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Abstract Positive electrode material LiNi;»Mn,,,O, was
synthesized via the carbonate co-precipitation method and
the hydroxide precipitation route to study the effects of the
precursor on its structural and electrochemical properties.
The results of X-ray diffraction and Rietveld refinement
show that the carbonate precursor of Ni** and Mn?* exhibits
one phase at a pH of 8.5, while the hydroxide deposit sepa-
rates into Ni(OH), and Mn(OH), phases under the same
experimental conditions. LiNi;,;,Mn;,,O, material prepared
from the hydroxide precursor shows 8.9% Li/Ni exchange
and a large capacity loss of 11.3% in the first 10 cycles. By
contrast, more uniform distribution of transition metal ions
and stable Mn** in the carbonate precursor contribute to only
7.8% Li/Ni disorder in the obtained LiNi;,»;Mn;,,0,, which
delivers a reversible capacity of about 182 mAh g~ at a
current rate of 14 mA g~ ' between 2.5 and 4.8 V.

Keywords Carbonate co-precipitation method -
Li/Ni disorder - Reversible capacity - Rietveld refinement -
Uniform distribution of Ni** and Mn**

1 Introduction
Recently, LiNi;,Mn;,0, has emerged as a promising

cathode material for advanced rechargeable lithium bat-
teries [1]. The material offers high theoretical capacity
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(~280 mAh g "), and significantly enhanced structural
stability, because Mn ions maintain an oxidation state of +4
during electrochemical cycles [2-3].

Study of LiNi;»Mn;,0, can be traced back to an
approach to the electronic stabilization of LiMnO, using
LiNi;_yMn,0, (0 <y < 1/2) [4]. After 1992 the electro-
chemical performance of LiNi;»Mn;,0, material was
optimized further. The transition metal double hydroxide
(i.e. (Ni,Mn)(OH),) route is believed to have accessibility
for a homogeneous distribution of transition metal ions and
is widely used [5—7]. As-obtained LiNi,,»Mn;,,O, reported
by Spahr et al. [8], delivered a capacity of 150 mAh g~*
falling to 125 mAh g~ after 25 cycles at 0.38 mAc m™ 2,
while Ohzuku [9] proposed a material with 170 mAh g~ at
0.17 mA ecm™2 for 30 cycles. The facts suggest that the
specific capacity and other electrochemical properties of
LiNi,,,Mn;,;0, depend critically on the synthesis process
and charge/discharge rate [10]. Moreover, it is found that
manufactured LiNi;,Mn;,0, samples exhibit differing
values for Li/Ni exchange (commonly 8-12%) depending
on their synthesis route [7-11]. Recent research into LiNi,
Mn;,,O, shows that Li/Ni disorder greatly limits the
opening of Li slab space [2] leading to exponential decrease
in Li diffusivity and thus the deterioration of electrochem-
ical properties. These observations clearly indicate that
the electrochemical performance of LiNi;»,Mn;,,O, can be
improved by optimizing its synthesis method to reduce the
Li/ Ni disorder.

Additionally, manganese with oxidation states beyond
the bivalence in the precursor may introduce impurities
such as Mn,O3; and MnQO, into the final product, resulting
in poor electrochemical reactivity [12]. Therefore, the
purity of the precursor plays a significant role in the quality
of the targeted material. From this point of view, carbonate
co-precipitation can be used to prepare pure LiNij,
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Mn,; 0O, material due to the stability of the MnCO;
precursor [13].

We synthesize the precursor via the carbonate co-pre-
cipitation route and the hydroxide precipitation method for
comparison. The dense LiNi;,,Mn;,,0, sample is prepared
by a two-step calcination technique [14, 15]: the precalcine
of the precursor and final sinter of the resulting oxide
mixed with stoichiometric LiOH-H,O. The precursor and
final material are investigated using scanning electron
microscopy (SEM), powder X-ray diffraction methods
(XRD) and Rietveld refinements.

