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a  b  s  t  r  a  c  t

In  the  present  paper,  we  report  a  novel  MnO2 cathode  material  doped  with  nano  Ag4Bi2O5. The results
of  characteristic  structure  indicate  that Ag4Bi2O5 is  evenly  distributed  in the MnO2 material  and  affects
the  original  structure  of  MnO2. The  electrochemical  performances  of the  doped  electrode  in  the  alkaline
electrolyte  are  measured  by  galvanostatic  method  and  cyclic  voltammetry  tests.  Results  show  that  the
eywords:
anganese dioxide

ilver bismuthates
oped electrode
pecific discharge capacity

doped electrode  has  excellent  electrochemical  properties  and its discharge  voltage  is 50–100  mV  higher
than  that  of  the traditional  MnO2 electrode.  The  doped  electrode  can offer a discharge  specific  capacity  of
481 mAh  g−1 at  120 mA  g−1. The  cycling  life  of  the  doped  electrode  reaches  up  to  115  cycles,  which  is  3.4
times  longer  than  that  of  electrolytic  MnO2 electrode  at a high  current  density  of  1000  mA  g−1. The  effect
of doping  Ag4Bi2O5 is much  better  than  that of doping  Bi2O3 or Ag2O independently,  which  indicates  that
Ag4Bi2O5 shows  more  superior  electrochemical  performance  with  the  assistance  of  both  Ag  and  Bi  cations.
. Introduction

The alkaline Zn/MnO2 battery has occupied a dominant posi-
ion in the civil battery field due to its reliable performance and
onvenience in use since it was commercialized [1–3]. With the
apid development of electronic digital products and the increas-
ng consciousness of resource conservation, people now have paid

ore and more attention to the heavy load discharge performance
nd the rechargeability of the alkaline Zn/MnO2 battery [4]. The
roperty of MnO2 cathode becomes a bottleneck that restricts the
attery performance as compared with Zn anode which has good
lectrochemical performance [5,6]. Some new technologies such as
ltra-thin steel shell and expanded graphite are used and the dis-
harge capacity of the alkaline Zn/MnO2 battery has been improved

 lot. Many studies on the doping of Bi2O3 [7–10], PbO2 [11], PbTiO3
12], NaBiO3 [13–14] and other materials [15–23] into MnO2 elec-
rodes have been reported. Although the doping agent could further
nhance the electrochemical performance of MnO2, there are still

any deficiencies in increasing power and prolonging service life.

y comparison, NaBiO3 has better doping effect, however, the Na
ation is ineffective on improving the electrochemical performance
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of MnO2. In view of the shortcoming of NaBiO3, we introduce a new
doping material, the derivates of sodium bismuthate—Ag4Bi2O5, in
which both bismuth and silver play the role of doping or assis-
tance, and further improve the discharge capacity and cyclability
of manganese dioxide. Although Jansen synthesized Ag4Bi2O5 by
solid state reaction of Ag2O and Bi2O3 under an oxygen pressure
of 10 MPa  at a temperature of 200 ◦C [24–26],  its electrochemical
property and the doping effect on MnO2 electrode have not been
reported until now.

In this paper, the Ag4Bi2O5 dopant was synthesized by pre-
cise control of precipitation reaction at low temperature of 45 ◦C
and doped into the MnO2 electrode. The characteristic structure
of MnO2 doped with nano Ag4Bi2O5 was  examined by means
of X-ray powder diffraction (XRD) and energy-dispersive X-ray
spectroscopy (EDS). The electrochemical performances and doping
mechanism of the doped electrode were studied by galvanostatic
method and cyclic voltammetry tests. The results show that the
doped electrode provides long cycling life and high power.

