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In this study, porous K+-containing flower-like delte-MnO2 constructed by numerous thin two-dimensional nanosheets was fabricated by a
hydrothermal procedure. Its flower-like morphology was revealed by scanning electron microscopy. The construction units, the ultrathin
sheets, were observed from transmission electron microscopy. Its delte-type crystal was characterised via X-ray diffraction. Its porous
structure was convinced through N2 adsorption–desorption isotherms. The properties of delte-MnO2 nanoflowers as an active electrode
constituent for electrochemical capacitors were examined by cyclic voltammetry and galvanostatic charge–discharge in 1 mol l−1 Na2SO4

electrolyte, and a specific capacitance of 227.2 F g−1 was obtained at a current density of 0.05 A g−1. The obtained delte-MnO2 shows a
good long-term stability, suggesting it is a potential electrode material for capacitors.
1. Introduction: Electrochemical capacitors (ECs) were perceived
as prospective electrochemical energy storage installations. They
have some inherent advantages including high-energy density,
speedy charge–discharge rate, wide working temperature range,
long cycle life, high safety factor and environmentally benign
nature [1]. With features complementary to batteries and fuel
cells, ESc have been widely used as energy storage units in many
areas, such as smart grids, renewable systems, electric vehicles
and fuel cell power systems. The electrochemical performances of
ECs depend on the capacitor properties of active electrode
material, and thus to exploit new electrode materials for ECs is
an efficient approach for improving the performances [2].

Recently, MnO2 were intensively investigated as a promising
electrode material for ECs owing to some advantages, such as abun-
dance, cheapness, high enough theoretical capacitance, as well as
eco-friendly nature [3]. MnO2 is polymorphic with several different
crystal structures, whose structural frameworks consist of MnO6

octahedra sharing vertices and edges. Among the crystal sorts of
MnO2often found, α-, ß-, γ-, and ɛ-, and ρ-MnO2 possess one-
dimensional (1D) channel structures, while δ-MnO2 has an open
2D layered structure, and λ-MnO2 has an interconnected 3D net-
works structure [4]. Brousse and co-workers firstly studied the in-
fluence of different crystal structures on capacitive nature of the
MnO2 electrode materials, and found that the capacitance values
of MnO2 with different crystal structures follows the order: 2D
tunnel structure >3D tunnel structure >1D tunnel structure [5].
Different crystalline manganese oxides with diverse morphology
prepared by Devaraj and Munichandraiah via the aqueous-phase
method also confirmed the above result, and the obtained specific
capacitance values follow the order: α > δ > ɛ > γ > λ [6]. When op-
erating temperature varies from about 25 to −35°C, the capacitance
of δ-MnO2–based capacitor was larger than those of α-, ß-, and
γ- MnO2–based capacitors [7]. It was also found that sizes of the
tunnels in MnO2 significantly affect the intercalation of cations in-
cluding H+, Na+, K+, etc. which plays an important role in its super-
capacitive storage process [8]. Consequently, many research about
the preparation and/or electrochemical nature of MnO2 supercapaci-
tors are mainly centred upon δ-MnO2. For instance, capacitance of
lamellar birnessite-type MnO2 prepared by Yan et al. via a hydro-
thermal method was 242.1 F g−1 at 2 mA cm−2 in 2 mol l−1

(NH4)2SO4 aqueous electrolyte [9]. Birnessite-type MnO2 with
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one-dimensional nanostructures was also prepared by Yu et al.
through microwave-assisted emulsion method, which showed a
high-specific capacitance of 277 F g−1 at 0.2 mA cm−2 [10].

