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a b s t r a c t

The influence of CeO2 additions on the electrochemical behaviour of the MnO2 cathode in a Zn–MnO2

battery using lithium hydroxide (LiOH) as an electrolyte is investigated using microscopy and spectro-
scopic techniques. The results showed that such additions greatly improve the discharge capacity of
the battery (from 155 to 190 mAh g−1) but only from the second discharge cycle onwards. Capacity fade
with subsequent cycling is also greatly reduced. With an aim to understand the role of CeO2 on the
discharge–charge characteristics of MnO and its mechanism, we have used a range of microscopy, spec-
eywords:
erium oxide
anganese dioxide

dditive
iOH
EM

2

troscopy and diffraction-based techniques to study the process. The CeO2 is not modified by multiple
discharged and charged cycles. The CeO2 may enhance the discharge–charge performance of the battery
by raising the oxygen evolution potential during charging but does not take part directly in the redox
reaction.

© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Since its invention in 1865, the manganese dioxide (MnO2)
attery has continuously been improved starting with the earli-
st zinc–manganese dry battery, then Zn–MnO2 primary battery
nd culminating with the current commercially available alkaline
inc–MnO2 battery [1]. This battery type is still in high demand
n the consumer market because it is mercury-free, provides high
ate capability and the cost is significantly lower than for the
ominant rechargeable lithium-ion battery [2,3]. The primary rea-
ons for using MnO2 as a cathode material are its low cost, low
oxicity and high availability compared with competing battery

aterials such as Co and Ni [4]. Also, from a thermodynamical
oint of view, MnO2 is the most stable form of tetravalent Mn
5] to retain oxygen at standard temperature and oxygen pres-

ure, whereas Co and Ni are thermally unstable [6]. Therefore,
nO2-based cathodes are attractive for energy storage applications

anging from alkaline to lithium batteries and even to supercapac-
tors [7,8].

∗ Corresponding author. Tel.: +61 8 9360 6784; fax: +61 8 9310 1711.
E-mail addresses: minakshi@murdoch.edu.au, lithiumbattery@hotmail.com
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In the Zn–MnO2 battery, the good discharge performance of
MnO2 has motivated researchers to make these batteries recharge-
able [9,10]. This would lead more sustainable use of available
manganese resources. Among the various polymorphs of MnO2
[11,12], �-MnO2 of the type IBA-32 (International Battery Associa-
tion) is used in our aqueous Zn–MnO2 system. Recently, we showed
that lithium intercalation can occur in a Zn–MnO2 battery using
aqueous LiOH electrolytes [13]. Further to this, in an attempt to
improve the overall performance of this aqueous rechargeable cell
we have investigated various additives like TiS2 [14], TiB2 [15] and
Bi2O3 [16] made to the MnO2 cathode. These additives significantly
improve the discharge performance of MnO2 battery by stabiliz-
ing the MnO2 crystal lattice. This enhances the amount of lithium
intercalated into the host MnO2 structure.

In this paper we report on cerium oxide (CeO2) modified MnO2
cathodes that offer an improved discharge capacity. Somewhat
surprisingly, this improvement is only evident following the first
charging cycle. Cerium oxide is one of the most reactive rare earth
metal oxides, and is commonly used as a promoter or support in

industrial catalytic processes due to its oxygen storage capacity
[17–19]. Cerium oxide also has good electrical conductivity and
diffusivity at ambient temperature [20]. To the best of our knowl-
edge, there has been no work performed on CeO2 additions to
MnO2 for battery applications. Very recently we carried out an

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:minakshi@murdoch.edu.au
mailto:lithiumbattery@hotmail.com
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ber and less defective crystal structure, respectively. Selected area
diffraction of the CeO2 particles (not shown) yielded spacings con-
sistent with the CeO2 phase [24]. The CeO2 particles were typically
quite coarse being 100–500 nm in diameter. Electron energy loss
M. Minakshi et al. / Electroch

lectrochemical characterization into the influence of variable
evels of CeO2 addition [21] and found increasing the additive
evel beyond 2 wt.% causes a decrease in cell capacity on long term
ycling. Hence, in this paper, we have confined our results only to
wt.% addition. The objective of this work is (a) to understand the

ole of CeO2 by comparing the electrochemical results with those
f the previously published pure MnO2 (no additive) [22] and
b) to examine the electrode reactions of the discharged–charged
athode using transmission electron microscopy (TEM), X-ray
iffraction (XRD) and infra-red spectroscopy (IR).

