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Abstract

Bismuth-modified amorphous manganese oxides were synthesized via a room temperature aqueous route. They were galvanostatica

tested as intercalation cathodes for rechargeable lithium batteries at 1 nt4etween 1.5 and 4.3 V. In sharp contrast to severe capacity

fading of unmodified amorphous manganese oxide synthesized by the same route, a stable cycling performance of the bismuth-modifie

amorphous manganese oxide was observed. After an initial drop from 185 to 145thisregound 10 cycles, the capacity of the bismuth-

modified amorphous manganese oxide remains essentially unchanged for another 40 cycles. Based on results from X-ray diffraction an
cyclic voltammetry (CV) characterization, it is suggested that an electrochemically active and stable local structure evolves inside the

bismuth-modified amorphous manganese oxide upon initial cycling, leading to the stabilized cycling performance for subsequent cycles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction other cations such as NaCl?* have been reportei@,3],
which points to the possibility of achieving improved cycling
Manganese oxides are promising cathode materials forperformance by stabilizing the local structure through struc-
rechargeable lithium and lithium ion batteries owing to their tural modification by incorporation of different cations.
natural abundance, low cost and environmental benignity. In' The more than one electron transfer in the amorphous
recent years, manganese oxides in amorphous forms havenanganese oxides where at least some of thé*Mans
attracted increasing attenti¢h-10]. They exhibit very high  are reduced to Mt during the lithium intercalation process
intercalation capacities over awide voltage range correspond-resembles what occurs in aqueous alkaline batteries where
ing to more than one electron reduction of the Mn(IV) ions, manganese oxides function as cathodes. In alkaline batteries
i.e. a redox reaction involving both the KYMn** and with manganese oxides as cathodes, a high capacity could be
Mn3*/Mn?* couples. These high specific capacities offer achieved due to the reaction involving two electrons, which
the amorphous manganese oxides a significant advantage igorresponds to the reduction of Kfnto Mn2*+. The discharge
applications such as in portable electronic devices where aof manganese dioxide in alkaline batteries is generally di-
long discharge time is desired. However, for most amorphous ided into two processd$1—16] The first can be considered
manganese oxides synthesized via low temperature agueougs a homogeneous solid-state proton intercalation reaction
routes, unsatisfactory cycling performance becomes a limit- which yields a capacity of one electron per manganese and
ing factor for them. In our previous work, improved cycling  the product of MNOOH. Compared with the homogeneity of
performance of amorphous manganese oxides doped withthe first discharge process, the second discharge step where
Mn3t is reduced to MA" is considered a heterogeneous one
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for the manganese dioxide in alkaline batteries, difficulties of manganese(ll) nitrate and bismuth(lll) nitrate were pre-
are encountered when trying to make it rechargeable becaus@ared. A HO2/LiOH mixture solution was used to oxidize
of the poor irreversibility of Mn@Q. the Mn(ll) ions and precipitate out bismuth-modified Mn(1V)

A breakthrough in developing rechargeable alkaline bat- oxides. Specifically, 1000 ml 0.2 M manganese(ll) nitrate so-
teries based on Mnfwas made by Wroblawa and coworkers lution was prepared. A desired amount of bismuth(lll) nitrate
[17,18] through modifying MnQ with Bi3t either chem- was dissolved into this solution where the bismuth to man-
ically or physically. The bismuth-modified manganese ox- ganese molar ratio (Bi/Mn) was controlled. Nitric acid was
ide could be cycled hundreds of times with high discharge added to adjust the pH to help dissolution of the bismuth salt.
depth. In the initial work of Wroblowa and coworkdisr], Then this solution mixture reacted with a 15 mi®p/LiOH
the bismuth-modified manganese oxide was obtained by co-solution mixture where the concentration of both solutes
precipitation in a mixture of dissolved Mn(Il) and Bi(lll) was 15wt.%. The reaction occurred rapidly and bismuth-
salts. The reversibility of this material was explained by the modified manganese oxides precipitated out instantly. Un-
stabilization of the open layered structure by the bismuth ions modified amorphous manganese oxide was prepared in the
during the discharge/charge process. Later Wroblowa et al.same way without using any bismuth salt. After dialysis to
[18] found that similar reversibility can be achieved even for remove undesired ions, these precipitates were freeze-dried
manganese oxides physically mixed withp®j and the re- and bismuth-modified or unmodified amorphous manganese
versibility has no direct relation with what kind of manganese oxides obtained.
oxide is used. After that, extensive research work has been X-ray powder diffraction was performed with a Siemens
conducted and many suggestions have been given with re-Diffraktometef’ using Cu kK radiation, with a 2 step size
gard to the role that the bismuth ions plap—26] So far, it of 0.05 and a dwelling time of 20 s at each step. A graphite
is widely accepted that the presence of bismuth prevents themonochromator was mounted between the sample and the
formation of the poorly electroactive spinel structure, which detector to filter noise signals from possible fluorescence in-

is the main cause of irreversibility of MnQn alkaline bat- duced by the incident X-ray.
teries. However, a very clear mechanism has not yet been For electrochemical characterization, all materials were
established. stirred with Ketjen black carbon powders and a polytetrafluo-

