
Journal of Power Sources 139 (2005) 274–278

Short communication

Improved cycling performance of bismuth-modified amorphous
manganese oxides as cathodes for rechargeable lithium batteries

Jingsi Yanga, Terrill B Atwaterb, Jun John Xua,∗
a Department of Ceramic and Materials Engineering, Rutgers, The State University of New Jersey, Piscataway, NJ 08854, USA

b US Army RDECOM, Communications-Electronics Research Development and Engineering Center, Fort Monmouth, NJ 07703, USA

Received 1 June 2004; accepted 23 June 2004
Available online 21 August 2004

Abstract

Bismuth-modified amorphous manganese oxides were synthesized via a room temperature aqueous route. They were galvanostatically
tested as intercalation cathodes for rechargeable lithium batteries at 1 mA cm−2 between 1.5 and 4.3 V. In sharp contrast to severe capacity
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ading of unmodified amorphous manganese oxide synthesized by the same route, a stable cycling performance of the bismu
morphous manganese oxide was observed. After an initial drop from 185 to 145 mAh g−1 in around 10 cycles, the capacity of the bismu
odified amorphous manganese oxide remains essentially unchanged for another 40 cycles. Based on results from X-ray diff

yclic voltammetry (CV) characterization, it is suggested that an electrochemically active and stable local structure evolves
ismuth-modified amorphous manganese oxide upon initial cycling, leading to the stabilized cycling performance for subsequent
2004 Elsevier B.V. All rights reserved.
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. Introduction

Manganese oxides are promising cathode materials for
echargeable lithium and lithium ion batteries owing to their
atural abundance, low cost and environmental benignity. In
ecent years, manganese oxides in amorphous forms have
ttracted increasing attention[1–10]. They exhibit very high

ntercalation capacities over a wide voltage range correspond-
ng to more than one electron reduction of the Mn(IV) ions,
.e. a redox reaction involving both the Mn4+/Mn3+ and

n3+/Mn2+ couples. These high specific capacities offer
he amorphous manganese oxides a significant advantage in
pplications such as in portable electronic devices where a

ong discharge time is desired. However, for most amorphous
anganese oxides synthesized via low temperature aqueous

outes, unsatisfactory cycling performance becomes a limit-
ng factor for them. In our previous work, improved cycling
erformance of amorphous manganese oxides doped with
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other cations such as Na+, Cu2+ have been reported[2,3],
which points to the possibility of achieving improved cycl
performance by stabilizing the local structure through s
tural modification by incorporation of different cations.

The more than one electron transfer in the amorp
manganese oxides where at least some of the Mn4+ ions
are reduced to Mn2+ during the lithium intercalation proce
resembles what occurs in aqueous alkaline batteries w
manganese oxides function as cathodes. In alkaline bat
with manganese oxides as cathodes, a high capacity co
achieved due to the reaction involving two electrons, w
corresponds to the reduction of Mn4+ to Mn2+. The discharg
of manganese dioxide in alkaline batteries is generall
vided into two processes[11–16]. The first can be consider
as a homogeneous solid-state proton intercalation rea
which yields a capacity of one electron per manganese
the product of MnOOH. Compared with the homogeneit
the first discharge process, the second discharge step
Mn3+ is reduced to Mn2+ is considered a heterogeneous
where the discharge products could be mainly Mn(OH)2. Al-
though the two-electron transfer can provide a high cap
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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for the manganese dioxide in alkaline batteries, difficulties
are encountered when trying to make it rechargeable because
of the poor irreversibility of MnO2.

