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Layered nano-structured LiNi;;3Coq;3Mn; 30, cathode materials were synthesized in air by a modified
Pechini method. The crystal structure and surface morphology of the samples were investigated by X-
ray diffraction (XRD) and field emission scanning electron microscopy (FESEM). It was found that Li/Ni
disorder and particle size of the samples are highly dependent on the synthesis temperature. Magnetic
properties of the samples were investigated by SQUID magnetometry to further study the cation disorder
of the material. The electrochemical properties of the LiNij;3C013Mny;302/Li cells were investigated by
charge/discharge measurements at different C rates. Although the samples synthesized at low tempera-
tures are composed of nano-sized particles, the reversible capacity is relatively low due to the high degree
of Li/Ni disorder. The cycle performance of the samples improves as the synthesis temperature increases
probably due to the decreased surface area and improved structural stability. The rate capability of the
samples depends on both particle size and Li/Ni disorder. The sample synthesized at 900 °C with relative
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small particle size and low degree Li/Ni disorder exhibited the best rate capability.
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1. Introduction

LiCoO, is the most commonly used cathode material for the
commercial lithium-ion batteries [1,2]. However, due to its high
cost, toxicity and safety issues at high voltage, further applica-
tion using LiCoO, electrode material for large scale batteries has
been found to be limited. Therefore, extensive research has been
carried out to study and develop alternative cathode materials
to replace LiCoO,. Only recently, layered di- and tri-transition
metal oxides have become the promising new electrode mate-
rials for the next generation lithium-ion batteries [3-6]. Among
them, LiNiy;3Coq3Mny 30 is particularly interesting due to its high
reversible capacity, lower cost, less toxicity and enhanced safety
features compared to conventional LiCoO, [5,6]. As shown in Fig. 1,
the ideal layered structure of LiNij;3Co1;3Mny 302, which is nearly
a cubic close-packed arrangement of oxygen ions with lithium and
transition metal ions occupying alternate layers of octahedral sites,
is well suitable for the rapid deintercalation and intercalation of
lithium ions. However, there is always some extend of cation mix-
ing between lithium ions and transition metal ions in the layered
structure (Fig. 1), which reduces the reversible capacity and lithium
mobility [7]. Furthermore, the electrochemical properties of the
powders are highly dependent on synthesis processes [8,9]. There-
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fore, a suitable synthesis method needs to be selected to prepare
high performance LiNi;;3Co13Mny 30, powders.

The development of cathode materials for lithium-ion batteries
that provide high energy density at fast discharge rates is impor-
tant to meet the demands for high power applications such as
hybrid electric vehicles and power tools. It is promising to use nano-
particulate cathode materials because the lithium ion and electron
diffusion distances within the particles can be greatly reduced
and hence improving the power. However, LiNij;3Co1;3Mn;;30;
powder prepared by conventional solid-state method often results
in an inhomogeneous or impurity with inferior electrochemical
performance. Therefore, new methods, such as glycine-nitrate com-
bustion [10], hydroxide co-precipitation [11], solution spray drying
[8], sol-gel process [7], molten salt [12], etc., have been developed
to prepare high quality LiNi;;3C01;3Mn;;30; powders. Kunduraci
and Amatucci [13] successfully prepared nano-structured spinel
LiNi;;3Mny/304 cathode materials by a modified Pechini method.
The nano-structured LiNij;3Mny;304 powders exhibited excellent
rate capability due to their small particle size.

In this work, LiNi;;3C013Mn; 30, powders with different par-
ticle sizes were prepared by a modified Pechini method. The
influence of synthesis temperature on the particle morphology
and crystal structure was investigated. The cation mixing in the
samples synthesized at different conditions was also investigated
by SQUID measurements. The electrochemical properties of the
LiNi;3C01;3Mn; 30, samples were studied by charge/discharge
measurements in half cells.
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Fig. 1. (a) Ideal layered a-NaFeO; structure of LiNi;;3Co1;3Mny 30, without Li/Ni
intermixing and (b) layered a-NaFeO; structure of LiNi;;3Coq3Mny30; with a high
content of Li/Ni intermixing.

