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Abstract

Hydrous manganese oxide with amorphous structure is prepared by anodic deposition in manganese acetate solution. The effect of heat
treatment (100–700◦C) on the material characteristics of the oxides is investigated. The thermal property of the deposited oxide is examined
by thermogravimetric and differential thermal analyses. Dehydration, organic-matter decomposition, oxidation and crystallization of the
manganese oxide as a function of temperature are examined. Glancing angle X-ray diffraction, scanning electron microscope and X-ray
photoelectron spectroscopy are carried out to explore, respectively, the crystal structure, surface morphology and chemical state of the
oxide electrodes. It is found that the as-deposited manganese oxide, with an amorphous structure and fibrous feature, is further oxidized
and tends to tangle with increasing annealing temperature (below 500◦C). When the temperature uses above 500◦C, the formation of
crystalline oxide is confirmed. Cyclic voltammetry is also performed to evaluate the electrochemical performance of the oxide electrodes
annealed at various temperatures. Excellent pseudo-capacitive behaviour of the oxide electrodes is revealed at a low annealing temperature
(≤200◦C). The cyclic stability of the deposited manganese oxide is significantly improved by introducing proper heat treatment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Electrochemical pseudo-capacitors are charge-storage de-
vices that have greater power density and longer cycle-life
than batteries, and possess higher energy density compared
with conventional capacitors[1]. They have recently been
considered to be promising devices in many fields, e.g.,
hybrid power sources, peak-power sources, back-up power
storage, lightweight electronic fuses, starting power for fuel
cells[2–4]. Pseudo-capacitance arises from a fast, reversible,
faradaic redox reaction that occur near an electrode surface
over an appropriate range of potentials[2,5–7]. Amorphous
hydrous ruthenium oxide prepared by the sol–gel process has
been demonstrated to exhibit pseudo-capacitive behaviour
and be a potential electrode material for use in supercapaci-
tors [5]. A strong dependence of its specific capacitance on
the crystal structure, governed by annealing temperature, has
also been reported[6]. The largest specific capacitance (over
700 F g−1), with excellent reversibility, of the oxide was ob-
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tained at 150◦C which is just below the crystallization tem-
perature. The high cost of ruthenium has, however, limited
its commercial use. Therefore, the search for a cheaper ox-
ide with equivalent characteristics is attracting attention.

The natural abundance of manganese oxide and its envi-
ronmental compatibility make it the subject of increasing
research interest. Recently, several workers have begun to
develop effective methods for producing manganese oxide
[8–16]. The material characteristics and electrochemical
properties of the oxides prepared by various processes, in-
cluding thermal decomposition[10], co-precipitation[11],
sol–gel process[12–14] and anodic deposition[15,16]
have been found to be quite different. Interestingly the ef-
fects of heat treatment, though very important, have not
been extensively studied. Jeong and Manthiram[9] re-
ported that nanocrystalline manganese oxide, with good
pseudo-capacitive properties could be synthesized by re-
ducing aqueous KMnO4 solution with various agents, e.g.,
potassium borohydride. The resulting oxide was heated in
the range of 50–150◦C. The crystal structure did not vary
with temperature within this range, but a maximum specific
capacitance was found at 75◦C. This phenomenon is dif-
ferent from that for ruthenium oxide, as mentioned above
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[6]. Unfortunately, no further analytic data about the oxide
were presented to explain the observed behaviour, Pang
and coworkers[12,13] manufactured manganese oxides by
a sol–gel process and electrodeposition. The electrochem-
ical and material-property analyses mainly focused on the
as-prepared and 300◦C-annealed oxides. The specific ca-
pacitance and cyclic stability of both types of oxide were
improved after heat treatment at 300◦C. Oxides annealed
at other temperatures were not well discussed. Clearly, a
thorough and systematic study about the effects of heat
treatment on material characteristics and pseudo-capacitive
properties of the manganese oxide is indeed worthy of
investigation.

In this study, manganese oxides prepared by anodic de-
position in manganese acetate solution are heat treated be-
tween 100 and 700◦C. The corresponding crystal structure,
surface morphology, composition, chemical state and elec-
trochemical performance of the oxides as a function of an-
nealing temperature have been extensively examined.