. Experimental

The electrolytic manganese dioxide (EMD; �-MnO2) type (IBA
ample 32) material used in this work was purchased from the Kerr
cGee Chemical Corporation. Cerium oxide (CeO2) was obtained

rom Aldrich Chemical Company. For the electrochemical test, a pel-
et was prepared by mixing 73 wt.% MnO2 consisting of 2 wt.% CeO2

ith 20 wt.% acetylene black (A-99, Asbury, USA) and 5 wt.% poly
vinylidene difluoride) (PVDF, Sigma–Aldrich) binder in a mortar
nd pestle. An electrochemical cell was constructed with the disk-
ike pellet as the cathode, Zn metal as the anode and filter paper as
he separator. The electrolyte was a saturated solution of lithium
ydroxide (LiOH) containing 1 mol L−1 zinc sulphate (ZnSO4) with
pH equivalent to 10.5. The cell design and its experimental details
ere similar to those reported earlier [13].

The morphology and interplanar spacings of the products
ormed before and after discharge were characterized by trans-

ission electron microscopy (TEM), high-resolution TEM (HRTEM)
nd electron energy loss spectroscopy (EELS) using a JEOL 2010F
EM model operated at 200 kV. TEM specimens were prepared by
rinding a small fragment scraped from the pressed pellet under
ethanol and dispersing on a holey carbon support film. Specimens
ere examined at liquid nitrogen temperature in a cooling stage, to

educe beam damage and contamination effects. For X-ray analysis
Siemens D500 X-ray diffractometer 5635 using Co K� radiation
as used. The voltage and current were 30 kV and 40 mA. The scan

ate was 1◦/min. Two theta values were recorded between 20◦ and
0◦. For infrared (IR) analysis, powdered MnO2 samples were mixed
ith potassium bromide (KBr) and pressed into disk shaped pellets.

hese pellets were then mounted on a sample holder and analyses
ere carried out under vacuum (for an improved performance in
id infrared absorbing H2O and CO2) on IFS 125 HR spectrome-

er (at Australian Synchrotron) using globar as the internal source
ith 4 mm of aperture in the mid infrared region between 650 and

500 cm−1. The IR absorption spectra were obtained by taking the
atio of the sample spectra to a background (KBr) spectra. The data
cquisition was made on OPUS NT software.

. Results and discussion

The multiple galvanostatic discharge–charge curves of 2 wt.%
erium oxide/MnO2 cathode with zinc as anode are shown in Fig. 1.
he cell was discharged and charged at a constant current density
f 0.5 mA cm−2 with lower and upper cut-off voltages of 1.0 and
.9, respectively. The first discharge capacity of the CeO2 modified
ell was 155 mAh g−1 while 148 mAh g−1 [14] was obtained from
he unmodified cell (no additives). This shows that the effect of
erium oxide on the first discharge cycle is negligible. However, on
he second discharge cycle of the CeO2 modified cell, the utiliza-
ion of the material was 18% higher with the capacity increased to

90 mAh g−1. After multiple discharge cycles (5th cycle) the dis-
harge capacity of this cell was still higher (183 mAh g−1) than
he unmodified cell. Fig. 2 compares the cyclabilities of the CeO2

odified and unmodified cell. The CeO2 addition improved the
ell discharge capacity but only from the second cycle. The role of
Fig. 1. Discharge–charge profiles of CeO2 modified MnO2 cathode with Zinc as an
anode. Cycle numbers are indicated in the figure. The striking behaviour here is the
difference observed from the 1st and subsequent cycle.

cerium oxide as an additive was initially unclear because if it takes
part in the reduction/oxidation processes then the first discharge
capacity should be higher but that is not observed in Figs. 1 and 2.
Hence, in order to elucidate the role of CeO2 the nature of the
cathode material before and after discharge and charge was char-
acterized.

The TEM image of the CeO2 modified MnO2 before discharge
is shown in Fig. 3. The bright field image showed the MnO2 to
be crystalline and defective. The selected area diffraction (SADP)
on this area (Fig. 3a inset) showed the lowest index MnO2 reflec-
tions to be quite diffuse, supporting this. The measured d-spacings
were in good agreement with those reported for MnO2 ramsdel-
lite structure [23]. Fig. 3b shows a region of MnO2 containing CeO2
particles. These were distinct from the MnO2 particles in that they
were more angular (Fig. 3b) and showed very strong diffraction
and kikuchi line contrast, due to the higher mean atomic num-
Fig. 2. Variation of discharge capacity as a function of cycle number for the CeO2

modified MnO2 and un-modified MnO2 cell. Amount of CeO2 additions are indicated
in the figure.
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ig. 3. TEM image of the CeO2 modified MnO2 before discharge (a) bright field image
f MnO2 particles – inset shows its corresponding selected area diffraction (SADP)
nd (b) bright field image of CeO2 particles.

