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Birnessite-type lithium manganese oxide coprecipitated
with Nafion showed improved stability on cycling as a cathode
material for a Li-rechargeable battery at large current density.

Layered lithium transition metal oxides LiMO2 (M = Co,
Ni, Mn) have been the focus of extensive attention as cathode
materials for lithium secondary batteries.1,2 It is known that man-
ganese oxides, either layered LiMnO2 or spinel LiMn2O4 have
electronic conductivity fundamentally lower by several orders
than layered LiCoO2 and LiNiO2.

3 Attempts are being made to
improve the electronic conductivity of manganese oxides, in-
cluding coating particles with carbon4 or oxides such as RuO2,

5

or cosynthesizing the compounds with carbon6 or polymers such
as poly(3,4-ethylenedioxy)thiophene.7 Our work on the copreci-
pitated composite of layered birnessite-type manganese oxide
and acetylene black shows that the discharge capacity was larger
than that of the physically mixed composite especially at high
current density, showing a capacity of 200 mA�h�g�1 at the rate
of 1 mA/cm2 (C/3) corresponding to >70% of the theoretical
value.6 However, at much higher rates, e.g. larger than 1C, this
material also showed significant capacity fading.

Nafion, a perfluorinated sulfonated ionomer, is of interest in
other electrochemical applications such as protonic fuel-cell
electrodes or membranes for separation of hydrogen gas,8,9 or
as an electric double layer capacitor.10 In the present work, we
synthesized a composite of birnessite with Nafion by coprecipi-
tation and used it as the active material of a cathode. The result
demonstrated that stability on cycling at high charge–discharge
rates can be improved.

Lithium-form birnessite manganese oxide (Li-birnessite)
can be prepared by a precipitation process from Mn(NO3)2
and LiOH aqueous solutions.11 Accordingly, the composite pow-
der in this study was synthesized as follows. An Mn(NO3)2 solu-
tion (0.3 M 38 mL) was mixed with a 5 g Nafion polymer solu-
tion (5% Nafion 117 polymer solution, obtained from Wako
Pure Chemical Industries, Ltd.) While stirring, a mixed solution
of LiOH (0.5 M, 76 mL) and H2O2 (2 M, 8 mL) was poured into
the mixture. After stirring for 4 h, the product was filtered using a
membrane filter with a pore size of 0.45mm (Toyo Roshi Kaisha,
Ltd., Japan). The precipitate was washed with distilled water
several times until pH �7, and then dried at 70 �C. For compar-
ison, a Li-birnessite sample was prepared under the same synthe-
sis conditions but without Nafion.

The XRD patterns (Figure 1), recorded on a Rigaku RINT
2100 X-ray diffractometer, did not show any marked difference
between the coprecipitated sample and Li-birnessite samples;
each had a basal spacing of 7.03 �A, i.e. the introduction of the
Nafion polymer did not affect the formation of birnessite-type
manganese oxide. Two kinds of water, physisorbed and interlay-
er water exist in the composite, corresponding to the two endo-

thermic peaks below and above 130 �C, respectively, in the DTA
curves (Figure 2), as measured by a MAC Science thermal ana-
lyzer TG-DTA 2000, at 10 �C/min rate in air. The exothermic
peaks from 360 to about 500 �C in the DTA curve of the compo-
site accompanied by a weight loss of 14.3% are related to the
combustion of the Nafion polymer in the coprecipitated sample.
Table 1 shows the metal contents analyzed by atomic absorption
spectrophotometry after dissolving the samples in a mixed solu-
tion of HCl and H2O2 and the total carbon and fluorine contents
analyzed in the Sumika Chemical Analysis Service, Japan. The
higher Li/Mn molar ratio in the coprecipitated sample than in
Li-birnessite is due to the exchange of Liþ ions with Naþ ions
in the Nafion polymer. The Nafion content, calculated from
the F content in the sample and in Nafion solution where F con-
tent was analyzed as 3.3%, is 15.0 % in weight, agreeing with the
TG result. These results confirm that a composite of birnessite-

Figure 1. X-ray diffraction patterns for (a) coprecipitated compo-
site and (b) Li-binessite.

