
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:2

6:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Facile synthesis a
Research Center of Graphene Applications, B

Beijing 100095, China. E-mail: shaojiuyan@

10 6249 6426

Cite this: RSC Adv., 2017, 7, 55734

Received 14th August 2017
Accepted 11th November 2017

DOI: 10.1039/c7ra08962g

rsc.li/rsc-advances

55734 | RSC Adv., 2017, 7, 55734–5574
nd characterization of ultrathin d-
MnO2 nanoflakes

Xiang Chen, Shaojiu Yan,* Nan Wang, Sikan Peng, Chen Wang, Qihu Hong,
Xiaoyan Zhang and Shenglong Dai

Ultrathin MnO2 with a 2D structure is extremely attractive, especially in the field of energy storage, as its high

surface area enables faradaic charge storage and provides short transport paths for electrons and ions. In

this paper, we report a facile synthesis of ultrathin d-MnO2 nanoflakes with wrinkled morphology via the

reduction of potassium permanganate by ethanol in an aqueous solution. The obtained d-MnO2

nanoflakes were potassium manganese oxide hydrate (K-birnessite) with the chemical formula

K0.25MnO2.06$0.51H2O and had a lamellar structure with monoclinic symmetry. The lateral dimensions of

the nanoflakes were in the range of 150–200 nm, as determined by transmission electron microscopy

(TEM). A further high-resolution-TEM analysis indicated that these nanoflakes were composed of nano-

grains with a thickness of 4–5 nm. It is speculated that the nanoflakes assembled from crystal nuclei 4–

5 nm in size, corresponding to �7 lamellar layers, along the layer directions. As a result, the assembled

nanoflakes inherited the ultrathin nature of these crystal nuclei. Cyclic voltammetry measurements

demonstrated the excellent electrochemical properties of the nanoflakes, which can potentially serve as

supercapacitor electrode materials.
Introduction

Two-dimensional (2D) materials have become one of the most
exciting research elds in materials science over the years1

because they present novel properties different from their bulk
counterparts when reduced to their physical limits.2 These
materials have high surface areas and exibility,3 and some of
them exhibit high mechanical strength, high electrical and
thermal conductivities, and high dielectric constants.4,5

With its unique 2D nanostructure, layered MnO2 has been
extensively investigated and widely used in the areas of ion-
exchangers,6 adsorbents,7 catalysis,8 and energy storage.9

Layered MnO2 is typically a ternary phase with the general
formula RxMnO2$yH2O, where water molecules and cationic
species are located between the layers composed of MnO6

octahedral units10 so as to balance the charges. The interlayer
spacing between the octahedral layers is around 7�A,11 which is
suitable for cation migration and thus leads to excellent ion-
exchange properties and electrochemical performance.12 In
energy storage applications, MnO2 uses only a nanometer-thick
portion of its surface to store charge; therefore, a high-surface
area MnO2 nanoake with nanometer thickness could be
ideal for enhanced charge storage. Besides, the ultrathin MnO2

nanoakes could tolerate volume alteration during the charge–
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discharge cycles due to their exibility, leading to improved
stability.

Layered MnO2 can be synthesized through the reduction/
decomposition of a Mn(VII) compound or the oxidization of
a Mn(II) compound. Aer years of effort, several synthetic routes
such as co-precipitation,13 hydrothermal,14 sol–gel,15 decompo-
sition,16 and microwave-assisted methods17,18 have been devel-
oped. The morphology of layered MnO2 is affected by several
synthetic parameters such as the type, concentration, and ratio
of reactants, and the temperature and pH of the reaction. Liu
et al.19 reported a simple synthesis of acid K-birnessite nano-
particles by adding NH2OH$HCl to KMnO4 solution under
ambient condition. The particle size could be decreased by
adding an excess of the NH2OH$HCl reductant. Wang et al.20

