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Abstract

Manganese oxide electrodes possessing pseudo-capacitance behaviors were successfully made with a simple sol-gel method. The experimental
results showed that the specific capacitance was 101.2 F/g for pure manganese oxide films after annealing at 300 °C. However, the specific
capacitance increased to 232.3 F/g with iron acetate (1.0 mol% Fe) addition and after annealing at 350 °C. The surface morphology observations
revealed that the annealing temperature of 350 °C produced a higher surface area film with smaller pores. X-ray diffraction results showed that
the manganese-iron oxide was composed of Mn3;04 and Mn,O3 phases, without iron oxide diffraction peaks. The manganese-iron oxide electrode
with Mn;04 and Mn,Oj3 phases exhibited good electrochemical performance and capacitance efficiency.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Electrochemical capacitors (ECs) are expected to have a high
degree of reversibility and a much longer cycle (10*-10° cycles
with RuQ,). ECs store the electric energy in an electrochemical
double layer [1]. The electrochemical capacitors are also called
double layer capacitors, super-capacitors, ultra-capacitors, or
pseudo-capacitors. The double layer capacitance is about 10—
20 mF/cm® for a smooth electrode in concentrated electrolyte
solution, with a high electric field value assumed up to 10° V/cm
[2]. The capacitance can be estimated by assuming a high surface
area of carbon with 1000 m%g and a double layer capacitance of
10 mF/cm? [3]. The theoretical maximum achievable energy
densities of an EC can be expressed as 100 Flem® [4]. The
pseudo-capacitance arises from fast, reversible, and Faradaic redox
reactions that occur within the bulk material of the electrode over
an appropriate range of potentials [5]. In the case of pseudo-
capacitors, the Faradaic charge transfer occurs between electrolyte
and electrode. Various noble and transition metal oxides, such as
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RuO,, Ir0,, NiO,, Co0,, SnO,, and MnO,, have been used as
electrode materials [6-10]. The oxide of RuO, has the highest
pseudo-capacitance, greater than 650 F/g [11]. However, the
expense of materials and the pollution of electrolytes restrict the
application of RuO,. On the other hand, the surface area and pore
distribution of the comparatively inexpensive MnO, can be
controlled by simply adjusting the reaction time and the content
of surfactant in the aqueous phase. Therefore, MnO, is widely
applied as a battery and capacitor material. The theoretical specific
capacitance of MnO, can be 1370 F/g [11,12]; however, the
practical specific capacitance is low due to the intrinsically poor
electronic conductivity and dense morphology of the oxide. Two
efficient ways to raise the specific capacitance of MnQO, are to
increase the surface area with nanostructured MnO, [13] and to
increase electronic conductivity with added carbon nanotubes in
the MnO, matrix [14]. The high power property of the electro-
active species is one of the basic requirements for the electrode
materials of electrochemical super-capacitors. This electrochemical
property is strongly dependent on the electrochemical kinetics of
redox transitions. The specific capacitance, C (F/g), of given
composite electrodes can be determined by integrating the cyclic
voltammogram (CV) curve with an applied polarization voltage
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(AE) to obtain the voltammetric charge (Q), and subsequently
dividing this charge by the mass of the composite electrode (1) to
get the specific capacitance: C= QAAEm) [15].

Surface area and crystallization directly affect the electrochemi-
cal kinetics of redox transitions. In this study, we present a simple
and inexpensive process for directly forming pseudo-capacitor
manganese oxide electrodes with iron acetate addition with a sol-
gel method. In this study, we also focus on the electrode morp-
hology measurement with the quantity of the addition of Fe and the
annealing temperature of the electrode. Due to the addition of iron
acetate, the surface and electronic conductivity of pseudo-
capacitors increased. The corresponding material, microstructure,
phase transformation, and electrochemical characteristics were
examined systematically. The Fe/Mn content ratio within the oxide
was controlled by adjusting the iron acetate concentration in the
manganese acetate deposition solution. The deposited oxides were
characterized by differential scanning calorimetry (DSC), thermal
gravimetric analysis (TGA), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD),
extended X-ray absorption fine structure (EXAFS), radial distribu-
tion functions (RDF) spectra, and cyclic voltammetry (CV).

