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Material Characterization and Electrochemical Performance
of Hydrous Manganese Oxide Electrodes for Use in
Electrochemical Pseudocapacitors
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Hydrous manganese oxide with promising pseudocapacitive behavior was deposited on a carbon substrate at anodic potentials of
0.5-0.95 Vvs saturated calomel electrod€CBE in 0.25 M Mn(CHCOO), solution at 25°C. The effects of the deposition
potential on the material characteristics and electrochemical performances of the hydrous manganese oxide prepared were inves-
tigated. Porous manganese oxide with higher crystallinity was formed at a lower deposition potential. When the deposition
potential was 0.8 ¥Ygor higher, the deposited oxide consisted of an inner layer with a laminated structure and a rough outer layer
with nodules on the surface. X-ray photoelectron spectroscopy was also carried out to examine the chemical state of the deposited
oxide. Analytical results indicated that the oxide was composed of both trivalent and tetravalent manganese oxides at a deposition
potential of 0.5 4. However, the tetravalent manganese oxide became the dominant species in the film deposited at above 0.65
Vsce The manganese oxide formed at 0.5cY exhibited a specific capacitance as high as 240 F/g, as evaluated by cyclic
voltammetry(CV) with a potential scan rate of 5 mV/s in 2 M KCI at 25°C. Increasing the CV scan rate reduced the specific
capacitance. Only about 70% of the capacitance at 5 mV/s could be maintained when the CV scan rate was increased to 100 mV/s,
for all the manganese oxide electrodes prepared. Moreover, a high deposition potential gave rise to a low specific capacitance of
the manganese oxide formed.
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Electrochemical capacitor&commonly referred to as superca- cal capacitors is being sought. Hu and Tsoeported that hydrous
pacitorg are charge-storage devices of high power and energy denmanganese oxide with ideal pseudocapacitive behavior could be pre-
sity, that exhibit excellent reversibility and a long cycle ff&e- pared by anodic deposition in Mng@n a carbon substrate. How-
cently, they have become the subjects of increasing research interesver, the physical and chemical nature of the oxide and the effects of
due to their potential applications in several fields. These applicathe deposited conditions on the electrochemical characteristics of the
tions include loadleveling for batteries in electric vehicles during oxide have not been well elucidated. Furthermore, the deposition
starting, acceleration, and regenerative braKirag, well as burst-  rate in such media was low. So, anodic deposition of manganese
power generation in electronic devices such as cellular phones, phaexide in other electrolytes at a high rate is of interest.
todiode array, camcorders, and navigational devices among others. This investigation examined the deposition of manganese oxides
Accordingly, two kinds of electrochemical capacitors have been ex-On carbon substrate in 0.25 M manganese acetate solution at various
amined, the electric double layer capacitor and the electrochemica®nodic potential$0.5-0.95 Vvs. saturated calomel electrode, SCE
pseudocapacitor. The former typically consists of electr¢ftesex- ~ The properties of the deposited oxides are characterized by X-ray
ample, active carbonwith very high surface ared€ The nonfa- dlffractlon (XRD), scanning electron microscog$EM), confocal
radic separation of charges at the interface between a solid electrod®ICroscopy, and X-ray photoelectron spectroscofgS). The elec-
and an electrolyte governs the capacitance of such a dficm trochemical characteristics and pseudocapacitance of the manganese

the other hand, the pseudocapacitance arises from fast, reversibfgide deposited at various anodic potentials are also evaluated by

