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Rechargeable lithium-air battery is studied using Pd/mesoporous a-Mn0O; air composite electrode. In
the present work, we have studied the preparation and electrochemical performance of ordered meso-
porous a-MnO; as a cathode catalyst for rechargeable Li-air batteries. «~-MnO, was prepared by reduction
of KMnQ4 solution in acidic aqueous solution followed by successive proton and alkali-ion exchange
method. a-MnO; with high surface area of 33-133.0m? g~! was successively synthesized and used as

an electrode catalyst for Li-air battery. It was found that the mixture of Pd and mesoporous a«-MnO,
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electrode shows the high activity to oxidation and reduction of Li to form Li,O; or Li;O. Application of
Pd/mesoporous a-MnO,, which is mixed with teflonized acetylene binder (TAB), for air electrode is effec-
tive for decreasing the charge potential and also improved the energy efficiency as well as cyclability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, metal/air batteries have been attracting much atten-
tion because of its extremely high specific capacity. The reason for
such high specific capacity is that the cell consists of metal for an
anode electrode and a cathodic reactant of O, from air, and hence
these batteries are unique in structure and works as a half cell.
Among the various metal/air battery systems, lithium-air battery
is the most attractive one since the cell discharge reaction between
Li and oxygen to yield Li;O, (2Li+ 0O, — Li;0;) has a theoretical
discharge voltage of 3.10V and a theoretical specific energy of
5200 Whkg_j;. In practice, oxygen is not needed to be stored in the
battery and the theoretical specific energy excluding oxygen is as
high as 11,140 Wh kg_;;, which is much higher capacity than that
of any advanced batteries and even higher than that of fuel cells.
Abraham and Jiang reported a Li-air battery using non-aqueous
electrolyte [1]. They suggested that during discharge, Li reacts with
0, to form Li;05. In addition to this, Read [2] suggested that there
was another reaction occurred based on oxygen consumption mea-
surementi.e. 4Li + O, — 2Li, 0, has an open circuit voltage of 2.91 V.
However, due to low oxygen solubility in non-aqueous electrolyte,
the power density of Li-air battery using non-aqueous electrolyte
is low [2,3]. In the lithium-air batteries, the non-aqueous elec-
trolyte at the anode side is used in order to eliminate the dangerous
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reaction between metallic lithium and water. Dobley et al. [4] and
Kuboki et al. [5] had employed liquid aprotic organic solvents for
the electrolyte solution. By applying an organic based [3] or ionic
liquid based electrolyte solution [5], the products of the cell reac-
tions involve the insoluble Li, O and Li, 0, product. Both Li; O and
Li, O, are not soluble in an organic electrolyte solution and these
oxides will precipitate in the pores of the carbon based cathode
which blocks further intake of oxygen and thus abruptly ends cell
life. Recently, lithium-air rechargeable battery was reported using
MnO, for air electrode [6,7]. In the previous work [8], it was found
that the higher charging potential above 4.2V leads to the decom-
position of Li,CO3 into Li*, CO,, and O,. At the charging potential
above 4.2V, oxidation of carbon binder leads to the formation of
CO,, which further reacts with Li resulting in the formation Li, CO5.
In this study, we have synthesized the mesoporous a-MnO; as a
catalyst cathode electrode for Li-air battery by alkali-ion exchange
method. We have investigated the charge and discharge property
of this cell and the electrode reaction was analyzed. During dis-
charge, the first initial product Li,O, was observed and then the
final product after discharge was Li; 0. However during the charge
process, decomposition of Li; O, to Li and O, takes place.

2. Experimental
2.1. Synthesis of the materials
Synthesis of mesoporous a-MnO, was performed by reduction

of KMnOQy solution in acidic aqueous solution at 333 K for 10 h. The
products were then washed with distilled water until free from the
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resulting KCl. Some products were then further stirred with HNO3
solution for 10 h, and finally washed with distilled water and dried
in air.

2.2. Characterization of the samples

The mesoporous a-MnO, compound was characterized by a
combination of techniques including X-ray diffraction (XRD, Rigaku
Rint 2500), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and BET surface area measurements
(Nippon Bell. BELSORP 18PLUS-FS).

Powder X-ray diffraction (XRD) was carried out using a Rigaku
Rint 2500HLR diffractometer with Cu Ko radiation at the low angle
scanning range of 0.5-5° and the wide angle range of 10-80° (26).
Nitrogen adsorption-desorption isotherm was measured using a
Bell Japan (Bell Mini) instrument and the specific surface area was
calculated by the Brunauer, Emmett and Teller (BET) method. The
particle morphologies of the resulting mesoporous a-MnO, com-
pound were observed using a scanning electron microscope (SEM,
Keyence VE-7800). TEM observation was performed using a JEOL
JEM-2010 electron microscope.

