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Core-shell MnO,@Fe,O3; nanospindles as positive electrode for
aqueous supercapacitors

Lei Zhu, **** Zheng Chang, ®* Yanfang Wang, ® Bingwei Chen,” Yusong Zhu*?,
Weiping Tang*®and Yuping Wu**"

Abstract: Supercapacitors display high power density and long cycling life that are particularly amenable
to use in the field of energy storage. However, the cost is a big issue for practical application. Here, a
cheap Fe,Oj3 spindle of rich natural resource is used as the positive electrode. After twined by MnO,
nanoflakes via a simple and cost-effective hydrothermal method, a unique structure of core-shell
MnO,@Fe,03 nanospindle has been prepared. The electrochemical performance of the nanospindle
including capacitance and cycling life is markedly improved compared with the pristine Fe,O5 spindle.
Its specific capacitance is up to 159 F g at a current density of 0.1 A g™ and especially, capacitance
retention is 97.4% after 5000 cycles in a 0.5 mol L K,SO, neutral aqueous electrolyte. Combined with
activated carbon as the negative electrode, the energy density can be up to 43.8 Wh kg™ on the basis of
weights of the two electrodes. These results reveal that the core-shell MnO,@Fe,O3 nanospindle is a

promising positive electrode for practical supercapacitors.

Introduction:

In the recent, the increasing consumption of conventional
fossil fuel and the deteriorating environment drive
people to look for new alternative energy resource. In this situation,
supercapacitors come into being as a new type of electrochemical
energy storage device between secondary batteries and general
double layer capacitors. Nowadays, they have attracted tremendous
attention by its virtue of high power density and long cycling life."*
The performance of supercapacitors strongly depends on the
characteristics of the electrode materials and the electrolytes. The
electrolytes used for supercapacitors can be divided into organic
electrolytes and aqueous ones. The energy density of supercapacitors
can be improved by increasing the working voltage and specific
capacitance. The working voltage of the organic electrolytes is about
3 V while that of aqueous one is 1.23 V, but it can be expanded to 2
V by increasing the overpotentials of H, and O, evolution. As for the
specific capacitance, the capacitor-type electrode materials always
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show higher capacitances in aqueous electrolytes due to their higher
ionic conductivity. > Moreover, by the advantages of cost, safety
and environmentally friendliness, aqueous solutions seem to be more
suitable as electrolytes for supercapacitors. Also of note is that,
since the corrosive effects of strong acidic and alkaline aqueous
electrolytes like H,SO, and KOH are destructive to most
components of a supercapacitor,° the capacitors based on them still
suffer from high-price, precipitation of materials on the electrode,
electrolyte consumption, poor electrode stability, low energy density,
and poor cycling life, so neutral agqueous solutions are explored as
attractive electrolytes. ™  Given that the demand for high
capacitance and high charge/discharge rate, transition metal oxides
like RuO,™Y Ti0,® Sn0,Y V,05% C0,0,%% Mo0,® and
NiO?% are considered as the ideal electrode materials for
supercapacitors.?® However, their commercial application are limited
due to their high cost and environmental unfriendliness.?* Hence,
we must seek for cheap alternatives with higher capacitance and the
possibility to be produced at a large scale, meeting the market
demand.

