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Abstract 

The electrochemical behavior of h thium-mckel-manganese  mixed oxides L1Ni~ ,Mn,O2 + ~ with the layered-type, rhombohedral a-NaFeO2 
structure ( R3m ) prepared by means of a new solution technique has been correlated to their manganese content. Test electrodes were developed 
and their porosity was tuned by using either graphite or carbon black as an electronically conductive additive. The amount of carbon was 
optimized to achieve the maximum specific charge referred to the oxide fraction of the electrode mass. Porosities of < 20% were measured 
for graphite-based electrodes, with median pore diameters between 0.1 and 0.01 p~m. In the case of the carbon black-based electrodes, larger 
pore sizes and porosities of > 40% were obtained for relatively small preparation pressures, leading to better wetting properties of the electrode 
and maximum specific charges of about 170 mAh g i (referred to the oxide) for materials with the best insertion performances, in contrast 
to about 150 mAh g ~ for oxide/graphite electrodes. A slightly better stability during cycling was observed for graphite-based electrodes 
which were therefore used for comparative studies. The specific charge and cycling stability of the solution-prepared pure lithium nickel oxide 
L,NiO2 was low but was significantly enhanced by replacing some nickel with manganese. With increasing manganese content, the specific 
charge increased to about 160 mAh g-~ for materials with an Ni:Mn ratio of about 1:1. It decreased gradually during cycling to about 
80 mAh g ~ after 50 cycles. © 1997 Elsevier Science S.A. 
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1. Introduction 

The broad use of carbon as the negative electrode material 
in rechargeable lithium ion-transfer battery systems has gen- 
erated a great demand for lithium-containing positive mate- 
rials with high specific charge and cycling stability. Recently, 
attention has been focused on LiNiO2 [ 1-3] which is a rep- 
resentative of the group of lithium-containing transition metal 
oxides with the layered a-NaFeO2-type structure (R3m) [ 4]. 

Solid-state synthesis of LiNiOz can lead to phase compo- 
sitions within a phase width 0 < x < 0 . 4  in Lij ,Ni,+,O2, 
strongly depending on the synthesis conditions. Tempera- 
tures above 600 °C are necessary to complete the oxidation 
from Ni 2 + to Ni 3 + in oxygen atmosphere as well as to obtain 
a sufficiently high degree of crystallinity. Unfortunately, due 
to the volatility of Li20 at elevated temperatures, a loss in the 
lithium content results [5].  The lithium-deficient stoichi- 
ometries Li~ _ ,Nx~ + ,02 have a partially disordered cationic 
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distribution. This defect structure is regarded as a reason for 
the decreased specific charge and the unstable cycling behav- 
ior of  the lithium-deficient compounds [ 6 -9] .  

Recently, we have reported a new solution technique in 
which the oxidation step from Ni 2+ to Ni 3+ is performed in 
an aqueous medium using LiOCI or LiOBr as the oxidizing 
agents [ 10]. The Ni(III)  oxide hydroxide precursor, which 
is precipitated under the synthesis conditions, is subsequently 
calcined with excess of  LiOH. Different amounts of manga- 
nese can be added homogeneously in a co-precipitation step 
to give L i -Ni -Mn mixed oxides after calcination. The oxides 
have shown different electrochemical insertion properties 
than the LiNiO2 analogue synthesized via the classical solid- 
state synthesis route. 

In this work we first developed test electrodes, whereby 
we optimized the electrode composition by varying the nature 
and amount of the carbon additive used. Then, various man- 
ganese-doped lithium nickel oxides were tested for their elec- 
trochemical performance as a function of  the manganese 
content, y. 
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2. Experimental 

Various LiNi~ _,.Mn,.O~ + ~ samples with manganese con- 
tents 0 < y <  0.5 were prepared by adding an aqueous solution 
of the appropriate divalent metal nitrates to an aqueous Br2/ 
LiOH solution at 0 °C. The co-precipitated Ni 3+ and Mn a+ 
oxyhydroxides were filtered, washed thoroughly with water, 
and mixed with 1.2 equivalents of lithium hydroxide. The 
following calcination was performed in a stream of oxygen 
at 700 °C for 10 h. The excess of LLO was removed from the 
crude products by water extraction. 