2.3. Electrochemical measurements

The electrochemical characterizations were carried out using
Swagelok type cell. The cathode was prepared using a mixture of
a-MnO,, Pd, and teflonized acetylene black (TAB-2) as abinder (mol
ratio of 75:15:10) and then mixture was pressed onto a stainless
steel mesh and lithium foil was used as an anode electrode sepa-
rated by a porous polypropylene film (Celgard 3401). The cell was
gas tightness excepting for the stainless steel mesh window that
is exposed the porous cathode to O, atmosphere. The electrolyte
used was 1M LIiTFSI-EC:DEC (3:7 by volume) lithium bis (triflu-
oromethanesulfonyl) imide-ethylene carbonate:diethyl carbonate
supplied by Ube Chemical Co. Ltd., Japan. Charge-discharge perfor-
mance was carried out at the voltage range of 4.0-2.0 V at a constant
current of 0.025 mA cm~2. A practical lithium/air battery should be
tested on air operational environment. Since the moisture content
in the air will react with lithium negative electrode and CO, will
consume all lithium salt in the electrolyte. To avoid such negative
effect, the cell was tested in a dry pure oxygen atmosphere.

Examination of the discharged electrode involves first disassem-
ble of the cell in the glove box, rinsing the cathode electrode with
diethyl carbonate, removing the solvent under vacuum, and then
the electrode was introduced to air tight holder.

Itis observed that the discharge capacity increases with increas-
ing the amount of air electrode because of the enlarged catalytic
activity and also storage capacity for the resulting lithium oxides.
Therefore, in the conventional metal-air battery, the discharge
capacity was generally normalized by the amount of carbon used
for air electrode. In this study, composite with metal or metal oxide
was used for air electrode and the capacity of charge and discharge
was expressed by total weight basis of air electrode.

3. Results and discussion

Low angle XRD data for a-MnO, prepared was shownin Fig. 1(a).
The characteristic sharp diffraction peak at 1.02° indicates that
the mesoporous a-MnO; was successfully synthesized. Wide angle
XRD pattern of as-synthesized mesoporous a-MnO, is shown in
Fig. 1(b). Peaks at 13°, 18°, 29°, 38°, 42°, 50°, 57° and 61° are char-
acteristic ones for the a-MnO, phase [9], except for some Mn;03
impurities peak was also observed at 22° and 34.9°. The transforma-
tion of KMnO4 compounds that the cation/proton exchange leads to
the formation of ®-MnO, is in good agreement with the literatures
[10-12].
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Fig. 1. (a) Low-angle and (b) wide-angle XRD pattern of mesoporous a-MnO,.

Fig. 2(a) shows the scanning electron microscope image of the
mesoporous a-MnO, powder. It shows that small round micro-
particles were aggregated with each other to form mesopore with a
hollow structure. Fig. 2(b) shows the TEM image of the mesoporous
a-MnO, having a hollow tube like structure with 10-20 nm in
diameter. Analysis of the transmission electron microscopy image
revealed that the rod axis of the a-MnO, crystal coincident with the
c-axis of the unit cell, which is in the direction of (2 x 2) tunnels.

Fig. 3 shows the nitrogen adsorption-desorption isotherms of
mesoporous a-MnO,. The isotherms of mesoporous o-MnO, are
typical IV type isotherms with H;-type hysteresis loop, which is
characteristic one for mesoporous materials. The mesoporous a-
MnO, has a surface area of 33.0m2g~! with a pore diameter of
4.05 nm.

We investigated the charge-discharge measurement of
lithium/air battery using o-MnO,/TAB(90/10) air electrode as
shown in Fig. 4(a). Charge-discharge measurement was carried
out in the potential window of 4.0-2.0V versus Li/Li*, at the
current density of 0.025 mAcm~2. An initial discharge capacity of
365mAh g cyayst ! (corresponded to 3650 MAh g cyrhon ') With
high reversible capacity was exhibited. The discharge plateau
was large in capacity and flat at 2.9-2.7V. However, the charge
potential was flat at 3.6V with high reversible capacity. Further
charge-discharge measurement shows the stable discharge capac-
ity of 350 mAh g_catalys(l after 7 cycles. The capacity retention
rate was only 96% after 7 cycles. By removing high surface area
carbon binder for lithium-air battery, «-MnO, electrode can
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Fig. 2. (a) SEM image and (b) TEM image of mesoporous a-MnO,.

enable to charge the cell below 4.0V and it was found that the
charging potential plateau was reduced drastically using a-MnO,
for electrode. The difference between the charge and discharge
voltage was AV=0.8V, demonstrating that the battery had become
more reversible (energy efficiency ca. 78%).

