
S

A
l

F
a

b

a

A
R
R
A
A

K
C
A
L
C

1

p
a
a
e
c
s
e
i
F
L
i
s
m
o
a
[

−
e
s

B
f

0
d

Journal of Power Sources 195 (2010) 2900–2904

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

novel layered material of LiNi0.32Mn0.33Co0.33Al0.01O2 for advanced
ithium-ion batteries

eng Wua,b, Meng Wanga,b, Yuefeng Sua,b,∗, Liying Baoa,b, Shi Chena,b

School of Chemical Engineering and Environment, Beijing Institute of Technology, Beijing 100081, China
National Development Center of High Technology Green Materials, Beijing 100081, China

r t i c l e i n f o

rticle history:
eceived 19 May 2009
eceived in revised form 8 September 2009
ccepted 10 November 2009

a b s t r a c t

A novel layered material of LiNi0.32Mn0.33Co0.33Al0.01O2 with �-NaFeO2 structure is synthesized by sol–gel
method. X-ray diffraction (XRD) shows that the cation mixing in the Li layers of it is decreased. In
addition, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) are employed to
vailable online 14 November 2009
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characterize the reaction of lithium-ion insertion and extraction from materials. The results indicate that
the structure of LiNi0.32Mn0.33Co0.33Al0.01O2 is more stable than that of the LiNi0.33Mn0.33Co0.33O2. The
capacity retention of LiNi0.33Mn0.33Co0.33O2 after 40 cycles at 2.0 C is only 89.9%, however, that of the
LiNi0.32Mn0.33Co0.33Al0.01O2 is improved to 97.1%. The capacity of the LiNi0.32Mn0.33Co0.33Al0.01O2 at 4.0 C
remains 71.8% of the capacity at 0.2 C, while that of the LiNi0.33Mn0.33Co0.33O2 is only 54.3%. EIS mea-
surement reveals that the increase in the charge transfer resistance during cycling is suppressed in the

2 ma
ycling performance LiNi0.32Mn0.33Co0.33Al0.01O

. Introduction

Since Ohzuku and Makimura [1] first proposed a layered com-
ound LiNi0.33Mn0.33Co0.33O2, it has attracted significant attention
s a promising cathode material. It has high capacity, structural
nd thermal stability, and excellent cycle performance [2–5]. How-
ver, many problems still remained, such as low rate capability and
onsiderable capacity loss at high current density. Many authors
uggested that partial substitution for transition metal was an
ffective method in modifying the electronic structure and improv-
ng the electrochemical performances [6–9]. It is reported that
e and Mg substitute for Ni in LiNi1/3−xFexCo1/3Mn1/3O2 [10] and
iNi0.6−xMgxCo0.25Mn0.15O2 [11] could reduce the cation mixing,
mprove structural integrity and cycle stability. Obviously, sub-
titute for Ni in the Ni-based oxide is appeared to be a good
ethod to modify the structural and electrochemical performance

f these materials. In this study, we employed aluminum (Al3+) as
dopant due to the more negative Gibbs free energies of the Al2O3

� −1 �
�fGAl2O3
= −1582.3 kJ mol ] compares to that of NiO [�fGNiO =

211.7 kJ mol−1] [12]. It is reasonable to deduce that the bonding
nergy of Al–O is much stronger than that of Ni–O. Therefore, by
ubstituting a part of Ni with Al in layered LiNi0.33Mn0.33Co0.33O2,
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the total metal–oxygen bonding of the doped material is stronger
than that of undoped one. Hence, we synthesized a novel lay-
ered material of LiNi0.32Mn0.33Co0.33Al0.01O2 by substitute a small
amount of Ni2+ in LiNi0.33Mn0.33Co0.33O2 with Al3+. The structure
and electrochemical properties of the compounds are investigated
in this paper.

2. Experimental

LiNi0.33−xMn0.33Co0.33AlxO2 (x = 0, 0.01) materials were pre-
pared by a sol–gel method using citric acid as a chelating agent.
Stoichiometric amounts of CH3COOLi·2H2O, (CH3COO)2Ni·4H2O,
(CH3COO)2Mn·4H2O, (CH3COO)2Co·4H2O and Al(NO3)3·9H2O were
dissolved in deionized water. The dissolved solutions were added
drop by drop into the continuously agitated aqueous solution of
citric acid. The metal:chelating agent was fixed to be 1:2. The
pH of the solution was adjusted in the range of 7.0–9.0 by using
ammonium hydroxide. Then the prepared solution was evapo-
rated at 70–80 ◦C. The resulting precursors were heated with a
heating rate of 5 ◦C min−1 and decomposed at 500 ◦C for 5 h in
air. The powders were calcined at 850 ◦C for 16 h in air and then
the sample was cooled slowly in the furnace to room tempera-
ture.
XRD measurement was carried out using a D Max-RD12Kw
diffractometer with a Cu target K� radiation. The scan data were
collected in the 2� range of 10–90◦ in steps of 1◦ min−1. Scanning
electron microscope (SEM) was performed using QUANTA 600. The
Li, Ni, Mn, Co and Al contents in the samples were analyzed by

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:suyuefeng@bit.edu.cn
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ig. 1. X-ray diffraction patterns of the LiNi0.33−xMn0.33Co0.33AlxO2 powders: (a) x = 0
nd (b) x = 0.01.

n inductively coupled plasmas spectrometer (ICP, IRIS Intrepid II
SP).