2. Experimental

2.1. Synthesis of Ag4Bi2O5-EMD

The Ag4Bi2O5 was  synthesized by precise control of precip-

itation reaction. 1.70 g AgNO3 and 2.43 g Bi (NO3)3·5H2O were
dissolved in 50 mL  0.5 M HNO3 (solution A). 11.87 g KOH (95 wt.%)
was dissolved in 50 mL  deionized water (solution B). Under
the condition of a constant temperature of 45 ◦C and a strong

dx.doi.org/10.1016/j.jpowsour.2011.10.061
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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gitating at 600 rpm, solution A was pumped into solution B by
sing a constant flow pump. The flux was 0.2 mL  min−1. The pH
f solution kept 13.00 in the whole reaction process. When the
eaction was finished, the solution was aged for 1 h to make
edimentation complete, followed by washing the precipitation
roduct with deionized water until the filtrate to present neutral.
hen the product was dried in vacuum at 60 ◦C for 2 h and the final
ample was obtained. The reaction took place in accordance with:

AgNO3 + 2Bi(NO3)3 + 10KOH = Ag4Bi2O5↓ + 10KNO3 + 5H2O

Electrolytic manganese dioxide (EMD) powders (Xiangtan Elec-
rochemical Technology Stock Co., Ltd.) were doped with the above
elf-prepared nano Ag4Bi2O5 powders at various ratio (wt.%). Both
owders were well mixed until homogenization in an agate mor-
ar for about 60 min. The prepared product was physically modified
g4Bi2O5-EMD. The pure EMD  was used as contrast sample, which
as a theoretical specific capacity of 308 mAh  g−1 in regard to one-
lectron discharge step.

.2. Morphological and structural characterization

The XRD patterns were collected by means of a Rigaku
/max2500VB2+/PCX diffractometer with a Cu anticathode (40 kV,
00 mA), a scan rate of 10◦ min−1 and a scan angle (2�) from 10◦

o 90◦. The morphology and granularity of Ag4Bi2O5-EMD were
xamined by means of FSEM (Cambridge S250MK3) observation.
he element analysis was performed using EDS.

.3. Electrochemical measurements

80 mg  Ag4Bi2O5-EMD, 20 mg  expansive graphite and 5% PTFE
60 wt.%) binder were mixed in an agate mortar for 30 min. The pre-
ared product was rolled on a rolling machine to form membrane
ith thickness of 80 �m.  Then the membrane was  pressed on the
ickel foam plate as working electrode. A pure nickel wire was  used
s counter electrode, a Zn/ZnO as reference electrode (−1.36 V Vs.
g/HgO electrode) and 9 M KOH as electrolyte. The three-electrode
attery system was aged for 3 h, the charge–discharge test and elec-
rochemical properties test were carried out with a LAND CT2001A
attery test system and a CSU300 electrochemical workstation,
espectively.

. Results and discussion

.1. Surface morphology and structural characterization

Both pure EMD  and the EMD  doped with Ag4Bi2O5 at different
roportion (5%, 10%) were studied with XRD. The results are illus-
rated in Fig. 1. The EMD  sample has four strong and wide peaks at
2.16◦, 37.26◦, 42.64◦ and 56.60◦, corresponding to (1 1 0), (0 1 1),
2 2 0) and (2 2 1) line of the ramsdellite structure respectively. It
an be seen that the doping of Ag4Bi2O5 makes the sample present
hree new strong peaks at 31.07◦, 31.8◦, 37.5◦, respectively and
he peaks intensity are enhanced with increase in doping amount.
hese results indicate that the nano Ag4Bi2O5 is doped into EMD,
hich obviously affects the crystal structure of EMD.

Fig. 2 is the FSEM images of pure EMD  and the Ag4Bi2O5-EMD
ith doping ratio of 10%. From the photo, we can see that the
ure EMD particles show irregular shape with actual grain sizes of
–20 �m.  The surface of Ag4Bi2O5-EMD sample is obviously cov-
red by tiny powders (Fig. 2(b)), meaning that Ag4Bi2O5 has equably

ispersed on the surface of EMD.

