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A major limitation of transition metal oxide-based electrodes for supercapacitors is their low energy
densities. Since the energy density is proportional to the specific capacitance and square of the
operating voltage, extending the voltage window of the electrode as well as enhancing contacts with
electrolyte is of utmost importance. In this paper, we focus on the hybrid electrode based on Fe,O3 and
MnO, nanoparticles (NPs) which have different redox potential ranges, aiming for the increase of the
specific capacitance and operating voltage window simultaneously. The hybrid Fe,O3/MnO, NPs-
based electrode exhibited significantly improved energy density of 12.5 Wh/kg at a power density of
4500 W/g. The energy density of the hybrid electrode is 3.8 times and 1.3 times larger than that of the
Fe,O3 and MnO; single electrode, respectively.
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1. INTRODUCTION

Electrochemical energy storage is a rapidly growing issue of technology due to the
tremendously increasing energy demand for portable electronics, electrical vehicles and cellular
devices [1]. Among the various energy storage technologies, supercapacitor has attracted increasing
attention owing to its attractive characteristics such as high power density, long cycle life and low
equivalent series resistances [2-4]. However, substantial challenges still remain to replace existing
market because of its small energy density compared to the secondary batteries. Supercapacitors are
generally classified into two types according to the electrode material and energy storing mechanism,
electrochemical double layer capacitor (EDLC) and pseudocapacitor [1,3,5]. While the EDLC uses
mainly activated carbons, the pseudocapacitor adopts transition metal oxides (TMOSs) and conductive
polymers as an electrode material. The pseudocapacitor shows higher specific capacitance (Csp)
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because it uses faradaic redox reactions of the electrode materials, as compared to the EDLC which
uses non-faradaic charge storage on the electrode surface [3,6].

Among various TMOs, ruthenium oxide (RuO;) was most widely studied in an earlier stage
because of its superior electrochemical properties such as excellent proton transfer and reversible
redox characteristics and hence high Cs, values of 900 — 1400 F/g reported [7,8]. However, the
practical use of RuO; is severely limited by its extraordinarily high price, and hence much cheaper
electrode materials such as iron oxide [9,10], copper oxide [11,12], manganese oxide [13,14] and
vanadium oxide [15] were recently focused on. However, the electrochemical performance of the
electrodes such as specific capacitance was far below their theoretical values and the value of RuO,,
which is mainly attributed to their poor electrical conductivities [16-18]. In this context, various TMO
nanostructures were proposed for the efficient ion transport between the electrodes and electrolytes,
and consequent increases in Csp value to some extent were reported [19-21]. In spite of the Cg,
increases, however, the enhancement in the energy density of the electrodes was not apparent, which is
probably attributed to the limited redox potential range of the TMOs. The operating voltage
determined by the redox potential of the electrode materials has a great impact on the energy density of
the supercapacitor cell since the energy density is proportional to the square of the operating voltage
[22,23],

1

E :EC(A V) 1)

where C is the specific capacitance and AV is the potential window.

In this work, we focused on the hybrid electrodes based on two TMO nanoparticles (NPs),
Fe,O3 NPs and MnO; NPs, having different redox potential ranges, in order for increased specific
capacitance and voltage window simultaneously, and consequent enhancement in energy density of the
electrodes. The faradaic charge storage of Fe,O3 in alkaline or neutral media involves the following
redox reaction between Fe(l11) and Fe(ll) oxidation states [24,25],

Fe)'O, +3H,0+2e" <> 2Fe" (OH), +20H" 2

The Fe,03 electrodes operate over a wide negative voltage window of -1.1 — 0.2 V [16,26,27].
In contrast, the MnO,, electrodes were reported to operate normally over positive potential window of
0.0 — 1.0 V, involving the intercalation and deintercalation of electrolyte cations (C*) [14,28].

MnO, +C" +e” <> MnOOC (3)

The hybrid of these two materials with different operating voltage ranges is therefore expected
to exert synergetic effect on the energy density of the electrodes.

2. EXPERIMENTAL

2.1. Fabrication of Fe,O3 and MnO, nanoparticles

For the synthesis of Fe,O3 NPs, commercially available iron(l11) nitrate (Fe(NO3)s, Sigma-
Aldrich) (7.5 g) was dissolved in distilled water (200 ml) and vigorously stirred at 100°C for 2 h. The
solution was then cooled down to room temperature. The red precipitate was filtered, washed with
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distilled water, and dried under vacuum for 12 h. For the synthesis of MnO, NPs, 9.0 g of KMnO4
(Sigma Aldrich) was thoroughly dissolved in distilled water (150 ml) at room temperature. A solution
of ascorbic acid (3.0 g) dissolved in distilled water (45 ml) was added slowly into the KMnQO, solution
using a syringe pump, followed by additional stirring for 2 h. The brownish precipitate was filtered,
washed with distilled water, and dried in an oven at 60°C for 24 h.