A breakthrough in developing rechargeable alkaline bat-
teries based on MnO2 was made by Wroblawa and coworkers
[17,18] through modifying MnO2 with Bi3+ either chem-
ically or physically. The bismuth-modified manganese ox-
ide could be cycled hundreds of times with high discharge
depth. In the initial work of Wroblowa and coworkers[17],
the bismuth-modified manganese oxide was obtained by co-
precipitation in a mixture of dissolved Mn(II) and Bi(III)
salts. The reversibility of this material was explained by the
stabilization of the open layered structure by the bismuth ions
during the discharge/charge process. Later Wroblowa et al.
[18] found that similar reversibility can be achieved even for
manganese oxides physically mixed with Bi2O3 and the re-
versibility has no direct relation with what kind of manganese
oxide is used. After that, extensive research work has been
conducted and many suggestions have been given with re-
gard to the role that the bismuth ions play[19–26]. So far, it
is widely accepted that the presence of bismuth prevents the
formation of the poorly electroactive spinel structure, which
is the main cause of irreversibility of MnO2 in alkaline bat-
teries. However, a very clear mechanism has not yet been
established.
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of manganese(II) nitrate and bismuth(III) nitrate were pre-
pared. A H2O2/LiOH mixture solution was used to oxidize
the Mn(II) ions and precipitate out bismuth-modified Mn(IV)
oxides. Specifically, 1000 ml 0.2 M manganese(II) nitrate so-
lution was prepared. A desired amount of bismuth(III) nitrate
was dissolved into this solution where the bismuth to man-
ganese molar ratio (Bi/Mn) was controlled. Nitric acid was
added to adjust the pH to help dissolution of the bismuth salt.
Then this solution mixture reacted with a 15 ml H2O2/LiOH
solution mixture where the concentration of both solutes
was 15 wt.%. The reaction occurred rapidly and bismuth-
modified manganese oxides precipitated out instantly. Un-
modified amorphous manganese oxide was prepared in the
same way without using any bismuth salt. After dialysis to
remove undesired ions, these precipitates were freeze-dried
and bismuth-modified or unmodified amorphous manganese
oxides obtained.

X-ray powder diffraction was performed with a Siemens
Diffraktometer® using Cu K� radiation, with a 2θ step size
of 0.05◦ and a dwelling time of 20 s at each step. A graphite
monochromator was mounted between the sample and the
detector to filter noise signals from possible fluorescence in-
duced by the incident X-ray.

For electrochemical characterization, all materials were
stirred with Ketjen black carbon powders and a polytetrafluo-
r tive
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Considering the resemblance between proton inse
nd lithium intercalation, bismuth-modified manganese

des might yield improved cycling performance for lithiu
ntercalation. Atwater and coworkers[27,28]investigated th
ehavior of MnO2·Bi2O3 mixture in primary and seconda

ithium and lithium ion batteries. Bach et al.[29] reported
he effect of Bi3+ ions in bismuth-doped layered MnO2 as
lithium intercalation compound. An improved cycling p

ormance was reported and a pillaring effect of Bi3+ was
roposed. However, despite the fact that bismuth-mod
anganese oxides have accomplished significant succ
lkaline batteries, related work is still scarce on their ap
ation in lithium or lithium ion batteries. Moreover, sin
onfusion and controversy still exist as to the role of
uth in manganese oxides despite the extensive work
as been conducted in aqueous alkaline batteries, in
ation of the behavior of bismuth-modified manganese

des as lithium intercalation hosts in non-aqueous sys
ight provide complementary or additional information w
hich to address and ascertain the role of bismuth in m
anese oxides. In the present work, bismuth-modified a
hous manganese oxides were synthesized and charac
s cathodes for rechargeable lithium batteries. Signific

mproved cycling performance was observed and the m
nism for the improvement discussed.

. Experimental

The amorphous manganese oxides were synthesize
oom temperature aqueous synthesis route. A mixed so
d

oethylene (PTFE) binder in a weight ratio of 60:30:10 (ac
aterial:carbon:binder) in cyclohexane overnight. After v
um drying to remove the cyclohexane, the mixture
olled, punched and pressed into 1/4 in. diameter pellets
thickness around 150–200�m. These pellets were dried
0◦C under vacuum for 24 h in a vacuum oven that se
s the antechamber of an argon-circulating glovebox. A
rying, they were directly transferred into a glovebox with

nvolving any intermediate transfer procedure or expo
o air. They were tested inside the glovebox in labora
lass cells with lithium metal foils as the counter and re
nce electrodes and 1 M LiClO4 in 1:1 propylene carbonat
thylene carbonate as the electrolyte. Cyclic voltam

ry (CV) of these cathodes was conducted before
fter cycling in the same electrochemical cell using a

artron 1280B potentiostat/galvanostat with a scanning
f 0.1 mV s−1.