2. Experimental

The layered LiNi;;3Coq3Mn;30,; compound was synthesized by a modified
Pechini method. The stoichiometric amounts of LiNO3, Mn(NO3), (a solution of
50wt.% of Mn(NOs ), in water), Co(NOs),-6H,0 and Ni(NOs; ),-6H,0 were dissolved
in deionized water and added dropwise to citric acid-ethylene glycol aqueous solu-
tion. The detailed Pechini process can be found in Kunduraci and Amatucci’s paper
[13]. The final dried product was ground and pressed into pellets. These pellets were
heated inafurnace at400 °Cfor 4 h, followed by calcination at different temperatures
of 700, 800, 900 and 1000°C for 12 h to obtain LiNi;;3Coy;3Mny30,.

The structure and crystallinity of the samples were characterized using a Shi-
madzu XRD-6000 X-ray diffractometer with Cu Ko radiation at a scan rate of 1°/min.
Profile refinement of the XRD data was carried out using Fullprof to acquire structural
information such as lattice parameter and Li/Ni intermixing. The surface morphology
and particle size of the samples were investigated by field emission scanning elec-
tron microscopy (FESEM). The dependence of the magnetization upon the applied
field was measured using a SQUID magnetometer at temperature of 10 K.

To evaluate electrochemical performance, composite electrodes were made
by mixing the LiNi;;3Coq;3Mny;30, active material, polytetrafluoroethylene (PTFE)
binder and super S carbon with a weight ratio of 80:10:10. Electrochemical measure-
ments were carried out using a Solartron 1287 cell test system with Laboratory made
Swagelok cells. The electrochemical cell consisted of a lithium foil as the counter
electrode, a composite electrode as the working electrode and 1 M LiPFg in ethyl car-
bonate/dimethyl carbonate solution (EC/DEC, 1/1 vol.% OZARK Fluorine Specialities,
Inc.) as the electrolyte. Galvanostatic charge/discharge tests were performed on the
Li/LiNi;;3Coq/3Mny 30, cells in the voltage window between 2.5 and 4.5V at differ-
ent C rates, where 1C rate is defined as being equal to discharge of the theoretical
capacity 280 mAh/g in 1h.

3. Results
3.1. Structure characterization

The structures of the LiNi;;3C01;3Mny;30, samples synthesized
by Pechini method at different temperatures (700-1000°C) are
shown in Fig. 2. All reflection peaks for each XRD spectrum can
be indexed based on a hexagonal a-NaFeO, structure with a space
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Fig. 2. XRD spectra of LiNi; 3C013Mn;30, powders prepared by Pechini method at
different synthesis temperatures.
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Fig. 3. Rietveld refinement using the XRD spectrum of LiNi;;3Coy;3Mny 30, synthe-
sized at 1000 °C by Fullprof. The structural parameters are given in Table 1.

group R3-m, indicating phase-pure compound synthesized at dif-
ferent temperatures using Pechini method. The XRD spectrum of
the sample synthesized at 700 °C exhibits relatively broad peaks
indicating extremely fine crystallite size and low crystallinity. The
XRD peaks become sharp and well-defined when the synthesis
temperature is above 800 °C, indicating the well-crystallized com-
pound. The clear splitting of the peaks assigned to the Miller indices
(006/012)and (018/110)for the XRD spectra of samples synthe-
sized above 800°C indicates the particular characteristics of the
layered structure. From previous studies on the layered cathode
materials, it is well-known that a partial interchange of occupancy
of Li and transition metal ions would give rise to cation mixing (dis-
order)[14]. To investigate the cation intermixing and determine the
lattice parameters of the powders synthesized using the Pechini
method, Rietveld profile fitting was carried out for each sample
using Fullprof. Only partial interchange between Li* and Ni2* was
considered in the fitting since Co3* and Mn** can hardly interchange
with Li* [15]. The experimental XRD spectrum, the calculated XRD
spectrum, and the difference between the two spectra of the sam-
ples synthesized at 1000°C are shown in Fig. 3. The refinement
results are summarized in Table 1. It can be seen that the structure
of the samples is highly dependent on the synthesis temperature.
As the synthesis temperature increases from 700 to 1000 °C, the a-
lattice parameter decreases first from 2.8643 to 2.8623 A, and then
keeps increasing to 2.8644 A while the c-lattice parameter contin-
uously increases from 14.2267 to 14.2466 A. As discussed by Kang
et al.[16], the increased c-lattice parameter for the layered material
induces an expanded Li slab space, which will be beneficial to the
faster Li motion. The c/aratio is an indicator of the cation ordering in
the layered structure [17]. The larger the ratio, the lesser the cation
disorder is. The samples synthesized at high temperatures exhibit
a larger c/a ratio than the samples synthesized at low tempera-
tures, indicating that a high synthesis temperature is required to
achieve a high degree of cation ordering in this material. The cation