Fe,O3 can be considered as a promising candidate of positive
electrode for supercapacitors owing to its abundance, low cost, and
environmental friendliness. However, the experimentally observed
capacitance of Fe,0O; is considerably lower than the expected value.
Its reaction kinetics is sluggish because of its low conductivity, and
its cycling performance is very poor due to the possible dissolution
of Fe during the charge and discharge processes. As reported, active
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materials with large surface area which can increase the active sites
for getting electrons or for Faradaic reactions have been applied to
improve the performance for supercapacitors. Recently, more and
more researchers have focused on the Fe,O; electrodes for
supercapacitors. For example, Fe,O; with different morphologies,
such as nanosheets, microrods and nanorods were prepared by a
simple solution-based precipitation method, and the nanosheet-based
electrode delivers a specific capacitance of 116.25 F g™ with cycling
life up to 1000 cycles *2. Porous iron oxide shows a capacitance up
to 210 F g in alkaline solution though the cycling performance is
poor . On the other hand, MnO, has been introduced to the positive
electrode to stabilize Fe, 0. The research on Fe,O; positive electrode
with the Au film as the substrate to enhance the electrical
conductivity for supercapacitors application has been reported.®
Compared with the pristine Fe,0O5, the composite they designed has
revealed significant improvements in electrochemical properties.
However, the problems of cost causing by expensive metallic film
and environmental unfriendliness causing by strongly alkaline
aqueous electrolytes have not been solved.

Here, using a facile hydrothermal method, a unique core-shell
structured nanocomposite shaped as nanospindle was fabricated by
twining MnO, nanoflakes around Fe,O; spindles without any
metallic substrates. Moreover, in 0.5 mol L™ K,SO, neutral agueous
electrolyte, which has been reported superior to other neutral
aqueous electrolytes like Na,SO4 and Li,SO, in terms of the fast
charge-discharge process’, the nanospindle positive electrode shows
an optimized capacitance of 159 F g™ much higher than that of the
pristine Fe,0; (55.1 F g}). In addition, compared with the former
reports on Fe,O3 for supercapacitors, our designed MnO,@Fe,0;
nanospindles, to our best knowledge, is the first report with the
capacitance retention of 97.4% after 5000 cycles in a 0.5 mol L™
K,SO, neutral aqueous electrolyte. In addition, its energy density
based on the two electrodes can be up to 43.8 Wh kg™

Experimental
Fabrication of Fe,O3spindles

Uniform Fe,O; spindles were prepared by the hydrothermal method.
% 1.46 g FeCly was dissolved in 30 mL deionized water, then 2.16 g
urea and 4.5 mL ethanediol as the protective agent were added to
the Fe (III) solution under vigorous magnetic stirring. After 30 min
of magnetically stirring, the obtained suspension was transferred to a
40 mL Teflon-lined autoclave and maintained at 180 °C for 12 h.
After natural cooling to room temperature, the products were
collected by vacuum filtration and washed by deionized water and
ethanol for several times, and then dried at 60 °C overnight.

Surface decoration of MnO, nanoflakes

MnO, nanoflakes were decorated on Fe,O5 spindles by a facile one-
step hydrothermal method. A certain amount of Fe,O; spindles as
prepared were dispersed in a 0.05 mol L™* KMnO, solution (30 mL).
After sonication and agitation for 1 h separately, the mixture was
transferred to a 40 mL Teflon-lined autoclave and maintained at 160
°C for 24 h. After abstersion and desiccation, the resulting products
of MnO,@Fe,0; core-shell nanospindles were obtained. A series of
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composites with different MnO, content have been prepared by
varying the amount of Fe,Oz added.

Materials characterization

Crystal structures of the sample X-ray diffraction (XRD) patterns
were measured by a Rigaku D/MAX-1IA X-ray diffractometer with
Cu-K, radiation. Scanning electron micrographs (SEM) and
transmission electron micrographs (TEM) were used to characterize
the morphology of the core-shell MnO,@Fe,O5; nanocomposite. The
micrographs were obtained on a Philips XL30 scanning electron
microscope and a JEOL JEM-2010 transmission electron microscope,
respectively.