2. Experimental procedures

Manganese oxide films without or with ironic acetate (C4H;
FeOs) addition (0.5, 1.0, 2.0, 2.5, 5.0, and 7.5 mol% Fe) were
prepared on graphite substrates by sol-gel and drop coating
methods. The mol% Fe of the ratio of manganous acetate Mn
(CH;COO), and iron acetate are shown in Table 1. The pseudo-
capacitive electrodes were fabricated on graphite substrates as
follows: (1) graphite substrate (1 x 1 x 0.5 cm3) was cleaned in
0.2 M sulfuric acid (H,SO,4) solution, and flushed by de-ionized
water; (2) 10.509 g citric acid (C¢HgO;) was added to 149.29 ml
propanol alcohol (CH;CH,CH,OH) under supersonic wave shak-
ing for 1 h and stirring for 12 h to make a solvent; (3) to the
solvent was added 6.127 g manganous acetate; (4) ammonium
hydroxide (NH4,OH) was dipped into the solution from step (4) to
adjust the pH value (9.6) of the solution; (5) ironic acetate was
added into the solution from step (4) and stirred for 12 h, making
0.5, 1.0, 2.0, 2.5, 5.0, and 7.5 mol% Fe/Mn sol; (6) when the sol
was obtained, it was slowly dipped on the graphite substrates, dried
at room temperature for 15 min, heated at 80 °C for 1 h, and then
annealed in an air oven at 250, 300, 350, and 400 °C for 1h,
respectively. The amount of deposited manganese oxide was
measured by weighing the electrode with a microbalance
(ME235S, Sartorius).

The endothermic/exothermic reactions of the manganese iron
oxide films were detected from 50 to 600 °C by differential
scanning calorimetry (DSC, MDSC29, TA Instrument) and

Table 1

Summary of mol% Fe by various of ratio of manganese acetate and iron acetate.
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thermal gravimetric analysis (TGA 2950, TA Instrument).
The phases of the manganese iron oxide films were identified
by X-ray diffractometry (XRD, MAC-MXP3, Japan) with Cu
Ka radiation. Electrochemical measurements of cyclic voltam-
metry (CV) performances were evaluated by an electrochemical
analyzer (CH Instruments, Model 600B, USA) using a standard
three-electrode cell system with platinum and saturated calomel
electrode (SCE) as the counter and reference electrodes in 1 M
Na,SO4 (pH~6.0) solution at room temperature. In the CV
experiments, the potential scan rate was set at 25 mV/s within a
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Fig. 1. The thermal characteristics of manganese oxide gel between 25 and
600 °C: (a) DSC curve of a heat flow peak present between 350 and 370 °C
with Mn,O; phase transfer to Mn;O,4 phase. (b) TGA curve of five obvious
weight loss regions: water molecule evaporation region (25-170 °C), organic
matter removal region (170-250 °C), Mn(OH), decomposition to the Mn;Oy,
and Mn,O; regions (250-350 °C), Mn30, phase change to Mn,O; region
(350-400 °C), and stable Mn,O3 phase region (400-600 °C).

mol% Fe 0 mol% Fe 0.5 mol% Fe 1.0 mol% Fe 2.0 mol% Fe 2.5 mol% Fe 5.0 mol% Fe 7.5 mol% Fe
Mn(CH;COO), (g) 6.127 6.097 6.066 6.005 5.974 5.821 5.668
C4H;FeOs (g) 0 0.024 0.048 0.095 0.119 0.239 0.358
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potential range of 0—1 V (SCE). The micro-morphologies of the
heat-treated electrodes before and after CV tests were examined
using a scanning electron microscope (FE-SEM, HITACHI
S4800, Japan). X-ray absorption spectroscopy measurements
were performed at the Wiggler C (4-15 keV) and HSGM (110~
1500 eV) beam lines of the National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan.