250 T T T T T T T T T T T
-
" H
200 4 i o\
- £1; \
==
E 1504 = . -0
e o
"en . ¢ 7
", | ¢
ZRLE IR S—— g’
i e uRRnaNn ¥ g
- prm ‘V.-J
- g
b
50 4 ._.".t-.'
o
04
T L3 T L Ll - T L L L} T
0.0 0.2 0.4 0.6 08 1.0
P/P,

Fig. 3. Nitrogen adsorption-desorption isotherms of mesoporous a-MnO,. The
inset is the pore size distribution of mesoporous of a-MnO,.
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Fig.4. Charge-discharge curves for a lithium/air battery using mesoporous o.-MnO,
supported palladium electrode in an O, atmosphere between 4.0 and 2.0V at a
current density of 0.025 mA cm—2. (a) Mesoporous a-MnO,/TAB (90/10) electrode,
and (b) mesoporous a-MnO,/Pd/TAB (75/15/10) electrode.

In our previous report [8] we found that the addition of Pd
is effective for enlarging discharge capacity and effects of Pd on
a-MnO, was also studied. By addition of small amount of Pd to
mesoporous a-MnO, air electrode, the initial discharge capac-
ity of Pd/a-MnO,/TAB (15/75/10) electrode can be increased to
545 mAh g_catalys(1, which is corresponded to 5450 mAh g_ca1bon ™
as shown in Fig. 4(b). The charge-discharge voltage difference (AV)
on Pd/a-MnO,/TAB (15/75/10) air electrode was ~0.6 V. Based on
the charge discharge capacity potential plateaus of Pd/mesoporous
a-MnO,/TAB (15/75/10) air electrode, the specific energy effi-
ciency of ~82% was observed for Pd/mesoporous a-MnO,/TAB
(15/75/10) air electrode. Therefore, the combination of palladium
with mesoporous a-MnO; seems to be highly effective for decreas-
ing the charging potential close to the theoretical value. Therefore,
Pd/mesoporous a-MnO, electrode was highly active to air elec-
trode of lithium-air battery.

Decrease in capacity with increasing the current density is
another serious issue for the present Li-air battery. Therefore,
charge-discharge property was studied at various current densi-
ties for the Li-air cell using Pd/a-MnO, air electrode. Although
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Fig.5. First charge—discharge curves of (a) mesoporous a-MnO,/Pd/TAB (75/15/10)
electrode at a current rate of 0.025, (b) 0.13, (c) 0.25, (d) 0.65, (e) 1.27, (f) 1.91, and
(g)2.55mAcm 2.

Li-air battery is always considered for its poor rate property
and shows only large capacity at low current density, this study
reveals that reasonably high capacity is exhibited at high cur-
rent density on the cell using Pd/mesoporous o-MnO, as shown
in Fig. 5. Pd/mesoporous o-MnO, air electrode shows the first
charge-discharge profile at different rates, 0.023, 0.12, 0.25, 0.63,
1.27,1.91,and 2.55 mA cm~2. The capacity of the Pd/mesoporous o-
MnO; air electrode at 0.025 mA cm~2 is 545 MAh g_cya1yse !, While
at0.12,0.25,0.63,1.27,1.91,and 2.55 mAcm~!, it was 483,334, 261,
242,215, and 175 mAh g capayst |, respectively. That means that at
0.12,0.25,0.63,1.27,1.91,and 2.55 mA cm~2, the capacity retention
rates are 88.6%, 61.3%, 47.9%, 44.4%, 39.5%, and 32.1%, respectively.
Pd/a-MnO,/TAB(15/75/10) electrode shows high capacity reten-
tion with increasing current density, and 32.1% to its initial capacity
was still exhibited from 0.025 to 2.55mAcm~2, which is much
higher than that of the lithium-air batteries reported. That means
that the rate property of the Pd/mesoporous a-MnO,, air electrode
for Li-air battery is acceptably high and this could be assigned to
the high activity of air electrode.

Fig. 6 shows the capacity as a function of cycle number of the
cell using Pd/a-MnO, air cathode electrode at low and high cur-
rent densities. Pd/mesoporous a-MnO-, electrode shows the initial
discharge capacity of 334 mAh g_catalys(1 during the first initial
cycle at the current density of 0.25mAcm~". After 15 cycles, the
capacity of 261 mAh g_catalyst—l is still retained. While applying a
high current density of 1.91 mA cm~2, it shows the initial discharge
capacity of 215mAh g caayse” ' and 121 mAh g s after 15
cycles. The capacity retention rate was 78.1% and 56.3% at 0.25 and
1.91 mA cm~2, respectively. Therefore, increase in current density
decreases the cycle stability of the cell and this could be explained
by the unusual deposition of Li; 0, or Li, O because of excessively
fast deposition rate. In any case, it can be said that the lithium-air
battery using Pd/mesoporous a-MnO, electrode shows the supe-
rior cycle stability for charge and discharge even at high current
densities.