. Results and discussion

In synthesizing the manganese oxides, the bismuth to
anese molar ratio in the aqueous solutions were prese
i/Mn = 0 and 0.2. During the reaction, the supernatan

ution was sampled and titrated and the results indicated
ll manganese and bismuth ions were precipitated. T

ore, the preset bismuth to manganese ratio was retain
he as-prepared powders. The X-ray diffraction pattern
he bismuth-modified and unmodified manganese oxide
hown inFig. 1. The positions of these diffuse peaks are v
imilar to those of amorphous manganese oxides rep
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Fig. 1. XRD spectra of unmodified and bismuth-modified amorphous man-
ganese oxides.

earlier, which were synthesized by oxidizing Mn(II) precur-
sors with sodium hypochlorite[2,3]. The fact that no peaks
other than those that belong to manganese oxides are ob-
served would suggest that single phase materials are synthe-
sized, although the amorphous nature of the materials renders
unequivocal phase identification difficult. The diffuse peaks
clearly indicate that these materials are largely amorphous.
The bismuth-modified manganese oxide exhibits even more
diffused peaks than the unmodified one, which might be due
to the fact that the presence of bismuth ions further retarded
the crystallization process of the oxide formed at room tem-
perature.

Discharge/charge cycling tests of the unmodified and
bismuth-modified amorphous manganese oxides as cathodes
for rechargeable lithium cells were conducted at a current
density of 1 mA cm−2 in the voltage range between 1.5 and
4.3 V. The specific capacities and cycling performance of

-modifi

these samples are shown inFig. 2. For the unmodified amor-
phous manganese oxide sample, an initial specific capacity of
230 mAh g−1 was obtained, and the capacity continually de-
creased upon cycling to 53 mAh g−1 in 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−1g.
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 mAh g−1 in 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, it is 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
and PTFE binder was conducted after 20 discharge/charge cy-
cles.Fig. 3shows the X-ray diffraction spectra of the bismuth-
modified amorphous manganese oxide before cycling and the
testing electrode after 20 cycles. The spectrum of the testing
electrode is basically the same as that of the sample before cy-
c ◦
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e
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Fig. 2. Cycling performance of unmodified and bismuth
 ed amorphous manganese oxides. Current density = 1 mA cm−2.

ling, with an additional peak at 18which is from the PTFE
inder. The fact that no sharp peaks appeared indicate
o long range order is developed and the material rem
-ray amorphous upon cycling. In fact, the disappearan

he diffuse peak at 67◦ suggests that the material becom
ven more amorphous upon cycling.

Cyclic voltammetry was utilized to further investiga
he cause of the cycling behaviors observed above. S
he energy level of the redox center in a material is in
nced by its structure and CV reveals that energy level
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Fig. 3. XRD spectra of as-prepared bismuth-modified amorphous man-
ganese oxide and its testing electrode after 20 cycles of galvanostatic cy-
cling.

capable of providing information with which to address pos-
sible structural evolution. For our CV experiment, battery
discharge/charge cycling tests of both the bismuth-modified
and unmodified amorphous manganese oxide electrodes were
performed with the same experimental conditions as used in
Fig. 2, namely, at a current density of 1 mA cm−2 and in
the voltage range of 1.5–4.3 V. The CV experiment was con-
ducted before the cycling test and after the electrode was cy-
cled for 10, 20 and 30 cycles, in the same electrochemical cell
as used for the galvanostatic cycling test and in the voltage
range between 1.5 and 4.3 V with a scan rate of 0.1 mV s−1.
As shown inFigs. 4 and 5, both the unmodified and bismuth-
modified (Bi/Mn = 0.2) amorphous manganese oxides show
broad peaks in their cyclic voltammograms throughout the
galvanostatic cycling tests. This is consistent with the fact
that their structure remains amorphous as indicated by X-ray
diffraction.