2 Experimental

LiOH-H,O (98%+, Aldrich), Li,CO3; (99%+, Fluka),
Ni(NOs3),-6H,O (98%+, Fluka), and Mn(NO;),-6H,0
(97%+, Fluka) were used as the starting material. Lithium
carbonate or hydroxide and a mixed aqueous solution of
manganese nitrate and nickel nitrate were simultaneously
added dropwise into a reactor, in which distilled water was
under vigorous stirring. In both cases, the pH value in the
reactors was controlled at 8.5. The obtained slurry was
carefully filtered and washed three times using a centrifuge.
The precursor was dried in a vacuum oven overnight at
120 °C and preliminarily annealed at 450 °C for 10 h in
air. The precalcined precursor was mixed with stoichiom-
etric LiOH-H,O using a mortar and pestle, and finally
sintered at 900 °C for 12 h in air. The heating and cooling
rates were fixed at 3 °C min~ .

The precise cation composition of samples was deter-
mined by inductively coupled plasma optical emission
spectroscopy (Spectroflame ICP, 2.5 KW, 27 MHz). The
results in weight percent were converted to atomic percent
and then ultimately converted to stoichiometry, where the
total content of Ni and Mn was normalized to 1 and the
oxygen content was assumed at 2.

The samples were characterized by XRD using a Sie-
mens D5000 diffractometer with Cu Ko radiation at 40 kV,
300 mA, with the step of 0.02° and scanning time of 1 s
per step. Detailed structure testing was carried out with a
scanning step of 0.01° and scanning time of 18 s per step.
The structure refinement was performed with the Topas
calculation program. The morphology of the precursor and
LiNi,,,Mn;,,0, material were observed by SEM (LEO VP
1530).

The electrochemical properties of LiNi;,»Mn;,,0, were
studied in half-cells. The positive electrode was prepared
by pressing a mixture of 60% active material, 20% acety-
lene black and 20% PTFE into aluminum mesh as the
current collector and dried under vacuum at 150 °C over-
night. The electrodes were assembled in an argon-filled
glove box with lithium foil as counter and reference
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electrode, and 1 M LiPFg solution in EC/DEC (1:1 in
volume) as electrolyte. Cells were cycled at room tem-
perature in galvanostatic mode at a constant C/20 rate,
corresponding to a theoretical exchange of one electron per
preparation during charge and discharge.

3 Results and discussion
3.1 Precursor

The X-ray diffraction patterns and morphology of the
precursors produced are given in Fig. 1. In Fig. la the
vertical upper ticks represent the position of the NiCO5
(JCPDS No.12-0771) phase reflection, while the lower
ticks correspond to the reflex position of MnCO;3; (JCPDS
No.44-1472). The co-precipitated carbonate is a single
phase and no remarkable secondary phase can be observed
in the patterns, which indicates the complete intersolubility
of MnCO; and NiCO;. Moreover, the patterns can be
indexed base on the hexagonal structure of MnCOj (space
group R-3c), where the broad integrated diffraction peaks
are attributed to intercalation of Ni** into the host structure.
In addition, the relatively stable divalent manganese ions in
aqueous carbonate solution make the process easy to con-
trol. Using ICP analysis, the average chemical composition
is determined to be [Nig 501 Mng 499]CO3, which agrees with
the desired composition within experimental uncertainty.
The Ni and Mn ions in the hydroxide precursor are also
in oxidation states of +2 and the ratio is determined to be
0.500:0.500. However the hydroxide precursor shows dis-
tinct XRD peaks, matching Ni(OH), (vertical upper line,
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Fig. 1 X-ray diffraction patterns and SEM photograph of the
precursors obtained from carbonate (a) and hydroxide (b) precipita-
tion method respectively
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JCPDS No.14-0117) and Mn(OH), (vertical lower line,
JCPDS No.18-0787) as shown in Fig. 1b. The different
supersaturation points of Ni(OH), and Mn(OH), lead to
non-synchronous aggradations of Ni** and Mn®* in the
hydroxide solution, which contributes to the separated
hydroxide phases and inhomogeneous Ni/Mn distribution
in the precursor. The degree of phase separation fluctuates
in the three parallel experiments. The result is in agreement
with previous studies [6, 16] and demonstrates that the
synthesis of nickel manganese double hydroxides shows
poor reproducibility.