synthesized K-birnessite nanoparticles by a redox reaction
between KMnO4 and (NH4)2C2O4 at 90 �C. The morphology of
the obtained nanoparticles was dominated by the reactant ratio
of KMnO4 to (NH4)2C2O4. The particles exhibited ower-like
morphology when the reactant ratio was 0.5. When the ratio
increased to 2.25, the surface of the nanoparticles became
denser and the ower-like structure disappeared. Although
much effort has been devoted to improving the fabrication
methods to control the morphology of layered MnO2, the ob-
tained products are most oen granular or have ower-like
shapes. Extra exfoliation is usually required to achieve a aky
morphology. For instance, Beatriz et al.21 reported a two-step
exfoliation route to achieving aky MnO2. Firstly, he fabri-
cated ower-shaped MnO2 nanostructures with a typical co-
This journal is © The Royal Society of Chemistry 2017
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precipitation method, and then exfoliated them into nanoakes
with isopropanol. The obtained akes possessed lateral
dimensions of 20–40 nm and thickness of 3.2 nm. Omomo
et al.22 synthesized unilamellar two-dimensional crystallites of
MnO2 with a thickness of �0.8 nm by intercalating layered
protonic MnO2 (H0.13MnO2$0.7H2O) with tetrabutylammonium
ions during an ion-exchange treatment. Besides, 2D MnO2

nanoakes were also reported, synthesized with the aid of
surfactants and templates. For example, Kang's group23,24

synthesized amorphous MnO2 nanosheets via the reduction of
KMnO4 aqueous solution dispersed in isooctane with sodium
bis(2-ethylhexyl) sulfosuccinate. Zhao et al.25 reported an in situ
synthesis of MnO2 nanosheets from graphene oxide templates.

However, the synthesis of perfect 2D MnO2 nanoakes
especially with an ultrathin feature is still challenging; the
current synthesis procedures are generally multi-step, time-
consuming, or high-cost, invariably involve toxic or expensive
chemicals, and are not suitable for scale production. Therefore,
it is necessary to spend some effort on developing a simple
synthesis method for ultrathin 2D MnO2 nanoakes. Moreover,
their characterization and growth mechanism are also worth
the attention. Herein, we report the preparation of 2D d-MnO2

nanoakes by a simple chemical co-precipitation method. The
chemical formula and structure of d-MnO2 were determined,
and its growth mechanism was proposed based on TEM
observation and structural analysis. Finally, we investigated the
supercapacitive performance of the as-prepared d-MnO2

nanoakes.
Experimental
Synthesis procedure

d-MnO2 nanoakes were prepared through a redox reaction
between KMnO4 and C2H6O. The reagents with 99.5% purity
were supplied by Sinopharm Chemical Reagent. In brief, 1 g of
KMnO4 was dissolved in 500 ml of distilled water and excess of
C2H6O was added dropwise under vigorous stirring. The reac-
tion was carried out at ambient temperature for 2 h until the
purple solution turned brown. The obtained precipitate was
ltered under pressure, and washed with distilled water and
then ethanol. Finally, the puried precipitate was desiccated at
80 �C for 12 h in an electric thermostatic drying oven, and
a brown powder was obtained.
Characterization

Chemical analysis was carried out using an inductively coupled
plasma-atomic emission spectrometer (PerkinElmer Optima
7300 ICP-AES). The thermal decomposition was studied with
a differential scanning calorimeter (DSC-214, NETZSCH) in an
argon ow using an aluminum crucible. The valence state was
determined by X-ray photoelectron spectroscopy (XPS) under
ultra-high-vacuum condition using monochromatic Al Ka X-rays
(1486.6 eV). Powder X-ray diffraction (XRD) patterns were ob-
tained using a diffractometer (Bruker D8 advance) with Cu Ka

radiation (30 kV, 30 mA, l ¼ 1.5406 �A). TEM and selected area
electron diffraction (SAED) were performed utilizing
This journal is © The Royal Society of Chemistry 2017
a transmission electron microscope (FEI Tecnai G2 F30) at an
accelerating voltage of 100 kV, equipped with a high-resolution
accessory. A Fourier transform infrared spectroscope (FTIR
Spectrum 400) was used to determine the crystal structure of the
as-prepared MnO2. Raman scattering spectra were recorded
with a Raman spectrometer (HORIBA LabRAMHR800, Japan) at
room temperature.
Electrochemical measurements