F e ox-
i static
c

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 s−1.

While the cyclic voltammograms of both samples show
broad peaks throughout the galvanostatic cycling tests, dis-
tinctly different evolutions of their cyclic voltammograms are
observed. Before galvanostatic cycling, the cyclic voltam-
mograms of both samples are similar. Upon galvanostatic
cycling, the redox peaks in the cyclic voltammogram of the
unmodified amorphous manganese oxide basically remains in
the same position (Fig. 4), which indirectly suggests that the
structure of this material does not evolve significantly upon
cycling. However, the area covered by the peaks, namely,
the charge/discharge capacity shrinks sharply upon cycling,
which is consistent with the capacity fading observed in gal-
vanostatic cycling (Fig. 2). This capacity fading might be
partially due to the dissolution of manganese ions into the
electrolyte since dissolution of manganese ions into the elec-
trolyte is one of the main reasons for capacity fading observed
of manganese oxides as lithium intercalation hosts, or it could
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,
after the first 10 galvanostatic cycles, the cyclic voltammo-
gram becomes significantly different from before the gal-
vanostatic cycling test (Fig. 5). The positions of the peaks
have shifted significantly, and the areas covered by the peaks
have shrunk significantly as well. The former suggests that
c rial,
a fad-
i ling
( ped
u ion
( n a
l ccur
i eaks,
a gal-
v ts that
t ified
a after
ig. 4. Cyclic voltammograms of unmodified amorphous manganes
de before galvanostatic cycling and after every 10 cycles of galvano
ycling. Scan rate = 0.1 mV s−1.
ertain structural evolution has occurred inside this mate
nd the later is consistent with the significant capacity

ng observed for the first 10 cycles in galvanostatic cyc
Fig. 2). Considering that no long range order is develo
pon galvanostatic cycling as shown by X-ray diffract
Fig. 3), most likely the structure evolution is confined o
ocal scale. After the first 10 cycles, only minor changes o
n both the positions of and the areas covered by the p
nd the cyclic voltammograms after 20 and 30 cycles of
anostatic cycling are essentially the same. This sugges
he structure and charge capacity of the bismuth-mod
morphous manganese oxide are essentially stabilized
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the first 10 cycles, consistent with the stabilized capacity ob-
served in the galvanostatic cycling test after the first 10 cycles,
as shown inFig. 2. It appears likely that an electrochemically
active local structure that is stable is formed in the bismuth-
modified amorphous manganese oxide after initial galvano-
static cycling, leading to a stabilized intercalation capacity.

The effect of bismuth in rendering rechargeability to man-
ganese dioxides in alkaline batteries is well known. It is be-
lieved that two kinds of mechanism may be involved. One is
that the bismuth ions help stabilize the open layered structure
through a pillaring effect and prevent the structure from col-
lapsing[17]. The other is that bismuth ions play a catalytic
role in either promoting formation of an electrochemically
active phase such as Birnessite[19–22,25]or suppressing
the formation of inactive spinel Mn3O4 from the dissolved
Mn2+ and Mn3+ intermediates in aqueous solutions[22–24].
In our work, the bismuth-modified amorphous manganese ox-
ide likely undergoes a structural evolution to form a locally
more stabilized structure during the initial galvanostatic cy-
cling. Therefore the role of bismuth ions might be similar to
the catalytic role proposed for them in bismuth-doped man-
ganese dioxides for alkaline batteries. Due to the difficulty
associated with characterizing the local structure of amor-
phous materials, a detailed understanding of the mechanism
for capacity stabilization in the bismuth-modified amorphous
m char-
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