2. Experimental

Manganese oxide was electroplated on to 1 cm× 1 cm
graphite substrates by anodic deposition in a neutral 0.25 M
Mn(CH3COO)2 plating solution at 25◦C. The substrates
were first polished with SiC paper of 800 grit, degreased
with acetone and water, etched in 0.2 M H2SO4 at 25◦C,
and finally washed with pure water in an ultrasonic bath.
During deposition, the graphite substrate was held as the
anode and a platinum sheet was used as the counter elec-
trode. A saturated calomel electrode (SCE) was employed
as a reference electrode. An EG&G Princeton Applied Re-
search model 263 potentiostat was employed to control the
deposited conditions. Anodic deposition was performed un-
der constant applied potential. The applied potential was
0.5 V (versus SCE) to give a total delivered charge of 1.5 C.
After electrodeposition, the electrode was dried in air. The
amount of manganese oxide loaded on to the carbon sub-
strate was then weighed using a microbalance with an ac-
curacy of 1×10−5 g. A Setaram TGA 92 analyzer was used
to perform simultaneous thermogravimetric and differential
thermal analyses (TG/DTA). Deposited manganese oxide,
detached from the graphite substrate, was heated from 25
to 900◦C at a rate of 10◦C/min under a flowing air atmo-
sphere. The flow rate was 20 mL/min and�-Al2O3 was used
as the reference material.

The manganese oxide electrodes were annealed at vari-
ous temperatures (to 700◦C) for 2 h. The crystal structure
of the oxide electrodes was determined by glancing angle
X-ray diffraction (GAXRD). The patterns were recorded on
a Rigaku D/MAX-2500 diffractometer with a glancing in-
cident angle of 1◦. K�1 radiation of a copper target with a
wavelength of 1.54056 Å was used as the X-ray source. The
detected diffraction angle (2θ) was scanned from 20 to 80◦
with a speed of 4◦/min. The surface morphologies of the

manganese oxides, annealed at various temperatures, were
observed by means of a scanning electron microscope (SEM,
Philip XL-40FEG). An auxiliary X-ray energy dispersive
spectroscope (EDS) was used to examine the chemical com-
position of the oxides electrodes. X-ray photoelectron spec-
troscopy (XPS) was also carried out to evaluate the chemical
state of the manganese oxides. The measurements were per-
formed with an ESC A 210 (VG Science Ltd.) spectrometer.
Monochromated Al K� (1486.6 eV) radiation served as the
X-ray source. The pressure in the analyzing chamber was
approximately 1× 10−9 Torr during the measurements.

The electrochemistry of manganese oxide was character-
ized by cyclic voltammetry (CV) in 2 M KC1 solution at
room temperature. The test cell was a three-electrode sys-
tem in which the manganese oxide electrode was assembled
as the working electrode. A platinum sheet and a saturated
calomel electrode were used as the counter electrode and
the reference electrode, respectively. The measuring instru-
ment was an EG&G M263 potentiostat. The potential was
cycled within a potential range of 0–1 V (versus SCE). The
CV scan rate was varied from 5 to 150 mV s−1.

3. Results and discussion

3.1. TG and DT analyses of deposited manganese oxide

A TG/DTA plot of the as-deposited manganese oxide,
detached from the substrate, is shown inFig. 1 for a heat-
ing rate of 10◦C/min in air atmosphere. The weight and
enthalpic changes as a function of temperature are demon-
strated in this figure. The initially sharp weight loss, corre-
sponding to an endothermic reaction, occurs below 100◦C.
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Fig. 1. TG/DTA plot of as-deposited manganese oxide at heating rate
of 10◦C/min in air atmosphere; (�) denotes weight loss of manganese
oxide each annealed for 2 h at 100, 200, 300 and 400◦C, respectively.
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This can be attributed to dehydration of structural water. As
the temperature is increased to 200◦C, the rate of weight
loss decreases slightly and an associated exothermic peak
is observed. This is caused by decomposition of organic
matter from the deposited solution. The almost constancy
of weight in the intermediate range 220–450◦C may be due
to a balance between the loss of residual water and some
oxygen and a slight oxidation of the oxide, as reported
in the literature[8]. A stepped weight loss along with a
very broad exothermic peak, attributed to oxygen release
[8,17,18], is clearly discernible around 500◦C. Samples
used for subsequent studies are annealed at a given tem-
perature for 2 h. The circles inFig. 1 show the weight
change of these oxides annealed at 100–400◦C. The weight
of the 100◦C-annealed oxide deviates negatively from the
TGA curve. The results indicate that the removal of both
structural water and organic species within the deposited
manganese oxide is accomplished after 100◦C heat treat-
ment for 2 h. Since more energy can be adsorbed during
prolonged heating, the decomposition of organic matter at
a lower temperature (100◦C) is explained. Moreover, the
weights of the 200–400◦C-annealed oxides coincide well
with the TGA data and are slight heavier than that for the
oxide annealed at 100◦C. A further oxidation, of the oxide
caused by annealing is recognized, by the resulting gain in
weight.

