li,MnQO,, (b) LiNi,sMn,0,,
(¢) s-HENM, and (d) c-HENM.

peak positions of the XRD result are the same as for ssHENM, which
implies the two layered structure of 0.5Li,MnO,-0.5LiNi,sMn, ;O,.

It was previously reported that the XRD intensity ratio I,4,/Iy;
between (104) and (003) in the R3m space group increases with
the displacement between the cations sitting on the 3a and 3b sites
[27], which means that the higher XRD intensity ratio, the lesser
cationic disorder. Our XRD results in Fig. 1(c) and (d) show that
the I,,/Iy; of the ss-HENM and the c-HENM are 0.59 and 0.62, re-
spectively.

Fig. 2(a) and (b) display the surface morphologies of ss-HENM
and c-HENM, showing the irregular shape of s-HEHM powder and
the spherical shape of c-HENM powder, which would be better for
electrode fabrication. EPMA photographs in the boxes shown in
Fig. 2(a) and (b) show little difference of nickel and manganese ele-
ment and give weak evidence of better compositional uniform dis-
tribution obtained from c-HENM. In general, powders with well-
distributed metal ions could not be easily synthesized for the bigger
particles compared to the smaller particles. The s-HENM particles
exhibited well distributed metal ions by EPMA as expected and
interestingly, c-cHENM samples with over 7 um diameter also show
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Fig. 2. SEM images of (a) ssHENM and (b) c-HENM and their particle size distribution (PSA) (c) s-HENM and (d) c-HENM.
a homogeneous distribution of nickel and manganese element. It Li,MnO,—Li"+0.5Li,0+MnO,+
suggests that the co-precipitation method can be effective to obtain 1/2 O, (only 1% charge)/344 mAhg ™' 0
the well-controlled powders. We identified the atomic compositions LiNig Mn, (05> Li*+Niy M, Oy /280 mAhg " )

of the c-HENM and s-HENM, which were Li, 50oNi ;0sMn 505 003
and of Li; ,0,Nij 1o, Mg ;Mg 705 o0, TESpectively. These values are
very close to the stoichiometric oxidation of Li, ,Nij,Mn,O,. The
particle size distribution of s-HENM is shown to be different from
that of c-HENM in Fig. 2(a) and (b), respectively. We obtained the
particle size distribution of the s-HENM and c-HENM samples via
particle size analysis, as shown in Fig. 2(c) and (d), respectively.
The particle size of the s-HENM is rather widely distributed from
0.1 um to 150 um with an average size of approximately 15.8 pum,
while the c-HENM has a relatively narrower distribution with a smaller
average size of approximately 7.6 um. The particle size data sug-
gests that one of the critical factors related to the specific capacity
of the 1* cycle in the Li,MnO; is particle size [29].
2. Electrochemical Properties of HENM

Egs. (1) and (2) show the intercalation and the deintercalation
reaction of HENM with lithium. The Li,MnO; is decomposed at
1% charge and its theoretical capacity is 344 mAhg™'. The reversible
reaction represented by Eq. (2) corresponds to the inter/deintercala-
tion of the LiNi,sMn,;O, and it is associated with a theoretical capac-
ity of 280 mAhg™'.

Fig. 3 shows the charge and discharge curves of s-HENM and
c-HENM at the 1%, 2™, 5", 10" cycles, which were charged up to
4.9 V. Two types of the samples exhibit a plateau near the 4.5 V in the
first charge profile, representing the decomposition of the Li,MnO,
phase into Li+0.5L1,0,+MnO,, as reported previously [16,17]. In
the subsequent charge and discharge profiles shown by Fig. 3(b)-
(d), the plateau around 4.5V is absent, indicating that the oxygen
loss during the first charge is an irreversible process. Moreover, it is
certain that the decomposition of electrolyte also causes the irre-
versible capacity when the cells are charged up to 4.65 V [32].

