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a b s t r a c t

Mn–Fe binary oxide, which is a promising electrode material for use in supercapacitors, is prepared by
anodic deposition in mixed manganese acetate and iron chloride plating solution. Tailoring the mate-
rial characteristics and thus the electrochemical performance of the oxide is attempted by annealing
(up to 700 ◦C in air). The thermal properties of the as-deposited oxide are examined by thermogravi-
metric and differential thermal analyses. Glancing angle X-ray diffraction (GAXRD), scanning electron
eywords:
n–Fe binary oxide

nnealing
eat treatment
upercapacitor

microscopy, and X-ray photoelectron spectroscopy (XPS) are used to examine the crystal structure, sur-
face morphology, and chemical state, respectively. Dehydration, organic-matter decomposition, oxidation,
surface morphology reconstruction, and crystallization of the oxide as a function of annealing temperature
are investigated. The 100 ◦C-annealed oxide, evaluated by cyclic voltammetry at a potential sweep rate of
5 mV s−1, shows an optimum specific capacitance of 280 F g−1. Cyclic stability of the oxide electrode can
also be improved by post-heat treatment. However, the binary oxide loses its pseudocapacitive capability
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. Introduction

Supercapacitors are charge storage devices that have a greater
ower density and longer cycle life than batteries have, and a
igher energy density than that of conventional capacitors [1].
ccordingly, they have been developed for a range of applications,
uch as in hybrid electric vehicles, consumer electronics, medical
lectronics, and military missile systems. Supercapacitors can be
lassified, based on their operating mechanisms, into two cate-
ories: (1) double-layer capacitors, which are based on non-faradic
harge separation at the electrode/electrolyte interface; and (2)
seudocapacitors, which are based on the faradic redox reaction of
lectroactive materials. Hydrous ruthenium oxide has been demon-
trated to exhibit ideal pseudocapacitive behavior and is a great
lectrode material for use in supercapacitors [2]. A strong depen-
ence of its specific capacitance on the crystal structure, governed
y annealing temperature, was reported [3]. The largest specific
apacitance (over 700 F g−1), with excellent reversibility, of the
xide was obtained at 150 ◦C, which is just below the crystalliza-
ion temperature. However, the high cost of ruthenium has limited

ts commercial use. Finding a cheaper alternative with equivalent
seudocapacitive characteristics is thus attracting a lot of attention.

Manganese (Mn) oxide is considered one of the most promis-
ng electrode materials for supercapacitor applications due to its

∗ Corresponding author. Tel.: +886 6 2757575x62942; fax: +886 6 2754395.
E-mail address: catalyst@mail.mse.ncku.edu.tw (J.-K. Chang).
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f 500 ◦C, at which point the formation of crystalline (Mn–Fe)2O3 occurs.
© 2008 Elsevier B.V. All rights reserved.

atisfactory electrochemical performance and its natural abun-
ance and environmental compatibility. Its preparation methods

nclude electrodeposition [4–7], thermal decomposition [8], co-
recipitation [9–12], sol–gel processes [13–16], physical vapor
eposition [17,18], and hydrothermal synthesis [19,20]. Recently,
everal researchers have begun to study the effects of post-heat
reatment on prepared Mn oxide [13–15,21–24]. It was found that

aterial properties and pseudocapacitive performance of Mn oxide
s a function of annealing temperature varied with the prepa-
ation process adopted. For example, Lin et al. [24] synthesized

n oxide using a sol–gel method. The prepared sample remained
morphous until 200 ◦C but crystallized at 250 ◦C. In the anneal-
ng temperature range of 250–500 ◦C, both crystalline Mn3O4 and

n2O3 phases were noticed. The highest specific capacitance was
ound at 300 ◦C, probably due to high porosity. However, our pre-
ious study [21] indicated that, for anodically deposited Mn oxide,
he crystallization reaction (to form Mn2O3) occurred at 500 ◦C.
t a low annealing temperature (≤200 ◦C), the specific capac-

tance decreased and cyclic stability increased with increasing
eating temperature. A significant degradation in pseudocapaci-
ive performance was recognized at 300 ◦C, a temperature at which

orphological reconstruction took place.
In order to further improve the pseudocapacitive performance
f plain Mn oxide, addition of other transition metal oxides has
een attempted. Studies have reported that Ni [11,25], Pb [11], Co
25–28], Mo [29], and V [30] oxides addition could have benefi-
ial effects. We also proposed [31] that Mn–Fe oxide, in which Mn
xide was nanocrystalline and Fe oxide was amorphous, could be