A detailed characterization of  the recovered materials is 
described elsewhere [ 10b]. The o~-NaFeO2-type structure of 
quaternary L i - N i - M n - O  phase system can be maintained 
with up to 60 mol% manganese [11].  Our powder X-ray 
diffraction (XRD) experiments of  the obtained LiNit ,- 
Mn,.O~+~ compounds confirmed crystalline products in 
which the layered LiNiO2 structure was maintained for all 
the prepared compositions. Chemical analysis by atomic 
absorption/emission spectroscopy ( A A S / A E S ) ,  magnetic 
susceptibility measurements, and X-ray photoelectron spec- 
troscopy (XPS) determined nickel and manganese to be both 
in the trivalent state pointing to a change of  the manganese 
oxidation state during the calcination process at 700 °C. 
Table 1 relates the nominal manganese content, y, as used in 
the co-precipitation reaction with the analyzed stoichiometry 
of  the recovered materials and the abbreviations for the com- 
pounds used throughout the text. 

Electrodes with 1.3 cm 2 geometrical area were prepared 
from these oxides, different amounts of either graphite 
(TIMREX SFG 6, Timcal, Switzerland) or carbon black 
(VULCAN XC72, Cabot Europe, France, graphitized at 
2700 °C for 1 h under an inert gas atmosphere), and 2 wt.% 
of polyisobutene binder (OPPANOL ~ B200, BASF, 
Germany). The mixture of  oxide and carbon was ball-milled 
in a hexane solution of  the binder for 4 h. The resulting slurry 
was dried at 80 °C and then pulverized in a laboratory mill. 
Finally, about 40-50 mg of  the oxide/carbon/binder blend 
were pressed on a titanium current collector. 

Slow cyclic voltammetry and galvanostatic cycling exper- 
iments were carried out in gas-tight laboratory cells with a 
three-electrode arrangement in which working and counter 
electrodes were mechanically pressed against a glass fiber 
separator soaked with the electrolyte consisting of 1.0 M 

Table 1 
Manganese content, v. used in the co-precipitation reaction, analyzed stoi- 
chlometry of the recovered materials, and corresponding abbreviations as 
used m the text 

Manganese content, y StolchJometry Abbreviation 
( nominal ) (analyzed) 

0 Li~ c~,Nl0203 Nl 10Mn0 
0.2 Li~ 17Nio ~oMno ~902 E~7 Ni8Mn2 
0.4 L1 ] o7Nl~ 6,~vlno 3 7  ° I 9 9  Ni6Mn4 
0.5 Lh {~4Nio 5_,Mno 4.O2.2 NJ5Mn5 

LiC104 in propylene carbonate (PC).  Metallic lithium served 
as the counter and reference electrodes. 

The porosity and pore size distribution of the prepared 
electrodes were calculated from intrusion curves measured 
with a mercury porosimeter (Micromeritics Pore Sizer 
9320). 

3. Results and discussion 

3.1. Porosi~ versus electrode performance 

A reliable comparison of  the insertion properties of  the 
prepared oxides required the development of  reproducible 
test electrodes. Therefore, we optimized the preparation pro- 
cedure and the oxide:carbon ratio in the electrode composi- 
tion to get a maximum specific charge (here always referred 
to the oxide fraction of  the total electrode mass). 