Electrochemical test

The MnO,@Fe,05 nanospindle was mixed with acetylene black and
poly (tetrafluoroethylene) (PTFE) in a weight ratio of 8:1:1 in an
ethanol solution. The suspension was pressed into a film after dried
at 80 °C, and then it can be used as the working electrode. The
substrate used for working electrode is nickel foil, and in all tests,
the quality of the active material loading on the substrate is 10 mg ,
the area of cathode electrode is 2 cm?, corresponding to 5 mg cm.
In the meanwhile, another nickel foil was used as the counter
electrode and a saturated calomel electrode (SCE) as the reference
electrode. The electrochemical tests were carried out in a three-
electrode system with 0.5 mol L™ K,S0O, solution as the electrolyte.
Cyclic voltammetry (CV) was investigated at various scan rates of 1,
2, 5, 10, 20, 50, and 100 mV s* by a CHI 660D electrochemical
station. LAND battery test system was employed to test
galvanostatic charge-discharge and the cycling performance at
various current densities of 0.1, 0.2, 0.5, 1, 1.5, 2, 25and 3A g™ A
potential window in the range from 0 to 1 V was used in all the
measurements. The electrochemical impedance spectroscopy (EIS)
was conducted under the frequency from 10° Hz to 0.1 Hz, the
amplitude is 5mV. The Ragone plot (power density vs. energy
density) was carried out in a two-electrode full cell with the active
carbon (AC) as the negative electrode and the MnO,@Fe,0; as the
positive electrode, where the AC electrode was prepared by the same
process as the MnO,@Fe,05 electrode.

Results and discussion

The synthesis and characterization of the pristine Fe,O3 spindles and
the MnO,@Fe,03 nanospindle are shown in Fig. 1. All the X-ray
diffraction peaks of the pristine Fe,O5 (Fig. 1b) can be indexed to the
planes of hematite a-Fe,O; (JCPDS 33-0664) without any
impurities.® In the case of the MnO,@Fe,0O; nanospindle, its
diffraction peaks at 12.5< 25<and 37.6 <corresponding to its (001),
(002), (100) planes, respectively, are in agreement with 8-MnQ,,*
suggesting the existence of Fe,O5 as well as MnO,. However, these
three weak diffraction peaks also indicates that the crystallinity of
MnO; is not very high.

From the scanning electron micrographs (SEM) of the pristine
Fe,O3 spindles (Fig. 1c), it can be seen that the pristine Fe,05 exists
in the form of spindles with about 800 nm in length and 400 nm in
width. This morphology is similar to spherical particles and is
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favorable to get high stacking density and high volumetric energy
density for practical supercapacitors compared with the nanorods
and nanosheets.®? After the further hydrothermal process, MnO,
nanoflakes were twinned around every spindle-like Fe,O; particle
uniformly with hardly any detached nanoflakes, and a stable
protective shell was formed (Fig. 1d). This unique and ordered core-
shell structured nanospindle provides an abundant porous surface
area for the contact between the electrode and electrolyte, which is

@ ®
B gt g

‘mlflc:llmni ‘ growth
Fe,0,

MnO, @Fe,0,

FeCl,
CO(NH,),
(CH,OH),

0@ Fe,0,

L, IL

40
2 Theta (degree)

Fig. 1 Synthesis and characterization of the pristine Fe,O3 spindles
and the MnO,@Fe,03 nanospindle: (a) Schematic illustration of the
prepared process of the MnO,@Fe,O3; nanospindle, (b) XRD
patterns of the pristine Fe,O; spindles and the MnO,@Fe,0,
nanospindles, SEM micrographs of (c) the pristine Fe,O3 spindles
and (d) the MnO,@Fe,03 nanospindles, TEM micrographs of (e) the
pristine Fe,O5 spindles and (f) the MnO,@Fe,05 nanospindles, and
HRTEM micrographs of the MnO,@Fe,O3; hanocompupa (g, h).

of great significance in accelerating the electrochemical reaction.
Transmission electron micrographs (TEM) further confirm the
configuration of the core-shell structure of the MnO,@Fe,0;
nanospindle. Fig. 1e demonstrates that the surface of the pristine
Fe,O5 spindle particle is very smooth and Fig. 1f and 1g indicates
that MnO, nanoflakes rolled into nanotubes automatically. They are
twined around Fe,0O; spindles homogeneously, indicating the

This journal is © The Royal Society of Chemistry 2015
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formation of good quality MnO,@Fe,0; core-shell nanospindle,
which is well consistent with the SEM micrographs. High-resolution
TEM (HRTEM) micrographs (Fig. 1h) show that the nanotubes
prepared by MnO, nanoflakes are usually 2-3 nm wide. From the
micrograph inset, we can see that the lattice fringes are not very
clear and successive, indicating the poor crystalline nature of the
prepared MnO, nanoflakes, which is basically consistent with the
XRD results.