On the other hand, the performance of MnO2 capacitors is also
affected by the morphology since the capacitive storage process is
account of the surface adsorption of electrolyte cations [8]. Then,
preparing δ-MnO2 with unique morphology is beneficial for the
usage of MnO2 materials. For example, flower-like birnessite
MnO2 was prepared by Beaudrouet et al. by reduction of KMnO4

in acidic aqueous medium, which displayed a specific capacitance
of 75 F g−1 at 2 mV s−1 of a scan rate [11]. Li et al. synthesised
flower-like porous birnessite MnO2 using thermally reduced gra-
phene oxide paper as a sacrificing template achieved an enhanced
capacitance of 194 F g−1 at 0.1 A g−1 [12]. From these reports,
the hierarchical flower-like structure is a favourable architecture
due to that the structure would offer more interspaces for the
mass to diffuse into the inner part of the materials, thus the materials
with the hierarchical flower-like structure exhibited a good perform-
ance in including many fields such as the sensor of flower-like ZnO
[13, 14], catalysis [15] and capacitor [16]. However, the method
using the sacrificing template significantly increased the cost of
MnO2 compared with MnO2 prepared by Beaudrouet et al. [11].
In this work, we used hydrothermal method to prepare flower-like
δ-MnO2 with hierarchical structure without using template. The
obtained flower-like δ-MnO2 exhibits a good electrochemical per-
formance with the potential for an active electrode material for ECs.

2. Experimental
2.1. Materials preparation: 20 ml of 0.04 mol l−1 MnSO4 solution
was added drop-wise to 20 ml of 0.2 mol l−1 KMnO4 solution
with vigorous stirring. The above solution was topped up to
80 ml with ultra-pure water and then transferred to 100 ml
Teflon-lined autoclave, and heated at 140°C for 14 h. After that,
the autoclave was gotten to cool to the room temperature. The
MnO2 product was obtained by centrifugation, washed with
distilled water and then dried overnight in air at 60°C.

2.2. Characterisation: The crystalline structures of the sample were
analysed by X-ray diffraction (XRD, Shimadzu XD-3A (Japan)
goniometer, using a Cu Kα radiation operating at 40 kV and
35 mA). The morphologies of the catalyst were analysed using a
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Fig. 1 XRD pattern of as-prepared flower-like δ-MnO2

a XRD pattern
b N2 adsorption–desorption isotherms of flower-like δ-MnO2; Inset: the pore
size distribution
Carl Zeiss Ultra Plus field emission scanning electron microscope
(SEM), a transmission electron microscope (TEM) and a
JEM-2010 Electron Microscope (Japan) with an acceleration
voltage of 200 kV. The specific surface areas were analysed by the
Brunauer–Emmett–Teller (BET) method using a Quantachrome
Autosorb-1 volumetric analyser. X-ray photoelectron spectrascopy
(XPS, Thi-5702 America) was carried out using amonochromatic
Al Ka X-ray source to assess the surface composition.

2.3. Electrochemical measurements: The working electrode is
prepared via the next procedure. δ-MnO2, Vulcan carbon and
polytetrafluoroethylene with the mass ratio of 80 : 10 : 10 into
ethylene glycol were mixed into a uniform serum. Next, the
mixture was rolled out to form uniform slices. In vacuum, the
slices were dried at 80°C for 6 h. Subsequently, the slices were
pressed onto the stainless steel mesh (1 cm2). The amount of
electrode material on the electrode was approximately 10 mg.
A three-electrode cell is adopted for the measurement. The refer-

ence electrode is a Hg/Hg2SO4 (saturated K2SO4) electrode. The
counter electrode is a slice of Pt mesh. 1.0 mol l−1 Na2SO4 is
used as the electrolyte. Cyclic voltammograms (CV) and galvano-
static charge/discharge tests are carried out to assess the electro-
chemical behaviour of δ-MnO2. CV tests were done in the
voltage of between −0.654 V and 0.146 V (0∼0.8 V vs. SHE) at
different scan rates on a CHI 650D electrochemical workstation.
Electrochemical impedance spectroscopy (EIS) were performed
between 10 kHz and 0.01 Hz using a 5 mV rms sinusoidal modula-
tion at the open circuit voltage. Galvanostatic charge/discharge test
are performed by Neware Battery Tester (Shengzhen Neware
Technology Company, China).