Considering the resemblance between proton insertionroethylene (PTFE) binderinaweightratio of 60:30:10 (active
and lithium intercalation, bismuth-modified manganese ox- material:carbon:binder) in cyclohexane overnight. After vac-
ides might yield improved cycling performance for lithium uum drying to remove the cyclohexane, the mixture was
intercalation. Atwater and coworkdia7,28]investigated the  rolled, punched and pressed into 1/4 in. diameter pellets with
behavior of MnQ-Bi»O3 mixture in primary and secondary a thickness around 150-2in. These pellets were dried at
lithium and lithium ion batteries. Bach et 429] reported 80°C under vacuum for 24 h in a vacuum oven that serves
the effect of Bt ions in bismuth-doped layered MaQs as the antechamber of an argon-circulating glovebox. After
a lithium intercalation compound. An improved cycling per- drying, they were directly transferred into a glovebox without
formance was reported and a pillaring effect of Biwas involving any intermediate transfer procedure or exposure
proposed. However, despite the fact that bismuth-modified to air. They were tested inside the glovebox in laboratory
manganese oxides have accomplished significant success iglass cells with lithium metal foils as the counter and refer-
alkaline batteries, related work is still scarce on their appli- ence electrodes and 1 M LiCj0On 1:1 propylene carbonate/
cation in lithium or lithium ion batteries. Moreover, since ethylene carbonate as the electrolyte. Cyclic voltamme-
confusion and controversy still exist as to the role of bis- try (CV) of these cathodes was conducted before and
muth in manganese oxides despite the extensive work thatafter cycling in the same electrochemical cell using a So-
has been conducted in aqueous alkaline batteries, investidartron 1280B potentiostat/galvanostat with a scanning rate
gation of the behavior of bismuth-modified manganese ox- of 0.1 mV s,
ides as lithium intercalation hosts in non-aqueous systems
might provide complementary or additional information with
which to address and ascertain the role of bismuth in man- 3. Results and discussion
ganese oxides. In the present work, bismuth-modified amor-
phous manganese oxides were synthesized and characterized In synthesizingthe manganese oxides, the bismuth to man-
as cathodes for rechargeable lithium batteries. Significantly ganese molar ratio in the aqueous solutions were preset to be
improved cycling performance was observed and the mech-Bi/Mn = 0 and 0.2. During the reaction, the supernatant so-
anism for the improvement discussed. lution was sampled and titrated and the results indicated that

all manganese and bismuth ions were precipitated. There-
fore, the preset bismuth to manganese ratio was retained in
2. Experimental the as-prepared powders. The X-ray diffraction patterns of
the bismuth-modified and unmodified manganese oxides are

The amorphous manganese oxides were synthesized by ghown inFig. 1 The positions of these diffuse peaks are very

room temperature aqueous synthesis route. A mixed solutionsimilar to those of amorphous manganese oxides reported
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Fig. 1. XRD spectra of unmodified and bismuth-modified amorphous man-
ganese oxides.

earlier, which were synthesized by oxidizing Mn(ll) precur-
sors with sodium hypochlorit@,3]. The fact that no peaks
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these samples are showrFig. 2. For the unmodified amor-
phous manganese oxide sample, an initial specific capacity of
230 mAh g1 was obtained, and the capacity continually de-
creased upon cycling to 53 mAR gin 50 cycles, an average
of 1.5% drop per cycle. For the sample with the Bi/Mn molar
ratio of 0.2, the initial specific capacity was 185 mAh'g.
This is lower than that of the unmodified sample, likely due
to a significant increase of formula weight caused by the in-
corporation of the heavy bismuth. Upon cycling, the capacity
decreased to ca. 145 mAhYin 10 cycles, and then stabi-
lized at this value for the subsequent 40 cycles.

Since the bismuth-modified amorphous manganese ox-
ide shows an interesting behavior of capacity evolution and a
much stabilized cycling performance in contrast with the poor
cycling performance of the unmodified sample, itis of interest
to investigate the possible structure evolution upon cycling
in order to address the mechanism of cycling performance
stabilization by bismuth modification. Ex-situ X-ray powder
diffraction analysis of the testing electrode which comprises
the bismuth-modified amorphous manganese oxide, carbon

other than those that belong to manganese oxides are oband PTFE binder was conducted after 20 discharge/charge cy-
served would suggest that single phase materials are syntheeles.Fig. 3shows the X-ray diffraction spectra of the bismuth-
sized, although the amorphous nature of the materials rendersnodified amorphous manganese oxide before cycling and the

unequivocal phase identification difficult. The diffuse peaks

testing electrode after 20 cycles. The spectrum of the testing

clearly indicate that these materials are largely amorphous.electrode is basically the same as that of the sample before cy-
The bismuth-modified manganese oxide exhibits even morecling, with an additional peak at $8vhich is from the PTFE

diffused peaks than the unmodified one, which might be due binder. The fact that no sharp peaks appeared indicates that
to the fact that the presence of bismuth ions further retardedno long range order is developed and the material remains

the crystallization process of the oxide formed at room tem-

perature.
Discharge/charge cycling tests of the unmodified and

X-ray amorphous upon cycling. In fact, the disappearance of
the diffuse peak at 67suggests that the material becomes
even more amorphous upon cycling.