The electrochemical properties of LiNi0.33−xMn0.33Co0.33AlxO2
ere examined in the CR2025 coin type cells. The cathode

lectrodes were prepared by pasting the mixture of 85.0 wt.%
iNi0.33−xMn0.33Co0.33AlxO2, 10.0 wt.% acetylene black and 5.0 wt.%
VDF onto a aluminum foil current collector. The electrolyte was
M LiPF6/EC + DMC (1:1 in volume). The cells were assembled in an
rgon-filled glove box, then aged for 12 h before electrochemically
ycled between 2.8 and 4.5 V (versus Li/Li+) using CT2001A Land
nstrument.

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

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

. Results and discussion

.1. X-ray diffraction and morphology

The XRD patterns of the LiNi0.33−xMn0.33Co0.33AlxO2 (x = 0,
.01) materials are shown in Fig. 1. There is no impurity phase
etected in the patterns, which indicates that a single phase layered
iNi0.33−xMn0.33Co0.33AlxO2 is obtained. The patterns also show
lear split of the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peaks, indicat-
ng both the compounds have a high degree of ordered hexagonal
tructure [12]. The lattice parameters inserted in Fig. 1 were calcu-
ated by a least square method from the XRD patterns. The lattice
arameter a indicates the metal-metal interlayer distance while c
epresents the interlayer spacing. It could see that the a parame-
er slightly decreases while the c parameter greatly increases. The
ncorporation of the smaller and more polarizing Al3+ ion (rAl3+ =
3.5 pm [13]) in place of the larger Ni2+ ion (rNi2+ = 69 pm [13]) is
he reason for the decreases of a [14]. The increases of c parame-
er could due to the polarizing effect of the Al3+ ion in the [MO2]
ayers, which will to distort the structure and increase the inter-

ayer distance along c-axis [15]. The variation in measured lattice
arameters is in good agreement with those reported previously
16,17]. The increases of c-axis will provide an increase of chemi-
al diffusion coefficients of Li+ ions in LiNi0.32Mn0.33Co0.33Al0.01O2.
oreover, c/a ratios of both samples are greater than 4.9, a value
ces 195 (2010) 2900–2904 2901

is well known for the material with layered characteristics. How-
ever, the c/a ratio of the sample LiNi0.32Mn0.33Co0.33Al0.01O2 is
larger than that of undoped one. It means the Al-doped sample has
the higher layer properties and lower cation mixing [18,19]. The
intensity ratio of (0 0 3)/(1 0 4) peaks is a sensitive parameter to
determine the cation distribution in the lattice and the higher this
ratio, the lower degree of the cation mixing [20,21]. Obviously, the
I(0 0 3)/I(1 0 4) value of LiNi0.32Mn0.33Co0.33Al0.01O2 is higher than that
of LiNi0.33Mn0.33Co0.33O2 which means the cation mixing in Li layer
seemed to be decreased by Al3+ substitution. These observations
are similar to the literature [22]. The increased c-axis and reduced
cation mixing could consequently effect on the improvement on its
rate capacity and cycling performance.

Fig. 2 shows the SEM photographs for LiNi0.33−xMn0.33
Co0.33AlxO2 powders. The average particle size is about
100–500 nm, and there is no great difference between the
LiNi0.32Mn0.33Co0.33Al0.01O2 and LiNi0.33Mn0.33Co0.33O2. ICP was
employed to measure the final elements ration in the samples.
The atom ratio of Li:Ni:Mn:Co in the LiNi0.33Mn0.33Co0.33O2
sample is determined to be 1.003:0.335:0.331:0.334 by ICP emis-
sion spectrometry; while the atom ratio of Li:Ni:Mn:Co:Al
in the LiNi0.32Mn0.33Co0.33Al0.01O2 is determined to be
1.025:0.321:0.330:0.332:0.010. The results show that the chemical
compositions of both samples are nearly equal to the stoichiometric
ratio as decided.