3. Results and discussion: The XRD pattern of as-prepared
flower-like δ-MnO2 is presented in Fig. 1a. There are four
diffraction peaks around 12, 25, 37 and 66° attributed to the
hexagonal δ-MnO2 (JPCDS 86-0666). The crystal structure
constructs by 2D edge-sharing MnO6 octahedral layers inserted
with potassium ion and water molecular into the layers’
interspace. N2 adsorption–desorption isotherms of flower-like
δ-MnO2 is present in Fig. 2b. The isotherms have the shape of
IUPAC-classified IV-type line [17]. A clear hysteresis loop can
be seen at the larger relative pressure from 0.48 to 1.0 indicating
a relatively large pore size [18], which is also proved by its
corresponding pore size distribution. Based on the BET method,
the surface area of the flower-like δ-MnO2 was measured to be
40.4 m2 g−1. The relatively low specific surface area could be
partly attributed to the aggregation of the nanosheets in the
hierarchical structure. The total pore volume at 0.995 the relative
pressure is 0.32 cm3 g−1.
Fig. 2a displays a large-scaled SEM image of obtained δ-MnO2,

which shows that the δ-MnO2 are flower-like spheres with dia-
meters of 300–400 nm. High resolution SEM image shown in
Fig. 2b clearly revealed that the flower-like morphology that are
composed of the nano-sheets with the average thickness of about
5–10 nm. This flower-like architecture makes the ions easily
arrive the solid/aqueous interface, leading to the increased surface
Faradaic and non-Faradaic procedures [11]. Further structural char-
acterisation of flower-like δ-MnO2 was carried out by TEM. As
shown in Fig. 2c, the TEM image reveals that the flower-like
MnO2 has a hierarchical architecture which was assembled of
many ultrathin 2D nanosheets. The observation is consistent with
the SEM result. Compared with the used method in [11] and
[12], the flower-like morphology may be result of the
nanoflake-assembled effect. During the hydrothermal process, a
large number of the nanoflakes were firstly formed. To reduce the
surface energy, the nanoflakes tend to gather together, result in
the flower-like shape. High magnification TEM displayed in
Fig. 2d further confirms that the flower-like spheres has open struc-
ture with the connected nanosheets with each other which can bring
Micro & Nano Letters, 2017, Vol. 12, Iss. 9, pp. 670–674
doi: 10.1049/mnl.2017.0249
out abundant space. The collected SAED pattern (Fig. 3e) presents
multi ring, suggesting that flower-like δ-MnO2 was polycrystalline.
The line-scan EDX spectrum (Fig. 2g) indicates the presence of the
Mn, K, and O elements, and they are uniformly distributed in the
structure.

Electrochemical performance of flower-like δ-MnO2 was firstly
investigated by CV in the potential range from −0.654 to 0.146 V
(vs. Hg/Hg2SO4). Fig. 3a shows CV curves recorded at different
scan rates. There is no redox peaks observed in the curves, suggest-
ing the charged–discharged process is through a double-layer mech-
anism. With the slow scan rate of 2 and 5 mV s−1, the electrode
shows a roughly symmetric rectangular shape, which is a typical
double-layer capacitive behaviour. With increasing scan rate, the
curves’ shape departs from the ideal capacitive behaviour. As men-
tioned above, during the process of the charge storage in MnO2,
the faradic reaction, e.g. the valence conversion of Mn4+/Mn3+

occurs, accompanied by the adsorption/desorption of protons (H+)
or alkaline cations (M+) on the MnO2 surface, which is likely to
be predominant in amorphous MnO2; or the intercalation/deinterca-
lation of H+ or M+ into the MnO2 structure, which may be predom-
inant in crystalline MnO2. Since the structure of the obtained
flower-like δ-MnO2 is 2D layered structure, the electrochemical re-
action should mainly be the intercalation/deintercalation of Na+ into
the MnO2 structure coupled with a small faradic reaction. As a
negative potential scan potential is applied, the Na+ ions in
the electrolyte will transfer toward the MnO2 electrode surface.
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Fig. 3 Collected CVs
a CV curves of the flower-like δ-MnO2 electrode at different scan rates