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:catalyst@mail.mse.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.09.007
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Fig. 1. TG/DT plot of anodically deposited Mn–Fe binary oxide measured at a heating
rate of 10 ◦C min−1 in an air atmosphere. Fig. 2. X-ray diffraction patterns of the Mn–Fe binary oxide electrodes annealed at

various temperatures.

Fig. 3. SEM micrographs of the (a) as-deposited, (b) 100 ◦C-annealed, (c) 300 ◦C-annealed, (d) 500 ◦C-annealed, and (e) 700 ◦C-annealed Mn–Fe binary oxide electrodes.
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demonstrated in this figure. The initially sharp weight loss, corre-
sponding to an endothermic reaction, was found around 100 ◦C.
This can be attributed to the release of adsorbed water. As the
temperature was increased to 200 ◦C, the weight loss rate slightly
decreased and an associated exothermic peak was observed. This
ig. 4. XPS spectra of Mn 3s orbit for the Mn–Fe binary oxide annealed at various
emperatures.

repared by anodic deposition. With proper Fe addition, specific
apacitance of the binary oxide was enhanced by 21%; the cyclic
tability can also be significantly improved. However, the effects of
eat treatment, though very important, have not been explored yet.

n the present study, material characteristics and the correspond-
ng electrochemical behavior of Mn–Fe binary oxide as a function of
nnealing temperature were systematically investigated. Optimiz-
ng the post-heat temperature to tailor supercapacitor performance
f the binary oxide electrode was attempted as well.

. Experimental methods

Binary Mn–Fe oxide was electroplated onto 1 cm × 1 cm graphite
ubstrates, which have a resistivity of 12 �� m and an average grain
ize of 10 �m, by anodic deposition in a mixed plating solution
f 0.25 M Mn(CH3COO)2 and 0.05 M FeCl3 at 25 ◦C. The substrates
ere first polished with SiC paper of 800 grit, then degreased with

cetone and water, etched in 0.2 M H2SO4, and finally washed with
ure water in an ultrasonic bath. During the deposition, the graphite
ubstrate was held as the anode, and a platinum sheet was used as
he counter electrode. In addition, a saturated calomel electrode
SCE) was assembled as the reference electrode. Anodic deposition
as performed using an EG&G Princeton Applied Research model
63 potentiostat at a constant applied potential of 0.8 V (versus SCE)
o give a total passed charge of 1.5 C. The Fe to Mn atomic ratio in
he deposited oxide was approximately 1:9 [31]. The weight change
f the electrode before and after deposition was measured using
microbalance with an accuracy of 1 × 10−4 g; a typical mass of

he loading oxide was found to be about 1.1 mg. A Netzsch STA 409
nalyzer was used to perform simultaneous thermogravimetric and
ifferential thermal (TG/DT) analyses of the deposited binary oxide,

hich was detached from the graphite substrate. The sample was
eated from 25 ◦C to 800 ◦C at a rate of 10 ◦C min−1 under a flowing
ir atmosphere. The air flow rate was 20 mL min−1.

The binary oxide electrodes were annealed at various tem-
eratures (up to 700 ◦C in air) for 2 h in a tube furnace. The

F
t

urces 185 (2008) 1550–1556

rystal structure of the oxide was determined by glancing angle
-ray diffraction (GAXRD). The patterns were recorded on a Rigaku
/MAX-2500 diffractometer with a glancing incident angle of 1◦. Cu
� radiation with a wavelength of 1.5418 Å was used as the X-ray
ource. The detected diffraction angle (2�) was scanned from 20◦

o 80◦ with a speed of 4◦ min−1. The surface morphologies of the
lectrodes were observed by means of a scanning electron micro-
cope (SEM, Philip XL-40FEG). X-ray photoelectron spectroscopy
XPS) was used to examine the chemical state of the oxides. The

easurements were performed with a spectrometer (JOEL JPS 9010
X) with Mg K� radiation (1253.6 eV) as the X-ray source. The pres-

ure in the main chamber was approximately 1 × 10−9 Torr during
he analyses.