The EDS analysis is performed in order to confirm that the sam-
le is doped with Bi and Ag elements. Fig. 3(a) and (b) represents
he EDS analysis diagrams of the EMD  and Ag4Bi2O5-EMD sample
Fig. 1. The X-ray patterns of Ag4Bi2O5, Ag4Bi2O5-EMD and EMD powder samples.

respectively. It can be seen that only Mn  and O elements appear
in the EDS sample in Fig. 3(a). By contrast, Fig. 3(b) shows that
Mn,  O, Bi and Ag elements appear simultaneously in the Ag4Bi2O5-
EMD  sample, indicating that the EMD  is evenly doped with
Fig. 2. The FSEM pictures of EMD  (a) and Ag4Bi2O5-EMD (b) samples.
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ig. 3. The EDS analysis diagrams of EMD (a) and Ag4Bi2O5-EMD (b) samples.

.2. Electrochemical performance of Ag4Bi2O5-EMD electrode

Fig. 4 shows discharge curves of EMD  doped with Ag4Bi2O5

f different proportion, and 10% Bi2O3 and 10% Ag2O at a cur-
ent density of 120 mA  g−1. It is obvious that the Ag4Bi2O5 doped
lectrode has superior discharge performance than the pure EMD
lectrode, which reflects in two aspects: Firstly, the discharge

ig. 4. Discharge curves of MnO2 electrodes at 120 mA  g−1 doped with different
g4Bi2O5 content (wt. %) (a) 0, (b) 5, (c) 10, (d) 15, (e) 10 wt.% Bi2O3 and (f) 10 wt.%
g2O.
ources 199 (2012) 355– 359 357

voltage of the doped electrode is 50–100 mV  higher than that
of pure EMD  electrode. Secondly, the discharge capacity of the
doped electrode is obviously higher than that of pure EMD
electrode. The doped electrode (doping ratio of 15%) offers a
discharge specific capacity of 481 mAh  g−1, increasing by 59.2%
as against the pure EMD  (302 mAh  g−1) at a termination volt-
age of 0.6 V. The doping of Ag4Bi2O5 contributes a lot to the
second electronic capacity of MnO2 in the discharge process,
which leads to a great rise in capacity of the doped electrode.
Generally, physical doping involves an optimal proportion range,
so the relationship between doping ratio and discharge capac-
ity is discussed. From the figure we can see that the increment
of specific capacity is 468–360 mAh  g−1 = 108 mAh  g−1 when the
doping amount increases from 5% to 10%. The increment is
481–468 mAh  g−1 = 13 mAh  g−1 when the doping amount increases
form 10% to 15%. These calculation results show that the optimum
doping proportion is 10%.

It is also seen from Fig. 4 that there appears a small discharge
platform at 1.54 V in the initial discharge stage (0–30.5 mAh g−1)
of MnO2 doped with 10% Ag2O. We  speculate that this platform
(23.1 mAh  g−1) on one hand mainly comes from the contribution
of discharge capacity of 10% Ag2O, on the other hand benefits from
the increase in conductivity of MnO2 electrode, which results from
the reduction product of Ag2O – the metallic Ag. This benefit of
the increased conductivity of the doped cathode is also helpful to
improve the whole discharge potential of MnO2 electrode. How-
ever, the doping with Ag2O cannot motivate the second electron
discharge process of MnO2 electrode and therefore the discharge
capacity of Ag2O-EMD is only 328 mAh  g−1, far lower than that
of Ag4Bi2O5-EMD (469 mAh  g−1) at a termination voltage of 0.6 V.
For the electrode doped with 10% Bi2O3, it also expresses a cer-
tain extent of doping effect, but its discharge voltage and capacity
(413 mAh  g−1) are all lower than that of Ag4Bi2O5-EMD at the same
doping level. The main difference is that a long discharge plat-
form near l.0 V appears for the Ag4Bi2O5 doped electrode while
not appearing for Bi2O3. The measurement result shows that the
discharge capacities at a cut-off voltage of 1.0 V for pure EMD
electrode, the Bi2O3-EMD electrode and Ag4Bi2O5-EMD electrode
(doping ratio 10%) are 227, 236 and 281 mAh g−1, respectively.
These data indicate that doping of Ag4Bi2O5 can improve the elec-
trochemical properties of EMD  at above 1.0 V, thus satisfy the
demand of digital products. In addition, the discharge voltage of
Ag4Bi2O5-EMD electrode is 100 mV  higher than that of Bi2O3-EMD
electrode in the first half discharge process. The Ag4Bi2O5-EMD
electrode gives a discharge specific capacity of 469 mAh  g−1, which
increases by 13.83% as compared with Bi2O3-EMD (412 mAh  g−1)
at a termination voltage of 0.6 V. According to the above discussion,
we think that the improvement of electrochemical performance of
Ag4Bi2O5-EMD electrode is probably due to the doping of Ag–Bi
composite oxide which lacks electrons, beneficial to increasing
vacancies in MnO2 so as to increase the conductivity. Besides,
cationic silver is a good conductor, of which doping increases the
conductivity and reduces the cathodic polarization of the electrode,
thus the discharge voltage and specific capacity of the doped elec-
trode are further improved.