To prepare the working electrode, 70 wt% of as-prepared MnO2,
20 wt% acetylene black, and 10 wt% polytetrauoroethylene
(PTFE) were uniformly mixed using an agate mortar and pestle
for 30 min. The mixture was dispersed in ethanol in an ultra-
sonic bath (37 kHz, 200 W) for 20 min. The dispersion was then
dropped on a well-polished glassy carbon electrode and desic-
cated under infrared light. The electrochemical properties of
the electrode were examined via cyclic voltammetry in a three-
electrode electrochemical cell, which consisted of a Ag/AgCl
reference electrode and a platinum-wire counter-electrode
with 0.5 M K2SO4 electrolyte (the pH was adjusted to 10 with
a dilute buffer solution).
Results and discussion
Chemical composition and crystal structure

Prepared in a K-rich aqueous solution, the obtained powder is
anticipated to contain K and crystal water. Thus, chemical
analysis (by ICP-AES) and synchronous thermal analysis (by
DSC) were carried out in sequence. The K and Mn content were
determined as 8.72 wt% and 48.44 wt%, respectively. The DSC
analysis detected two endothermic peaks in the temperature
range from room temperature to 200 �C. A similar phenomenon
was reported by Bach et al. In their DSC study of Na-birnessite,
two departures of water were observed at 85 and 150 �C.26$As
shown in Fig. 1a, the peaks at 109.7 �C and 148.2 �C are believed
to have originated from the evaporation of adsorbed water and
interlayer water, respectively. The integration of both the peaks
yields a vaporization heat of 163 J g�1, which, when compared to
the standard vaporization heat of water (2.257 kJ g�1), gives an
estimated water content of 7.22 wt%. In addition, the water
content was determined by weighing the mass loss aer the
DSC test, which yielded a value of 8.62 wt%. The reported values
of the water content of potassium manganese oxide hydrate
range from 4.3 to 14.1 wt%.27–29 This discrepancy is probably
due to the presence of adsorbed water, which can vary with
environmental humidity and preheating conditions. The
valence state of Mn was determined by XPS (Fig. 1b). The Mn
2p3/2 peak was tted with ve multiplet components in
conformity with the parameters established by Biesinger et al.30

The atomic ratio of Mn3+ : Mn4+ was evaluated by their relative
peak areas, and the average oxidation state of Mn was found to
be 3.87. Finally, the chemical formula of the MnO2-based
powder was determined as K0.25MnO2.06$0.51H2O. The co-
precipitation reaction between KMnO4 and C2H6O can be
described by the following equation:
RSC Adv., 2017, 7, 55734–55740 | 55735
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Fig. 1 Thermal decomposition and compositional analysis of the as-
prepared powder. (a) DSC curve. (b) XPS spectra.

Fig. 2 Structural characterization of the as-prepared powder. (a) XRD
pattern. (b) FTIR Spectra. (c) Raman scattering.

Table 1 XRD data for the Debye–Scherrer equation

No. 2w (�) d (�A) b (rad) (hkl) Dhkl (�A)

1 12.48 7.09 0.038 (001) 40.34
2 25.21 3.53 0.043 (002) 36.96
3 36.74 2.45 0.021 (110) 76.18
4 65.77 1.42 0.034 (020) 53.62

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
:2

6:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
K+ + 4MnO4
� + 3.13C2H6O /

4K0.25MnO2.06$0.51H2OY + 3.13CH3COO� + 2.59H2O + 0.13H+

(1)

Phase determination of the as-prepared powder was carried
out by XRD, and the result is presented in Fig. 2a. The pattern
coincides well with the reference JCPDS00-042-1317 (potassium
manganese oxide hydrate, K0.25MnO2$0.75H2O, star quality).
The main peaks appear at 12.48�, 25.21�, 36.74�, and 65.77�

corresponding to the (001), (002), (110), and (020) planes with
interplanar spacing of 7.09, 3.53, 2.45, and 1.42�A, respectively.
The reference phase (a¼ 5.150�A, b¼ 2.844�A, c¼ 7.159�A, a¼ g

¼ 90�, b ¼ 100.64�) belongs to the face-centered (C) monoclinic
crystal system. Its [010] axis has a two-fold rotational symmetry,
and the vertical plane perpendicular to the [010] axis is a mirror
symmetry plane. The XRD analysis hence conrmed the layered
structure of the as-prepared powder, which can be denoted as K-
birnessite or d-MnO2. The layered d-MnO2 is commonly gener-
ated from the redox reaction between KMnO4 and C2H6O, and
the presence of K+ is believed to stabilize its 2D layered
structure.

