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a b s t r a c t

The layered LiNi1/3Mn1/3Co1/3O2 materials with good crystalline are synthesized by a novel method of
hydrothermal method followed by a short calcination process. The crystalline structure and morphology
of the synthesized materials are characterized by XRD, SEM. Their electrochemical performances are
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evaluated by CV, EIS and galvonostatic charge/discharge tests. The material synthesized at 850 ◦C for 6 h
shows the highest initial discharge capacity of 187.7 mAh g−1 at 20 mA g−1. And the capacity retention of
97.9% is maintained at the end of 40 cycles at 1.0 C. CV test reveals almost no shift of anodic and cathodic
peaks after first cycle, which indicates good reversible deintercalation and intercalation of Li+ ions.

© 2009 Elsevier B.V. All rights reserved.
iNi1/3Mn1/3Co1/3O2

ithium-ion battery

. Introduction

Recently, the layered LiNixMnyCo1−x−yO2 composites have
ttracted many attentions for their high capacity, good cycling
tability and excellent thermal stability [1–4]. Among them,
iNi1/3Mn1/3Co1/3O2 has shown to be one of the most promising
lternative materials in terms of operating voltage, high dis-
harge capacity, high rate capability, cycle-ability, good structural
nd thermal stability [5–9] and is considered to be one of the
est candidates of cathode material for hybrid electric vehicle
HEV) power source system. The electrochemical performance
f LiNi1/3Mn1/3Co1/3O2 is extremely depends on the synthesis
ethod. Because the crystallinity, phase purity, particle morphol-

gy, grain size, surface area, and cation distribution in the structure
hich rely on the synthesis method all play important roles in

he electrochemical performance of the material [10,11]. Unfor-
unately, it is difficult to prepare this complicated compound by
sing traditional solid state method, because it often result in an

nhomogeneous or impure product with lower capacity and poor
ycling performance [12–14]. As for sol–gel synthesis method of
iNi1/3Mn1/3Co1/3O2, high temperature calcination is also neces-

ary to prepare a pure phase, which results in an undesirable
articles growth. In this aspect, some researches have reported
o-precipitation method to prepare metal hydroxide would be a
etter method, because the method provides a new approach to

∗ Corresponding author. Tel.: +86 10 68918099; fax: +86 10 68918099.
E-mail address: suyuefeng@bit.edu.cn (Y. Su).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.10.043
synthesis materials under milder conditions, which offers various
morphologies and easy control. But the condition of such reaction
must be strictly controlled and quite long reaction time is needed
[9]. Hydrothermal treatment is a promising process to improve
the crystallinity of transition metal oxide cathode materials. This
is because the hydrothermal reaction could be carried out at a
low temperature, while under high pressure in a sealed condition.
The hydrothermal treatment of hydroxide precursor could greatly
improve the electrochemical properties of the cathode materials.
Although there are many literature reports about hydroxide co-
precipitation, there is little work about hydrothermal treatment
of Ni1/3Mn1/3Co1/3(OH)2 to synthesize LiNi1/3Mn1/3Co1/3O2. This
novel method could obtain the product at a relative short time and
low calcination temperature. The structure, morphology and elec-
trochemical properties of the prepared LiNi1/3Mn1/3Co1/3O2 have
been investigated in detail.

2. Experimental

Co(CH3CO2)2·4H2O, C4H6MnO4·4H2O, C4H6NiO4·4H2O as the
starting materials were dissolved in deionized water with the mole
ratio of 1:1:1. The aqueous solution of acetate was pumped into a
continuously stirred reactor. NH4OH was dripped into the solu-
tion at a constant rate till pH 11.0 was reached, and then LiOH·H2O
was slowly added. Such as-prepared suspension (the hydroxides

precipitate and the solution) was transferred to a 100 ml Teflon
beaker autoclave and filled to 85% of the capacity. The autoclave
was sealed and heated at 160 ◦C under auto-generated pressure for
30 h, and then cooled to room temperature naturally. After that, a
colorless clear solution and brown precipitate was obtained. The

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:suyuefeng@bit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.10.043
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than that of the precursor A, it means that the crystal orientation
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ig. 1. XRD patterns of [Ni1/3Mn1/3Co1/3](OH)2 (A) before hydrothermal treatment
nd (B) after hydrothermal treatment.

olution was removed by filtration and the hydrothermal treated
ydroxides was washed with deionized water and dried in air at
0 ◦C overnight. The dried precipitate was then grounded with 5%
xcess LiOH·H2O (excess amount of LiOH·H2O was used to com-
ensate possible Li loss during the calcination [15]). The powders
ere calcined at 850 ◦C by different time in air, viz., 4, 6, 8 and 10 h,

espectively. Hereafter, the materials synthesized by 4, 6, 8 and 10 h
ere referred as A, B, C and D, respectively.