The electrochemical behavior of the as-deposited and the
nnealed oxides was characterized by cyclic voltammetry (CV) in
M KC1 solution at room temperature. A three-electrode cell, in
hich the oxide electrode was assembled as the working electrode,
as adopted. A flat platinum sheet with a surface area of 10 cm2

nd an SCE were used as the counter electrode and the reference
lectrode, respectively. The electrode potential was scanned at var-
ous rates (from 5 mV s−1 to 100 mV s−1) within a potential range
f 0–1 V. Electrochemical stability of the oxide electrode was eval-
ated by repeating the CV scan for 500 cycles. The variation of the
xide capacitance versus the cycle number was recorded.

. Results and discussion

.1. TG/DT analyses

Fig. 1 shows a TG/DT plot of the deposited binary oxide, which
as detached from the substrate, measured in an air atmosphere.

he weight and enthalpic changes as a function of temperature are
ig. 5. XPS spectra of Fe 2p3/2 orbit for the Mn–Fe binary oxide annealed at various
emperatures.
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Table 1
XPS analytical results of the anodically deposited Mn–Fe binary oxide as a function of annealing temperature

Sample Mn 3s Fe 2p3/2 O 1s

E1 (eV) E2 (eV) �E Species Peak area (%) Species Peak area (%)

As-deposited 83.85 89.13 5.28 FeO 43% M–O–M 44%
M–O–H 41%

Fe2O3 57% H–O–H 15%

100 ◦C-annealed 83.92 89.00 5.08 FeO 39% M–O–M 55%
M–O–H 36%

Fe2O3 61% H–O–H 9%

300 ◦C-annealed 83.97 88.97 5.00 FeO 35% M–O–M 71%
M–O–H 21%

Fe2O3 65% H–O–H 8%

500 ◦C-annealed 83.80 89.19 5.39 FeO 27% M–O–M 76%
M–O–H 17%

Fe2O3 73% H–O–H 7%

Standard species [34]
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as ascribed to the decomposition of some organic species from the
cetate-based plating solution. The approximately constant weight
n the intermediate temperature range of 200–500 ◦C was due to a
alance between a loss of structural water and a further oxidation
f the oxide, as reported in the literature [32]. A stepped weight
oss along with an exothermic peak, attributed to oxygen release
rom Mn oxide [11,32,33], is clearly discernible at 500 ◦C. Beyond
his temperature, the oxide weight plateaued until 800 ◦C.
.2. Crystal structure

The GAXRD patterns of the binary oxide electrodes annealed at
arious temperatures are shown in Fig. 2. The patterns of the sam-
les annealed up to 400 ◦C are identical to that of the as-deposited

ig. 6. XPS spectra of O 1s orbit for the Mn–Fe binary oxide annealed at various
emperatures.
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xide electrode. All the strong diffraction peaks are associated with
he graphite substrate. It should be noted that the oxide only con-
ributed a broadened peak with very low intensity near 37◦ in
ach pattern, revealing poor crystallinity until 400 ◦C. When the
nnealing temperature increased to 500 ◦C, formation of a highly
rystalline (Mn–Fe)2O3 solid solution phase (JCPDS 08-0010) was
ecognized. The crystallization reaction that occurred at 500 ◦C
oincided with the stepped weight loss observed in Fig. 1. When
he temperature was further elevated to 700 ◦C, the GAXRD pattern
id not significantly change, except that the diffraction intensity
rom (Mn–Fe)2O3 became stronger than obtained at 500 ◦C, indicat-
ng that the crystalline phase was further developed. Our previous
tudy [21] indicated that plain Mn oxide prepared by anodic depo-
ition crystallized at 500 ◦C to form Mn2O3, which was further
ransformed to Mn3O4 at 700 ◦C. The analytical results in this work
uggest that the incorporation of Fe seems to stabilize (Mn–Fe)2O3,
nd thus hinders the phase transformation at 700 ◦C.