bismuth-modified amorphous manganese oxides as cathodes Cyclic voltammetry was utilized to further investigate
for rechargeable lithium cells were conducted at a current the cause of the cycling behaviors observed above. Since

density of 1 mA cm? in the voltage range between 1.5 and
4.3V. The specific capacities and cycling performance of

250

the energy level of the redox center in a material is influ-
enced by its structure and CV reveals that energy level, it is
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Fig. 2. Cycling performance of unmodified and bismuth-modified amorphous manganese oxides. Current density =3.mAcm
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Fig. 5. Cyclic voltammograms of bismuth-modified amorphous manganese
oxide before galvanostatic cycling and after every 10 cycles of galvanostatic
cycling. Scan rate = 0.1 mV$.

Fig. 3. XRD spectra of as-prepared bismuth-modified amorphous man-
ganese oxide and its testing electrode after 20 cycles of galvanostatic cy-
cling.

While the cyclic voltammograms of both samples show
capable of providing information with which to address pos- broad peaks throughout the galvanostatic cycling tests, dis-
sible structural evolution. For our CV experiment, battery tinctly different evolutions of their cyclic voltammograms are
discharge/charge cycling tests of both the bismuth-modified observed. Before galvanostatic cycling, the cyclic voltam-
and unmodified amorphous manganese oxide electrodes werenograms of both samples are similar. Upon galvanostatic
performed with the same experimental conditions as used incycling, the redox peaks in the cyclic voltammogram of the
Fig. 2, namely, at a current density of 1mAcfand in unmodified amorphous manganese oxide basically remainsin
the voltage range of 1.5—4.3 V. The CV experiment was con- the same positiorHg. 4), which indirectly suggests that the
ducted before the cycling test and after the electrode was cy-structure of this material does not evolve significantly upon
cledfor 10, 20 and 30 cycles, in the same electrochemical cellcycling. However, the area covered by the peaks, namely,
as used for the galvanostatic cycling test and in the voltagethe charge/discharge capacity shrinks sharply upon cycling,
range between 1.5 and 4.3V with a scan rate of 0.1 m\Vs  which is consistent with the capacity fading observed in gal-
As shown inFigs. 4 and 5both the unmodified and bismuth-  vanostatic cyclingKig. 2). This capacity fading might be
modified (Bi/Mn = 0.2) amorphous manganese oxides show partially due to the dissolution of manganese ions into the
broad peaks in their cyclic voltammograms throughout the electrolyte since dissolution of manganese ions into the elec-
galvanostatic cycling tests. This is consistent with the fact trolyte is one of the main reasons for capacity fading observed
that their structure remains amorphous as indicated by X-ray of manganese oxides as lithium intercalation hosts, or it could
diffraction. be due to the generation of some inactive phases during cy-

cling similar to what happens in alkaline batteries.

For the bismuth-modified amorphous manganese oxide,

15 after the first 10 galvanostatic cycles, the cyclic voltammo-
] gram becomes significantly different from before the gal-
. 0 vanostatic cycling testHig. 5. The positions of the peaks
E 05 have shifted significantly, and the areas covered by the peaks
E | have shrunk significantly as well. The former suggests that
= 0.0 certain structural evolution has occurred inside this material,
% and the later is consistent with the significant capacity fad-
Q 054 At er gy‘lcfeySC'es ing observed for the first 10 cycles in galvanostatic cycling
o Aiter 10 cycles (Fig. 2). Considering that no long range order is developed
3104 Before cycling upon galvanostatic cycling as shown by X-ray diffraction
(Fig. 3), most likely the structure evolution is confined on a
15 _— local scale. After the first 10 cycles, only minor changes occur
12 8 24 ot 3'°(V) 36 4.2 4.8 in both the positions of and the areas covered by the peaks,
oltage

and the cyclic voltammograms after 20 and 30 cycles of gal-
Fig. 4. Cyclic voltammograms of unmodified amorphous manganese ox- vanostatic CyCImg are essentla"y_the Same. ThIS SqueSts_that
ide before galvanostatic cycling and after every 10 cycles of galvanostatic the structure and charge capacity of the bismuth-modified
cycling. Scan rate = 0.1 mv-3. amorphous manganese oxide are essentially stabilized after
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