The chemical compositions of the manganese oxide elec-
trodes annealed at various temperatures for 2 h are examined
by EDS.Table 1shows the Mn and O signal ratio of the
spectra obtained. It is found that the oxygen content of the
oxide is decreased significantly at 100 and 500◦C. This sup-
ports the suggestion of structural water and oxygen removal
as discussed above in TG and DT analyses.

3.2. Crystal structure of oxide electrodes

X-ray diffraction patterns of manganese oxide electrodes
annealed at various temperatures are presented inFig. 2.
The patterns of the samples annealed up to 400◦C are iden-
tical to that of the as-deposited oxide electrode. Beside the
strong diffraction peaks associated with the graphite sub-
strate, each pattern has a broad peak with very low intensity
at about 37◦. This weak peak, due to the contribution of
manganese oxide[16], indicates that the oxides have poor
crystallinity. When the treated temperature exceeds 500◦C,
however, the formation of crystalline Mn2O3 occurs. The
crystallization reaction coincides with a sharp weight loss,
caused by oxygen removal, of the deposited manganese

Table 1
Mn and O signal ratio of manganese oxides annealed at various temperatures from EDS analyses

Specimen As-deposited 100◦C-annealed 300◦C-annealed 500◦C-annealed 700◦C-annealed

Mn signal ratio (%) 75.8 78.3 78.5 82.1 83.1
O signal ratio (%) 24.2 21.7 21.5 17.9 16.9

Fig. 2. X-ray diffraction patterns of manganese oxide electrodes annealed
at various temperatures.

oxide, as mentioned in the previous section. Moreover, the
oxide completely converts to Mn3O4, as demonstrated in
the figure, as the temperature is raised to 700◦C. The trans-
formation of Mn2O3 to Mn3O4 can be described by the
following deduction reaction:

3Mn2O3 → 2Mn3O4 + 1
2O2 (1)

accompanied by the removal of oxygen.

3.3. Surface morphology and chemical composition of
various manganese oxides

The morphology of the as-deposited manganese oxide
electrode is shown inFig. 3. At a low magnification, as il-
lustrated inFig. 3a, cracks and granular oxide are seen on
the electrode surface. The cracks are probably caused by
shrinkage stress during drying. The detail features of the
manganese oxide are shown inFig. 3b. It is found that the
electrode consists of fibrous oxide with a nano-size diameter.

Surface morphologies, examined by SEM, of deposited
manganese oxide annealed at various temperatures are
shown inFig. 4. The features of the fiber-like manganese
oxides are still observable at 100 and 200◦C annealing, see
Fig. 4a and b. The result indicates that the release of water
and organic species of as-deposited manganese oxide (as
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Fig. 3. SEM micrographs of as-deposited manganese oxide with different
magnifications: (a) l000× and (b) 20,000×.

confirmed by TG/DT analyses) do not cause a significant
change in morphology. By contrast, manganese oxides an-
nealed at 300 and 400◦C exhibit a different appearance,
seeFig. 4c and d. The fibrous oxide tends to tangle with
each other. A micrograph of the deposited oxide annealed at
500◦C is presented inFig. 4e. It is composed of many fine
spherical particles. The significant change in morphology
at 500◦C is considered to be caused by crystallization of
the amorphous manganese oxide, since the corresponding
formation of crystalline Mn2O3 has been determined by
GAXRD analysis. As the annealing temperature is raised to
600◦C, the oxide morphology becomes rod-like (as shown
in Fig. 4f). The morphology of the oxide after 700◦C heat
treatment is presented inFig. 4g. Oxide, ‘islands’, cor-
responding to the phase transformation to Mn3O4 (from
GAXRD), can be observed.