Fig. 2 (@) The SEM micrograph of the 40 wt.% MnO,@Fe,0;
nanospindles, (b) the EDS mapping of Mn, and (c) the EDS
spectrum of the MnO,@Fe,03 nanospindle.

Fe,O,
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Fig. 3 Cyclic voltammetric (CV) curves of (a, b) the prepared
pristine Fe,O5 spindles, and (c, d) the MnO,@Fe,03 nanospindles in
0.5 mol L™ K,S0O, solution with a nickel foil as the counter electrode
and a saturated calomel electrode (SCE) as the reference electrode.

From the energy dispersive spectrometer (EDS) mapping of the
40 wt.% MnO,@Fe,03 nanospindles (Fig. 2), it can be seen that the
yellow dots assigned to the Mn element, is uniformly distributed on
the surface of the MnO,@Fe,03 nanospindles. EDS spectrum (Fig.
2c) also displays the presence of Fe and Mn elements in the core-
shell nanospindle, and the MnO, coating content in the nanospindle
is about 40 wt.%, which is nearly consistent with the added amount.
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Fig. 3 shows the CV curves of the pristine Fe,O; and the
MnO,@Fe,05 nanospindle. In the case of the pristine Fe,03, its CV
curves do not show the normal regular shape and the area is quite
small and the redox peaks of different valence states of iron
[Fe(IT)«>Fe(I11)] does not appear until after 100 cycles, suggesting
its slow redox kinetics. After decorated by MnO, nanoflakes, two
distinct pairs of Faradaic redox peaks emerge even in the first cycle
at the scan rate of 1 mV s (Fig. 3c). The possible redox reactions
can be described as follows:

Fe,0,+M"+e «—Fe,0,M M'=K'orH,0" (1)
MnO,+M"+e «—>MnOOM M*=K"or H,0" (2)

The dramatic change between the two samples is evidently resulted
from the surrounding MnO, nanoflakes on the Fe,O3 spindles,
causing the fast reaction kinetics and significant improvement of the
specific capacitance. With the increase of the scan rate, the CV
curves of the pristine Fe,O; spindles and the MnO,@Fe,0s
nanospindles increase correspondingly, indicating the good
capacitive behavior of the two electrodes. As for the MnO,@Fe,05
positive electrode, the oxidation and reduction peaks become blurred
as the scan rate increases to 100 mV s™ and the anodic and cathodic
peaks move to higher and lower potentials, respectively, leading to a
larger potential separation between redox peaks. Moreover, the
profiles exhibit nearly symmetrical rectangular shapes, mostly
attributing to the typical electrical double-layer capacitive behavior,
which depends on the adsorption of the ions happened on the surface
of the electrodes.®® This is because the MnO,@Fe,O3 nanospindle
with unique structure can deliver a larger surface area to facilitate
the adsorption of ions, resulting in better electrochemical
performance.

(a) Fe,0,
——Mn0,@ Fe,0,|

Voltage / V
Voltage / V

Current density= 0.1 Alg

400 800 1200 1600 2000 ’ 40 80 120

t/sec t/sec
Fig. 4 (a) Comparison between the charge/discharge curves of the
prepared pristine Fe,O5 spindles and the MnO,@Fe,03 nanospindles
at the current density of 0.1 A g and (b) constant current
charge/discharge curves of the prepared MnO,@Fe,O3 nanospindles
at different current densities.