Fig. 2 N2 adsorption–desorption isotherms of flower-like δ-MnO2

a, b SEM images
c, d TEM images
e SAED pattern
f STEM image
g line-scan EDX spectrum of δ-MnO2 nanoflowers

Fig. 4 Variation of the voltage is close to linear in the whole procedure
a Charge–discharge behaviour of the flower-like δ-MnO2 electrode at
different current densities
b Variation of specific capacitances at current densities
The following desolvate of the Na+ ions occurs. Subsequently, the
Na+ ions intercalate into the MnO2 structure. As the potential is
scanned positively, the Na+ cations deintercalate from the
MnO2structure, and then return into the electrolyte. When a slow
rate during the CV process, the Na+ cations have sufficient time
to access toward the δ-MnO2 electrode surface, neatly being deso-
lvate, hence it is in favour of the intercalation reaction in the 2D
layered structure of MnO2. Thus δ-MnO2 nanoflowers show good
pseudocapacitive behaviour at the slow scan rates. When high-scan
rate is used, there are no specific times for the Na+ cations to inter-
calate into the MnO2 structure. This is because the desolvation pro-
cedure of Na+cations is polarised, and consequently leading to the
incompletely intercalation into the solid phase [19]. Finally, it is can
be seen that the phenomenon of the CV shape being deviated from
the ideal rectangular feature.
672
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The capacitor performance of δ-MnO2 nanoflowers was further
studied by galvanostatic charge/discharge technique, which was
performed at six regular current densities of 0.05, 0.25, 0.5, 1.0,
2.0 and 5.0 A g−1. As presented in Fig. 4a, the variation of the
voltage is close to linear in the whole procedure. Meanwhile, the
graphical portion during the charge process is almost symmetrical
with that of the discharge procedure. These features indicate that
the capacitor property of the δ-MnO2 electrode is mainly derived
of the double layer capacitor reaction accompanied with a minor
faradaic process [20]. The specific capacitance was calculated
from the plots based on the following equation [2]:

C(F/g) = IDt

mDV

where I (mA) is the discharge current, Δt (s) is the discharge time,
m (mg) represents the mass of the δ-MnO2 nanoflowers on the elec-
trode, and ΔV (V) is the potential drop during discharge. The vari-
ation of the specific capacitances with current densities on the
flower-like δ-MnO2 electrode are plotted in Fig. 4b. The specific
capacitance at the discharge current density of 0.05 A g−1 is
227.2 F g−1. Table 1 summarises some reported results where
δ-MnO2 was applied as electrochemical capacitor electrode materi-
als. As seen in Table 1, the specific capacitance of as-prepared
flower-like δ-MnO2 electrode can be comparable with the electro-
des made from other δ-MnO2, which could be ascribed to its
unique structure. One is the 2D layered structure which acts as
a succession channel for the diffusion of the electrolyte.
Micro & Nano Letters, 2017, Vol. 12, Iss. 9, pp. 670–674
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Table 1 Comparison of the specific capacitance of flower-like δ-MnO2 electrode to other reported δ-MnO2 electrodes

Samples Ref. C, F g−1 The electrolyte Scan rate/current density

flower-like δ-MnO2 This work 227.2 1.0 M Na2SO4 0.05 A g−1

45.5 5 A g−1

K60 [11] 112 0.1 M K2SO4 2 mV s−1

The birnessite sample [21] 176 0.5 M Na2SO4 5 mV s−1

δ-MnO2 [6] 236 0.1 M Na2SO4
a1 A g−1

Lamellar birnessite-type MnO2 [9] 242.1 2 M (NH4)2SO4
a0.26 A g−1

pMHs [12] 194 1.0 M Na2SO4 0.1 A g−1

1D birnessite MnO2 [10] 277 1.0 M Na2SO4
a0.71 A g−1

aCurrent density in A g−1 is calculated based on the data in literatures.