3. Results and discussion

In order to understand the basic characteristics and details of
the heat treatment conditions, DSC and TGA tests were used for
the manganese oxide gel. Fig. 1 shows the thermal characteristics
of manganese oxide gel between 25 and 600 °C with a
temperature increase rate of 5 °C/min: (a) DSC curve of a heat
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Fig. 2. XRD patterns with (a) pure manganese oxide gel with Mn;O,4 and
Mn, 05 phases; after annealing at 250 °C, the intensity of Mn,Oj5 increased, but
Mn;0, decreased as temperature increased, indicating that Mn;O,4 phase
transformed into Mn,05. (b) Manganese oxide gel with 1.0 mol% Fe addition;
amorphous after annealing at 250 °C, Mn,O; and Mn;O4 phases after
annealing at 300 °C. The intensity Of Mn3O, increased, but Mn,O3 decreased
as temperature increased, indicating that Mn,O; phase transformed into
Ml’1304.

flow peak present between 350 and 370 °C with Mn,O3 phase
transfer to Mn3O, phase. (b) TGA curve showing five obvious
weight loss regions: water molecule evaporation region (25—
170 °C), organic matter removal region (170-250 °C), Mn(OH),
decomposition to the Mn3;O4 and Mn,Oj5 regions (250-350 °C),
CH;COOH decomposition and Mn30, phase change to the
Mn,03 region (350400 °C), and stable Mn,O3 phase region
(400-600 °C). Because water molecules and organics evaporate
below 250 °C and the stable Mn,O5 phase forms above 600 °C,
annealing temperatures of 250, 300, 350, and 400 °C were chosen
for our experiments. Fig. 2 shows XRD patterns with (a) pure
manganese oxide powders composed of Mn;O; and Mn,03
phases after annealing at 250 °C; the intensity of Mn,03
increased, but Mn3;O, decreased as temperature increased, which
means Mn;O, phase transformed into Mn,Os. (b) Manganese
oxide gel with 1.0 mol% Fe addition, amorphous at 250 °C,

Mn,O; and Mn;O4 phases after annealing at 300 °C.
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Fig. 3. XRD patterns of manganese oxide: (a) Peaks shift with Fe addition of
0.5, 1.0, 2.0, 2.5, 5, and 7.5 mol% compared to pure manganese oxide after
annealing at 350 °C. (b) Peaks shifted to higher 26 value when 0-2.0 mol% Fe
was added to manganese oxide (Fe dissolves in the manganese oxide), and
peaks shifted back to lower 20 value when 2.0-2.5 mol% Fe was added to
manganese oxide (precipitated).
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The intensity of MnzO, increased, but Mn,O; decreased as
temperature increased, indicating that Mn,O3 phase transformed
into Mn;0,. Fig. 3 shows XRD patterns of manganese oxide with
various amounts of Fe added: (a) Because the lattice of
manganese oxide was deformed by Fe addition, the XRD peaks
shifted with Fe addition of 0.5, 1.0, 2.0, 2.5, 5, and 7.5 mol% as
compared to pure manganese oxide after annealing at 350 °C. (b)
Peaks shifted to a higher 20 value when 0-2.0 mol% Fe was
added to manganese oxide (Fe dissolves in the manganese oxide),

10pm WD 7.9mm

)

and peaks shifted back to a lower 20 value when 2.0-2.5 mol%
Fe was added to manganese oxide (precipitated).