The comparison of the charge/discharge curves of the
nanospindle and the pristine Fe,O; electrode is shown in Fig. 4a. At
the low current density of 0.1 A g™, the charge/discharge time is
greatly prolonged compared to that of the pristine Fe,Os, proving the
higher capacitance. Besides, from the charge/discharge curves of the
MnO,@Fe,0; electrode, it can be discerned that there are two,
corresponding to the conversion between Fe(Il)—Fe(Il) and
Mn(1V)—Mn(l1), respectively, in accordance with the CV curves.
The constant-current charge/discharge curves of the prepared
MnO,@Fe,0; nanospindles at different current densities (Fig. 4b)
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show much better symmetry compared with the pristine Fe,Os,
owing to the improved reversible redox reactions.

Fig. 5 SEM micrographs of the MnO,@Fe,O3 hanocomposites with
different MnO, content: (a) 10 wt.%, (b) 20 wt.%, (c) 40 wt.%, and
(d) 60 wt.%.

To obtain the suitable ratio of Fe,0; to MnO,, a series of
nanocomposites with different MnO, content have been prepared,
and their morphologies examined by SEM are presented in Fig. 5.
When the MnO, content is 10 wt.% (Fig. 5a), the MnO, nanoflakes
were coated on the surface of the Fe,O3 spindles, forming a thin
film-like coating shell. With the increase of the MnO, content, the
coating film becomes rough, and a part of the MnO, nanoflakes
rolled into nanotubes automatically, twining round the Fe,O;
spindles. When the content is up to 40 wt.%, the above phenomenon
become more common and obvious and an appropriate and well-
distributed configuration with core-shell structure comes into being
(Fig. 5c). However, as the MnO, content is further increased to 60
wt.% (Fig. 5d), except Fe,Oz spindles twined by the MnO,
nanoflakes, there are some other shapes marked with red boxes. The
reason is presumably that some MnO, nanoflakes merged together to
form MnO, nanoclusters. Therefore, it can be concluded that 40 wt.%
MnQ, is the optimal choice to get homogeneous morphology and the
possible growth mechanism diagram is shown in Fig. 6.

P S N

m Fe,O, = MnO,

Fig. 6 The possible growth mechanism diagram of the MnO,@Fe,04
nanospindle.

The electrochemical performance of the MnO,@Fe,0,
nanocomposites with different MnO, content is shown in Fig. 7. The
CVs of the nanocomposites with different contents of MnO, at the

This journal is © The Royal Society of Chemistry 2015
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scan rate of 1 mV s (Fig. 7a) show that there are two pairs of redox
peaks except for that with 60 wt.% MnO,, indicating that the

redundant MnO, coating will conceal the Faradaic behavior of Fe,Os.

This can also be evidenced from the cycling performance (Fig.
7b). After decorated by MnO, nanoflakes, the nanocomposite
presents improvements in the specific capacitance and the cycling
performance. It is apparent that 40 wt.% MnO,@Fe,O; presents the
best performance with the specific capacitance of 159 F g* at the
current density of 0.1 A g because of its uniform structure, much
higher than the maximum capacitance of the pristine Fe,O; (55.1 F
gl). The specific capacitance is calculated according to the
following equation:*®

C =1 At (MAV) @)

0.34

a

0.24 ( ) A\ - / j‘
<Ez o / |
=~ 0.0
E (
9 -0.14
::)5 0.2] 10 wt% MnO,@Fe,0,

— 20 Wt.% MrvOZ@FE.'ZO3

-0.34 —— 40 Wt.% MnO,@Fe,0,
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12(»/.””“

40 wt.% MnO,+60 wt.%Fe, O,

40
Fe,O,

0 560 1600 15b0 20b0 2500
Cycle number

Specific capacitance / F g

Fig. 7 Electrochemical performance of the prepared MnO,@Fe,0,
nanocomposites with different MnO, content: (a) CV curves at the
scan rate of 1 mV s, (b) cycling performance at the current density
of 0.1 A g, and (c) the cycling performance of the pristine Fe,Oj,
the MnO,@Fe, 03 nanocomposite and pristine MnO,.