The cyclic voltammograms of pure EMD, Ag4Bi2O5 and the
Ag4Bi2O5-EMD electrode in the deep discharge condition are
shown in Fig. 5(a) and (b) respectively. The number in the figure
represents cycle times. From Fig. 5(a), it can be seen that the
reduction peaks area of pure EMD  is less than oxidation peak area,
the peak current successively decreases and reversibility decays
quickly. However, Fig. 5(b) shows that the doped electrode has

better reversibility than pure EMD. Firstly, the peak current of the
doped electrode successively increase and the charge–discharge
capacity keeps steady rise. Secondly, each peak potential and
its corresponding reaction of the doped electrode are obviously
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Fig. 5. Cyclic voltammetry curves of (a) EMD  electrode, (b) Ag4Bi2O5 (red line) and
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as starting line and provide that the service life of electrode reaches
the end when its capacity reduces to 50%. Experimental results
show that the pure EMD  electrode, Ag2O-EMD and Bi2O3-EMD elec-
trode ends their life after 34, 27 and 76 cycles respectively. While
g4Bi2O5-EMD electrode at a scan rate of 1 mV s−1. (For interpretation of the refer-
nces to color in this figure legend, the reader is referred to the web version of the
rticle.)

ifferent from those of pure EMD  electrode. The good electrochem-
cal performance of the doped electrode is due to quite different
ischarge mechanism of Ag4Bi2O5 doping. From the CV curve of
g4Bi2O5 electrode, it can be seen that two high reduction peaks
ppear at 1.42 V and 0.76 V, respectively. The peak at 1.42 V may
orrespond to Ag(I) → Ag(0) [27]. Besides, the reduction potential
f Bi(III) → Bi(0) in alkaline solution is −0.46 V vs. SHE, which is also
qual to 0.80 V vs. Zn/ZnO reference electrode [28]. So we  speculate
hat the reduction peak at 0.76 V is involved in Bi (III) → Bi(0).
orresponding to the reduction processes, two oxidation peaks at
.96 V and 1.73 V are involved in Bi(0) → Bi(III) and Ag(0) → Ag(I),
espectively. For the Ag4Bi2O5-EMD electrode, there are four reduc-
ion peaks (Fig. 5(b)). According to the reduction peaks of Ag4Bi2O5,
e think that the first reduction peak appears at 1.4–1.45 V cor-

esponds to the reaction Ag(I)Mn(IV) → Ag(0)Mn(IV). The second
eduction peak appears at 1.1–1.2 V corresponds to the reaction
n(IV) → Mn(III) [13]. The third reduction peak between 0.85 and