Table 1
Rietveld refinement results for the XRD patterns of LiNi;;3Co13Mny;30, powders
synthesized at different temperatures by Pechini method.

Temperature (°C) a(A) c(A) cla Niza  Rwp (%) Rp (%)
700 2.8643(2) 14.2267(26) 4966 0.101 18.7 14.1
800 2.8623(1) 14.2339(13) 4972 0.068 18.1 13.6
900 2.8635(1) 14.2456(8) 4974 0.041 17.7 133

1000 2.8644(1) 14.2466(7) 4973 0.036 17.6 13.1




698 H. Xia et al. / Journal of Alloys and Compounds 480 (2009) 696-701

500 nm

Fig. 4. FESEM images of LiNij;3Coy;3Mny 30, powders synthesized at different temperatures by Pechini method: (a) 700°C, (b) 800°C, (c) 900°C, and (d) 1000°C.

disorder of about 10% Ni ions present in the Li layer is extremely
high for the sample synthesized at 700°C. As the synthesis tem-
perature increases, the cation disorder decreases and a relatively
low Li*-Ni%* intermixing of 3-4% can be achieved for the samples
synthesized at 900 and 1000 °C.

3.2. Surface morphology

The morphology of the samples was examined using FESEM as
shown in Fig. 4. It can be seen that the primary particle size of
the samples is highly dependent on the synthesis temperature. The
sample calcinated at 700 °C is composed of very uniform and small
nano-crystallites with particle size about 50 nm. As the synthesis
temperature increases, the 800, 900 and 1000°C produced sam-
ples show increased particle sizes of about 100-200 nm, 0.5-1 pm
and 2-3 pm, respectively. Well-defined particles with hexagonal
shapes are formed for all the samples, indicating a layered structure
of the LiNij;3Co1/3Mny 30, compound synthesized at all tempera-
tures. The merit of the Pechini method is that ultra fine particles of
the LiNi;3C01/3Mn; 30, compound can be synthesized at relatively
low calcination temperature. The samples synthesized at 700 and
800°C seem very promising for high-power lithium-ion batteries
because their nano-sized particles can greatly reduce the diffusion
paths for Li ions.

3.3. Magnetic properties

It has been reported that the existence of Ni2* jons in the Li
layer can strongly affect magnetic properties of layered compounds
[18]. For the layered LiNi;;;Mn;;,0, compound, a hysteresis loop
with a remnant magnetization can be observed for the magneti-
zation measurements [19,20]. The magnetic order was believed to
be induced by the formation of magnetic clusters around the Ni2*
ions in the Li layer. The net magnetization in the LiNi;,Mny ;03 is
speculated to be due to the antiferromagnetic interaction of 180°
Ni2* (3a)-0-Ni2* (3b) bonds by Chernova et al. [19]. While Abdel-
Ghany et al. [20] attributed the long-range magnetic ordering in