faradic redox reactions that occur near an electrode surface over aWC“C voltammetry(CV).
appropriate range of potentidis® The difference between charge- _
storage mechanisms and the fact that carbon has been found to suf- Experimental
fer from deterioration by oxidation and from high internal Manganese oxide was e|ectrop|ated onto thg :]]_(;m2 carbon
resistancehave caused the electrochemical pseudocapacitor to havgypstrates by anodic deposition in a neutral 0.25 M Mn{CBIO),
attracted much attention for its potential supercapacitor applicationsp|ating solution at 25°C. The substrates were first polished with SiC
Although amorphous hydrous ruthenium oxide prepared by thepaper of grit 800, degreased with acetone and water, etched in a
sol-gel process exhibits ideal pseudocapacitive behavior, a vernpsec 0.2 M H,S0, solution, and finally washed with pure water in
large  specific capacitance(over 700 F/g and excellent  an yltrasonic bath. During the deposition, the carbon substrate was
reversibility”® the high cost of the material has limited its commer- held as the anode and a platinum sheet was used as the counter
cial use. Therefore, the search for a cheaper oxide with equivalengjectrode. An SCE was used as the reference electrode. An EG&G
characteristics is attracting attention. The natural abundance of marprinceton Applied Research model 263 potentiostat was employed
ganese oxide and its environmental compatibility make it a promis-to control the deposited conditions. Anodic deposition was per-
ing electrode material for use in various energy-storage technoloformed under constant applied potential. The applied potentials were
gies. Recently, several researchers have begun to develop afaried in the range 0.5-0.95.\cto give a total passed charge of 1.5
effective method for preparing manganese oxide with favorableC. After electrodeposition, the electrode was dried in air. The
pseudocapacitive characteristics. The preparations of powder maramount of manganese oxide loaded onto the carbon substrate was
ganese oxides by thermal decompositfaand coprecipitatiotf pro-  then weighed using a microbalance with an accuracy of.g0
cesses have been studied previously. The use of such oxide powders The crystal structure of the manganese oxide deposited at various
for fabricating electrodegincluding: synthesize powder, mixing anodic potentials was determined by XRD. The patterns were re-
with a conducting agent and a binder, and making electjodes corded on a Rigaku D/MAX2500 diffractometer with a glancingin-
however, complicated and inconvenient. A more effective preparacident angle of 2°. The &; radiation of copper target with a wave-
tion of manganese oxide electrodes for application in electrochemifength of 1.54056 A was used as the X-ray source. The detected
diffraction angle(26) was scanned from 10° to 80° with a speed of
4° per min. The surface and cross-sectional morphologies of the
* Electrochemical Society Active Member. prepared manganese oxides were observed using a scanning electron
2 E-mail: wttsai@mail.ncku.edu.tw microscope(Philip XL-40FEG. The topography of the electrode
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Figure 1. Variation of anodic current density of the electrodes formed at
various deposition potentials in 0.25 M Mn(GEO0), solution at 25°C. Figure 2. XRD patterns of the electrodes formed at various deposition po-
tentials. Arrowed peaks were attributed to the oxides formed on the carbon
substrates.
surface was further described via the confocal microsd@q, Ltd.) spectrometer. Monochromated AlaK(1486.6 eV radiation

Leica TCS Sl. XPS was also carried out to evaluate the chemicalwas utilized as the X-ray source. The pressure in the analyzing
state of the manganese oxide deposited at various anodic potentialshamber was approximately xt 107° Torr during the measure-
The measurements were performed with an ESCA®A® Science  ments.

Figure 3. SEM micrographs showing
the surfaces of the manganese oxides
formed at various deposition potentials:
(a) 0.5, (b) 0.65, (c) 0.8, and(d) 0.95

VSCE
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Figure 4. Surface topography of the
manganese oxides formed at various
deposition potentials dfa) 0.5, (b) 0.65,

(c) 0.8, and(d) 0.95 V5cg examined by
the confocal microscope.

