
mater.scichina.com link.springer.com. . . . . . . . . . . . . . . . . . . . Published online 13 October 2017 | https://doi.org/10.1007/s40843-017-9122-4
Sci China Mater 2018, 61(1): 48–56

Urchin-like FeOOH hollow microspheres decorated
with MnO2 for enhanced supercapacitor performance
Kun Du1,2, Guijuan Wei1,2, Fuzhen Zhao1,2, Chao An2, Hui Wang1, Jinquan Li1,2 and Changhua An1,2*

ABSTRACT Ultrathin MnO2 decorated hierarchical urchin-
like FeOOH hollow micro-nanospheres have been designed
and synthesized through a facile hydrothermal route. The
microspheres are made of FeOOH nanofibers with a diameter
of 10 nm. Due to the synergetic effect between the unique
FeOOH hollow micro/nanostructures and ultrathin MnO2

layer, the as-fabricated FeOOH@MnO2 hybrid electrode ex-
hibits a high specific capacitance of 1192 F g−1 at a current
density of 1 A g−1. It also reveals high rate capabilities and
superior stability. Moreover, the asymmetric supercapacitor
(ASC) assembled from the FeOOH@MnO2 and the active
carbon (AC) delivers a high energy density of 40.2 W h kg−1 at
a power density of 0.78 kW kg−1, and the energy density could
remain 10.4 W h kg−1 under a condition of high power density
of 11.7 kW kg−1.
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INTRODUCTION
With the ever-increasing environmental issues and the
continuous demand for energy consumption, great efforts
have been made to develop sustainable and en-
vironmentally friendly alternative energy sources and
energy storage devices [1–5]. Supercapacitors known as
electrochemical capacitors (ECs) have triggered sig-
nificant researches for their potential applications in
portable electronics, electric or hybrid electric vehicles,
owing to their large power density, fast recharge ability,
long cycling life, low maintenance cost and high reliability
[6–9]. The performance of ECs is mainly dependent on
the electrode materials. Most EC electrode materials are
categorized into three main groups: carbonaceous mate-
rials [10,11], transitional metal oxides/hydroxides [12,13],
and conducting polymers [14]. Among them, transition-

metal-based oxides or hydroxides have received much
attention due to their higher specific capacitances [15–
19].
Iron oxides/hydroxides including Fe2O3, Fe3O4, and

FeOOH exhibit great promise as anode materials [20–25],
owing to their high theoretical capacitance, low cost, and
environmental benignity. However, relatively low elec-
trical conductivity and stability limit their capacitances at
high current densities. One promising approach to im-
prove their performance is to combine other metal oxides
in a composite. Manganese dioxide (MnO2) with favor-
able properties and high theoretical specific capacitance
(1370 F g−1) makes it a promising electrode material in
energy storage and conversion devices [26–30]. Further-
more, three-dimensional (3D) transitional metal oxides/
hydroxides nanostructures assembled from low-dimen-
sional building blocks [31–34] exhibit enhanced proper-
ties compared to their bulk counterparts by offering a
large specific surface area, high surface/body ratios, the
enhanced permeability for the electrolyte ions, and rich
electrochemically active sites [35]. Therefore, the con-
struction of 3D FeOOH@MnO2 is a rational way to rea-
lize a high performance EC.
In this work, we have developed a facile strategy for the

design and fabrication of novel 3D hierarchical FeOOH@
MnO2 hollow microspheres. The as-prepared FeOOH@
MnO2 produced a higher specific capacitance (1192 F g−1

at 1 A g−1) and better cycling performance than pristine
FeOOH, owing to the synergetic effects between the
hierarchical FeOOH hollow microspheres and ultrathin
MnO2 layer. Moreover, the asymmetric supercapacitor
(ASC) device assembled from the FeOOH@MnO2 and
active carbon (AC) delivers a high energy density of
40.2 W h kg−1 at a power density of 0.78 kW kg−1, and the
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energy density could remain 10.4 W h kg−1 under a high
power density of 11.7 kW kg−1.

EXPERIMENTAL SECTION

Materials
The FeSO4·7H2O, KMnO4 and glycerol (Sinopharm
Chemical Reagent Co. Ltd (China)) were analytical grade
and used without further purification.