2.2. Fabrication of hybrid Fe,O3/MnQO; electrodes

NPs-deposited electrodes were fabricated by dipping a nickel foam current collector in a slurry
containing metal oxide NPs as active material, super-P as conductive additive, and
polytetrafluoroethylene (PTFE, Aldrich) as polymeric binder (8:1:1 weight ratio). Loading mass of the
active material was approximately 1.0 mg per 1 cm? current collector, determined by the microbalance.

2.3. Characterization

The morphology and crystallinity of the Fe,O3 and MnO, NPs were characterized by field
emission scanning electron microscopy (FE-SEM, JEOL JSM-7410F, JEOL Ltd.) and X-ray
diffraction (XRD, Rigaku D/Max 2500). The cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) measurements for the fabricated electrodes were conducted in a 1 M Na,SO, aqueous
solution at room temperature using a cyclic voltammeter (ZIVE SP2, WonATech). The measurements
were performed in a three-electrode electrochemical cell in which the Fe;O3, MnO, or Fe;O3/MnO;,
electrode was used as a working electrode, a platinum plate was used as a counter electrode, and
Ag/AgCI (in 3.0 M KCI) was used as a reference electrode.

3. RESULTS AND DISCUSSION

Figure 1. FE-SEM images of synthesized (a) Fe,O3 and (b) MnO; nanoparticles.
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XRD patterns of synthesized (a) Fe O3 and (b) MnO; nanoparticles.

Figs. 1(a) and 1(b) show the representative FE-SEM images of synthesized Fe,O3; and MnO,
NPs, respectively. It was observed that both types of nanoparticles were of similar size, approximately
50 nm in diameter. The crystalline phases of the NPs were characterized by XRD, as shown in Fig. 2.
The pattern of the Fe,O; NPs (Fig. 2a) exhibits clear and sharp diffractions corresponding to the
hematite a-Fe,O3 phase (JCPDS 89-0597). The diffraction peaks of MnO, NPs (Fig. 2b) can be
matched with the birnessite-type MnO, (JCPDS 42-1317). Relatively broader pattern indicates the
poorer crystalline structure of MnO, NPs prepared by reduction of KMnO, [29]. The XRD of mixed
Fe,03/MnO, composites showed a pattern that the two diffraction patterns were simply combined.
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Figure 3. Cyclic voltammograms of the (a) Fe,Oj3 single, (b) MnO; single and (c) Fe,O3/MnO, hybrid
electrodes measured at various scan rates. (d) Plots of the Cs, values of the electrodes as a
function of the number of the scan rate.
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Figure 4. Galvanostatic charge-discharge curves of the (a) Fe,O3 single, (b) MnO, single and (c)
Fe,03/MnO; hybrid electrodes measured at various current densities.

The electrochemical properties of Fe,Os; single, MnO, single and Fe,O3/MnO, hybrid
electrodes were investigated by CV measurements in 1 M Na,SO,4 aqueous solution, as shown in Fig.
3. Figs. 3(a) and 3(b) show CV curves of the Fe,O3 and MnO, NPs-based electrodes, respectively, at
various scan rates ranging from 10 mV/s to 100 mV/s. While the redox reactions of the Fe,Os;
electrodes are stable in the negative potential range, -0.9 — 0.0 V, those of the MnO, electrodes are
stable in the positive potential range, 0.0 — 0.9 V. The specific capacitance, Csp, of the electrodes was
calculated by the following equation,

I

Co = m(dV / dt) )
where | (A) is the average current, m (g) is the mass of deposited metal oxide NPs and dV/dt (mV/s) is
the scan rate [30]. In the case of the Fe,O3 electrodes, a maximum Cs, value was 108 F/g, measured at
the scan rate of 10 mV/s. For the MnO electrodes, however, the maximum Cs, value of 409 F/g was
obtained at the same measurement condition.