Fig. 4 shows SEM images of (a) rough and porous graphite
substrate surface, which offers a large surface area, good
adhesion for manganese oxide, and good conductivity for
pseudo-capacitor; (b) manganese oxide with 1.0 mol% Fe
addition; a thick amorphous layer covered the surface of the
graphic substrate, and the surface was smooth after annealing
at 250 °C because of retained amorphous organic matter and
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Fig. 4. SEM image of (a) graphite substrate surface, and (b) manganese oxide with 1.0 mol% Fe addition; an amorphous, smooth surface after annealing at 250 °C,
(c) Mn,0O5 and Mn;0, phases, rough and corrugated surface after annealing at 300 °C, (d) Mn,Oj3 phases, rough, corrugated, and pitted surface after annealing at

350 °C.
(a)
100 nm
3 —— ; P X135000
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Fig. 5. TEM image of manganese oxide with 1.0 mol% Fe addition: (a) amorphous phase formed after annealing at 250 °C and (b) Mn,Oj3 phase after annealing at

350 °C.
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Mn(OH),; (c) after the surface amorphous layer was removed,
the Mn,O3; and Mn30, phases of the rough and corrugated
surface presented after annealing at 300 °C. Because of the
removal of organic matter, the porous particles formed in
the laminated shape area; and (d) Mn,O5; phases of rough,

200 nm

corrugated, porous, and pitted surface after annealing at
350 °C. From the above results, we can conclude that the
laminated shape area, porous, and pitted surface formations
increased the contact area of electrolyte and electrode. Fig. 5
shows TEM images of manganese oxide with 1.0 mol% Fe
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Fig. 6. SEM image of pseudo-capacitance electrode of manganese oxide with 1.0 mol% Fe addition on graphite substrate: (a) big hole formation when organic
matter was removed after annealing at 250 °C, (b) Mn,O; phases of rough, corrugated, and pitted surface after annealing at 350 °C, (c) collapsed film structure after
annealing at 250 °C and CV testing, and (d) sheet film with holes structure after annealing at 350 °C and CV testing.
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Fig. 7. Performance test curves of pseudocapacitive manganese oxide films with 0, 0.5, 1.0, 2.0, 2.5, 5.0 and 7.5 mol% Fe addition after annealing at 250, 300, 350,
and 400 °C. Manganese oxide films with 1.0 mol% Fe addition annealed at 350 °C had the highest specific capacitance value, 232.3 F/g, on the (a) CV curves and

(b) charge—discharge curve.
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addition: (a) amorphous phase with organic matter retained
after annealing at 250 °C and (b) 30-80 nm crystal size of
Mn,0; phase formation after annealing at 350 °C.
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Fig. 8. Performance test curves of pseudocapacitive manganese oxide films
with 1.0 mol% Fe addition after annealing at 250, 300, 350, and 400 °C
annealing. Manganese oxide films with 1.0 mol% Fe addition annealed at
350 °C had the highest specific capacitance value after the 1200th cycle CV
test: (a) curve, (b) charge—discharge curve, and (c) specific capacitance curve.

Fig. 6 shows SEM images of the pseudo-capacitance
electrode of manganese oxide with 1.0 mol% Fe addition on
graphite substrate: (a) Bigger hole formation after organic
matter removal after annealing at 250 °C, (b) Mn,O5 phases of
rough, corrugated, and surface after annealing at 350 °C, (c)
collapsed structure of film after annealing at 250 °C and CV
testing, and (d) sheet film with holes structure after annealing
at 350 °C and CV testing. The SEM results shows that the
electrode, after annealing at 350 °C, had a large surface area,
with rough, corrugated, and pitted morphology.