.3. Surface morphology

Fig. 3 shows the surface morphologies of the oxide electrodes
xamined by SEM. As revealed in Fig. 3(a), the as-deposited sam-
le consists of numerous nanoscale fibers in a three-dimensional
etwork. For the 100 ◦C-annealed electrode (exhibited in Fig. 3(b)),
ince the adsorbed water was removed, the fibrous oxide gradually
ecomes shorter and tends to join together. Fig. 3(c) demonstrates
he oxide annealed at 300 ◦C. Due to the release of organic species
nd further oxidation of the oxide (as mentioned previously), a
used and condensed morphology is observed. Fig. 3(d) shows a

icrograph of the 500 ◦C-annealed oxide, revealing that it is com-
osed of spherical nano-size particles. The apparent change in
orphology was associated with the crystallization reaction of

he deposited binary oxide, since the formation of the crystalline
Mn–Fe)2O3 phase was confirmed by GAXRD. When the annealing
emperature was increased to 700 ◦C, as illustrated in Fig. 3(e), the
rowth of the crystal size was recognized. The cracks observed are
robably caused by shrinkage stress during drying.
.4. Chemical state

The chemical state variation of the binary oxide as a function of
nnealing temperature was examined using XPS. Fig. 4 shows the
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ig. 7. Cyclic voltammograms of (a) as-prepared, (b) 100 ◦C-annealed, (c) 200 ◦C-an
xide electrodes, measured in 2 M KC1 solution with a potential scan rate of 25 mV

pectra for the Mn 3s orbit of the various electrodes. It is known
hat the Mn valence can be identified by measuring the multi-
let splitting width of the Mn 3s XPS peaks [34,35]. The exchange

nteraction between the core level electron (3s) and the unpaired
lectrons in the valence band level (3d) results in the peak sepa-
ation of the Mn 3s spectrum upon photoelectron ejection [36,37].
ccordingly, the lower valence of Mn gives rise to a wider splitting of

he 3s peaks. As shown in Fig. 4, the splitting width of Mn 3s peaks
aries with annealing temperature. The peak locations and sepa-
ation width (�E) derived from Gauss fitting results are listed in
able 1. Multiplet splittings of Mn 3s for pure MnO, Mn3O4, Mn2O3
nd MnO2, which were reported by Chigane and Ishikawa [34], are

lso shown in this table for comparison. The peak separation of the
s-deposited binary oxide is 5.28 eV, indicating that trivalent and
etravalent Mn coexist within the oxide. A gradual decrease in �E
as found when the annealing temperature was increased (5.08 eV

t 100 ◦C and 5.00 eV at 300 ◦C). This confirms that further oxidation

T
t
a
A
t

d, (d) 300 ◦C-annealed, (e) 400 ◦C-annealed and (f) 500 ◦C-annealed Mn–Fe binary

f Mn oxide (approaching +4 valence) occurred in this temperature
ange. When the oxide was annealed at 500 ◦C, a sudden increase
n the peak separation width was observed. The �E of 5.39 eV sug-
ests the formation of Mn2O3 (accompanied by oxygen release),
hich is consistent with previous GAXRD and TG/DT analyses.

Fig. 5 shows the Fe 2p3/2 XPS spectra of the various oxides. A peak
hift toward a higher binding energy with increasing annealing
emperature is clearly found, implying a change in the Fe chemical
tate. To describe the variation more specifically, Gauss curve fitting
f the obtained XPS curves was performed. As demonstrated in this
gure, each spectrum is composed of two components associating
he signals from FeO (at 709.7 eV) and Fe2O3 (at 711.0 eV) [38,39].

he peak areas (measured as a percentage of the total area under
he respective Fe 2p3/2 spectrum) that correlate with the relative
mounts of FeO and Fe2O3 in the oxides are summarized in Table 1.
monotonous increase in the Fe oxidation state (from bivalence to

rivalence) with increasing annealing temperature is clearly visible.
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Table 2
Specific capacitance (F g−1) of the as-deposited and annealed Mn–Fe binary oxide
electrodes at different CV scan rates