Figure 2. Thermogravimetric and differential thermal analysis
curves (a) coprecipitated composite and (b) Li-binessite.

Table 1. Chemical analysis composition of the coprecipitated
composite

Sample
Element content/mmol/g

Li/Mn
Li Na Mn Fa C

Composite 2.60 0.011 7.75 5.2 9.33 0.34
Li-birnessite 2.61 — 9.48 — — 0.28
aaccording to JIS K 0102 34.1.
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type lithium manganese oxide and Nafion polymer can be
obtained by this coprecipitation method.

The composite has a different morphology from Li-birnes-
site which has layer-shaped slips stacked to form particles as
shown in Figure 3b. The coprecipitated composite has a net-
work-like texture formed by particles of around 0.1mm in size
(Figure 3a), suggestive of a homogeneous distribution of birnes-
site crystal particles on the Nafion polymers.

After heating at 100 �C for 12 h in a vacuum, the composite
and Li-birnessite samples were mixed with acetylene black (con-
ducting material) and polyvinylidene fluoride binder, coated on
an aluminum foil, and finally heated at 100 �C for 24 h in a vacu-
um again. The water contents of the composite and birnessite
electrodes were roughly evaluated as 2.5 and 8.5%, respectively,

from the weight loss by heating up to 200 �C. The samples were
then subjected to galvanostatic charge–discharge test using a
laboratory-scale cell. Measurement conditions were set as de-
scribed elsewhere.6 Counter and reference electrodes were lithi-
um metal; electrolyte, 1 M LiPF6 in ethylene carbonate (EC)–di-
methyl carbonate (DMC) (1:1 volume); voltage limits, 2.0 and
4.0 V; and temperature, 25 �C. The cells were usually recharged
at a relatively high C/n rate, where C is the nominal capacity of
the cell and n is the time, in hours. By assuming that the insertion
of 1 equiv. of lithium per equivalent of Mn in birnessite,12 the
nominal capacities were calculated as 208 and 254 mA�h�g�1

for the composite and Li-birnessite, respectively, according to
their Mn contents (Table 1). As shown in Figure 4a, the compo-
site showed a capacity of 110 mA�h�g�1 corresponding to 54% of
the theoretical value at 1.4C rate, but for Li-birnessite the capaci-
ty was 70 mA�h�g�1 at 1.3C rate, and the recharge rate had to be
as low as C/3 to reach 55% of the theoretical value.

Li-birnessite loses a large fraction of its initial capacity in
the first few cycles (Figure 4b), matching the results of the only
reference in the literature to direct synthesis for Li-birnessite.13

The coprecipitated material showed fairly improved cycle per-
formance. At C/1.5 (0.5 mA/cm2) rate, the average capacity
fading was less than 0.85% (per cycle) and the composite cath-
ode was able to deliver over 100 mA�h�g�1. At higher current
rates, the fading was larger in the first 10 cycles than after that.
e.g. for 2.7C rate (2 mA/cm2), over the first 10 cycles it was
about 5% per cycle over the first 10 cycles, but decreased to less
than 0.45% between the 11th and 50th cycles.

The improvement of cycling stability of Li-birnessite with
the introduction of Nafion can be attributed mainly to the in-
crease of ionic transport through active materials. Our prelimina-
ry examination of conductivity found that the conductivity is no-
ticeably higher in the composite than in the Li-birnessite sample.
In addition, the small and homogeneous distribution of birnessite
particles precipitated on the Nafion polymers may advanta-
geously improve cycle efficiency. Nafion may be useful as bind-
er, and then contact between active materials and conduction
materials is enhanced resulting in decrease of capacity fading.
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Figure 3. SEM images of (a) coprecipitated composite and
(b) Li-binessite.

Figure 4. Galvanostatic discharge of coprecipitated composite
(solid lines and markers) comparing with Li-binessite (dashed lines
and open markers) at different C/n rates. Panel (a) shows the volt-
age vs capacity behavior. Panel (b) illustrates the cycle perform-
ance upon galvanostatic lithium insertion cycles.
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