As the particle size decreases, more oxygen ions are released during
the 1* cycle [27]. Therefore, we can expect that the smaller spe-
cific capacity of the 1* cycle in the ss-HENM would come from the
large particle size distribution with particles up to 100 um because
large particle sizes give relatively smaller specific capacity.

As cycles continue, the capacity and voltage profiles of c-HENM
become similar to that of s-HENM, but one significant change which
is exhibited to all samples stands out. The starting point of oxidation
between Ni** and Ni*" more and more drops from 3.5V to 3.0V,
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Fig. 3. The voltage profile of the s-HENM and c-HENM for the (a) 1" cycle, (b) 2™ cycle, (¢) 5" cycle and (d) 10™ cycle.
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Fig. 4. (Color online) (a) Open and solid circles represent the charge and discharge capacities of the c-HENM with cycle, respectively.
Open and solid triangles represent those of the s-HENM with cycle, respectively. (b) Open and solid circles represent the cycle
efficiencies of the discharge capacities of the ccHENM and s-HENM, respectively.

as shown by Fig. 3(b)«(d), representing that the electrochemical activ-
ity gradually develops in the charge from 2™ to 10" cycle [31].
Cycle performance and charge-discharge efficiency of the s-HENM
and c-HENM are shown in Fig. 4(a) and (b), respectively. The dis-
charge capacity of both the s-HENM and the c-HENM is in the range
of 240-250 mAhg ™" at the discharge rate of 0.1 C afer a couple of
cycles. It shows that the obtained experimental value is lower than
the theoretical capacity which is shown by Eq. (2). The reason for
low capacity in comparison with the theoretical capacity is that the
inter/deintercalation of the LiNi,sMn,;O, exclusively happened since
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the 2" cycle, as shown by Fig. 3(a)-(d). In addition, this value was
similar to 244 mAhg ™' and higher than 238 mAhg™', as Sun et al.
[30] and Kang et al. [31] reported, respectively. The charge-dis-
charge efficiencies became constant after the 4™ cycle. The effi-
ciency of s-HENM goes down to below 90% until the 3 cycle and
reaches 99% afier the 4" cycle due to its relatively lower homoge-
neity than c-HENM. The efficiency of the c-HENM after the 4"
cycle is slightly better than that of the ssHENM.

The rate capabilities and impedance of both cathode materials
were measured and are shown in Fig. 5 and Fig. 6, respectively. The
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Fig. 6. Impedance spectra of fresh half cells with ssHENM and c-
HENM, respectively.

rate performance of c-HENM is better than that of s-HENM at the
rates from 0.05 C to 2 C and specifically at the rate 0.5 C. The uniform
size distribution of c-HENM around 7 im may contribute to a better
rate capability, while the rate performance difference is reduced at
both high rates of 1 C and 2 C. Electrochemical impedance spec-
troscopy (EIS) was carried out at the fresh state of both samples.
The calculated surface layer resistance (R;) of the s-HENM and
the c-HENM is 460 Q and 370 O, which are observed in the semicir-
cles presented in Fig. 6. In other words, the charge transfer reaction
at the interface of c-HENM and electrolyte solution is somehow
enhanced than that of s-HENM and electrolyte solution, which is
in agreement with the fact that the electrochemical performance of
the c-HENM is slightly better than that of the ss-HENM. But there
is no large difference in the electrode performance to suggest that
the solid state fabricated method of HENM would be a good candi-
date for practical application as well as the co-precipitated one.

CONCLUSION

To understand the difference of battery performance for the HENM
prepared in two different methods, namely solid state reaction and
co-precipitation process, comparative studies were carried out. Less
cationic disorder in the c-HENM than in the s-HENM is one of the
causes of the improved cycle performance and rate capability. The
c-HENM, having a narrower range of particle size distribution and
uniform compositional distribution, reveals somewhat better elec-
trochemical performance than the s-HENM. But there is no large
difference in the electrode performance to suggest that the solid state
fabricated method of HENM would be a candidate for practical ap-
plication as well as the co-precipitated one.
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