The electrochemistry of the manganese oxide was characterizedeaks at 37.1° and 66.3marked by arrows In the synthesis of
by CVin 2 M KCl solution at room temperature. The test cell was a manganese oxide from KMnQOsolution, Jeong and Manthirdfth
three-electrode system in which the manganese oxide electrode Wagso reported the existences of very weak and broad reflections at
assembled as the working electrode. A platinum sheet and an SChpproximately 37° and 66° in the XRD patterns, suggesting that the
were used as the counter electrode and the reference electrode, rgxide was nanocrystalline in nature. The broadening of the peaks at
spectively. The measuring instrument was also an EG&G M263 po-37 1° and 66.3° as shown in Fig. 2, thus, indicates that the manga-
tentiostat. The potential was cycled within a potential range of 0-1 V yage oxide prepared had a nanocrystalline nature with poor crystal-
(vs.SCB. The CV scan rate was varied from 5 to 100 mVis. linity. The results shown in Fig. 2 also demonstrated that the peak
intensity of the manganese oxides increased as the deposition poten-
tial decreased. The less broadened peaks, though not so obvious, for
Anodic deposition of manganese oxiddrigure 1 presents the the manganese oxide formed at low deposition potersiay 0.5
variations of current densities during deposition in _0.25 M manga-v..) suggested that a relatively higher crystallinity was obtained,
nese acetate solution at 25°C and at various anodic pote(Qiéls perhaps because the deposition process was slower.
0.95 Vscg. Clearly, a higher applied anodic potential yielded a = The surface morphologies of the manganese oxides deposited at
higher oxide deposition rate. For a total anodic pass charge of 1.5 Gyarious anodic potentials were examined by SEM. The micrographs
1760 s were required to deposit at an anodic potential of @gV  shown in Fig. 3 clearly illustrate that the appearance of the oxide
When the potential was raised to 0.932¢ the required time was  electrodes varied with the deposition potential. Cracks were ob-
530 s. The weight change of the electrodes before and after thgerved on the surfaces of the deposited oxides and were caused by
deposition was measured by a microbalance. The amount of oxidgnrinkage stress during drying. At a lower anodic potential, the sur-
deposited was in the range of 1.00-1.20 mg but seemed to increasgce of the deposited manganese oxide contained some pores. As the
gradually as anodic potential fell. o ) potential was raised, the amount of pores declined and a relatively
As can be seen in Fig. 1, an oscillation of the anodic currentyense and compact surface was observed. A confocal microscope
density occurred during anodic deposition, especially at higher poyy,5 4150 used to examine the surface contours of the electrodes on
tentials. It may be attributed to the exhaustion and resupply of thghich were deposited with manganese oxide formed at various po-
reactants near the electrode surface during deposition. tentials. The results are shown in Fig. 4. At a potential of 05
Material characterization—XRD patterns revealed the crystal- holes with diam up to 2wm were found on the surface. However,
line structures of the manganese oxides deposited at various anodibe surface was relatively smooth apart from the pore areas. The
potentials are demonstrated in Fig. 2. Besides the diffraction peakpore density decreased as the deposition potential was increased,
associated with the carbon substrate, each pattern includes twoonsistent with the SEM micrographs shown in Fig. 3. At higher

Results and Discussion
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Figure 6. XPS spectra of the Mn 2p for the manganese oxides formed at
the deposition potentials @) 0.5 and(b) 0.8 Vgce

ture of the deposited oxide. Because the rate of consumption of
reactant or formation of oxide was high at a high deposition poten-
tial, the supply of reactants to the reaction front became the rate-
determining step in the later stage of oxide deposition. Under such
conditions, the local fluctuation in the concentration of reactant
would cause the nonplanar deposition of oxide, leading to the for-
mation of oxide nodules, as depicted in Fig. 5b.

Figure 6 presents the typical XPS spectra of the Mg apbit of
the manganese oxide deposited at anodic potentials of 0.5 and 0.65
Vsce Deconvolution of these spectra shows that both®Mand
Mn**, corresponding to 641.6 and 642.6 eV, respectivelycoex-
isted in the oxide formed at these two different potentials. In other

Figure 5. SEM micrographs showing the cross section of the manganesewords’ the oxides were composed of both hydrated trivalent and

oxides formed at the deposition potential@f0.5 and(b) 0.8 Vecgin 0.25 tetravalent manganese oxide. However, the intensity of the spect.rum
M Mn(CHsCOO), solution at 25°C. that corresponded to M@; (641.6 eVf was reduced as the deposi-
tion potential was increased from 0.5 to 0.65.¥¢ indicating that

the amount of MpO; in the oxide formed at a high potential was
decreased. The analytic results revealed that tetravalent manganese
oxide, instead of trivalent manganese oxide, was the dominant form
of oxide deposited at the higher potentials.