X-ray diffraction (XRD) measurement was carried out using Cu

arget K� radiation in the 2� range of 10–90◦. D Max-RD12Kw
iffractometer were used to test the [Ni1/3Mn1/3Co1/3](OH)2 with
he steps of 8◦ min−1; D Max-RB12Kw diffractometer were used
o test LiNi1/3Mn1/3Co1/3O2 with the steps of 1.2◦ min−1. The struc-

ig. 2. SEM images of [Ni1/3Mn1/3Co1/3](OH)2 (A) before hydrothermal treatment 40,000×
0,000×, and (D) after hydrothermal treatment 10,000×.
ces 195 (2010) 2362–2367 2363

tural parameters were obtained by the Rietveld refinement method
using the FullProf2006 program. Scanning electron microscope
(SEM) was performed using QUANTA 600.

The electrochemical properties of LiNi1/3Mn1/3Co1/3O2 were
examined in the CR2025 coin type cells. The cathode elec-
trodes were prepared by pasting the mixture of 85.0 wt.%
LiNi1/3Mn1/3Co1/3O2, 10.0 wt.% acetylene black and 5.0 wt.% PVDF
onto a aluminum foil current collector. The electrolyte was 1 M
LiPF6/EC + DMC (1:1 in volume). The cells were assembled in an
Argon-filled glove box, then aged for 12 h before electrochemi-
cally cycled between 2.8 and 4.5 V (vs. Li/Li+) using CT2001A Land
instrument.

The cyclic voltammogram (CV) was operated at 0.1 mV s−1

between 2.5 and 4.8 V. The electrochemical impedance spec-
troscopy (EIS) measurements were conducted by a CHI660a
impedance analyzer, using an amplitude voltage 5 mV and fre-
quency range was 0.001–0.1 MHz.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns of [Ni1/3Mn1/3Co1/3](OH)2 before and after
hydrothermal treatment with LiOH·H2O are shown in Fig. 1. It could
see that the intensity of precursor B is different from the precur-
sor A. Because that the intensity of reflections is decided by crystal
orientation, so it is reasonable to deduce the crystal orientation is
different between the two samples. The reflection intensity of pre-
cursor B (especially the 0 0 3 diffraction patterns) is much higher
of precursor after hydrothermal treatment become higher. In addi-
tion, the XRD patterns of the both precursors show broad integrated
lines. The broad integrated lines can be attributed to the mixed
effects of transition metal hydroxides such as Mn(OH)2, Ni(OH)2

, (B) before hydrothermal treatment 10,000×, and (C) after hydrothermal treatment
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Fig. 3. Rietveld refinement results of X-ray diffraction patterns of LiNi1/3Mn1/

nd Co(OH)2. The XRD patterns of the sample B is similar to other
eports [9,16].

Fig. 2 shows SEM images of the [Ni1/3Mn1/3Co1/3](OH)2 before
nd after hydrothermal treatment with LiOH·H2O. There is an evi-
ent distinction in morphology between the two precursors. The
recursors A are composed of small layered particles (100–300 nm)
hich are greatly agglomerate. After hydrothermal treatment,

ock-shaped grains with sharp edges morphology are formed, and
he grain size increases to 200–400 nm. When the images are mag-
ified to 10,000 times, it is clearly to see that the distribution of
he particles is much more uniform after hydrothermal treatment.
t is well known that particle shape and size of cathode materials
an affect the energy density in practical use, so controlling particle
orphology is very important [17].
The Rietveld method was performed to refine the crystal struc-

ure of the LiNi1/3Mn1/3Co1/3O2 prepared by different calcination
ime. The resulting Rietveld refinement pattern and the resultant
arameters are shown in Fig. 3 and Table 1, respectively. The fig-
re reveals there are no other impurity phases are observed. All
eaks are sharp and well defined, suggesting that compounds are
enerally well crystallized. In the XRD pattern, integrated peak

plits of (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) are indicators of charac-
eristic of layer structure [18]. As seen from Fig. 3, regardless of
hort calcination time, the clearly peak splits of (0 0 6)/(1 0 2) and
1 0 8)/(1 1 0) observed in all the XRD patterns which indicate the
ayered LiNi1/3Mn1/3Co1/3O2 materials are successfully synthesized

able 1
omparison of lattice parameters of the LiNi1/3Mn1/3Co1/3O2 powders synthesized by diff