In addition, the XRD peaks were signicantly broad
compared to the standard patterns. This phenomenon is
attributed to the small crystalline grain size, as estimated by the
Debye–Scherrer equation, Dhkl ¼ fl/b cos w, where Dhkl is the
mean size of the crystalline domains (or grain size), f is
a dimensionless shape factor with a value close to unity
55736 | RSC Adv., 2017, 7, 55734–55740
(typically 0.9), l is the X-ray wavelength, b is the full width at half
maximum (FWHM, expressed in radians), and w is the Bragg
angle (in degrees). The corresponding results, listed in Table 1,
indicate an ultrane grain structure for the d-MnO2 material.

FTIR and Raman characterizations further elucidated the
crystal structure of the nanoake grains. Fig. 2b shows the IR
spectra of d-MnO2. The bands at 3410 cm�1 and 1400–
This journal is © The Royal Society of Chemistry 2017
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1650 cm�1 correspond to the stretching31 and bending32 vibra-
tions of H2O, respectively, and the presence of several O–H
bending vibration modes in the 1400–1650 cm�1 range indi-
cates the co-existence of adsorbed and crystal water.33 Another
important observation is the band at 518 cm�1, which repre-
sents the Mn–O bond vibration.34 Fig. 2c shows the Raman
spectra of d-MnO2, where an intense band at 568 cm�1 and
three weak bands at 394, 489, and 624 cm�1 are observed. The
Raman band located at 624 cm�1 can be attributed to the
symmetric stretching vibration n2(Mn–O) of MnO6. The band at
568 cm�1 is generally attributed to the n3(Mn–O) stretching
vibration in the MnO6 layer, and its strong intensity is believed
to be related to the high content of quadrivalent Mn atoms in
the birnessite structure. The bands at 489 and 394 cm�1 are
assigned to the n5(Mn–O) and n7(Mn–O) stretching vibrations of
MnO6, respectively. These features correspond to a layered
birnessite MnO2 material consisting of layers composed of
MnO6 units,35 in which six oxygen atoms surround a central
manganese atom in an approximate octahedral coordination,
and crystal water between the layers, as shown in Fig. 3a. Based
on the above characterization, crystal parameters, and data
from Table 1, we determined the structure of a typical d-MnO2
Fig. 3 Schematic of d-MnO2 structure. (a) MnO6 octahedral units,
water, and K+. (b) View of the crystal cell along a direction parallel to
the (001), (110), and (020) planes; (c) (001), (010), and (110) planes in the
3D crystal cell. (d) Typical d-MnO2 grain with lamellar structure.

This journal is © The Royal Society of Chemistry 2017
grain (Fig. 3d). Three independent lattice planes—(001), (110),
and (020)—were chosen to estimate the dimensions of a typical
grain (Fig. 3b). Nhkl is the number of atomic layers in a grain in
its [hkl] direction, and is calculated as Dhkl/dhkl (Fig. 3c). N100,
N010, and N001 were calculated as 10, 20, and 6, and a 7-layer 3D
grain was accordingly drawn in Fig. 3d.
Morphology observation and analysis

A TEM image of the as-prepared d-MnO2 is displayed in Fig. 4a,
which shows a typical layered ake-shape morphology. The
wrinkling, along with the highly transparent ake border,
points to ultrathin nanoakes. In the gure, one can distin-
guish wrinkled akes with a lateral size of 150–200 nm. Despite
their nanoscale dimensions, these individual nanoakes are
not monocrystals (Fig. 4d), but, on the contrary, exhibit dozens
of crystalline grains within an HR-TEM-analyzed region, with
a lateral size of about 5 nm. Lamellar stripes are observed along
the border or the wrinkled region of these nanoakes. As shown
in Fig. 4b, two obvious distinctions can be made between these
stripes and the ordinary crystal lattice stripes. First, the stripe
spacing is much wider for the lamellar structures, i.e., 6–7 �A
measured here, as opposed to the ordinary crystal lattice stripe
Fig. 4 TEM analysis of the as-prepared d-MnO2. (a) TEM and (b) HR-
TEM image of lamellar stripes within the nanoflakes. (c) SAED pattern
and (d) HR-TEM image of polycrystalline grains.