3.2. Electrochemical behavior

Fig. 3 shows the initial charge–discharge curves for the
LiNi0.33−xMn0.33Co0.33AlxO2 cells at a current density of 0.12 C
(20 mA g−1). The initial charged and discharge capacity of the
LiNi0.33Mn0.33Co0.33O2 is about 209.9 and 177.6 mAh g−1, respec-
tively. A little decrease in the capacity is observed for the material
of LiNi0.32Mn0.33Co0.33Al0.01O2, which is 203.5 and 175.5 mAh g−1.
One of the reasons is that electrochemically inactive Al3+ substitu-
tion for active Ni2+ ions could decrease the amount of Ni2+/Ni4+

reaction. However, it could see that the coulombic efficiency is
improved from 84.6% to 86.2% after doping. Delmas et al. [23,24]
ascribed an irreversible loss of capacity between the first charge
and first discharge to the formation of electrochemically inactive
regions in the cathode due to the oxidation of pre-existing Ni2+

ions which occupy the Li layer. The improved coulombic efficiency
is related to the suppressed cation mixing in the doped material.
For the Al3+-doped sample, the cation mixing in the Li layer is sup-
pressed effectively so that Li+ ions will be less blocked by Ni2+

ions, resulting in highly reversible Li+ intercalation/deintercalation
during cycling.

Fig. 4 shows the cycling performance of the LiNi0.33−x
Mn0.33Co0.33AlxO2 cells at 2.0 C current. Although the
LiNi0.33Mn0.33Co0.33O2 delivered a discharge capacity of
115.5 mAh g−1 for first cycle, it suffered a severe capacity fad-
ing and reaches to 103.9 mAh g−1 after 40 cycles. The capacity
retention is only 89.9% of its initial discharge capacity. As for the
LiNi0.32Mn0.33Co0.33Al0.01O2, the initial capacity is 123.6 mAh g−1,
but the capacity retention after 40 cycles is improved to 97.0%.
One reason for the capacity fading of layered materials is due to
the instability of the delithiated electrode surface. It has been
suggested that doping of Al could reduce the reactivity of the
cathode toward electrolyte oxidation [25]. The result could be
proved by the following EIS tests. Another possible reason is that

the bonding energy of Al–O is much stronger than that of Ni–O,
therefore, Al-doping could make the crystal structure of cathode
material more stable [26–28]. Moreover, there is less Ni2+ ions
occupy the Li+ layers for the doped sample which could stabilize
the layered structure during cycling.
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Fig. 2. SEM images of LiNi0.33−xMn0.33Co0.33

Fig. 3. The initial charge–discharge curves of LiNi0.33−xMn0.33Co0.33AlxO2 powders:
(a) x = 0 and (b) x = 0.01.

Fig. 4. Selected charge–discharge curves of LiNi0.33−xMn0.33Co0.33AlxO2 powders
obtained during cycling at 0.2 C: (a) x = 0 and (b) x = 0.01.
AlxO2 powders: (a) x = 0, (b) x = 0.01.

Rate capability test also demonstrated the advantages of
LiNi0.32Mn0.33Co0.33Al0.01O2 as shown in Fig. 5. The cells were
charged at 0.2 C and discharged at 0.2, 1.0, 2.0, 3.0, 4.0 and
5.0 C, respectively. The discharge capacity of LiNi0.33Mn0.33Co0.33O2
drops dramatically with increasing current densities: reaches to
115.4, 90.1 and 78.8 mAh g−1 at 2.0, 4.0 and 5.0 C, which are only
69.7, 54.3 and 47.5% of the capacity of 165.8 mAh g−1 at 0.2 C,
respectively. However, the rate capability is improved significantly
by Al-doping. The LiNi0.32Mn0.33Co0.33Al0.01O2 presented a capacity
of 127.3, 114.2 and 108.4 mAh g−1 at 2.0, 4.0 and 5.0 C, correspond-
ing to 80.0, 71.8 and 68.1% of its capacity at 0.2 C (159.1 mAh g−1).
In brief, the rate capability of LiNi0.32Mn0.33Co0.33Al0.01O2 is much
better than that of LiNi0.33Mn0.33Co0.33O2. This relates to larger lat-
tice parameter of c caused by Al-doping. The increasing of c could
result in easy mobility of Li+ ions in the layered oxide compound to
enhance rate capability.