Sample a (Å) c (Å) c/a

A 2.85498(9) 14.21639(40) 4.97
B 2.85373(6) 14.21053(28) 4.97
C 2.85386(7) 14.21099(32) 4.97
D 2.85575(9) 14.21615(43) 4.97
O2 synthesized by different calcination time: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.

by all the calcination time in this experiment. These results could be
interpreted that homogeneous precursor obtained by hydrother-
mal treatment can be readily synthesized the layered compound
even by short calcination time of 4 h. As shown in Table 1, the inten-
sity ration of the (0 0 3) to (1 0 4) lines is sensitive to the degree
of cation mixing, in which the larger I(0 0 3)/I(1 0 4) ratio indicates
the less cation mixing between Li and Ni ions. Generally, when
I(0 0 3)/I(1 0 4) > 1.2, the cation mixing is small [16]. The I(0 0 3)/I(1 0 4)
values of all the samples are larger than 1.2, this indicating less
undesirable cation mixing takes place. The Rietveld refinements
were carried out assuming a �-NaFeO2 type hexagonal structure
(R3̄m), in which Li ions occupy the 3b site; Ni, Mn and Co are located
in the 3a site, and O is located in the 6c site. From Table 1, it is clearly
to see that the sample B has the smallest Bragg R-factor (1.81%),
which means a very good fit between the observed and calculated
patterns. Therefore, we consider that the sample B in this study has
the best O3 hexagonal structure [2]. c/a ratios of all the samples are
greater than 4.9, a value is well known for the material with layered
characteristics. The c/a ratio of the sample B is the largest, which
means it has the highest layer properties and lowest cation mixing
[2,19]. These results indicate the sample B has the best hexagonal

ordering and excellent electrochemical performance.

The SEM images of the prepared LiNi1/3Mn1/3Co1/3O2 materials
are presented in Fig. 4. It can be seen that there is no significant
morphology difference of the synthesized materials. The average
particle size of LiNi1/3Mn1/3Co1/3O2 is 300–500 nm, which is bigger

erent calcination time: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.

I0 0 3/I1 0 4 Rwp (%) RBragg (%)

9506 2.1890 11.8 3.09
9634 1.4436 8.77 1.81
9568 1.4456 10.8 2.47
8079 2.4372 11.8 3.07
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temperature and time is not only much lower in our report but
also the discharge capacity is higher.

The influence of calcination time on the cycling performance of
LiNi1/3Mn1/3Co1/3O2 is also investigated. The cycling performance
Fig. 4. SEM images of LiNi1/3Mn1/3Co1/3O2 synthesized b

han that of [Ni1/3Mn1/3Co1/3](OH)2 (Fig. 2b). Table 2 is the result of
nergy dispersive X-ray (EDX) analysis for the sample B. The inten-
ity values of each element are converted into weight and atomic
ercent. The atomic ratio of Ni, Mn and Co content in the powder

s approximately 1/3, 1/3 and 1/3, respectively, which is almost the
ame as the mole ratio of the starting materials.

.2. Electrochemical behavior

The initial charge–discharge curves of the prepared
iNi1/3Mn1/3Co1/3O2 between 2.8 and 4.5 V under a current
ensity of 20 mA g−1 are showed in Fig. 5. The sample A calcined
y 4 h shows an initial charge capacity of 223.8 mAh g−1 and
ischarge capacity of 160.6 mAh g−1. On increasing calcination
ime to 6, 8 and 10 h, obtained discharge capacities are increased
o 187.7, 175.5 and 158.1 mAh g−1, respectively. The highest initial
ischarge capacity of 187.7 mAh g−1 is obtained by the sample B.
he irreversible capacity loss of samples A, B, C and D are 28.2, 16.0,
9.5 and 17.5%, respectively. The smallest irreversible capacity

oss of 16.0% is also obtained by the sample B. Thereafter, heat
reatment for 6 h is the best time in this experiment. It indicates
hat 4 h is not enough for sufficient reaction to synthesize a high

uality layered LiNi1/3Mn1/3Co1/3O2; 8 and 10 h are a little longer
o obtained well behaved LiNi1/3Mn1/3Co1/3O2. The sample B has
ighest operation voltage would be ascribed to the improved
tructural integrity by the heat treatment. The irreversible capac-

able 2
DX analysis data for sample B.