3.4. Chemical state of various manganese oxides

A typical XPS spectra for the Mn 2p3/2 orbit of deposited
manganese oxide annealed at various temperatures are given
in Fig. 5. The spectra of the as-deposited, 100◦C-annealed
and 300◦C-annealed oxides are similar and have peaks with
a binding energy of 642.4 eV. It has been reported in[19,20]

that the binding energies of the Mn 2p3/2 electron for Mn3+
and Mn4+ are 641.6 and 642.6 eV, respectively. The ana-
lytic results shown inFig. 5 indicate that these oxides are
composed of both trivalent and tetravalent manganese ox-
ides. When the annealing temperature is increased to 500◦C,
the binding energy is shifted to 641.8 eV (as revealed in
the figure). Significant reduction of the oxide is evident and
nearly trivalent manganese can be obtained. The existence of
Mn2O3 at 500◦C, identified by XPS, have been previously
confirmed by GAXRD.

The variation of manganese valent state with annealing
temperature can be identified more specifically by investi-
gating the multiplet splitting width of Mn 3s peaks[21,22].
The exchange interaction between the core level electron
(3s) and the unpaired electrons in the valence band level (3d)
results in the peak separation of the Mn 3s spectrum upon
photoelectron ejection[23,24]. Accordingly, the lower va-
lence of manganese gives rise to a wider splitting of the 3s
peaks. XPS spectra for the Mn 3s orbit of the deposited man-
ganese oxide annealed at various temperatures are shown in
Fig. 6. The peak separation (�E) of Mn 3s spectra is clearly
found to vary with heat-treatment temperature. The peak lo-
cations of Gauss-fitting results are listed inTable 2. The
multiplet splittings of Mn 3s for MnO, Mn3O4, Mn2O3 and
MnO2 have been reported by Chigane and Ishikawa[21],
were also shown in this Table. The peak separation, 5.24 eV,
of the as-deposited manganese oxide further demonstrates
that trivalent and tetravalent Mn ions co-exist within the ox-
ide. An apparent decrease of�E (5.02 eV) is found when
the as-deposited oxide is heated at 100◦C. This implies that
the oxidation state of manganese definitely increases after
100◦C heat treatment. At 300◦C, the slight decrease of�E
(4.98 eV) indicates a small increase in the average oxidation
state. When the temperature is raised to 500◦C, a sudden
increase in peak separation (5.44 eV) is observed, indicating
the change of high valence manganese to form Mn2O3 with
trivalent Mn ions.

The O 1s spectra of deposited manganese oxides an-
nealed at various temperatures were further analyzed; the
results are presented inFig. 7. The spectra obtained can
be deconvoluted into three constituents that correspond to
different oxygen-containing species such as Mn–O–Mn at
529.3–530.3 eV, Mn–O–H at 530.5–531.5 eV and H–O–H

Table 2
XPS Mn 3s analytical results for manganese oxides annealed at various
temperatures

Specimen Eb1 (eV) Eb2 (eV) �E (eV) Species[21]

As-deposited 83.95 89.19 5.24
100◦C-annealed 83.97 88.99 5.02
300◦C-annealed 84.01 88.99 4.98
500◦C-annealed 83.56 89.00 5.44

5.79 MnO
5.50 Mn3O4

5.41 Mn2O3

4.78 MnO2
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Fig. 4. SEM micrographs of manganese oxides annealed at (a) 100◦C, (b) 200◦C, (c) 300◦C, (d) 400◦C,. (e) 500◦C, (f) 600◦C and (g) 700◦C.
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Fig. 5. XPS spectra of Mn 2p3/2 orbit for manganese oxide annealed at
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Fig. 7. XPS spectra of O 1s orbit for manganese oxide annealed at various
temperatures.

at 531.8–532.8 eV[21,22]. The areas under the peaks (mea-
sured as a percentage of that under the O 1s peak) of these
three species for the oxides deposited at different temper-
atures are summarized inTable 3. A higher percentage of
area indicates a higher amount of the corresponding species
in the oxide. It is found that the amounts of anhydrous oxide
(i.e., Mn–O–Mn) increase while the water content decrease
when the deposited manganese oxide is annealed at 100◦C.
Clearly, the release of structural water and the dehydration
of deposited manganese oxide can occur at this tempera-
ture. The analytical results and consistent with those previ-
ously mentioned inSection 3.1. A slight variation of the O
1s spectrum is noticeable when the heat-treatment tempera-
ture is raised from 100 to 300◦C. The amount of Mn–O–Mn
species within the oxide is found to increase slightly. When
the annealing temperature is increased further to 500◦C,
the hydroxide component is decreased drastically and an-
hydrous Mn–O–Mn becomes the dominant species in the
oxide.