3.3. Cyclic voltammetry (CV)
Cyclic voltammograms for LiNi0.33−xMn0.33Co0.33AlxO2 elec-
trodes are shown in Fig. 6. It could see that the difference of the
curves on the first cycle and the subsequent cycles is obvious for
the undoped sample. However, the intensity of the cyclic voltam-

Fig. 5. Rate capability of LiNi0.33−xMn0.33Co0.33AlxO2 cells at different current den-
sity: (a) x = 0 and (b) x = 0.01.
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Fig. 6. Cyclic voltammogram of LiNi0.33−xMn0.33Co0.33Alx

ogram curves almost unchanged after doping which means the
rreversible loss of capacity and activation of the electrode on
ontact with the electrolyte are greatly suppressed. It could see
hat the cathodic peaks for the undoped one of the first cycle
enter at 4.06 and 4.61 V which correspond to the Ni2+/Ni4+ and
o3+/Co4+. And the corresponding anodic peaks shift to 3.64 and
.54 V, respectively. In the meantime, the cathodic peaks of the
iNi0.32Mn0.33Co0.33Al0.01O2 center at 3.88 and 4.61 V, and the
nodic peaks at 3.65 and 4.52 V. Obviously, the potential difference
f the major peak corresponding to the Ni2+/Ni4+ for the doped one
s 0.23 V which is greatly depressed when compared to that of the
iNi0.33Mn0.33Co0.33O2 (about 0.42 V). It is well known that the big-
er the potential difference between intercalate and deintercalate
ithium-ions, the stronger the electrode polarization is. As doping
educes the difference of the position between oxidation and reduc-
ion peaks which indicates the better reversibility of Li+ ions during
ntercalating/deintercalating in LiNi0.32Mn0.33Co0.33Al0.01O2 mate-
ials which, in turn, ensures reduced capacity fade during cycling
29].
.4. Electrochemical impedance spectroscopy (EIS)

In this study, EIS tests were performed on the electrodes
t charged state (to 4.5 V). Fig. 7 illustrates the EIS profiles of
iNi0.33−xMn0.33Co0.33AlxO2 cells before and after 40 cycles at 1.0 C.

Fig. 7. Impedance spectra (Z′ vs. Z′′) of LiNi0.33−xMn
ls at the scan rate of 0.1 mV s−1: (a) x = 0 and (b) x = 0.01.

The impedance spectra consist of two semicircles in the high
and intermediate-frequency ranges and followed by an inclined
straight line at the low frequency range. The high frequency semi-
circle related the Li+ ion migration resistance (Rsei) through the solid
electrolyte interface layer formed on the surface of the electrode
by the reaction between the lithium metal oxide and electrolyte;
the intermediate-frequency semicircle is attributed to the charge
transfer resistance (Rct) in the cathode–electrolyte interface. And
the inclined straight line at the low frequency end is attributed to
Warburg impedance that is associated with Li+ diffusion through
the cathode [30–32].

From the Fig. 7a and b, it could also see that the Rsei of
LiNi0.33Mn0.33Co0.33O2 is similar to that of the Al-doped one when
the first charged to 4.5 V, which means the solid electrolyte inter-
face layer formed on the surface of the electrode has no great
difference. However, the Rct of the doped sample is significantly
smaller than that of the undoped one. One interpretation is that it
is easier for Li+ intercalate and deintercalate when lattice parame-
ters c becomes larger after doping Al ions. After 40 cycles, Rct of
both samples are significantly grown, while the increase of Rsei

are very small. This result indicates that the increase in resis-
tance of LiNi1/3Mn1/3Co1/3O2 is dominated by increase in the
charge transfer resistance. The diameter of second semicircle of
LiNi0.33Mn0.33Co0.33O2 cathode is 58.9 � at first cycle then enlarges
drastically to 177.2 � at 40th cycle. By contrast, the diameter

0.33Co0.33AlxO2 cells: (a) x = 0 and (b) x = 0.01.
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f second semicircle of LiNi0.32Mn0.33Co0.33Al0.01O2 cathode only
ncreases from 27.8 � at first cycle to 80.8 � at 40th cycle. It shows
hat Al-doping has an effective effect on restraining the increas-
ng of charge transfer impedance of cathode during cycling. Small
mpedance is favorable for the intercalation and de-intercalation of
ithium-ions during the charge and discharge process. Hence, the
IS test confirms the improvement of electrochemical properties.

. Conclusions

A novel layered LiNi0.32Mn0.33Co0.33Al0.01O2 was successfully
ynthesized by sol–gel method. The structure, morphology and
lectrochemical properties of it were investigated in detail.
he results show that Al3+ substitute for Ni2+ could increase
he Li+ diffusion coefficient in the lattice and decrease the
ation mixing in Li layer without changing the phase composi-
ion and particle morphology. Although the discharge capacity
f LiNi0.32Mn0.33Co0.33Al0.01O2 is a little smaller than that
f LiNi0.33Mn0.33Co0.33O2, the cycling performance and rate
apability of LiNi0.32Mn0.33Co0.33Al0.01O2 are much better than
iNi0.33Mn0.33Co0.33O2. CV results show that there is a bet-
er reversibility of Li+ ions during intercalating/deintercalating
n the LiNi0.32Mn0.33Co0.33Al0.01O2 material. EIS results reveal
hat the increasing of the charge transfer impedance of the
iNi0.32Mn0.33Co0.33Al0.01O2 during cycling is greatly restrained.
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