LiNi;;Mn;,0; to the ferromagnetic interaction of 180° Ni%*(3a)
-0-Mn**(3b) bonds. When Co is added to the LiNi; ;Mn; ;0 com-
pound, the hysteresis loop is much less pronounced with reduced
remanent magnetization and coercivity. In the Co-containing com-
pound, the increase of Co content leads to a dilution of the magnetic
transition metal layers with non-magnetic Co3* ions and Co is
known to reduce the migration of Ni ions to Li layers [21]. The mag-
netization curves of the LiNij;3Coq;3Mny30, samples are shown in
Fig. 5. The sample synthesized at 700°C shows a relatively more
pronounced hysteresis loop with a larger remnant magnetization
and coercivity. All other samples show minimal hysteresis loops,
which indicate that a relatively larger amount of Ni2* jons exists in
the Lilayer in the sample synthesized at 700 °C confirming the high-
est disordering of the sample synthesized at 700 °C as predicted by
the Rietveld refinement.
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Fig. 5. The magnetization curves of the LiNi;3Co13Mn;;30, powders synthesized
at different temperatures.
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Fig. 6. The first charge/discharge curves of Li/LiNi;;3Co13Mny30; cells using different LiNi; 3Co13Mny 30, powders in the voltage window of 2.5-4.5V at (/20 rate.

3.4. Charge-discharge curves

Fig. 6 shows the first charge/discharge curves of different sam-
ples between 2.5 and 4.5V under C/20 rate at room temperature.
The initial open circuit voltages of the freshly assembled cells were
around 3.1 and 3.2V. On applying the current, the cell voltage
rapidly increased to about 3.7V and then gradually increased until
it reached the upper voltage limit of 4.5V for all the samples. This
charge/discharge behavior of Pechini LiNij;3Co1;3Mny;30, agrees
well with the literature reports by other groups [22,23]. It can be
seen that the charge/discharge behavior of the LiNi; 3Co13Mn; 30,
is different with that of the layered LiCoO, which has well-defined
plateau at about 3.9V indicating a first order phase transition [24].
For the LiNij;3Coq;3Mny30,, existence of Ni ions in the Li layer is
believed to anchor the structural framework of the host during Li
insertion/extraction and hence leads to improved structural stabil-
ity [25]. The first cycle charge/discharge capacities and irreversible
capacities for different samples are tabulated in Table 2. It can be
seen that both charge and discharge capacities increase as the syn-
thesis temperature increases. From the XRD and FESEM results, we

Table 2
The first cycle charge-discharge capacities and irreversible capacity loss of
LiNi;/3Co1/3Mny 30, prepared by Pechini method.

700°C 800°C 900°C 1000°C
First charge (mAh/g) 194 200 203 210
First discharge (mAh/g) 165 175 180 181
Irreversible capacity (%) 14.6 12.5 1.5 13.7

know that the sample produced at 700°C is composed of nano-
sized particles with relatively lower degree of crystallization. It is
speculated that the structural defects especially at grain boundaries
for the low temperature synthesized samples limit the removal of
Li ions from the material. As discussed by Bereger et al. [26], the
extraction of Li in the transition metal layer happens at very early
stage of the charge process for LiNi;;Mn;,0;, which will create a
vacancy in the transition metal (TM) layer. A vacancy in the TM layer
creates two empty tetrahedral sites above and below the TM layer,
which will form Li-Li dumbbell if these sites are occupied by Li. The
extraction of Li from the tetrahedral sites requires very high poten-
tial (>4.6 V). If the same mechanism applies to LiNi;;3C01;3Mny 302,
the increased content of Li in the TM layer in the low temperature
synthesized samples will lower the charge capacity with an upper
limit of 4.5V. The samples synthesized at 900 and 1000°C show
large charge/discharge capacities of 203/180 and 210/181 mAh/g,
respectively, which agrees well with literature report on well-
crystallized LiNij;3Co1;3Mny;30, with about 4% Li/Ni intermixing
[22,23]. The irreversible capacity for the first cycle decreases as the
synthesis temperature increases from 700 to 900 °C, then increases
as the synthesis temperature goes up to 1000°C. There are several
factors affecting the irreversible capacity of this electrode material.
Firstly, in the layered structure, Ni ions in the Li layer can reduce
the vacant site available for lithium insertion, and impede lithium
motion in the Li layer due to the strong repulsive force between
mobile Li ions and fixed Ni ions [16]. Therefore, a larger content of
Li/Ni intermixing in this material will lead to a larger irreversible
capacity for the first cycle. Secondly, the side reaction between the
electrolyte and electrode, and additionally the oxygen release at