_ Figure 7 shows the O 1s spectrum of the manganese oxide
ormed at 0.5 \{cg The binding energy of 531.8 eV corresponded

0 the water molecul¢H-O-H), while that of 530.5 eV was associ-
ated with Mn-O-H hydroxidé’ The fact that no peak corresponded

manganese oxide with uniform th'Ckne@JOU.t Spm) formed on to dehydrated manganese oxide in the O 1s spectrum reveals that the
the carbon substrate at 0.5):was seen. The interface between the deposited oxide was mainly in hydrated form

substrate and the deposited oxide was sound. When the deposition
potential was raised to 0.8q¢g a layered structure was observed. Electrochemical performance of the manganese oxidegure 8
The thickness of the oxide layer was not uniform and the nodulousshows the cyclic voltammograms of the hydrous manganese oxides
type of oxide appeared on top of the surfd&ég. 5b), indicating deposited at various anodic potentials measuneziM KCI solution
nonplanar growth of the oxide. The rough surface observed at higtat 25°C, with a potential scan rate of 20 mV/s. The open circuit
deposition potentials, as revealed in Fig. 3 and 4, was formed mainlyotential of the deposited manganese oxiage2 M KCI solution at
due to the formation of nodulous oxide. 25°C were about 0.45-0.5¢z Within the potential range 0-1 V
Closely examining the SEM micrograph shown in Fig. 5b reveals (vs. SCBE), the oxide deposition potential slightly affected the volta-
the layered structure of the oxide, particularly formed in the early mmetric response of the manganese oxide. The voltammograms in
stage. As demonstrated in Fig. 1, an oscillation in the current densityFig. 8 also reveal that the voltammetric current remained almost
during deposition process was observed. The depletion and replereonstant and exhibited the ideal capacitive characteristics. Although
ishment of reactants at the electrode surface caused the fluctuatidhe shapes of the curves were similar, the specific voltammetric
of current density, which subsequently resulted in the layered struceharge(voltammetric charge per gram of the deposited manganese

deposition potentials, 0.8 or 0.95¢%;, some small salientéap-
proximately 3pm high) were seen to stand on the surface of the
electrodes such that the surface became rather rough.

SEM was used to further elucidate the cross section of the de
posited manganese oxide. Figure 5 shows SEM micrographs of th
surface oxide films formed at 0.5 and 0.83¢ As shown in Fig. 5a,
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Table I. Specific capacitance(F/g) of manganese oxides formed
at various deposition potentials, measured in 2 M KCI solution at

25°C.

Deposition potential (¥cg

CV scan rate

(mVi/s) 0.5 0.65 0.8 0.95
= 5 240 223 209 191
= 10 201 191 183 168
8 20 189 178 170 156
" 40 179 168 161 146
2 60 171 162 154 140
® 80 166 157 149 135
E 100 163 152 144 130

The mean specific capacitances of the prepared manganese oxides,
measured at a CV scan rate of 20 mV/s, were 189, 178, 170, and 156
F/g, respectivelyas listed in Table)l Although a more amorphous
structure and a rougher surface have been considered to be benefi-
cial in increasing the specific capacitance of the oxide electrode for
the supercapacitér*® the experimental results obtained in this in-
vestigation did not support this assertion. As mentioned above, the
hydrous manganese oxide deposited at Oss\Wvas composed of

. . trivalent and tetravalent manganese oxides and more porous. The
Figure 7. XPS spectra of the O 1s for the manganese oxides formed at theyighest mean specific capacitance measured for the oxide deposited
deposition potential of 0.5 3¢ at 0.5 Viscg Which had a relatively smooth surface and a high crys-
tallinity, was probably attributable to the porous microstructure and
the oxide’s two different manganese oxidation states.

oxide), integrated from positive to negative sweeps decreased as Effect of potential scan rat€l0-100 mV/s on the cyclic volta-
deposition potential increased. The mean specific capacitacef( mmetric behavior of the hydrous manganese oxide deposited at 0.65

the manganese oxide could be estimated using the following equaY sce S demonstrated in Fig. 9. The curves were all roughly rectan-
gular in shape and exhibited mirror-image characteristics that de-