pectroscopy of the MnO2 phase yielded a mean branching ratio
f 0.678 ± 0.005 suggesting the valence state of the Mn in MnO2
s +4 [14]. The CeO2 particles produced consistent EELS spectra, an
xample of which is shown in Fig. 4a. The CeO2 EELS spectra showed
n intense M4,5 doublet at around 900 eV. Each of these peaks
s further split into a high-energy shoulder. The spectra obtained
ere are very similar to that reported for CeO2 in the EELS Atlas

or CeO2 [25]. Bright field imaging (Fig. 5a) of the CeO2 modi-
ed material after the first discharge cycle showed the presence
f spherical carbon (from acetylene black) and angular MnO2 par-
icles. Some organic regions were rich in fluorine from the PVDF as
inder. Phase identification was confirmed with X-ray microanal-
sis – not shown. The corresponding diffraction pattern (Fig. 5a
nset) shows streaking indicating lamellar structures with short-
ange order. The dark field image of the MnO2 shows the lamellar
tructure (Fig. 5b) which could be related to MnOOH phase [26].

right field imaging (Fig. 5c) showed angular CeO2 particles were
till present and appeared unchanged after the discharge cycle. The
articles were 100–500 nm in diameter and were single crystal.
elected area diffraction of the CeO2 confirmed it was unchanged by
Fig. 4. EELS Ce M4,5 spectrum for CeO2 modified MnO2 (a) before and (b) after
discharge.

the discharge cycle. The EELS analysis of the discharged CeO2 modi-
fied sample also suggested that the CeO2 particles were unchanged
by the discharge process. The characteristic edge shape (Fig. 4b) was
identical to that found in the material prior to discharge (Fig. 4a).

The CeO2 modified MnO2 particles after the first charge cycle
were similar to those in the discharged state (Fig. 5a). Some elon-
gated Zn- and O-rich crystals were found (X in Fig. 6a). The MnO2
was highly defective (Fig. 6b) and selected area diffraction (not
shown) yielded spacings consistent with MnO2. As before, streak-
ing was present. Bright field imaging of the CeO2 particles (Fig. 7a)
showed them to be highly crystalline. Selected area diffraction
(Fig. 7b inset) highlighted the differences between the patterns for
the two phases. The MnO2 was poorly crystalline and contained
disorder, resulting in diffuse diffraction features. The CeO2 was
highly crystalline and defect-free resulting in very sharp diffrac-
tion rings. The CeO2 EELS spectrum (not shown) was identical to
those shown in Fig. 4a and b (before and after discharge, respec-
tively) showing the CeO2 to be unchanged by the electrochemical
cycling. Even after many cycles, EELS spectra for the CeO2, were
identical to those of discharged and charged samples, showing that
the CeO2 was not modified by the electrochemical cycling. Although
the CeO2 was unchanged an increase in the first charge capacity of
18% was observed and this increased capacity was retained on sub-
sequent cycling. It is widely know that CeO2 is an excellent material
to release and absorb oxygen reversibly during redox reactions [27].
Hence, this suggests that the cerium oxide may increase the oxy-
gen evolution potential during charging. Oxygen evolution is an
unwanted reaction which normally occurs on the positive elec-
trode during charging in the aqueous electrolyte. Suppression of
this reaction may therefore encourage more complete conversion of
the LiMnO2 phase back to MnO2 during charging. The effect of CeO2
was only evident after the first charge cycle, with no influence found
during the first discharge cycle. Capacity fading was evident with
the pure MnO2 cathode, but not in the case of the CeO2 modified
material. This suggests that in pure MnO2 (no additive), a portion of
charging process is consumed by oxygen evolution and upon cycling
some of the MnO2 cathode transforms into less electro-active forms,
like manganese oxyhydroxides, limiting the discharge capacity [22].
Capacity fading was not a feature of the CeO2 modified material. In
part this may be due to CeO2 helping to stabilize the MnO2 lattice
in a manner similar to that described for other additives such as
TiS2, TiB2 and Bi2O3. In addition, the suppression of oxygen evolu-
tion reactions may also provide a stronger thermodynamic driving

force to transform any of the less electro-active phases which do
form, back to the desired MnO2 phase.