700 H. Xia et al. / Journal of Alloys and Compounds 480 (2009) 696-701

200
1CCEV
150+
=
i -
<
£ 100-
>
S e 700°C
S 5] 4 800°C
O * 900°C
= 1000°C
0 T T T T T T T T T T T

0 10 20 30 40 50
Cycle Number

Fig. 7. Cycle performance of Li/LiNij;3Co1;3Mnq;30, cells using different
LiNi;;3Coy;3Mny 30, powders in the voltage window of 2.5-4. 5V at 1C rate.
(For the charge process, after the cell voltage reaches 4.5V the cell is hold at 4.5V
for 1 h in the constant-current and constant-voltage (CCCV) mode.)

high voltage may contribute to the irreversible capacity loss for the
first cycle [27]. The irreversible capacity loss due to this reason is
proportional to the surface area of the electrode. Thirdly, the slow
Li in-diffusion for the last Li insertion during the discharge pro-
cess probably will induce some irreversible capacity loss [21]. The
small particle size, high content of Li/Ni intermixing and large sur-
face area for the low temperature synthesized samples therefore
lead to a relatively larger irreversible capacity loss. However, nano-
particle size tends to grow to large particle size at high processing
temperature, resulting in the increased Li ion diffusion path. As a
consequence, the irreversible capacity loss turns to increase as the
particle size becomes very big.

3.5. Cycle performance

The cycle performance of LiNi;;3C0;3Mn;;30; electrodes in
Swagelok cells within the voltage window of 2.5-4.5V at 1C
charge/discharge rate for 50 cycles is shown in Fig. 7. For the charge
process, after the cell voltage reaches 4.5V the cell is held at 4.5V
for 1 h in the constant-current and constant-voltage (CCCV) mode.
The initial/final capacities for the samples synthesized at 700, 800,
900, and 1000°C are 131/51, 159/88, 165/106 and 148/124 mAh/g,
respectively. Although the capacity fading was observed for all
the samples, the capacity retention is improved as the synthe-
sis temperature increases. Based on the XRD and FESEM results,
the samples synthesized at low temperature may not be well-
crystallized (such as 700 °C), and the layered structure would not be
rigid enough to be maintained upon extensive cycling. Therefore,
there is probably structural degradation with cycling for the sam-
ples synthesized at low temperature, which would induce a rapid
capacity fading. In addition, the side reaction between the elec-
trolyte and the electrode, which would form surface layer, may also
contribute to the impedance growth of the cell and lead to capac-
ity fading. The impedance growth due to the formation of surface
layer was considered as the main reason for the capacity fading
for the layered LiCoO, electrode when cycled above 4.2V [28,29].
Therefore, the samples synthesized at low temperature with small
particle size and large surface area would probably accelerate the
interface reaction between the electrolyte and the electrode, lead-
ing to fast capacity fading.
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Fig. 8. (a) Discharge curves of a Li/LiNi;;3Coq3Mn; 30, cell at different discharge
rates using 900°C synthesized LiNi;;3Coq;3Mny;30, powders (To do the rate capa-
bility test, the cell was charged to 4.5V using the same C/20 rate, then hold at
4.5V for 1h, and discharged at different C rates.) and (b) percent rate retention of
Li/LiNi;;3Co1;3Mny 30, cells using different LiNi;;3Co1;3Mny30, powders.