Fig. 6 Nyquist plots of the EIS for the δ-MnO2 electrode before and after
cycling test. Inset represents the high-frequency region
Another is those interconnected MnO2 nanosheets which reduces
solid-stated transfer distance for the electrolyte into the MnO2

structure.
The capacitance of the δ-MnO2 electrode decreases as the in-

crease of the current density. The specific capacitance at the dis-
charge current density of 5 A g−1 is 45.5 F g−1. There is only
20% retention of the initial capacitance for the flower-like
δ-MnO2 electrode, indicating its poor rate capability. This maybe
because the inner region in the flower-like δ-MnO2 structure is un-
reachable for the Na+ ions at large current density. In addition, com-
pared with the work listed in Table 1, the specific capacitance of
flower-like δ-MnO2 at high current density of 5 A g−1 is not
high, which is not feasible for practical application. Thus, the rate
capability of the as-prepared flower-like δ-MnO2 should be
increased in future.
The cycling life of the flower-like δ-MnO2 electrode is an index

for its applicability. Here, galvanostatic charge/discharge measure-
ment of continuous cycle was carried out. A regular current density
of 2 A g−1 and a voltage range of −0.654–0.14 V (vs. Hg/Hg2SO4)
were adopted. A trend between the capacitance retention and the
cycle number is present in Fig. 5a. As seen, the capacitance reten-
tion slightly decreases with increasing of the cycle number, which
result of the decrease of the δ-MnO2 capacitance. After 2000 cycles,
the capacitance held 85% of its initial, indicating a good cycling life
of the flower-like δ-MnO2 electrode.
To clear intrinsic reason of the capacitance decrease of the

δ-MnO2 electrode before and after cycling test, EIS was carried
out. Typical Nyquist plots are presented in Fig. 6. In high-frequency
region, a semicircle appears, which was attributed to the charge
transfer process at electrode/electrolyte interface. In low frequency
region, a straight line arises, which was ascribed to the ion diffusion
process in the bulk of the active mass [22, 23]. As seen, the semi-
Fig. 5 Variation between the capacitance retention and the cycle number
of the δ-MnO2 electrode in the 1 mol l−1 Na2SO4 electrolyte measured
using the galvanostatic charge–discharge technique at a current density
of 2 A g−1
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circle becomes larger after cycling test, indicating an increase of
charge transfer resistance. Meanwhile, the linear slope decreases
after cycling test, suggesting the ion diffusion resistance increases.
The increased ion diffusion and charge transfer resistances account
for the decrease capacitor performance.

As the previous statement, the space between the layers of the
δ-MnO2 structure is affected the intercalation of cations. The
change of these cations plays an important role in its supercapaci-
tive storage process. That is to say, the change of inerted K+

maybe lead to the decrease of the specific capacitance of flower-like
δ-MnO2. To prove the speculation, XPS analysis was performed.
As shown in Fig. 7, all the signals are ascribed. Before cycling
Fig. 7 XPS survey spectra of the δ-MnO2before and after cycling test
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test, the K signals clear arise. After cycling test, the K signals
become very weak, implying its relative content in the δ-MnO2

structure significantly decreases after cycling test. The result indi-
cates the K+ loss during the cycling test. Meanwhile, a few of
Na+ substituted the location of K+, which is proved by the existence
of the Na+ signal presented as the enlarged inserts. These changes
maybe make the layer space in the δ-MnO2 structure shrink. The
Na+ diffusion in the δ-MnO2 structure becomes difficult, making
ion diffusion and charge transfer resistances increase, results in
the decrease of the capacitance during cycling test.

4. Conclusion: Porous flower-like δ-MnO2 spheres were prepared
via a hydrothermal route without template. Its flower-like
morphology with porous structure was investigated by BET, SEM
and TEM. CV curves indicates the capacitance of the δ-MnO2

electrode mainly originated from the double layer reaction. The
flower-like δ-MnO2 electrode exhibited a high specific
capacitance of 227.2 F g−1 at a current density of 0.05 A g−1.
When increasing the current density, its capacitance decreases
because of the incompletely intercalation effect of Na+ ions. After
2000 cyclic processes, the loss of the specific capacitance was
15%. These results imply that the obtained flower-like
δ-MnO2should be an alternative electrode material for ECs.
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