3.5. Electrochemical characteristics

Cyclic voltammograms (CVs) of various electrodes, mea-
sured in 2 M KC1 solution at 25◦C at a potential scan rate
of 5 mV s−1, are shown inFig. 8. The CV curves of the de-
posited oxide annealed at a low temperature (<300◦C) are
close to rectangular shapes and exhibit mirror-image charac-
teristics as shown inFig. 8a and b. The results demonstrate
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Fig. 8. Cyclic voltammograms of (a) as-prepared, (b) 100◦C, (c) 300◦C, (d) 500◦C and (e) 700◦C-annealed manganese oxide electrodes, measured in
2 M KC1 solution with a potential scan rate of 5 mV s−1.
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Table 3
XPS O 1s analytical results for manganese oxides annealed at various temperatures

As-deposited 100◦C -annealed 300◦C -annealed 500◦C -annealed

Species Peak area (%) Species Peak area (%) Species Peak area (%) Species Peak area (%)

Mn–O–Mn 42.8 Mn–O–Mn 54.5 Mn–O–Mn 57.4 Mn–O–Mn 63.7
Mn–O–H 35.0 Mn–O–H 33.1 Mn–O–H 31.5 Mn–O–H 25.3
H–O–H 22.2 H–O–H 12.2 H–O–H 11.1 H–O–H 11.0

the excellent reversibility and ideal pseudo-capacitive be-
haviour of the electrodes. The CV curve of the manganese
oxide electrode annealed at 300◦C has a distorted rectan-
gular shape (Fig. 8c). The current does not remain constant
but clearly varies with the electrode potential. Moreover, the
asymmetric plot, with a large enclosed anodic portion and
a small cathodic one, illustrates the irreversible behaviours
of the oxide electrode. Re-construction of oxide morphol-
ogy, as observed by SEM inFig. 4, may cause the physical
and/or chemical properties to change and there by cause
degradation of the pseudo-capacitive performance for the
300◦C-annealed manganese oxide electrode. The CV curves
shown inFig. 8d and ereveal quite different electrochem-
ical behaviour of the manganese oxide electrodes annealed
at 500 and 700◦C, respectively. At these two different
heat-treatment temperatures, the formation of crystalline
Mn2O3 and Mn3O4, respectively, are favoured as confirmed
by GAXRD analyses. Since the crystal lattice rather than
the amorphous structure is rigid and difficult to expand (or
contract), retardation of the protonation (or de-protonation)
reaction of the oxide electrodes is expected. The fast, con-
tinuous and reversible faradaic reaction is thus hindered,
and consequently causes the loss of pseudo-capacitive
properties, as demonstrated inFig. 8d and e.
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Fig. 9. Cyclic voltammograms of: (a) as-deposited; (b) 100◦C-annealed
and (c) 200◦C-annealed manganese oxide electrodes in 2 M KCl solution
at a potential scan rate of 150 mV s−1.

The electrochemical properties of deposited manganese
oxide electrodes annealed at low temperatures were further
explored. The CV curves, measured at a rather high potential
sweep rate of 100 mV s−1, for electrodes prepared from the
as-deposited manganese oxide and those annealed at 100 and
200◦C are presented inFig. 9. The shapes of these curves
are similar. Even at such a high potential sweep rate, almost
ideal pseudo-capacitive behavior is observed for these three
different electrodes. Moreover, the satisfactory kinetic reac-
tivity makes them promising electrodes for use in superca-
pacitors. As can be seen inFig. 9, the enclosed areas of the
CV curves are different, The specific voltammetric charge
of the electrodes (based on the weight of manganese oxide
and integrated from positive to negative sweeps) decreases
with increase in the annealing temperature. The specific ca-
pacitance (C) of the manganese oxide can be estimated as:

C = specific voltammetric charge

potential range

The specific capacitances of the as-deposited, 100◦C-anne-
aled and 200◦C-annealed oxides, measured at a CV scan
rate of 100 mV s−1, are 149, 144 and 135 F g−1, respectively.
The effect of heat treatment on the specific capacitance of
the manganese oxide was examined at various CV scan rates;
the results are presented inFig. 10. The monotonous decline
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Fig. 10. Effect of heat treatment and CV scan rate on specific capacitance
of manganese oxide electrodes.
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of specific capacitance with increasing annealing tempera-
ture (to 200◦C) can be clearly seen. It has been reported
that the presence of structural water promotes the ionic dif-
fusivity but increases the electronic resistivity of the oxide
[6,25], and causes a modification of its electrochemical per-
formance[14,18]. The results obtained from XPS and CV
analyses in this investigation support these assertions. More
specifically, the release of structural water (caused by heat-
ing) will lead to a decrease in specific capacitance of the
manganese oxide. Furthermore, annealing at 100 and 200◦C
causes the manganese oxide to transform to a high oxida-
tion state. As found in our previous study[16], the higher
oxidation state of oxide could give a lower specific capaci-
tance of the manganese oxide electrode. The lower specific
capacitances for both annealed electrodes, as compared with
that of the as-deposited one, are partly associated with the
increase in oxidation state.

As revealed inFig. 10, the specific capacitance gradu-
ally decreases as the potential scan rate is increased from
5 to 150 mV s−1 for all the manganese oxide electrodes.
For instance, the specific capacitance of the as-deposited
manganese oxide is as high as 214 F g−1 at a sweep rate
of 5 mV s−1 but decreases to 140 F g−1 as the sweep
rate is raised to 150 mV s−1. The specific capacitances,
at a tile CV scan rate of 5 mV s−1 (C0

5) and 150 mV s−1

(C0
150), of various manganese oxide electrodes are listed in

Table 4.
The electrochemical stability of the manganese oxide was

evaluated by repeating the CV test for 300 cycles. The vari-
ation of specific capacitance (at a CV scan rate of 5 mV s−1)
with cycle number for the electrodes annealed at different
temperature is presented inFig. 11. The specific capaci-
tance of all the electrodes declines rapidly during the first
100 cycles but remains almost constant thereafter (until 300
cycles). The specific capacitances of the various electrodes
after 300 CV cycles (C∗

5) are also given inTable 4. The spe-
cific capacitances, in terms ofC∗

5/C0
5 ratios, after 300 cycles

for the as-deposited, 100◦C-annealed and 200◦C-annealed
manganese oxide electrodes were 77.6, 90.2 and 97.2%,
respectively. Clearly, the cyclic stability of the manganese
oxide electrodes can be significantly improved by heat
treatment.

Table 4
The specific capacitance of manganese oxides (annealed at various tem-
peratures) under different test conditions

Specimen C0
5

(F g−1)
C0

150
(F g−1)

C∗
5

(F g−1)
(C∗

5/C0
5)×

100 (%)

As-deposited 214 140 166 77.6
100◦C-annealed 194 135 175 90.2
200◦C-annealed 179 130 174 97.2

Note: C0
5, specific capacitance measured at the CV scan rate of 5 mV s−1;

C0
150, specific capacitance measured at the CV scan rate of 150 mV s−1;

C∗
5, specific capacitance measured after 300 CV cycles at a scan rate of

5 mV s−1.
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Fig. 11. Variation of specific capacitance with CV cycle number of
manganese oxide electrodes annealed at various temperatures.

4. Conclusions

Manganese oxide, with an amorphous structure and a fi-
brous feature, is found to consist of a mixture of trivalent
and tetravalent manganese. After annealing at 100◦C for
2 h, the structural water and residual organic matter of the
as-deposited manganese oxide is removed. Moreover, the
average oxidation state of the oxide is increased. As the tem-
perature is raised to 300◦C, the fibrous oxide, still with an
amorphous structure, tends to tangle. At 500◦C, a portion of
oxygen within the oxide is released and crystalline Mn2O3
is formed. Further increase of the annealing temperature
to 700◦C causes the formation of Mn3O4. Cyclic voltam-
metry reveals that the oxide electrodes annealed at tem-
peratures below 200◦C exhibit excellent pseudo-capacitive
properties. Although the specific capacitance decreases, the
cyclic stability of the deposited manganese oxide is sig-
nificantly improved with increasing annealing treatment (to
200◦C). When the oxide is annealed at 300◦C, a degra-
dation of capacitive performance is clearly discernible, due
to re-construction of the oxide morphology. The loss of
pseudo-capacitive of the oxide annealed above 500◦C is
caused by formation of crystalline phases.
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