.92 V is involved in Mn(III) → Mn(II) [13]. The fourth reduction
eak near 0.75 V may  correspond to the process of Bi(III) → Bi(0).
dditionally, two obvious oxidation peaks appear in Fig. 5(b), the
rst oxidation peak at 1.15–1.25 V is very steep and peak current
uccessively increases along with the increase in cycling times,
hich corresponds to Mn(II) → Mn(III) process. The second oxida-

ion peak between 1.5 and 1.6 V may  correspond to the reaction

n(III)Ag(0) → Mn(IV)Ag(I). That is to say, the discharge mecha-

ism of EMD  has been changed completely by doping Ag4Bi2O5.
Fig. 6 is the galvanostatic charge–discharge diagram of pure

MD and Ag4Bi2O5-EMD electrodes in the first ten cycles. The
Fig. 6. The discharge/charge curves of Ag4Bi2O5-EMD (A) and EMD  (B) electrodes
at  a high current density of 1000 mA g−1.

influence of nano Ag4Bi2O5 on the specific capacity of EMD  was
studied through deep discharge of double electronic capacity with
a cut-off voltage of 0.6 V. High charge–discharge rate was employed
and a current density of 1000 mA g−1 was set. From the figure
we can see that the doped electrode gives a specific capacity of
325 mAh  g−1 in the first cycle, much higher than that of pure EMD
(248 mAh  g−1). After 10 cycles, the doped electrode with a slow
attenuation still offers 291 mAh g−1 of discharge specific capacity
while pure EMD  only gives 99 mAh g−1. There is no obvious capacity
decay of the doped electrode and the capacity of pure EMD  reduces
down by 39.9% as compared with the first cycle. This explains that
the nano Ag4Bi2O5 doping can improve the cycling property and
charge–discharge capacity of EMD  electrode.

Fig. 7 is the cycle capacity attenuation for EMD, Bi2O3-EMD,
Ag2O-EMD and Ag4Bi2O5-EMD electrodes. The influence of dif-
ferent doping materials on the cycling life for EMD  was studied
through the single electron process with a cut-off voltage of
0.9 V. The electrodes underwent a high charge–discharge rate
of 1000 mA  g−1. It is clearly illustrated by the graph that the
charge–discharge specific capacity of Ag4Bi2O5-EMD is much
higher than that of the other three electrodes at the same cycle.
Taking the first cycling capacity of EMD  electrode (161.2 mAh  g−1)
Fig. 7. Curves of cycling property of the EMD, Bi2O3-EMD, Ag2O-EMD and Ag4Bi2O5-
EMD  electrodes at a current density of 1000 mA g−1.
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he cycling life of Ag4Bi2O5-EMD electrode reaches up to 115 cycles,
hich is 3.4 times longer than that of pure EMD  electrode. It can

lso be seen from Fig. 7 that Ag2O is beneficial to increasing the
nitial discharge capacity of the MnO2 electrode, but has no effect
n improving the cyclability of the electrode. Bi2O3 can increase
he discharge capacity and improve the cycle life of the MnO2 elec-
rode to a certain extent by participating in the electrode reaction
f manganese dioxide. However, Ag4Bi2O5 not only significantly
ncreases the discharge capacity of the MnO2 electrode, but also
ncreases the cycling life of the electrode from 76 cycles (doping

ith Bi2O3) to 115 cycles by combining the advantages of both
ilver oxide and Bi2O3. These data also indicate that doping nano
g4Bi2O5 can improve the cycling property of EMD  electrode.

. Conclusions

This article studies a novel MnO2 cathode material doped with
ano Ag4Bi2O5. Results show that the Ag4Bi2O5-EMD electrode
as completely different charge–discharge mechanism from pure
MD. The discharge voltage is 50–100 mV  higher than that of pure
MD  and the doped electrode offers a discharge specific capacity
f 481 mAh  g−1 at 120 mA  g−1. The Ag4Bi2O5-EMD electrode has
xcellent cycling property, of which cycling life is 3.4 times longer
han that of EMD  electrode at a high current density of 1000 mA g−1.
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