Fig. 7 shows the ex situ XRD of Pd/a-MnO, electrodes before
charge and those after discharge to 200, 400 mAh g_catalyst‘1, and
2.0V, respectively. Since two potential plateaus were observed
for discharge in Li-air battery, we measured XRD to know what
kind of reactions mainly occurs during discharge process. Before
charge, ex situ XRD pattern of Pd/mesoporous «-MnO, electrode
shows the diffraction peaks from each component except for new
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Fig. 6. Charge-discharge capacities versus cycle performance of mesoporous a-
MnO, /Pd/TAB (75/15/10) electrode at a current rate of 0. 25, and 1.91 mA cm~2.
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Fig. 7. Ex situ XRD of mesoporous a-MnO,/Pd/TAB (75/15/10) electrode before
charge and after discharge to 200, 400 mAh g_catalys(l, and 2.0V.

peak at 23° which is assigned to a polythene bag. After discharge
to 200 mAh g_cmlysgl, Pd/a-MnO, electrode shows new peaks at
19.3° and 52° corresponds to the formation of Li, O,. After discharge
to 400 mAh g_catalys(l, ex situ XRD of Pd/a-MnO, electrode shows
the new peaks at 25.4° and 62° corresponds to the formation of Li, O.
While after discharge to 2.0V, the peaks at 34.8° and 56° become
sharper and increased intensity due to increased amount of Li, O,
while the peak at 19.3° with reduced intensity. These results sug-
gest that the formation of Li; O, at initial high potential range and
then Li, O was mainly formed in low potential range to 2.0 V.

4. Conclusions

This study revealed that Pd/mesoporous o-MnO, elec-
trode is highly active as air electrode of lithium/air battery.
Using Pd/mesoporous «-MnO,/TAB, charging potential can
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be suppressed to 3.6V and high reversible capacity of ca.
545 mAh g caalyst | Was observed at 0.025mAcm~—2. Applying
high current densities of 0.25 and 1.91 mA cm~2, Pd/mesoporous
a-MnO, electrode shows the stable capacity of 261 and
212mAh g st |, Tespectively after 15 cycles. These results sug-
gest that lithium-air battery can be reversibly used even at high
current densities. Using Pd/mesoporous a-MnO>, electrode, ex situ
XRD result shows the formation of Li, O, followed by Li, O after dis-
charge to 2.0V but no Li, CO5 formation is observed. Consequently,
energy efficiency for charge and discharge in this study can be
achieved to be 82%, which is much higher than that of the reported
value (ca. 65%).

Acknowledgement
This project was financially supported by Li-EAD project of the

New Energy and Industrial Technology Development Organization
(NEDO) of Japan.

References

[1] K.M. Abraham, Z. Jiang, ]. Electrochem. Soc. 143 (1996) 1.

[2] J. Read, J. Electrochem. Soc. 149 (2002) A1190.

[3] J. Read, K. Mutolo, M. Ervin, W. Behl, J. Wolfenstine, A. Driedger, D. Foster, J.
Electrochem. Soc. 150 (2003) A1351.

[4] A. Dobley, J. DiCarlo, K.M. Abraham, In: Proceeding of the 41st Power Sources
Conferences, Philadelphia, PA, p. 61 (2004).

[5] T.Kuboki, T. Okuyama, T. Ohsaki, N. Takami, J. Power Sources 146 (2005) 766.

[6] T.Ogasawara, A. Debart, M. Holfazel, P. Novak, P.G. Bruce, J. Am. Chem. Soc. 128
(4) (2006) 1390.

[7] A.Dobley, C. Morein, K.M. Abraham, Cathode Optimization for Lithium-air Bat-
teries in 208th Meeting of the Electrochemical Society, Los Angeles, USA, 16-21
October, 2005 (Abst. 823).

[8] A.K.Thapa, K.Saimen, T.Ishihara, Electrochem. Solid State Lett. 13 (2010) A165.

[9] L.I Hill, A. Vebaere, D. Guyomard, . Power Sources 119-121 (2003) 226.

[10] Q. Feng, H. Kanoh, K. Oii, M. Tani, Y.J. Nakacho, J. Electrochem. Soc. 141 (1994)
L135.

[11] Q. Feng, C. Honbu, K. Yanagisawa, N. Yamasaki, Chem. Mater. 11 (1999)
2444,

[12] E.Y. Cheng, ].Z. Zhao, W. Song, C.S. Li, H. Ma, J. Chen, P.W. Shen, Inorg. Chem. 45
(2006) 2038.



	Mesoporous α-MnO2/Pd catalyst air electrode for rechargeable lithium–air battery
	1 Introduction
	2 Experimental
	2.1 Synthesis of the materials
	2.2 Characterization of the samples
	2.3 Electrochemical measurements

	3 Results and discussion
	4 Conclusions
	Acknowledgement
	References