[ '
t |
' d
i I
| |
I i
| t
| |
I 1
I i
I |
I |
I b
I i
1 '
[ P
' '
' |
| |

L1 1
522 524 526 528 530 532 534 536 538 540
Binding energy (eV)

tion. ; . ; ;
scribed capacitive behavior, even up to a potential scan rate of 100
- ) _ mV/s. Similar results were obtained for other manganese oxide elec-
C = specific voltammetric charge/potential range [1] trodes deposited at various potentials. All the cyclic voltammograms
indicate that the high reversibility and excellent reactivity of the
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Figure 8. Cyclic voltammograms of the manganese oxides formed at vari- Figure 9. Effect of potential scanning rate on the voltammetric behavior of
ous deposition potential®i2 M KCI solution at 25°C with a potential scan the manganese oxides formed at the deposition potentials of @g&5nea-
rate of 20 mV/s. sured h 2 M KCI solution at 25°C.
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25°C. The material characteristics and electrochemical performance
of the manganese oxides were shown to depend on the deposition
potential. At a lower deposition potential, porous manganese oxide
with a higher crystallinity was formed. When the deposition poten-
tial was 0.8 \4cgor higher, the deposited oxide consisted of an inner
layer with a laminated structure and a rough outer layer with nod-
ules on the surface. At a deposition potential of 0&.Y the oxide

was composed of both trivalent and tetravalent manganese oxides.
When the deposition potential was raised above 0.3gVthe
amount of trivalent manganese oxide was diminished while the tet-
ravalent manganese oxide became the dominant species in the de-
posited film. The results of cyclic voltammetry showed that a spe-
cific capacitance of 240 F/g could be obtained for the manganese
oxide formed at 0.5 ¥ in 2 M KCI solution, at a potential scan
rate of 5 mV/s. The specific capacitance declined as the deposited
oxide became less porous and the amount of trivalent manganese
oxide was diminished. Furthermore, the specific capacitance evalu-
ated by CV decreased as the potential scan rate increased. Only
about 70% of the capacitance obtained at 5 mV/s could be main-
tained when the scan rate was increased to 100 mV/s.
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hydrous manganese oxide prepared by anodic deposition in manga-

Figure 10. Effects of deposition potential and CV scan rate on the specific
capacitance of the manganese oxide prepared.

nese acetate solution made it suitable for use in electrochemical

capacitor(or supercapacitgrapplications. 1.

The effect of potential scan rate on the cyclic voltammetric mea-

surement was also investigated in the range from 5 to 100 mV/s for 2
all prepared manganese oxide electrodes. Table | summarizes the’
results. Clearly, the specific capacitances declined as the potentiah.
scan rate in CV increased for all the electrodes. As shown in Table I, 5.
the specific capacitance was decreased as the deposition potentigt

was increased at any given potential scan rate. The highest obtaineg

specific capacitance was 240 F/g for the manganese oxide electrode.

prepared at 0.5 ¥ and evaluated at 5 mV/s in CV. The results are 9 :
10. Y. Takasu, T. Nakamura, H. Ohkawauchi, and Y. MurakamElectrochem. Soc.,

also plotted in Fig. 10, in which the dependences of deposition po-

tential and CV scan rate are clearly demonstrated. When the scaiy

rate was increased to 100 mV/s, the capacitance of the hydrous

manganese oxide was reduced to about 70% of that measured at12-
13. C. C. Hu and T. W. TsolElectrochem. Commun4, 105(2002.

. Y. U. Jeong and A. Manthrirand, Electrochem. Soc149, A1419(2002.
. B. R. Strohmeier and D. M. Herculek, Phys. Chem88, 4922(1984.
. B. N. Ivanov-Emin, N. A. Nevskaya, B. E. Zaitsev, T. M. Ilvano¥h,. Neorg.

mV/s regardless of the deposition potential.

Conclusions
Hydrous manganese oxide with promising pseudocapacitive be-

havior was successfully prepared on carbon substrate by anodi?l:;:

deposition(0.5-0.95 \4cp in 0.25 M manganese acetate solution at
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