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Abstract

In the present study, manganese oxide electrodes with promising pseudo-capacitive properties were prepared by electrophoretic deposition

(EPD) using needle-like manganese dioxide powders. As-deposited coating exhibited a porous microstructure where the size and shape of the

starting powders can be observed. The electrochemical performance of the as-deposited coating was then evaluated by cyclic voltammetry (CV) up

to 300 times. The initial specific capacitance was 236 F/g which dropped to 200 F/g after 25 CV tests, and decreased gradually to 190 F/g thereafter.

The electrochemical behaviors during EPD and CV were examined by synchrotron X-ray absorption spectroscopy techniques from which it was

deciphered that a reduction reaction from Mn4+ to Mn3+ occurred during EPD concomitant with re-oxidization during repetitive CV cycles.
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1. Introduction

Electrochemical supercapacitors have attracted increasing

research interests due to their unique characteristics in terms of

power and energy density and can be used for applications

requiring a high power output and/or a high cycle capacity

[1,2]. The conventional oxides used as the electrodes of

supercapacitors are relatively expensive materials, such as

RuO2 or IrO2 [3,4]. Relatively cheap and easily available

transition metal oxides that possess multi-valence character-

istics can prove to be potential alternatives to these conven-

tional oxides. For instance, manganese oxides with its multiple

manganese valence states are promising supercapacitor

materials due to the low cost of raw materials and the fact

that manganese is considered more environmental friendly than

other noble metal oxides [5–7].

Considerable efforts have been made in this direction for the

preparation of manganese oxide films and coatings using
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various well-known techniques such as physical vapor

deposition [8], chemical vapor deposition [9], anodic deposi-

tion [10,11], cathodic deposition [12], and sol–gel process

[13,14], etc. [15]. These processes deposit manganese and/or its

oxide molecules or islands onto substrates to form dense

manganese oxide electrodes. Electrophoretic deposition (EPD)

on the other hand is a relatively simple process, involving

motion of charged particles in an aqueous medium followed by

deposition onto substrates under an applied electric field. This

technique has been effectively used to deposit coatings for

various applications [16]. For instances, functionally graded

materials [17], patterned electrodes [18], sensors and functional

ceramics [19], and fuel cells [20] have been successfully

prepared by EPD.

Manganese oxides exhibit catalytic properties may experi-

ence gas evolution during EPD process where an applied field

is inevitable. Gas evolution due to reduction of manganese

oxide or dissociation of water may make the EPD of

manganese oxide difficult. Though we have demonstrated

that spray-pyrolyzed powders can be electrophoretically

deposited to obtain porous electrodes, however, only limited

gas evolution during EPD was noticed [21,22]. In the present
d.
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Fig. 1. XRD patterns of manganese oxide films heating at various temperatures.
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study, commercial available needle-like manganese dioxide

powders with high surface area and catalytic properties will be

electrophoretically deposited onto graphite substrates to

obtain porous manganese oxide electrodes. Corresponding

structural changes and electrochemical properties of the as-

deposited coatings during the preparation and characteriza-

tions will be investigated.

2. Experimental procedures

Manganese dioxide powders (major phase: a-phase MnO2

>98.0 wt.%, minor phases: other Mn oxides, Songsing Nano

Technology Co., Ltd., Taiwan) prepared by the wet-chemical

process were used as the precursor for electrophoretical

deposition on graphite substrates. The substrates with a

dimension of 10 mm � 10 mm � 3 mm were ground,

degreased, etched in 0.2 M H2SO4, and rinsed by deionized

water. The pretreated graphite substrates were then insulated by

PTFE films and thus only an area of 1 cm � 1 cm was exposed

for deposition. The manganese oxide powders were dispersed

into an ethanol base solution (99.5 wt.%, Echo Chemical Co.,

Ltd., Taiwan) and ultrasonically mixed for 30 min with 1 ml of

10 wt.% H2SO4 (Shimakyu’s Pure Chemicals, Japan). The

suspension for EPD was prepared to a solid load concentration

of 0.2 g/l. EPD was performed under a potentiostatic mode by a

DC power supply at 100 V for 20 min leading to cathodic

deposits on the graphite substrates. The electrode was weighed

before and after the EPD deposition process by a microbalance

with an accuracy of 10 mg (Sartorius 235S, Germany). The

mass of the powder coating was controlled at �0.1 mg on each

substrate for achieving optimum electrochemical performance

of the coating.