Preparation of FeOOH@MnO2

In a typical procedure, 0.111 g FeSO4·7H2O was dissolved
in a mixture of 35 mL of deionized water and 5 mL gly-
cerol. After stirring for several minutes, the mixture was
transferred into a 50-mL Teflon-lined stainless steel au-
toclave and heated at 120°C for 24 h. After being cooled
down to room temperature naturally, the products were
collected by centrifugation and washed with deionized
water and ethanol. The as-obtained FeOOH was then
dispersed into 10 mL of 0.02 mol L−1 KMnO4 solution
and stirred at room temperature for 30 min. The resulting
product was harvested following a similar procedure, and
dried at 60°C for 12 h.

Characterization
The surface morphology and size of the as-prepared
samples were analyzed by field emission scanning elec-
tronic microscopy (FE-SEM, Hitachi S-4800) and trans-
mission electronic microscopy (TEM, JEM-2100F),
equipped with energy dispersive X-ray spectroscopy
(EDS). The crystalline phases of the samples were ana-
lyzed by X-ray powder diffraction (XRD) (PANalytical B.
V., Almelo, The Netherlands) on a Philips X’Pert dif-
fractometer with Cu Kα irradiation (λ = 0.15418 nm).
The Brunauer-Emmett-Teller (BET) surface areas were
analyzed by nitrogen adsorption with Micromeritics
ASAP 2020 nitrogen adsorption apparatus. The sample
was degassed at 100°C prior to N2 adsorption. The che-
mical composition was investigated by X-ray photoelec-
tronic spectroscopy (XPS), performed on an Axis Ultra,
Kratos (UK) at monochromatic Al K radiation (150 W,
15 kV, and 1486.6 eV).

Electrochemical measurements
The electrodes were prepared by mixing 80 wt.% of the
sample, 15 wt.% of the acetylene black and 5 wt.% of the
polytetrafluoroethylene (PTFE) in ethanol, and then the
paste was pressed onto nickel foams. Electrochemical
tests were performed on an electrochemical workstation
(CHI 760E, Shanghai Chenhua Co. Ltd., China) with a

three-electrode configuration in 2 mol L−1 KOH electro-
lyte at room temperature. The FeOOH@MnO2 hollow
spheres were used as the working electrodes, platinum
foil as the counter electrode and standard Hg/HgO as the
reference electrode, respectively. Cyclic voltammetry
(CV) was performed between 0.1 and 0.7 V at scan rates
of 5, 10, 15, 20, 30, 50, and 100 mV s−1 and galvanostatic
charge-discharge (GCD) was tested between 0 and 0.53 V
at current densities of 1, 2, 3, 5, 10, and 20 A g−1, re-
spectively. Moreover, electrochemical impedance spec-
troscopy (EIS) tests were conducted with frequencies
ranging from 0.01 to 100,000 Hz. The specific capacitance
values (Csc) were calculated from the GCD curves ac-
cording to the following equation:

C I t Vm= / ,sc (1)
where I (A) is the current, Δt (s) is the discharge time, ΔV
(V) is the voltage window, and m (g) is the mass of active
component, respectively.
The ASC was assembled with AC as the negative elec-

trode and the FeOOH@MnO2 as the positive electrode.
For an ASC, the charge stored in one electrode depends
on the following formula:

q C V m= × × . (2)
According to the charge balance (q+ = q−), the mass

balance between the positive and negative electrodes can
be derived:

m m C V C V   / = ( × ) / ( × ),+ + + (3)

where C+ and C− (F g−1) are specific capacitance of the
single electrode, ΔV+ and ΔV− (V) are the corresponding
working potential range, and m+ and m− (g) are the mass
of the respective electrodes. The energy density (E) and
power density (P) are two key parameters for evaluating
practical performance of the supercapacitor, which can be
obtained from the following equations:

E CV   = 0.5 ,2 (4)

P E t = / , (5)
where C (F g−1) is the capacitance of ASCs, V (V) is the
cell voltage, and t (s) is the discharge time, respectively.