RSC Adv., 2017, 7, 55734–55740 | 55737
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spacing of 1–3 �A. Second, while the ordinary crystal lattice
stripes are equidistantly aligned, the lamellar stripes can be
exuous in shape. From the measurements of these lamellar
stripes, the average thickness of the nanoakes was determined
to be 4 nm, similar to the lateral crystalline grain size. It is
noteworthy that the observation of the lamellar structure is the
most direct visual identication of the product as a layered
birnessite.

As expected, the SAED pattern (Fig. 4c) consisted of poly-
crystalline rings. Since the incident electron beam was vertical
to the d-MnO2 nanoake plane (i.e., along its [001] normal
direction), only the planes vertical to the (001) plane would
generate rings in the SAED image. Table 2 lists the planes that
are approximately vertical to the (001) plane, their correspond-
ing d-spacing values, and the angles they form with the (001)
plane. The d-spacing values obtained from the SAED poly-
crystalline rings are also given in Table 2, as well as the theo-
retical value of the (001) plane spacing and the measured value
obtained from the HR-TEM images. The theoretical d-spacing
values are about 1.1 times larger than the measured ones. The
narrowing of the d-MnO2 interlayer spacing (d001) has already
been reported,33 and is believed to be induced by dehydration
caused by exposure to an electron beam in vacuum. In this
paper, we found that not only d001, but also d010 and d110
reduced at the same rate aer the dehydration of d-MnO2. In
other words, hydration expands the d-MnO2 unit cell at the
same rate in all directions.
Growth mechanism

Considering that the d-MnO2 nanoakes assembled from
layered nano-grains, as illustrated in Fig. 3d, we propose
a possible growth mechanism of these akes. In the rst stage,
d-MnO2 crystal nuclei with a lamellar structure consisting of
MnO6 octahedron layers, cations, and water were generated.
These negatively charged crystal nuclei repulsed each other
while attracting K+. The crystal nuclei therefore tended to
Table 2 Theoretical and experimental values of the interplanar
spacinga

Plane (hkl)
Theoretical angle
with (001) plane#

d (�A)

R)Theoretical# Measured

(010) 90� 2.843 2.61^ 1.09
(110) 85� 2.478 2.24^ 1.11
(30�1) 87� 1.714 1.59^ 1.08
(31�1) 87� 1.468 1.37^ 1.07
(020) 90� 1.421 1.30^ 1.09
(22�1) 85� 1.240 1.13^ 1.10
(32�1) 88� 1.094 1.01^ 1.08
(50�2) 84� 1.024 0.92^ 1.14
(001) 0� 7.050 6.40* 1.10

a 1. Data marked with # are calculated from the monoclinic crystal
parameters (a ¼ 5.150 �A, b ¼ 2.844 �A, c ¼ 7.159 �A, a ¼ g ¼ 90�, b ¼
100.64�). 2. Data marked with ^ are derived from the electron
diffraction rings. 3. Data marked with * were obtained from the direct
measurement of the lamellar spacing. 4. R) ¼ dTheoretical : dMeasured.

55738 | RSC Adv., 2017, 7, 55734–55740
assemble along the lamellar directions, yielding the nano-
grains observed by HR-TEM in Fig. 4d, and shown by the
parallel lines in Fig. 5. This self-assembly is believed to be
controlled by coulombic interactions36 and driven by surface
energy reduction. However, defects inevitably formed during
the self-assembly and nally led to an imperfect wrinkled
nanoake morphology. It is worth mentioning that d-MnO2

nanoakes were assembled along the lamellar directions, and
hence, their thicknesses were determined by the thicknesses of
their component crystal nuclei. A sufficient condition to achieve
ultrathin d-MnO2 nanoakes is to control the thicknesses of
their original crystal nuclei.
Supercapacitive performance