Phase identification of powders and as-deposited coatings

was performed using X-ray diffractometry (XRD, MAC-

MXP3, Japan) with a Cu Ka radiation. The starting powder was

also examined by transmission electron microscopy (TEM,

JEM-2010, JEOL, Japan). The surface morphology of the EPD

films before and after cyclic voltammetry (CV) was observed

by a field-emission scanning electron microscopy (FE-SEM,

HITACHI S4800, Japan). In addition synchrotron X-ray

absorption spectroscopy (XAS) technique was used to decipher

the electronic properties and localized variations in atomic

environment. The XAS experiments were performed at the

HSGM (20A, 100–1500 eV) and Wiggler-C (17C, 4–15 keV)

beamlines at the National Synchrotron Radiation Research

Center (NSRRC) in Hsinchu, Taiwan.

Cyclic voltammetry (CV) performances were evaluated by

an electrochemical analyzer (CH Instruments, Model 600B,

USA) using a standard three-electrode cell system in 1 M

Na2SO4 solution at room temperature. The as-deposited

manganese oxide film was used as the working electrode,

while a gold disk and an Ag/AgCl electrode were used as the

counter and reference electrode, respectively. The CV scan

rate was set at 25, 50, or 100 mV/s within a potential ranged

from 0 to 1 V. The area under the CV curve was used to

estimate the specific capacitance of the powder coating on the

substrate.
3. Results and discussion

The stability of the crystallinity of MnOx supercapacitors is

imperative for enhancement of performance efficiency. For

instances, phase stability during an acid or basic environment,

and/or elevated temperature may degrade the coating quality.

Hence, X-ray diffraction of the as-received manganese oxide as

a function of temperature (Fig. 1) was investigated for

validating the inception of new phases with temperature

besides confirming the crystalline stability. As seen from the

figure (Fig. 1), it should be pointed out that no significant

differences can be revealed for manganese oxide heating at a

temperature lower than 500 8C. All of the manganese oxide

exhibited an a-MnO2 phase. In addition, peak broadening

implying an extremely small grain size (�10 nm calculated

from the Scherrer’s formula) of the a-MnO2, even after heating

at 500 8C, was observed. Partial a-MnO2 transformation into

Mn2O3 can be observed when the heating temperature was

600 8C. This shows a similar trend as reported in the literature

[23] and indicates that the a-MnO2 used in the present study is

stable up to a temperature of 500 8C.

In addition to the thermal stability examination, the peak

broadening in XRD pattern as shown in Fig. 1 may indicate that

the starting materials, even those heat-treated at a temperature

lower than 500 8C, were nanocrystalline. Fig. 2 shows the

transmission electron microscope image of the starting a-MnO2

phase powders that exhibited an obvious needle-like micro-

structure with a diameter of�10 nm and a length ranged from 50

to 400 nm, showing good agreement with the XRD data. Because

the electrochemical reaction between electrode materials and

electrolyte solution is generally thought to take place on the

surface of the electrode, the larger is the surface area of the

electrode, the higher specific capacitance can be obtained. It has

been reported that these nanocrystalline needle-like manganese

dioxide exhibited a relatively high surface energy and possessed

significant potential in practical use of supercapacitor [24]. In the

present study, the nanocrystalline needle-like manganese dioxide

powders were then electrophoretically deposited onto a graphite

substrate and the electrochemical performances of these

electrodes were investigated.