where | (mA) is discharge current, At(s) is discharge time, m(mg) is
the mass of the active material, and AV(V) is the potential window.
From Fig. 7c, it can be clearly observed that the capacitance for both
the pristine Fe,O3; and the MnO,@Fe,O; nanospindle increases

This journal is © The Royal Society of Chemistry 2015
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gradually at the beginning, it was reported that there is an initial
activation  process for  Faradaic  pseudocapacitance  of
Fe,0,.°% It is noteworthy  that after stabilizing, the specific
capacitance of pristine Fe,O3 electrode decays 36.0% while that of
composite electrode is only 3.84% loss after 1000 cycles, illustrating
the excellent long-term cyclability of the composite electrode. The
pristine MnO, material prepared by the same hydrothermal reaction
with KMnOj, can deliver the maximum specific capacitance of 197 F
gL Inaddition, we simply mixed pristine Fe,O3 and MnO, together
as active materials with the same ratio of MnO, 40 wt.%. The
electrochemical performance of the mixture was also measured
under the same condition. It delivers a specific capacity of 125 F g2,
which is much smaller than that of the 40 wt.% MnO,@Fe,03
nanospindle (159 F g), further confirming there is a synergistic
action between MnO, and Fe,O;. The core-shell MnO,@Fe,04
nanospindles we designed can provide a lot of interspaces between
MnO, and Fe,0; to facilitate the diffusion of electrolyte. It is widely
accepted that this is the main reason for the superior capacitive
performance.*243

200{()

v—O—MnO @Fe O
—HFe o

[

. Current density= 1 A/g

Ao 1N 15N 2N 25 A3 Ap | 01

60

Specific Capacitance F/g
Specific Capacitance F/g
% [ Kouaioly3 oiquininod

. ) MnO,@Fe,0, .
5 10 15 20 25 30 35 40 45 0 1000 2000 3000 4000 5000
Cycle number

Cycle number

Fig. 8 (a) Comparison between the normalized capacities of the rate
performance of the prepared pristine Fe,O5 spindles and the 40 wt.%
MnO,@Fe,03 nanospindles, (b) cycling performance of the 40 wt.%
MnO,@Fe,0; nanospindles at the current density of 1 A g™,

The rate performance of the pristine Fe,Oz and the MnO,@Fe,04
nanospindle from 0.1 A g* to 3 A g' is shown in Fig. 8a.
Remarkably, even the current density reaches up to 3 A g*, the
specific capacitance of the nanospindle is still maintained at 80 F g™,
much better than the pristine Fe,Os. Especially, it is can be seen in
Fig. 8b, the MnO,@Fe,0; nanospindle shows excellent cycling
performance with a specific capacitance of 110 F g at a high
current density of 1 A g™*. The overall specific capacitance retention
is 97.4% after 5000 cycles. This means that the open
nanoarchitecture ensures efficient contact between electroactive
materials and electrolyte even at high rates. The SEM micrographs
of the pristine Fe,O3 spindles and the 40 wt.% MnO,@Fe,0O;
nanospindles after 5000 cycles are shown in Fig. 9a and b, it is
shown that the pristine Fe,O3 spindles has been partly damaged,
causing small nanoparticles. However, the morphology of the 40 wt.%
MnO,@Fe,O; nanospindles is almost intact, that is to say, the
configuration is more stable by the twining shell of MnO, nanoflakes,
which could prevent the possible dissolution of Fe effectively to
ensure the content of Fe,0s, *“® in favour of an improved cycling
stability. This is superior to amorphous Fe,O; nanotubes or porous
Fe,0; coated with MnO,, whose capacitance fades with cycling.%24*
In addition, MnO, nanoflakes twined around Fe,Os spindles can
make ions penetrate through MnO, to intercalate into the Fe,O5 core
conveniently, which is crucial for the Faradaic reactions of transition
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metal oxides. The synergistic effect of the MnO,@Fe,04
nanospindles is schematically shown in Fig. 9c.