The highest specific charges were obtained with either 32 
wt.% graphite or 50 wt.% graphitized carbon black. The rea- 
son that a higher amount of carbon black was necessary might 
be related to its lower electronic conductivity, which may 
decrease the overall insertion rate. In Fig. 1, the pore size 
distribution of  electrodes having the optimal carbon content 
is illustrated. An absolute porosity of  only 16 vol.% was 
attained for the electrode with 32 wt.% of graphite using a 
preparation pressure of 3 t cm 2 (which turned out to be 
optimal for the graphite-based electrodes). Apparently, the 
pressing of  graphite orients the flakes on the current collector 
which leads to small pore sizes and compact electrodes. The 
pore diameters for the graphite-based electrodes are mainly 
distributed in the range between 0.02 and 0.1 Ixm. A much 
higher pore volume in this pore diameter range was measured 
for electrodes with 50 wt.% carbon black, prepared also at 3 
t cm 2. Moreover, a significant fraction of  pores with median 
diameters between 1-10 ~m appeared in this case. The total 
porosity was measured to be 32 vol.%. For graphite anodes 
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Fig. 1. Typical pore-size dlstribuuon (y-axis: arbitrary units) and porosity 
of the LiNi~ _,Mn,.O2+~ electrodes consisting of 2 wt % binder and either 
32 wt.% graphite or 50 wt % carbon black, using different preparation 
pressures. 
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in carbonate-based electrolytes, optimum pore sizes in the 
range between 1 and 10 ixm were reported [ 12-14]. Pores 
in this range allow a better electrolyte-wetting of  the elec- 
trode. Using lower preparation pressures, the fraction of pores 
with the desired diameters was even enhanced (Fig. 1 ). The 
pore diameters increased to higher values as well, i.e. the pore 
sizes and the absolute electrode porosity increased. For a 
preparation pressure of 80 kg cm -2, an absolute porosity of 
41 vol.% was measured for the carbon black-containing oxide 
electrode. 

Due to the better wetting properties of  the oxide/carbon 
black electrodes, higher specific charges are obtained. For 
the Ni5Mn5 oxide, 170 mAh g-~ were measured galvano- 
statically in the first charging (de-insertion) cycle to 4.3 V 
versus Li/Li  ÷ using a current density of  0.38 mA cm 2. For 
the corresponding oxide/graphite mixture only 150 mAh g -  
were obtained in comparable measurement. However, the 
cycling experiments show better performance using graphite 
instead of carbon black. The oxide/graphite electrode is 
slightly better, as shown in Fig. 2. This behavior suggests a 
better mechanical stability of  the oxide/graphite electrode. 

These results indicate that the two electrode compositions 
represent the extreme cases in which either the cycling sta- 
bility or the maximum specific charge is emphasized. An 
optimum mixture might be found in a combination of  the 
pore-forming carbon black and the electrode stabilizing 
graphite. For our comparative studies of the prepared oxides 
we used the oxide/graphite electrode, which has the better 
cycling stability. 
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Fig. 2 Cycle dependence of the specnfic charge of an LiNi, ,Mn,.O~+~- 
containing electrode (3 = 0.5, N15Mn5. Li + de-insertion ) prepared with 32 
wt.% graphite (preparaUon pressure of 3 t cm- 2 ~ or 50 wt % carbon black 
( preparation pressure of 80 kg cm "-), galvanostat~cally cycled at 0.38 mA 
c m  2. 

3.2. Oxide cycling performance 

Fig. 3 demonstrates that the lithium insertion/de-insertion 
reaction is reversible for all tested manganese contents v, in 
LiNi~ _,.Mn~O2+ a. In these potentiodynamic experiments, a 
maximum specific charge for Li + de-insertion of  about 160 
mAh g ' was obtained for a manganese content of v = 0.5 in 
the potential range of  2.5-4.3 V versus Li/Li  + in the first 
cycle at 50 p~V s -  '. The specific charge of  the initial cycle 
decreases with decreasing manganese content to about 110 
mAh g ' for the pure lithium nickel oxide LiNiO2. We attrib- 
ute the lower specific charge for LiNiO2 prepared via our 
solution technique in comparison to the specific charge of 
150-170 mAh g ' [ 15,16] that is typically obtained for the 
ideal stoichiometric LiNiO2 prepared via solid-state synthesis 
to the partial cationic disorder and lower crystallinity of the 
former. This fact has been confirmed by analysis of  the XRD 
measurements and will be discussed elsewhere [ 10b]. 