Elements

Ni Co Mn

wt.% 26.24 26.02 24.16
at.% 15.95 15.76 15.70
erent calcination time: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.

ity loss is mainly attributed to the electrolyte decomposition
and the formation of a solid electrolyte interface (SEI) on the
surface of cathode materials during the first cycle [13]. One of
the great merits of the hydrothermal treatment of hydroxides is
it could greatly decrease the calcination temperature and time.
The LiNi1/3Mn1/3Co1/3O2 obtained by traditional hydroxide co-
precipitation method by other reports has to be heated at 1000 ◦C
for more than 10 h [9,20,21]. The discharge capacity obtained by
Lee et al. [9] is 177.0 mAh g−1. It could see that, the calcination
Fig. 5. The initial charge–discharge curves of LiNi1/3Mn1/3Co1/3O2 cells at 20 mA g−1

synthesized by different calcination time: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.
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ig. 6. The comparison of cycling performance for LiNi1/3Mn1/3Co1/3O2 prepared by
ifferent calcination time: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.

t 1.0 C current is presented in the Fig. 6. The LiNi1/3Mn1/3Co1/3O2
alcined by 4, 6, 8 and 10 h delivered an initial discharge capacity
f 147.4, 168.7, 159.4 and 116.0 mAh g−1, respectively; the capac-
ty retention of each sample after 40 cycles is 85.9, 97.9, 92.5 and
3.8%, respectively. Among all the samples, sample B has the high-
st discharge capacity and best cycling performance. These results
re consistent with the XRD results in which the sample B has the
owest R-value of 0.4146. The performance of the sample B is much
etter than that of Luo et al. [17] reported which the capacity of
54.1 mAh g−1 was obtained at the end of 30th cycle with the reten-
ion of 93%. It can be considered that 6 h is the best calcination time
y the hydrothermal method. The high discharge capacity and sta-
le cycling performance of the prepared LiNi1/3Mn1/3Co1/3O2 could
e attributed to its well-defined structure. As discussed above, the
ighly ordered layered structure and low amount of cation mix-

ng prepared by this method are favorable to the electrochemical
erformance.

Fig. 7 presents the rate capabilities of the LiNi1/3Mn1/3Co1/3O2.
he cells were charged to 4.5 V at 0.2 C, and then discharged to 2.8 V

t 0.2, 1.0, 2.0, 3.0, 4.0 and 5.0 C, respectively. Obviously, as the
urrent density increases, the discharge capacity of all the samples
ecreases due to polarization [22]. However, the sample B shows
he best rate performance of 160.7 and 142.2 mAh g−1 at 2.0 and

ig. 7. Rate capability of LiNi1/3Mn1/3Co1/3O2 cells prepared by different calcination
ime: (A) 4 h; (B) 6 h; (C) 8 h; (D) 10 h.
Fig. 8. Cyclic voltammetry of sample B between 2.5 and 4.8 V at a scan rate of
0.1 mV s−1.

5.0 C, remaining 89.2 and 78.9% of the capacity of 180.2 mAh g−1 at
the 0.2 C. The improved rate capability of the sample B could also
be attributed to the enhanced stabilized structure.

3.3. Cyclic voltammetry (CV)

Cyclic voltammetry of the sample B (calcination for 6 h) between
2.5 and 4.8 V at a scan rate of 0.1 mV s−1 for the first three cycles
are shown in Fig. 8. It could see that the first cycle anodic peaks
center at 3.99 and 4.71 V which correspond to the Ni2+/Ni4+ and
Co3+/Co4+ [6]. The cathodic peaks center at 3.58 and 4.54 V. More-
over, it is noted that no reduction peak near 3.2 V, this means there
is no reduction of Mn3+/Mn4+ [23,24]. It is evident that the major
anodic peak centers at 3.99 V in the first anodic scan shifts to lower
voltage 3.96 V with slightly lower intensity and keep steadily dur-
ing consequently scans, whereas its corresponding cathodic peak
centers at 3.58 V in the first cathodic scan is not evidently shifted
in position and intensity during the scans. After the first cycle, the
curves of the second and third cycle almost overlap. This indicates
the good reversible (de-)intercalation of Li ions in the synthe-
sized LiNi1/3Mn1/3Co1/3O2. The redox peak at 4.71 V has the similar
behavior, and the first anodic and cathodic peaks exhibited marked
fading in intensity compared to the second and third scans. This
fading in peak intensity may be partially attributed to the degrada-
tion between the first and consequent cycles. There are no obvious
redox peak changes after the first cycle. This behavior implies that
structural degradation is not expected during the lithium extrac-
tion/insertion process of LiNi1/3Mn1/3Co1/3O2.