A Fe;03/MnO, hybrid electrode was also prepared aiming for wide voltage range and high
energy density. A well-mixed slurry consisting of Fe;O3 and MnO, NPs, super-P, and PTFE was dip-
coated on the nickel foam current collector. The mass ratio of Fe;O3 and MnO, NPs in the slurry was
set at approximately 2:1, considering that the specific capacitance of the MnO, electrode was larger
than twice that of the Fe,O3 electrode at entire scan rate range. For this Fe,O3/MnO; hybrid electrode,
it was observed that both ends of the operating voltage were -0.9 V and 0.9 V as shown in Fig. 3(c).
The CV shape of the hybrid electrodes indicates that the overall capacitance derives from the
combined contribution of the Fe,O3 and MnO, NPs. Especially, the contribution of Fe,O3 seems more
dominant in the negative voltage range, while that of MnO, does in the positive voltage range. This is
also supported by the fact that the CV area in the negative and positive voltage range is proportional to
the product of the mass of the Fe,O3; and MnO, NPs used in the slurry and corresponding Cs, value of
each electrode, respectively. The Cs, value of the hybrid electrode was estimated as lying between the
values of Fe,O3; and MnO, electrode, and reached 198 F/g at the scan rate of 10 mV/s. The
voltammetric responses of the Fe,Os; single MnO, single and Fe,O3/MnO, hybrid electrodes as a
function of the scan rate were shown in Fig. 3(d). For the Fe,O3 single electrode, the Cs, value of 108
F/g at a scan rate of 10 mV/s dropped to 80.5 F/g at 100 mV/s, and hence the retention was 74.3%. In
contrast, for the MnO; single electrode, the Cs, value decreased from 409 F/g at 10 mV/s to 276 F/g at
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100 mV/s, and the retention was 67.5%. In the case of the Fe,O3/MnO; hybrid electrode, the Cs,
retention was estimated to be 53.3% at the same scan rate range. The slightly smaller retention of the
hybrid electrode indicates that the charge transfer between the dissimilar electrode materials at high
scan rates is somewhat slower than that between the same electrode materials. The capacitive
properties of the electrodes were also examined by GCD measurements at various current densities,
from 2 to 10 A/g. While the single electrodes exhibited gradual potential change during the charge-
discharge process, the hybrid electrode showed abrupt increase of the potential at initial stage of the
charge process. This is probably due to the different charging rate between the Fe,O; and MnO,
electrodes.

Although the specific capacitance of the Fe,O3/MnO; hybrid electrode is lower than that of the
MnQO; single electrode, the extended operating voltage range is expected to enhance the energy density
of the device. Fig. 5(a) shows the Ragone plots of the Fe,O3 single, MnO, single, and Fe,O3/MnO,
hybrid electrodes. The energy density (E, Wh/kg) and power density (P, W/kg) of the electrodes were
calculated using the following formulas [31,32],

= _Co (AV )

36
~ 3600E

At (6)
where Cg, (F/g) is the specific capacitance obtained from the GCD measurements, AV (V) is the
applied potential window and At (s) is the discharge time. It is apparent that the energy density of the
Fe,03/MnO, hybrid electrode is higher than that of the single electrodes at a given power density,
which is reasonably because of the enlarged potential window due to the combined use of two
electrode materials.
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Figure 5. (a) Ragone plots of the Fe,O3 single, MnO, single and Fe,O3/MnO, hybrid electrodes. (b)
Capacitance retention of the Fe,O3/MnO, hybrid electrode as a function of the number of
galvanostatic charge-discharge cycles at a current density of 10 A/g.

The Fe,O3/MnO, hybrid electrode exhibited an energy density of 12.5 Wh/kg at a power
density of 4500 W/kg. At the similar power density, the Fe,O3; and MnO; single electrode showed the
energy density of 3.3 and 9.6 Wh/kg, respectively. The cycle life of the Fe,O3/MnO, hybrid electrode
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was also examined by continuous GCD cycles at the current density of 10 A/g (Fig. 5b). The Cs, of the
electrode decreased to approximately 64.6% of the initial value during first 1000 cycles, but remained
almost unchanged even after 5000 cycles, indicating the long-term electrochemical stability of the
hybrid electrode. Overall, all of the electrochemical performances of the Fe,O3/MnO; electrode shown
in this paper are comparable or somewhat superior to the individual single metal oxide electrode and
previously reported hybrid metal-oxide-based electrodes for supercapacitors [20,33-35].

4. CONCLUSION

A hybrid electrode based on Fe,O3; and MnO, nanoparticles was prepared by dip-coating of the
slurry containing two types of nanoparticles on the nickel foam current collector. The Fe,O3/MnO,
hybrid electrode operated stably in the wide voltage range from -0.9 V to 0.9 V, while the Fe,O3 and
MnO; single electrode operated only in the negative and positive voltage range, respectively. In spite
that the specific capacitance of the hybrid electrode was lower than that of the MnO, single electrode,
its energy density was significantly larger than that of the two single electrodes, which is because the
extended voltage window contributed more importantly to the enhancement in the energy density of
the electrode. The energy density of the hybrid electrode exhibited 12.5 Wh/kg, while that of the Fe,O3
and MnQO; single electrode was 3.3 and 9.6 Wh/kg, respectively, at a power density of 4500 W/kg.
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