Sample CV scan rate

5 mV s−1 10 mV s−1 25 mV s−1 50 mV s−1 100 mV s−1

As-deposited 255 230 212 192 158
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only a smaller oxidation state change could be achieved during
the charge–discharge process [42,43]. The above-mentioned facts
explain the capacitance decay for the oxides annealed at 200 ◦C and
300 ◦C.
M.-T. Lee et al. / Journal of Pow

The O 1s spectra of the as-deposited binary oxide and the oxides
nnealed at various temperatures were also analyzed; the results
re shown in Fig. 6. As demonstrated, the spectra obtained can be
econvoluted into three constituent peaks that correspond to dif-
erent oxygen-containing species [34,35], which are metal oxide
M–O–M, M includes Mn and Fe) at around 529.8 eV, metal hydrox-
de (M–O–H) at around 531.0 eV, and water (H–O–H) at around
32.3 eV. It was difficult to distinguish between the Mn bond and
he Fe bond because the difference in the binding energy between
hese two bonds is less than the resolution limit. The peak area
atios of the three species for the various oxides are summarized in
able 1. After annealing at 100 ◦C, the amounts of hydrous oxide
i.e., M–O–H) and water significantly decreased, indicating that
ehydration of the deposited oxide occurred. When the heating
emperature was increased from 100 ◦C to 300 ◦C, a further reduc-
ion of the hydrous oxide was clearly recognized while the water
ontent slightly decreased. At the temperature of 500 ◦C, at which
he crystallization reaction took place (according to GAXRD analy-
es), the anhydrous form (Mn–O–Mn) was the dominant species in
he oxide.

.5. Electrochemical characteristics

The electrochemical performance of the oxide electrodes was
valuated by CV. Fig. 7 shows the obtained voltammograms, mea-
ured in 2 M KCl aqueous electrolyte, with a potential scan rate
f 5 mV s−1. At annealing temperatures of up to 400 ◦C, as shown
n Fig. 7(a)–(e), the CV curves of the electrodes are symmetric
n anodic and cathodic areas. The CV response current remained
early constant during forward and backward scans but immedi-
tely changed its flow direction when the potential was switched to
e in reverse. The results reveal the excellent reversibility and ideal
seudocapacitive behavior of the electrodes. However, the CV curve
f the oxide electrode annealed at 500 ◦C (see Fig. 7(f)) exhibits a
uite different electrochemical property. The current was not only
n a lower intensity compared to the other electrodes, but also var-
ed with the potential. At this annealing temperature, the formation
f the crystalline (Mn–Fe)2O3 phase was confirmed by GAXRD anal-
sis (Fig. 2). Since the crystal lattice is rigid and not easily expanded
or contracted), retardation of the protonation (or de-protonation)
eaction of the oxide can be expected. Therefore, the fast, continu-
us, and reversible faradaic reaction of the electrode was hindered,
ausing the loss of pseudocapacitive characteristics.

Fig. 8 presents the CV curves, measured at a potential scan rate
f 100 mV s−1, of the as-deposited and the annealed (up to 300 ◦C)
xide electrodes. As shown, even at such a high potential scan
ate, the rectangular shapes and mirror-image characteristics of the
our electrodes can still be achieved. The satisfactory kinetic reac-
ivity makes the binary oxides promising electrode materials for
igh-power supercapacitor applications. However, as can be seen

n Fig. 8, the enclosed areas of the CV curves are different, indicat-
ng the superior charge storage capability of the oxide annealed at
00 ◦C. The specific capacitance (C) of the oxide electrode can be
uantitatively calculated according to the following equation:

= specific voltammetric charge
potential range

(1)

The specific voltammetric charge (based on the mass of the
xide) was integrated from both the anodic and cathodic CV
weeps. Table 2 lists the specific capacitances, calculated from the

verage of the anodic and cathodic charge, of the various oxide
lectrodes measured at different CV scan rates. Since the pseu-
ocapacitive performance results from the electrochemical redox
eaction of the oxide, the monotonous decline in capacitance with
ncreasing potential scan rate, due to the kinetic limitation, was