Fig. 8a–c show X-ray diffraction patterns of the CeO2 modified
cathode before and after discharge, and after charging, respectively.
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ig. 5. TEM image of the CeO2 modified MnO2 after discharge (a) bright field imag
ark image of the formation of lamellar structure and (c) bright field image of CeO2
he before discharge material (Fig. 8a) shows the characteristic
eaks of MnO2 and CeO2 as quoted in the JCPDS database [23,24].
he discharged cathode (Fig. 8b) shows the emergence of new peaks
*, ©,� and �). The main Bragg reflection corresponding to graphite

Fig. 6. TEM image of the CeO2 modified MnO2 after charge (a) bright field i
nO2 particles – inset shows its corresponding selected area diffraction (SADP), (b)
les.
(acetylene black) is seen at 2� = 30◦ (C). The original peaks of MnO2
(+) are replaced by those of a number of new phases whereas the
peaks corresponding to CeO2 are almost unchanged. As indexed in
the XRD pattern these new reflections are in good agreement with

mage showing Zn- and O-rich crystals (at X) and (b) defective MnO2.
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Fig. 8. XRD patterns of CeO2 modified MnO2 (a) before discharge, (b) discharged
and (c) charged samples.
ig. 7. TEM images of the CeO2 modified MnO2 after charge. Bright field images of
a) region rich in CeO2 particles and (b) region containing MnO2 and CeO2 particles
inset showing its selected area diffraction (SADP).

hose reported for the following materials: Mn2O3 (*), MnOOH (©),
nO (�) and LixMnO2 (�), i.e. lithium intercalated MnO2 [23,24,28].

his shows that during discharge manganese is, in part, reduced
o various oxyhydroxides and lithium is also intercalated into the

nO2 structure to form LixMnO2. The XRD pattern for the charged
athode material (Fig. 8c) was also similar to that of the starting
aterial except a few minor reflections were present identified

s being due to Mn2O3 and LixMnO2. The CeO2 peaks were very
imilar suggesting that ceria is not modified in the electrochem-
cal process. However, peaks corresponding to manganese oxides
nd hydroxides and lithium intercalated MnO2 disappear on charg-
ng indicating that the electrochemical process is reversible in the
resence of CeO2.

Infrared spectroscopy has been used to provide further insight
nto the influence of CeO2 modified MnO2 cathode. It is reported

hat fundamental vibrations of MnO2 are generated in the far
nfrared region while those at mid infrared are due to hydrous com-
onents of the manganese oxides [29]. The region of interest in this
ork is the mid infrared, for the samples before and after discharge.

Fig. 9. Mid infrared spectra of CeO2 modified MnO2 (a) before discharge, (b) dis-
charged (c) charged and (d) subsequent discharged samples.
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hese are compared in Fig. 9a and b. For the discharged sample,
ew absorption peaks at 1123 and 1432 cm−1 are seen. The strong
eak at 1123 cm−1 demonstrates the existence of �-OH bonding [30]
nd the broad peak around 2600 cm−1 region (not shown here) is
he OH stretching related to the hydrogen bonding [29–31] cor-
esponding to the MnOOH structure. This confirms the behaviour
bserved through TEM and XRD analysis, namely that manganese
xyhydroxides are formed during discharge. A small vibrational
eak at 1432 cm−1 in the discharged sample could be related to
anganese (II) oxides [29]. The mid infrared spectra of the second

harge (Fig. 9c) and second discharge cycle (Fig. 9d) were very sim-
lar. In contrast to Fig. 9a and b, the absorption peaks at 1123 and
432 cm−1 region were much lower in. These results indicate that
anganese oxyhydroxides and oxides are formed only during the

rst discharge cycle. These unwanted products are shown to be sup-
ressed during charging and further discharging in the presence of
eO2. This addition clearly enhances the discharge capacity during
ubsequent cycling.

. Conclusions

The electrochemical performance of CeO2 modified MnO2 cath-
de in an aqueous rechargeable battery has been investigated
sing microscopy and spectroscopic techniques. The CeO2 additive
nhanced the performance of the battery, increasing the capacity
rom 155 to 190 mAh g−1 on the second discharge cycle, represent-
ng an increase of 18%. Importantly, this increased capacity was
etained on subsequent cycling. As reported in our earlier work,
hen using pure MnO2 (no additive) the corresponding cell exhib-

ted a constant capacity fading on subsequent cycling. The influence
f CeO2 may in part arise from a stabilizing effect on the MnO2 crys-
al lattice during discharge, such as has been found for compounds
uch as TiB2 and Bi2O3. The CeO2 may also increase the oxygen

volution potential on the MnO2 cathode during charging. This
esults in a greater thermodynamic driving force to transform both
ithium intercalated MnO2 (LixMnO2) along with any less electro-
ctive oxides/hydroxides of Mn back into MnO2 during charging,
hus suppressing the capacity loss.
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[
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