3.4. Electrochemical impedance spectroscopy measurements

Fig. 9 compares the EIS profiles of the LiNi1/3Mn1/3Co1/3O2
before and after 40 cycles at 1.0 C. It could see that a single semi-
circle appears at a high-frequency measured resistance of 74.4 �
(calculated from the first semicircle’s diameter) for the freshly
assembled cell which is followed by an inclined straight line. In gen-
eral, the high-frequency semicircle reflects the impedance (RSEI)
due to a surface film forms on the surface of electrodes, i.e. the
so-called solid electrolyte interface (SEI). The low-frequency tail
is associates with the diffusion effects of Li-ion on the interface

between the active material particles and electrolyte, which is
called Warburg diffusion [25–28]. After 40 cycles, a new depressed
semicircle appears in the relatively low-frequency region. This
low-frequency semicircle is related to a slow charge transfer pro-
cess at the interface and its relative double-layer capacitance
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Fig. 9. Impedance spectra (Z′ vs. Z′′) of sample B.

t the film/bulk oxide and the numerical value of the semicir-
le diameter on the Z′ axis is approximately equal to the charge
ransfer resistance (Rct) [4]. It can be seen that the RSEI value for
he fresh electrode is increases to 88.9 � after 40 cycles, which

eans that an SEI film has been performed upon the contact
f electrode and electrolyte. During cycling, the Rct of the elec-
rode increases to 65.4 �. The increase in the surface resistance of
iNi1/3Mn1/3Co1/3O2 is related to the LiNi1/3Mn1/3Co1/3O2 particles
ecome slightly coarse after cycling. According to Markovsky [29],
athode material could be decomposed by HF attack from the elec-
rolyte, which is generated by the decomposition of the electrolytic
alt. LiNi1/3Mn1/3Co1/3O2 could be decomposed by the following
eaction:

LiNi1/3Mn1/3Co1/3O2 + 2HF + Li+ + e−

→ Li1−ıLiNi1/3Mn1/3Co1/3O2 + LiF + H2O

oreover, polycarbonates, polymeric hydrocarbons, NiO-type
hase, MnCO3, Li2CO3, LixPFy, LixPFyOz, NiF2, CoF2, and MnF2 could
lso form on the surface of Li–Ni–Mn–Co–O compounds during
ycling [4,27,30]. These byproducts could increase the resistance
f the surface film and thereby dynamically hinder the movement
f the lithium ions during the deintercalation/intercalation process.
ue to the bare material directly exposed to HF, decomposition of
iNi1/3Mn1/3Co1/3O2 and the formation of byproducts occur much
apidly. Simultaneously, byproducts would attribute to increase in
he internal resistance of the material because they are electrical
nsulator. This leads to the fast of capacity fade and increment of
mpedance for the bare material. The EIS phenomena might be able
o explain part of the rate capability and the cycle life characteris-
ics of the material. The increase in RSEI and Rct will cause a high
ell polarization, leading to an apparent capacity loss.
. Conclusions

The most highlighted point of this work is to synthesis
iNi1/3Mn1/3Co1/3O2 by treat the [Ni1/3Mn1/3Co1/3](OH)2 precur-

[
[

[

[

ces 195 (2010) 2362–2367 2367

sor with excess amount of LiOH aqueous solution at 160 ◦C by the
hydrothermal method. This method could lower the final calcina-
tion temperature and shorten calcination time. The XRD patterns
reveal that LiNi1/3Mn1/3Co1/3O2 could be synthesized even by short
calcination time of 4 h. The LiNi1/3Mn1/3Co1/3O2 calcined by 6 h
exhibits the highest discharge capacity of 187.7 mAh g−1 at a cur-
rent density of 20 mA g−1 and the capacity retention after 40
cycles at 1.0 C is 97.9%. The good electrochemical performance of
LiNi1/3Mn1/3Co1/3O2 prepared by this method can be attributed to
the highly ordered layered structure and low amount of cation mix-
ing. It is concluded that this hydrothermal treatment is an excellent
method to synthesize cathode material, which ultimately results in
excellent performance of the final product LiNi1/3Mn1/3Co1/3O2.
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