F
2
t

00 ◦C-annealed 280 257 233 215 176
00 ◦C-annealed 242 220 202 180 150
00 ◦C-annealed 225 207 193 171 142

learly observed. The internal potential drop (or iR drop) of the elec-
rode and diffusion limitation of reactants and productants near the
lectrode/electrolyte interface also caused the capacitance decay at
igh potential scan rates. The specific capacitances, at a scan rate of
mV s−1, of the as-deposited, 100 ◦C-, 200 ◦C-, and 300 ◦C-annealed
xides were 255 F g−1, 280 F g−1, 242 F g−1, and 225 F g−1, respec-
ively. As clearly shown in Table 2, the oxide annealed at 100 ◦C had
he highest specific capacitance among the electrodes at every CV
can rate. The superior performance of the 100 ◦C-annealed oxide
an be attributed to two major factors. (1) Low water content:
s confirmed by TG/DT and XPS analyses, absorbed water of the
eposited oxide is mainly released under 100 ◦C. The removal of
he electro-inactive species, which cannot contribute to pseudoca-
acitance, from the oxide leads to an overall improvement of the
pecific charge storage performance. (2) Optimum hydrous state:
t has been reported [11,40,41] that increasing the hydrous state
an promote the ionic conductivity but decreases the electronic
onductivity of the oxide. The appropriate amount of the hydrox-
de at 100 ◦C (in Fig. 6) could be optimum for approaching a better
seudocapacitive property.

Annealing temperatures higher than 100 ◦C give rise to a signif-
cant reduction in the hydrous state, and thus remarkably decrease
he ionic conductivity. In the meanwhile, the condensation of the
xide (in Fig. 3(c)) lowers the reactivity and hinders the accessibil-
ty of the electrolyte. Moreover, annealing leads to further oxidation
f the oxide. It was reported [5] that a higher oxidation state
as detrimental to oxide specific capacitance, probably because
ig. 8. Cyclic voltammograms of as-prepared (curve a), 100 ◦C-annealed (curve b),
00 ◦C-annealed (curve c), and 300 ◦C-annealed (curve d) Mn–Fe binary oxide elec-
rodes, measured in 2 M KC1 solution with a potential scan rate of 100 mV s−1.
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The electrochemical stability of the binary oxide electrodes
as evaluated by repeating the CV scan at a potential scan rate
f 25 mV s−1. The capacitance retained ratios after 500 cycles
capacitance at the 500th cycle/capacitance at the 1st cycle) of
he as-deposited, 100 ◦C-, 200 ◦C-, and 300 ◦C-annealed electrodes
ere 86%, 95%, 96%, and 97%, respectively. While we previously

eported that the addition of Fe oxide effectively increased the
apacitance retained ratio of Mn oxide after cycling [31], the present
tudy confirms that the electrochemical stability of the binary oxide
an be further improved with post-heat treatment. The 100 ◦C-
nnealed Mn–Fe oxide is apparently a promising electrode material
or use in high-capacity and long-life supercapacitors.

. Conclusions

Anodically deposited Mn–Fe binary oxide is poorly crystalline
nd has a fibrous structure. After annealing at 100 ◦C, the adsorbed
ater, which is not electroactive, is removed. At this temperature,

he hydrous state of the oxide is also optimized, compromising
he ionic and electronic conductivity, and thus producing the best
seudocapacitive performance. When the annealing temperature

s increased to 300 ◦C, the oxidation states of Mn and Fe in the rel-
tively anhydrous oxide increase, while the fibrous oxide tends to
ondense into blocks; both lead to the degradation of the oxide
pecific capacitance. At 500 ◦C, some of the oxygen within the
xide is released, causing weight loss, and a crystallization reac-
ion occurs. The formation of the crystalline (Mn–Fe)2O3 results
n a loss of pseudocapacitive capability. This study shows that the

n–Fe binary oxide electrode, which undergoes proper post-heat
reatment (∼100 ◦C), has a high-capacity and a long-life, making it
deal for supercapacitor applications.
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