3.6. Rate capability

To realize lithium-ion batteries for high power applications, it
requires the electrode materials have good rate capability, which
means the electrode can maintain a large amount of its full capac-
ity when discharged at a high rate. The rate capabilities of different
LiNi;;3C01;3Mny30, samples discharged at different C rates are
shown in Fig. 8. The cell was charged to 4.5V using the same C/20
rate, and then held at 4.5V for 1 h, followed by discharge at different
C rates. Fig. 8(a) shows the discharge curves at different C rates for
the sample synthesized at 900 °C. It can be seen that the discharge
capacity reduces with the increase of the C rate. The lowering of
discharge curve at high C rates is due to the polarization of the cell
induced by the cell resistance, which is mainly contributed by the
Li ion transport into and through the electrode. Fig. 8(b) shows the
percent capacity retention at different discharge rates for differ-
ent samples. The discharge capacity of the cell at C/20 rate was set
as 100% of its full capacity. It can be seen that the rate capability
of the LiNi;j3Co1;3Mn; 30, improves as the synthesis temperature
increases from 700 to 900°C. It is interesting to observe this trend
because the nano-sized LiNi;;3C043Mn; 30, samples prepared at
700 or 800°C have much shorter diffusion paths for Li ions and
would have better rate performance than the 900 °C produced sam-
ples with much bigger particle size. It should be noted that the Liion
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diffusion in this layered material not only depends on the particle
size but also depends on the Li ion diffusion barrier which is highly
dependent on the structure of this material. The Niions in the Li lay-
ers would attract oxygen ions from adjacent oxygen layers thereby
locally shortening the oxygen-oxygen distance between neighbor-
ing MO, (M =transition metal ions on 3b layer) slabs, as discussed
by Kang et al. [16] for layered LiNi;;;Mn;,0;. Because the Li ions
migrating between two neighboring octahedral sites in the same
lithium layer are also required to pass through an empty tetrahedral
site, the decrease in the oxygen-oxygen distance would cause an
increase in the activation energy for Li ion motion. The first princi-
ple calculations [16] show that the activation energy for Li migration
is very sensitive to the spacing between oxygen layers. In addition,
the Ni ions exist in the Li layers would exert a strong electrostatic
repulsion on the Li ions and drastically hamper their reinsertion.
The samples synthesized at 700 and 800 °C have a larger content
of Li/Ni intermixing and relatively smaller c-lattice parameter as
shown from the refinement results, which probably induces very
high Li diffusion barrier in these less-ordered materials. Therefore
the sluggish Li ion diffusion in these low temperature synthesized
samples would probably lead to the relatively poor rate capabil-
ity. However, the trend is not kept when the synthesis temperature
is further increased to 1000°C. It is noticed that the 1000 °C pro-
duced samples have very large particle size (2-3 pm) while the Li/Ni
intermixing cannot be further reduced (similar to that of 900°C
produced samples). Therefore, the increased Li ion diffusion paths
now become the dominant factor which limits the rate capability
and leads to the degradation of rate performance of the cell.

4. Conclusions

Phase-pure layered LiNij;3Coq;3Mny;30, compounds have been
successfully synthesized using a modified Pechini method. The
structure ordering and particle size of the samples are highly
dependent on the synthesis temperature. Although the sam-
ples synthesized at low temperature exhibit nano-sized particles,
there exists a large amount of cation disorder (Li/Ni intermix-
ing) in the material and crystallization may not be completed.
The samples synthesized at high temperature exhibit reduced
cation disorder and high degree of crystallization. The electrochem-
ical performance of Pechini LiNi;3C013Mn; 30, depends on both
cation ordering in the structure and the particle size. High tem-
perature produced LiNi;;3C0;3Mn;;30; exhibit higher reversible
capacity due to the reduced content of Li/Ni intermixing. The nano-
sized LiNij;3Co1;3Mny ;303 is not suitable for long-time cycling
because its poor structural stability and increased surface area
both accelerate the capacity fading. In addition, the nano-sized
LiNiy;3Co1/3Mny 30, does not show its advantage for rate perfor-

mance because the cation disorder limits its rate capability. When
the particle size becomes very big, it becomes the dominant factor
that limits the rate capability. Therefore to further improve the elec-
trochemical performance of LiNij;3Coq;3Mny 30, cathode material,
a strategy that can produce nano-sized LiNij;3Coq;3Mny;30, with
small amount of cation disorder is imperative.
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