RESULTS AND DISCUSSION
As shown in Fig. 1a, the FeOOH display hierarchical
urchin-like microspheres with an even diameter of 1 μm.
The high-magnification SEM image (Fig. 1b) shows the
microspheres are assembled from numerous nanofibers
with an average diameter of 10 nm, which have densely
and firmly covered the surface of microspheres in ra-
diative mode. After being coated with MnO2, the
FeOOH@MnO2 (Fig. 1c, d) retains original shape. As
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seen from the marked broken spheres, these microspheres
display a hollow structure, and a large void can be clearly
discerned.
Fig. 2a shows the XRD patterns of the FeOOH and the

FeOOH@MnO2 products. All the diffraction peaks are
assigned unambiguously to the orthorhombic-phase of
FeOOH (JCPDF Card No. 29-713). No peaks from im-
purities are detected. The diffraction patterns of MnO2

are absent owing to its low content and crystallinity. TEM
image of FeOOH (Fig. 2b) shows hollow microspheres
with the inner diameter about 500 nm. After decorating
with MnO2, the surfaces become rough (Fig. 2c). As
shown in Fig. 2d, the HRTEM image displays lattice
fringes of 0.219 nm and 0.236 nm , which are in accord
with the (220) plane of α-FeOOH and the (111) plane of
ramsdellite MnO2, respectively, indicating the MnO2 layer
has been formed on the surfaces of α-FeOOH. EDS
mappings, shown in Fig. 2f–h, of several FeOOH@MnO2

nanofibers (Fig. 2e) confirm the presence of elements of
Fe, O and Mn in the FeOOH@MnO2 hierarchical mi-
crospheres. The TEM- EDS spectrum (Fig. 2i) shows the
presence of Fe, O and Mn characteristic peaks, consistent
with the mapping result. The atomic percentages of Fe
and Mn are 1.6% and 31.4%, respectively, indicating the
ratio of MnO2/FeOOH is 0.051.
The chemical composition and the valence state of the

elements of FeOOH@MnO2 have been further confirmed
by XPS analysis (Fig. 3). The survey spectrum shows the
Fe, O and Mn are present in the hybrid (Fig. 3a). The Fe
2p spectrum exhibits two main peaks at 711.1 and
724.8 eV in addition to their shake-up satellite peaks at
719.1 and 732.4 eV (Fig. 3b) [36–38]. The O 1s spectrum
can be fitted into two peaks, where the lower binding

energy peak at 529.9 eV is associated with an Fe–O–Fe
bond, whereas the higher peak at 531.4 eV is due to an
Fe–O–H bond (Fig. 3c) [36,38,39]. As shown in Fig. 3d,
the binding energies of Mn 2p3/2 and Mn 2p1/2 located at
642.3 and 653.7 eV are assigned to Mn (IV) ions [40].
Fig. S1 reveals that the as-prepared materials exhibit

type IV isotherm curves with a hysteresis loop in the
range of 0.5–1.0 P/P0, which is the characteristic of me-
soporous material [41–43]. The surface area of FeOOH
and FeOOH@MnO2 was estimated to be 124.1 and
116.5 m2 g−1, respectively, indicating that the surface area
decreases slightly after coating MnO2 on the surface of
FeOOH. On the other hand, the total pore size distribu-
tions of the samples indicate that both samples have a
narrow aperture distribution.
The electrochemical properties of the as-synthesized

specimens were tested through CV, GCD, and EIS with a
typical three-electrode configuration in a 2 mol L−1 KOH
alkaline electrolyte. Fig. 4a compares the CV curves of the
FeOOH@MnO2 with FeOOH at a scan rate of 50 mV s−1

within a potential window ranging from 0.1 to 0.7 V (vs.
Hg/HgO). The integral area for the CV curve of
FeOOH@MnO2 electrode is much larger than that of the
FeOOH electrode, suggesting a significant improvement
of capacitance. The comparison of GCD curves at a
current density of 2 A g−1 further demonstrates the result
(Fig. 4b). With MnO2 cover, the discharging time is much
higher than that for bare FeOOH.
In order to get more insights into the performance of

the FeOOH@MnO2 and the FeOOH electrodes, the CV
tests were measured at various scan rates and the GCD
were carried out at different current densities, respec-
tively (Fig. 4c, d, and Fig. S2). As shown in Fig. 4c, a pair
of redox peaks can be clearly observed, corresponding to
the pseudocapacitive mechanism, which results from the
reversible conversion between Fe3+ and Fe2+ ions [44].
The phase transformation reaction can be described as
follows [45]:

FeOOH +  H O +  e Fe(OH) +  OH2 2

In addition, the positions of anodic and cathodic peaks
shift towards more anodic and cathodic direction at high
scan rates, and the current density of the curves increases,
which reveals the fast ionic and electronic transfer over
the electrode surface. From the GCD curves (Fig. 4d), it
can be seen that the plots are quasi-symmetrical, in-
dicating that the as-prepared samples have an excellent
reversible redox process. The specific capacitance of
FeOOH@MnO2 electrode reaches 1192, 1087, 911, 790,
660 and 560 F g−1 at current densities of 1, 2, 3, 5, 10 and

Figure 1 SEM images of FeOOH (a, b) and FeOOH@MnO2 (c, d).
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20 A g−1, respectively, which are higher than bare FeOOH
electrode (Fig. 4e) and reported data for MnO2 (300 F g−1)
[46]. Remarkably, the FeOOH@MnO2 electrode exhibits
evident improvement in terms of capacity and rate per-
formance. The FeOOH@MnO2 electrode can maintain
the capacitance retention of 95.1% after 1000 cycles at a
high current density of 5 A g−1, demonstrating its good
stability in comparison with FeOOH electrode (89%) (Fig.
4f).
The EIS tests are used to understand the electro-

chemical reaction kinetics. The Nyquist plots of the two
samples obtained in the frequency range of 100 kHz to
0.01 Hz are shown in Fig. S3. In the high-frequency re-
gion, the intercept of X axis for FeOOH@MnO2 is smaller

than that for FeOOH, showing its less bulk resistance.
Similarly, the radius of the semicircle of FeOOH@MnO2

is also less than that of FeOOH, meaning that the charge
transfer over FeOOH@MnO2 is faster. In the low-fre-
quency region, the FeOOH@MnO2 reveals a more vertical
line, showing its better ion diffusion capacitance.
To further investigate the practical application of the

FeOOH@MnO2, the ASC was assembled with
FeOOH@MnO2 as the positive electrode and AC as the
negative electrode (denoted as FeOOH@MnO2//AC). The
tests were performed in 2 mol L−1 KOH aqueous elec-
trolyte with a voltage of 1.6 V. The electrochemical per-
formance of the AC was firstly measured with the voltage
range of −1.0 to 0.1 V (vs. Hg/HgO) (Fig. S4). The rec-

Figure 2 (a) XRD patterns of FeOOH and FeOOH@MnO2; (b) TEM image of a FeOOH microsphere; (c) low-magnification and (d) high-resolution
TEM image of FeOOH@MnO2; (e–h) EDS elemental mapping from several hybrid nanofibers, and (i) EDS spectrum of the FeOOH@MnO2

nanofibers shown in (e).
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tangle-like CV curves in Fig. S4a show ideal double
electric layer capacitor behavior. Before assembling, the
CV comparison of both AC and FeOOH@MnO2 elec-
trodes were obtained at a scan rate of 30 mV s−1 in a
three-electrode system (Fig. S4c). The specific capacitance
of AC electrode has been estimated to be 90.9 F g−1 at a
scan rate of 30 mV s−1. According to the charge balance
between the positive and negative electrodes, the mass
balance can be obtained by Equation (3). As shown in Fig.
S4d, the FeOOH@MnO2//AC ASC was analyzed in dif-
ferent voltage windows at a scan rate of 50 mV s−1, con-
firming that 1.6 V is a suitable voltage window.
Fig. 5a gives CV profiles of the ASC with scan rates

ranging from 5 to 100 mV s−1. A couple of redox peaks
can be observed, resulting from the redox reaction in the
FeOOH@MnO2 electrode. In addition, the shape of the
profiles is well maintained with increasing the scan rates,
revealing a rapid charge-discharge characteristic of the
device. Fig. 5b illustrates the GCD plots of the ASC tested
at various current densities within a potential window
from 0 to 1.56 V. The charge-discharge curves are all
almost symmetric, exhibiting a rapid I-V response and
desirable reversibility. The device has 119, 106.2, 101.4,
96, 77.6, 42.3 and 30.7 F g−1 at 1, 2, 2.5, 3, 5, 10 and