The prepared precursor was also investigated by SEM. It
can be seen from Fig. 1 that the size of the primary particle
is on a nano-scale. The powder obtained from the car-
bonate precipitation process aggregates to spherical, while
the sample synthesized in the hydroxide system shows
sheet morphology.

3.2 End product

The average chemical compositions of the final material
prepared from the precursor are Lij oo1Nig499Mng 5005
and Lij ¢p1Nig49sMng 5020,, which are very close to the
targeted value. The XRD patterns with Miller indices are
shown in Fig. 2. All the patterns for the material are con-
sistent with a single «-NaFeO, phase (space group R-3m).
The (003)/(104) intensity ratio of >1.5 and integrated peak
splits of (006)/(102) and (018)/(110) indicate that the
synthesized samples have a well-development layered
structure. No observable variation in the layer structure of
LiNi;,Mn;,,0, was detected from initial XRD analysis.
To gain insight into the microstructure, Rietveld refine-
ment was performed. The refinement was based on detailed
Bragg diffraction data using a «-NaFeO, structure model
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Fig. 2 X-ray diffraction patterns of the LiNi;»,Mn;,0, materials
synthesized from carbonate (a) and hydroxide (b) precursor
respectively

with Li and some Ni on the 3a sites (0, 0, 0), transition metals
and some Li on the 3b sites (0, 0, 1/2), and oxygen on the 6¢
sites (0, 0, zox). The refinement results and reliability factors
are summarized in Table 1. As shown in Fig. 3, the calcu-
lated patterns are in good agreement with the observed
patterns. The material obtained from the carbonate precursor
exhibits slightly smaller lattice parameters (a = 2.886 A,
c = 14.289 A), but a little larger cpex /apex. value than for the
sample prepared from the hydroxide precursor. One impor-
tant finding is that for the former material the value of the Li/
Ni exchange is 7.8% and smaller than that of the sample
synthesized by the hydroxide precipitation method (about
8.9%). Nevertheless, the slab space distances of the samples
are very similar and typically greater than 2.64 A. Under the
same fit condition LiNi;,,Mn;,,O, prepared in the carbonate
system shows a better lamellar character with relative low
mixing of cations. The complete intersolution of NiCO5; and
MnCOj; contributes to homogeneous cation distribution in
the precursor that is accessible to uniform cation distribution
in transition metal (TM) layers of LiNi;,»;Mn;,,O, and thus
ideally layered with little Li/Ni disorder. On the other hand,
malconformation i.e. more Ni** in some TM layers might
cause greater induction in the exchange of Li* and Ni**.

Figure 4 shows a comparison of SEM micrographs for
the as obtained LiNi;»Mn;,0, materials. The sample
prepared via the carbonate co-precipitation route consists
of roughly 3.5 pm spherical aggregates with primary par-
ticles with diameters around 250-300 nm. By contrast, the
particles synthesized from the hydroxide precursor exhibit
homogenous morphology around 450 nm in a well-shaped
configuration. Small particles allow fast lithium diffusion
and lead to a lower polarization, hence a higher reversible
capacity in lithium cells. At the same time, the agglomer-
ated morphology of the secondary particles is crucial to
improve the tap density and volumetric capacity of elec-
trode materials. Therefore, from a textural point of view,
the carbonate co-precipitation route is favorable for the
preparation of LiNi;»Mn;,,O, cathode material.