Fig. 2. TEM micrograph of as-obtained needle-like manganese oxide powder.
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Fig. 3 shows the scanning electron microscope image of the

manganese oxide films prepared by electrophoretic deposition

(EPD) process. It can be noted from Fig. 3 that the as-deposited

films still exhibited the needle-like microstructure. Bundles of

manganese oxide needle-like powders can be observed from the

SEM image. This indicates that agglomeration of starting

powders occurred during the EPD process. It should also be

pointed out that gas bubble evolution can be noticed during the

EPD process. This may be attributed to the reduction reaction of

MnO2 or dissociation of water and acts as an impediment for

the EPD of manganese oxide films. Thus, limited research

concerning preparation of manganese oxide films by EPD has

been reported [21,22]. The relevant cathodic reaction of the

positively charged particles during EPD can most likely be
Fig. 3. SEM micrographs of as-deposited manganese oxide coatings.
represented by an equation of the type:

2MnO2ðH3OþÞ þ 2e�!Mn2O3 þ 3H2O

where the product of Mn2O3 phase is identified by the XAS

analysis. The corresponding gas evolution reaction resulting

from the dissociation of water is given by:

H2Oþ e�! 1
2
H2ðgÞ þ OH�

Therefore, it is suspected that the evolved hydrogen may

cause a portion of the reduction of the deposited MnO2 powder

on the cathode. In addition to the phase transition and gas

evolution, a porous microstructure was also achieved. It has

been reported that a porous microstructure was beneficial to the

electrolyte passage and may be contributed to improve the

electrochemical properties [24,25]. For instance, porous

manganese oxide films prepared by sol–gel process exhibited

a better performance than the relatively smooth one [13]. The

supercapacitive properties of the as-prepared manganese oxide

films were evaluated by cyclic voltammetry.

Fig. 4 shows the specific capacitance as a function of CV

cycle number for the manganese oxide electrode prepared by an

electrophoretic deposition starting from needle-like manganese

oxide powders. It is interesting to note that the specific

capacitance for the first cycle exhibited the maximum value of

236 F/g. An abrupt decrease from the maximum (236 F/g) to

215 and 200 F/g after 15 and 25 cycles of CV tests, respectively.

The specific capacitance approximately exhibited a linear

relationship with a negative slope for the first 25 CV tests and

only showed slight decrease thereafter. It is suspected that the

loose bundle-like manganese oxide powders only exhibited

weak bonding (such as van der Waals force) without strong

chemical bonding and, thus, induced a significant decrease

during the first few cycles (25 cycles in the present study) of CV

tests. The repetitive charging and discharging CV cycles

increased gradually the bonding strength among the bundles of

needle-like powders. A relatively stable structure of manganese

oxide electrode was gradually achieved and the specific

capacitance only decreased slightly from 200 F/g (25th cycle)

to 190 F/g (300th cycle). In summary, the specific capacitance
Fig. 4. Variation of specific capacitance with respect to CV cycle number for

manganese oxide coating.



Fig. 5. SEM micrographs of manganese oxide coatings after CV tests.
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exhibited a significant decrease of 15.3% (from 236 to 200 F/g)

for the first 25 cycles and only a slight decrease of 5.0% (200–

190 F/g) for the next 275 cycles.

Fig. 5 shows the SEM image of the manganese oxide films

after 300 CV tests. As compared to that shown in Fig. 3 (the

manganese oxide film as-prepared by EPD process), it can be

noted that, after 300 CV tests, not only the relative amount of

bundles of needle-like powders significantly decreased, but also

the relatively porous structure gradually destructed. This can be

attributed to the charging-and-discharging CV cycles induced

repetitive decomposition-and-precipitation processes [22,26].

Although the porous structure gradually deteriorated due to

exposure to CV cyclic tests, the pores, retained their

effectiveness for passage of electrolyte even after 300 CV

tests. Thus, only a slight decrease in specific capacity was

observed after the first 25 cycles.

In addition to the electrochemical performance evaluated by

repetitive CV tests as discussed above in Fig. 3, the

electrochemical behavior of the manganese oxide electrode

was investigated by CV examined at various scan rates. Fig. 6

shows the CV curves tested at scan rates of 25, 50, and

100 mV s�1 and the corresponding specific capacitance was

215.2, 211.8, and 205.9 F/g, respectively. The measured CV
Fig. 6. CV curves tested at different scan rates for the manganese oxide

coatings.
values were compatible to those reported in the literatures

[7,27]. It can be noted that the CV curve tested at a scan rate of

25 mV s�1 was close to a rectangular shape, exhibited mirror-

image characteristics, and revealed good reversibility and

relatively ideal pseudo-capacitive behavior. The rectangular

shape distorted gradually with increasing scan rate. This

indicates that the pseudo-capacitive behavior deviates from its

ideality with increasing scan rate. Meanwhile, higher the scan

rate the smaller the measured specific capacitance. This shows a

similar trend reported in the literature [28,29] and can be

attributed to the less effective interaction between the ions and

the electrode at higher scan rates [29].