20 A g−1, respectively, according to the GCD curves in
Fig. 5c. The coulombic efficiencies of the ASC are 79.5%,
83.5%, 89.7%, 90.5%, 90.2%, 90.4% and 94.1% at a current
densities from 1 A g−1 to 20 A g−1, indicating that the
effective transport of electrons promotes the Faradaic
redox reaction on the electrode/electrolyte surface. The
relationship between the power densities (P) and energy
densities (E) was depicted in Ragone plot, which was
further used to estimate the performance of the as-as-
sembled ASC (Fig. 5c). A maximum energy density of
40.2 W h kg−1 was realized at a power density of
0.78 kW kg−1, and the energy density could remain at
10.4 W h kg−1 under a high power density of
11.7 kW kg−1. Moreover, the long-term stability test of the
ASC was performed between 0 and 1.56 V at a constant
current density of 5 A g−1. As shown in the Fig. 5d, the
specific capacitances of the ASC maintain 91% after 1000
cycles, showing its good stability. The enhanced electro-
chemical performance can be attributed to the unique 3D
hollow shape wherein: (1) MnO2 with high redox activity
combining ordered FeOOH nanofibers would be helpful
to increase the value of the specific capacitance [47]. The
ultrathin MnO2 layer is beneficial for the enhanced cyclic
stability of FeOOH@MnO2; (2) the effective contact area

Figure 3 (a) XPS spectrum of α-FeOOH@MnO2 and high-resolution XPS spectra of (b) Fe 2p, (c) O 1s, and (d) Mn 2p.
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of the electrode and electrolyte has been enhanced with
3D hierarchical hollow structure; (3) in this special ar-
chitecture, FeOOH nanofibers as the “core” create
channels for the effective mass transport of electrolyte,
and the ultrathin MnO2 as the “shell” can provide a short
ion diffusion path to enable the fast and reversible faradic
reaction.

CONCLUSIONS
In summary, hierarchical urchin-like FeOOH@MnO2

hollow spheres have been designed and synthesized by a
facile hydrothermal route. The as-fabricated
FeOOH@MnO2 shows enhanced electrochemical perfor-
mance with a high specific capacitance (1192 F g−1 at
1 A g−1), superior rate capability and excellent cycling

Figure 4 (a) Comparison of CV curves of the FeOOH and FeOOH@MnO2 electrodes at scan rate of 50 mV s−1; (b) comparison of GCD curves of the
FeOOH and FeOOH@MnO2 electrodes at current density of 2 A g−1; (c) CV curves of FeOOH@MnO2 at various scan rates; (d) GCD curves of
FeOOH@MnO2 electrode at different current densities of 1, 2, 3, 5, 10, and 20 A g−1, respectively; (e) variation in specific capacitance with current
density, and (f) cycling performance of the FeOOH and FeOOH@MnO2 electrodes for 1000 cycles at 5 A g−1.
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stability, owing to the synergetic effect between the
hierarchical FeOOH hollow microstructure and ultrathin
MnO2 nanolayer. An ASC device assembled from the
FeOOH@MnO2 and AC reaches a maximum energy
density of 40.2 W h kg−1 at 0.78 kW kg−1 and
10.4 W h kg−1 at 11.7 kW kg−1. Moreover, the capacitance
retained 91% over 1000 cycles at current density of
10 A g−1. The overall performance and cost effective
synthesis of the FeOOH@MnO2 make it a very promising
material for alkaline electrolyte supercapacitors.
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超薄MnO2层修饰的海胆状空心FeOOH微米球及其在提高电容性能中的应用
杜坤1,2, 魏桂涓1,2, 赵福振1,2, 安超2, 王辉1, 李金全1,2, 安长华1,2*

摘要 本文通过简便的水热技术合成了超薄MnO2修饰的海胆状FeOOH空心微纳米球. 该微米球由直径10 nm的纳米纤维组成. 由于
FeOOH独特的微纳米结构和MnO2的协同效应, 所制备的FeOOH@MnO2电极在电流密度1 A g−1下表现出1192 F g−1的比电容, 同时显示出
较高的倍率性能和优异的稳定性 . 而且由FeOOH@MnO2电极和活性炭组装的非对称电容器在0 .78 kW kg− 1的功率密度下具有
40.2 W h kg−1的能量密度; 在较高的11.7 kW kg−1功率密度下, 功率密度仍能保持在10.4 W h kg−1.
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