Cells containing as-obtained LiNi;,;Mn;,,O, material
were charged and discharged at a rate of 14 mA g~
between fixed potential limits of 4.8 and 2.5 V. It can be
seen from Fig. 5 that the samples show smooth and
monotonic charge/discharge curves over the first 10 cycles.
LiNi;,»,Mn;,,0, material prepared from the carbonate pre-
cursor delivers a first discharge capacity of 190 mAh g™ !,
which is a little lower than the previous reported value of
200 mAh g~' [17]. However, irreversible capacity loss
decreases to about 0.32 mAh g~ per cycle after the sec-
ond cycle, and reversible capacity remains at 182 mAh g~
in the 10th cycle. In comparison, the material obtained
from the hydroxide precursor delivers a relatively low
initial reversible capacity of 177 mAh g~' and a large
capacity loss of 11.3% in the first 10 cycles. Clearly the
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Table 1 The structure refinement results of the as obtained LiNi;,»,Mn;,,0O, materials

LiNi;,»,Mn;,,0, Sample Reliability factor Lattice . c/a 1(003)/1(104) Li/Ni Slab space
parameters /A disorder /% of Li-O
Carbonate coprecipitation Ryp=741% a = 2.886 4.95 1.578 7.8 2.648
R, =5.49% c = 14.289
Rexp = 5.21%
GOF = 1.08
Hydroxide coprecipitation Ryp = 7.48% a = 2.891 4.94 1.549 8.9 2.646
R, = 5.66% c = 14.295
Rexp = 6.57%
GOF = 1.09
. @) LiNi,,,Mn;,,0, material obtained from carbonate co-pre-
= - Observed cipitation method with low Li/Ni mixing delivers a
; — Caloulated relatively high initial capacity. For layered LiMnO,, the
g | ‘B ek position conversion to spinel results from the migration of manga-
z sepeatp nese from one layer to adjacent layers [19]. Inhomo-
E A_»\ geneous Mn ion distribution in the layer structure of LiNiy,
k= % b 4 5 urifoety = oMn,;,0O, may create a larger driving force for phase
'20 ST P por s transformation on cycling, which contributes to the rapid
28p capacity loss in the material obtained from the hydroxide
route. Moreover, the texture of the electrode material is
a — (b) important in the electrochemical behavior of Li-ion bat-
g teries. Ideal layer structure and morphology lead to the
£ ~ Calculated excellent electrochemical performance of LiNi,,»Mn;,»0,
i | Bragg peak position synthesized from the carbonate precursor.
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Fig. 3 Refinement results of LiNi;,»Mn;,»,O, materials synthesized
from carbonate (a) and hydroxide (b) precursor respectively

LiNi;,Mn;,,0, material prepared via the carbonate
co-precipitation route shows a higher reversible capacity
and a better cycleability.

The amount of Ni** in the lithium layer is crucial to
determining the diffusivity of Li* ions and the electro-
chemical properties of the compound [18]. Therefore, the

Fig. 4 SEM of LiNillen”zOz
materials synthesized from
carbonate (a) and hydroxide
(b) precursor respectively
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Comparative study shows the influence of the precursor on
LiNi,,Mn;,;0; and its electrochemical performance. The
precursor obtained from the carbonate co-precipitation
shows a single phase with homogenous Ni and Mn distri-
butions. The corresponding LiNi;,»,Mn;,0, material
exhibits a large Li slab space (2.648 A) and small Li/Ni
exchange (7.8%), observed from Rietveld refinement using
the Topas program. Because of its perfect layer structure and
special morphology, LiNi;»Mn;,,O, prepared via the car-
bonate co-precipitation method delivers a high reversible




J Appl Electrochem (2008) 38:613-617

617

4800

Fig. 5 The first 10 cyclic voltage
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capacity of 182 mAh g™ in the cutoff voltage of 2.5-4.8 V
and a good cycleability. In comparison, separated hydroxide
phases of Ni** and Mn** in precursor contributes to inho-
mogeneous Ni/Mn distribution and a large Li/Ni exchange of
8.9% in LiNi;»Mn,;,0,. The corresponding sample syn-
thesized with the hydroxide precipitation method exhibits a
large capacity loss of 11.3% in the first 10 cycles. Therefore,
the homogeneous dispersion of transition metal ions in the
precursor is vital to reduce Li/ Ni disorder and improve the
electrochemical performance of LiNi;,,Mn;,,0,.
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