In order to reveal further the structural variations within

three different stages of these needle-like MnO2 (starting

powders and coatings before and after CV test), synchrotron X-

ray absorption spectroscopy (XAS) technique was used. An

XAS spectrum, basically the measured X-ray absorption

coefficient as a function of the incoming photon energy,

includes X-ray absorption near-edge structure (i.e., XANES)

and extended X-ray absorption fine structure (i.e., EXAFS). For

a specific examined element, XANES elucidates the electronic

structure, while EXAFS investigates the local atomic structure

concerning the type and number of element, and nearest

neighbor bond length [30–32]. Fig. 7 shows the EXAFS spectra

at Mn K edge of the starting powders and coatings before and

after CV test. It can be noted that the XANES spectrum of as-

deposited coating (i.e., coating before CV test) differed from

the other two spectra. A decrease in the Mn K absorption edge

of �2 eV within the as-deposited coating can be noticed. This

indicates that manganese valence decreased from +4 of MnO2

to�+3 of Mn2O3 during the EPD process [22]. The decrease in

manganese valence, however, was recovered during the

repetitive decomposition-and-precipitation processes of CV

tests.

The differences in local atomic environment can be revealed

better after Fourier transformation of the EXAFS spectra [33]

and, thus, the radial distribution function (RDF) of the local

atomic environment of detected element (i.e., Mn) can be

observed. Fig. 8 shows the RDFs corresponding to those in
Fig. 7. EXAFS spectra at Mn K edge for manganese oxide powder and coatings

before and after CV tests.



Fig. 8. Radial distribution functions for manganese oxide powder and coatings

before and after CV tests.
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Fig. 7. It can be noticed that, compared the RDFs of starting

powder and the as-deposited coating, the EPD process did

induce a structural variation. In addition, though the decrease in

manganese valence can be recovered by repetitive CV tests,

slight differences in high order peaks (the peak at 3 Å, and the

other at larger distances) can be noticed. This indicates a

coating degradation that may be responsible for the decrease in

specific capacitance.

Synchrotron X-ray absorption spectroscopy shown in Figs. 7

and 8 examined a certain amount of the coatings due to

relatively high photon energy around Mn K edge (6539 eV),

surface-sensitive examinations were performed at Mn L edge

and Fig. 9 shows the corresponding XANES spectra. The

starting powder and coating after CV exhibited a relatively

stronger peak at 643.1 eV (corresponding to Mn4+). The

643.1 eV peak intensity decreased and accompanied by an

increase in 641.5 eVand 640.0 V peaks coinciding with Mn2O3

and Mn3O4, respectively [34,35]. This suggested that Mn4+

reduced to Mn3+ (or Mn2.67+) during the EPD process and

gradually oxidized back to Mn4+ during repetitive CV tests.
Fig. 9. EXAFS spectra at Mn L edge for manganese oxide powder and coatings

before and after CV tests.
4. Conclusions

Needle-like manganese dioxide powders with a diameter of

�10 nm and a length ranging from 50 to 400 nm were

electrophoretically deposited onto graphite substrates. As-

deposited coating exhibited a porous microstructure where the

size and shape of starting powders can be observed. Relative

weak bonding was responsible for the initial electrochemical

instability where the specific capacitance decreased �15%

from 236 F/g (1st cycle) to 200 F/g (25th cycle). Only slight

decrease (5%, from 200 to 190 F/g) was noticed for the next

275 cycles. Synchrotron X-ray absorption spectroscopy

examination revealed that manganese oxide electrodes experi-

enced mainly a reduction reaction from Mn4+ to Mn3+ during

EPD process and gradually recovered to tetravalent manganese

during repetitive CV tests.
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