Fig. 7 shows the performance test curves of pseudo-
capacitive manganese oxide films with 0, 0.5, 1.0, 2.0, 2.5,
5.0 and 7.5 mol% Fe addition after annealing at 250, 300, 350,
and 400 °C. Manganese oxide films with 1.0 mol% Fe addition
after annealing at 350 °C had the highest specific capacitance
value, 232.3F/g, on the (a) CV curves and (b) charge—
discharge curve. Furthermore, Fig. 8 shows the performance
test curves of pseudo-capacitive manganese oxide films with
1.0 mol% Fe addition after annealing at 250, 300, 350, and
400 °C. Manganese oxide films with 1.0 mol% Fe addition
after annealing at 350 °C had the highest specific capacitance
value after the 1200th cycle CV test in the (a) CV curve and
(b) charge—discharge curve, and (c) the pure manganese oxide
and manganese oxide films with 1 mol% Fe addition had
specific capacitance values of 36.3 F/g (49.3% decrease
compared to the 1st cycle CV test) and 180.3 F/g (22.4%
decrease compared to the 1st cycle CV test), respectively. The
decrease in capacitance after cycling can also be attributed to
increased electrode resistance with increasing cycle number.
The specific capacitance (F/g) of manganese oxide electrode
with various Fe additions and annealing temperature are
summarized in Table 2.

Fig. 9 shows the characteristics of manganese oxide film with
1.0 mol% Fe addition after annealing at 250, 300, 350, and
400 °C: (a) Synchrotron X-ray absorption spectroscopy of
EXAFS spectra at the Mn K edge revealed further structural
changes before the CV test. Because manganese oxide is
amorphous after annealing at 250 °C, but is mainly crystalline
Mn,0; above 300 °C, the peaks shifted slightly to higher photon
energy with temperature increases from 250 to 350 °C. (b)
EXAFS spectra at Mn Lp-edge peaks. (c) Radial distribution
functions (RDF) spectra. (d) EXAFS spectra from 700 to 735 eV
at Fe L-edge peaks. The results showed that the first main peak
of Mn—O atomic bonding was located at a 1.5 A radius, and the
second main peak of Mn—Mn atomic bonding was located at a

Table 2
Summary of comparison of specific capacitance (F/g) at varied composition of
manganese oxide and annealing temperature.

Temp. 250 °C 300 °C 350 °C 400 °C
Un-added 40.7 101.2 71.6 57.8
0.5 Fe;04 mol% adding 78.7 174.1 195.7 147.4
1.0 Fe304 mol% adding 69.6 210.8 2323 165.7
2.0 Fe;04 mol% adding 753 191.3 204.7 156.9
2.5 Fe304 mol% adding 72.4 167.1 191.2 113.6
5.0 Fe;04 mol% adding 42.4 118.1 173.7 100.6
7.5 Fe304 mol% adding 24.0 99.2 136.8 84.2
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Fig. 9. Spectra of manganese oxide film with 1.0 mol% Fe addition after annealing at 250, 300, 350, and 400 °C: (a) synchrotron X-ray absorption spectroscopy of
EXAFS spectra at the Mn K edge, (b) EXAFS spectra at Mn Ly-edge peaks, (c) radial distribution functions (RDF) spectra, and (d) EXAFS spectra from 700 to

735 eV at Fe L-edge peaks.

2.5A radius. The intensity of Mn-Mn peaks increased as
annealing temperature increased. Thus, the crystallization of
manganese oxide increased as annealing temperature increased
and Fe Ly and Ly edge peaks were present at 708 and 721 eV
respectively.

4. Conclusions

A pseudo-capacitive film of manganese iron oxide has been
prepared by the sol-gel method. The manganese oxide film has a
specific capacitance of 101.2 F/g after annealing at 300 °C. The
specific capacitance of manganese oxide was improved with iron
acetate addition and heat-treatment. The manganese/iron oxide
films with 1.0 mol% Fe addition after annealing at 350 °C
exhibited the best specific capacitance, 232.3 F/g, among the
electrodes investigated in the present study. According to SEM
observation and XRD detection, when 1.0 mol% Fe was added to
manganese oxide film and the film was annealed at 350 °C, Mn
(OH), decomposed to Mn3;O4 and Mn,O;3 phases and formed
many small pores on the film. Such small pores can increase the
contact area between electrode and electrolyte and increase the
specific capacitance.
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