Fig. 4 illustrates the cycling behavior of  the mixed oxides 
as a function of the manganese content, 3', from voltammetric 
experiments. Although the cycling performance of  the 
LiNiO2 ( Ni I 0Mn0 ) was poor, a significant improvement was 
achieved with 20 mol% manganese. The specific charge and 
cycling stability for the oxides with 20-40 tool% manganese 
was comparable. A further improved performance was found 
for the manganese content of  about 50 tool%, in which a 
specific charge of  about 150 mAh g -  ~ was measured in the 
first few cycles (Fig. 4). The specific charge declines grad- 
ually from 160 to about 80 mAh g - '  after 50 cycles. The 
corresponding voltammograms are shown in Fig. 5. The 
height of the de-insertion peak between 3.6 and 4.0 V versus 
Li/Li ÷ decreases during cycling, whereas an additional 
broad peak emerges with increasing cycle number in the 
potential range between 3.0 and 3.6 V versus Li/Li +. Ex situ 
XRD experiments of  the cycled electrode material show a 
dramatic decrease in diffraction peak intensity after 50 cycles. 
This indicates a gradual structural change of the oxide to the 
amorphous state during cycling. 
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Fig. 3. Cyclic vol tammograms (first cycles)  of LiNi, ,Mn,O: ~ ~ with dif- 

ferent manganese contents, y. at 50 ixV s ~; graphite-based electrode. 
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Fig 4. Specific charges for Ll + de-insertion obtained from cyclic voham- 
metry (as in Fig 3) of the LINJI ,Mn,O_,~ ~ with different manganese 
contents, y: graphite-based electrode. 

precipitation process prior to a calcination step. We have 
shown the importance of electrode porosity and carbon con- 
tent for the performance of LiNi~ ~MnvO2+ 6 in test elec- 
trodes. Higher porosity of  oxide/carbon black electrode leads 
to faster electrode kinetics which is reflected in higher specific 
charges and sharper voltammetric peaks. However, on long- 
term cycling, the higher mechanical stability of oxide/graph- 
ite electrodes leads to better results. 

In view of the electrochemical performance of  the series 
of LiNi~ _,Mn,O2 + ~ oxides, increasing specific charges and 
improved cycling performance was found for an increasing 
manganese content up to y = 0.5. Although the specific charge 

1 obtained for the LiNiO2 is rather low, about 170 mAh g 
was achieved for the Ni:Mn ratio of about l : l .  This is in 
contrast with the LiNiO2 synthesized either via the classical 
solid-state route or via the 'chimie douce'  route, for which 
manganese doping has led to a deterioration of the electro- 
chemical performance [ 11,17,18]. About 150 mAh g-~ was 
measured in the initial cycles for the oxide with the nominal 
composition LiNi, 5Mne 502 (Ni5Mn5). The specific charge 
gradually decreased to about 80 mAh g-  ~ after 50 cycles. 
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Fig 5. Cychc vohammograms of Ni5Mn5 (graphite-based electrode) at 
500xV s 

For manganese contents of more than 50 mol%, spinel- 
type materials were obtained. The amount of  Li + which de- 
inserted from these materials in the first discharge is much 
less than for the layered-type mixed oxides. However, these 
spinels show attractive specific charges for a reversible Li ~ 
insertion in the 3 V region. The results for these spinel-type 
oxides will be described in a forthcoming paper. 

4. Conclusions 

Mixed lithium-nickel-manganese oxide was synthesized 
via a novel solution technique in which a mixed transition 
metal hydroxide precursor was prepared in an oxidative co- 
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