(©

charge/discharge
—_—

dissloution

charge/discharge 0
—_—

Fig. 9 The SEM micrographs of (a) the pristine Fe,O3 spindles and
(b) the 40 wt.% MnO,@Fe,O3 nanospindles after 5000 cycles, (c)
the synergistic effect of the MnO,@Fe, O3 nanospindles.
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Fig. 10 Nitrogen absorption/desorption results of (a) the prepared
pristine Fe,O; spindles and (b) the 40 wt% MnO,@Fe,04
nanospindles, (c) AC impedance spectra of the prepared pristine
Fe,O5 spindles and the 40 wt.% MnO,@Fe,03 nanospindles , and (d)
AC impedance spectra of the MnO,@Fe,0; electrode before and
after 100 cycles.

The BET measurements for the surface areas before and after the
decoration of MnO, nanoflakes (Fig. 10a and 10b) show that the
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surface area of the 40 wt.% MnO,@Fe,O; nanocpupas is 42.6 m* g,
much higher than that of the pristine Fe,O; spindles (6.0 m? g%),
providing more active sites for the reversible reactions.

From the EIS curves (Fig. 10c and 10d), it can be noticed that
after the decoration of MnO, nanoflakes the ion diffusion resistance
is decreased, which can make ions penetrate through MnO, to
intercalate into the Fe,O3; core more conveniently. Besides, the
diameter of the semicircle decreases slightly after 100 cycles,
indicating that initial cycling can activate the electrode effectively,
further transfer electrolyte to the inner region of the electrode, which
greatly favors the redox processes.

To further study the power density and energy density of the
supercapacitors. We assembled a two-electrode full cell with the
active carbon (AC) as the negative electrode and the MnO,@Fe,03
as the positive electrode. Fig. 11 shows the Ragone plot (power
density vs. energy density) of the supercapacitors. It is worthy to
note that the maximum energy density obtained is as high as 43.8
Wh kg at a power density of 110 W kg™ and maintain an energy
density of 21.4 Wh kg™ even at a high power density of 3500 W kg™,
which is superior to Pd-acid batteries, Ni-MH batteries and other
traditional energy storing devices including aqueous asymmetric
supercapacitors, 4546

Energy density / Wh/kg
5 X 8 &8 &
°
°
°

@
1

0 T T r r
0 800 1600 2400 3200
Power density / W/kg

4000

Fig. 11 Ragone plot of the supercapacitors assembled with the 40 wt.%
MnO,@Fe,0; nanospindle and activated carbon as the positive and
negative electrodes.

Conclusions

In summary, a unique core-shell MnO,@Fe,05; nanospindle has been
synthesized successfully just by a simple and cost-effective
hydrothermal method, which plays a big role for increasing the
surface area and active sites for Faradaic reactions. The
electrochemical performance of the cheap Fe,O; as the positive
electrode for supercapacitors in friendly neutral K,SO, aqueous
electrolyte is greatly improved. Its specific capacitance is up to 159
F g at a current density of 0.1 A g™ and its maximum energy
density in combination with the activated carbon as the negative
electrode is up to 43.8 Wh kg™*. The capacitance retention is 97.4%
after 5000 cycles at a current density of 1 A g™, The outstanding
capacitive performance is attributed to the fabricated unique
structure, which can not only deliver large surface area for redox
reactions but also facilitate the diffusion of electrolyte to accelerate
the reaction kinetics of Fe,Os;. In addition, the stable MnO,
nanoflake shell prevents the capacitance fading of Fe,Os.
Furthermore, the special core-shell structure with MnO, nanoflakes

This journal is © The Royal Society of Chemistry 2015
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twined provides a synergetic effect to increase the capacitance, and
40 wt.% MnO,@Fe,0; is the optimal composition. The results above
suggest that such a core-shell MnO,@Fe,O; nanospindle is
appealing for supercapacitors in the future by its virtue of high-
performance, low-cost and environmental friendliness.
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