The CV measurements of the d-MnO2 electrode were performed
at a scanning rate in the range of 1–100 mV s�1 (Fig. 6a). The
nearly rectangular shapes of the CV curves indicate a nearly
ideal supercapacitive behavior. The area under the CV curve
increases with increasing scanning rate, while the curve retains
its shape. According to Simon's mechanism, d-MnO2 stores the
charges mainly by pseudo-capacitive reactions occurring at the
surface and bulk of the solid MnO2 phase, as shown below:37

Mn(IV)O2 + xC+ + yH+ + (x + y)e� 4

Mn(III)(x+y), Mn(IV)1�(x+y)OOCxHy, (2)

where C+ ¼ Li+, Na+, or K+. Since the oxidation state of Mn can
be tailored reversibly and continuously during the pseudo-
capacitive reactions of d-MnO2, we can hardly observe any
typical pseudocapacitance peak in the CV curves. For the
surface pseudo-capacitive reaction, cations can electrochem-
ically adsorb onto the surface of d-MnO2 through the charge-
transfer process, which is kinetically more facile and is
referred to as redox pseudocapacitance. For the bulk pseudo-
capacitive reaction, charge storage is achieved by the
intercalation/deintercalation of protons and cations into the
interlayer gaps of layered d-MnO2. This process involves the
long-range diffusion of ions through interlayer gaps, and
hence, the intercalation/deintercalation is relatively slower
and is known as intercalation pseudocapacitance. The
Fig. 5 Schematic of the growth mechanism of d-MnO2 nanoflakes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) CV curves of the d-MnO2 electrode at potential scanning rates
of 1, 2, 5, 10, 20, 50, and 100 mV s�1. (b) Redox and intercalation
contributions to charge storage of d-MnO2 electrode at 1 mV s�1. (c)
Specific capacitance of the d-MnO2 electrode and its redox contribution
as a function of the potential scanning rate. (d) Cycling performance of
the d-MnO2 electrode at a potential scanning rate of 100 mV s�1.
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contribution of redox and intercalation pseudocapacitance
can be divided according to Dunn's work,38–40 as shown in
Fig. 6b.
This journal is © The Royal Society of Chemistry 2017
The specic capacitance of the electrode can be obtained
from the area under the CV curve using the following
equation:41–43

c ¼
ð
i

dV

2mVDV
(3)

where i is the current (A), V is the voltage (V),
Ð
idV is the area

under the CV curve, v is the scan rate (V s�1),m is the mass (g) of
the electrode, and DV is the potential window (V). The specic
capacitance values of the MnO2 electrode were found to be 310,
260, 218, 191, 161, 144, and 137 F g�1 at scanning rates of 1, 2, 5,
10, 20, 50, and 100mV s�1 (Fig. 6c), respectively. In addition, the
specic redox pseudocapacitance was quantied as 117 F g�1,
which is independent of the scanning rate.

At a high scanning rate, cation diffusion through interlayer
gaps is restricted; therefore, the redox pseudocapacitance at the
surface of d-MnO2 is the major contributor to the capacitance
(86% at 100 mV s�1). By contrast, the capacitance mainly orig-
inates from the insertion and extraction of cations into and
from the d-MnO2 layers at a low scanning rate, and the redox
pseudocapacitance contributes only 38% of total capacitance at
1 mV s�1. Note that the theoretical specic capacitance of d-
MnO2 (chemical formula: K0.25MnO2.06$0.51H2O) can be ob-
tained according to Cao's method,44 which was calculated as
862 F g�1. Considering the 7-layered lamellar structure of
d-MnO2, the surface redox pseudocapacitance provides only
one-seventh of the theoretical capacitance. The poor rate
performances shown in Fig. 6c are mainly due to the structure
of d-MnO2. On one hand, the large lateral dimensions of
d-MnO2 nanoakes result in a long-range diffusion path for ions
through the interlayer gaps, and the intercalation pseudocapaci-
tance becomes dependent on the scan rate in the concerned
range. On the other hand, the lamellar layer number of the
d-MnO2 nanoakes is not small enough to provide a large redox
pseudocapacitance. To further evaluate the stability of the d-MnO2

electrode, long-term cycling was carried out at 100 mV s�1; the
corresponding result is shown in Fig. 6d. The d-MnO2 electrode
exhibited about 86.5% of the initial specic capacitance aer 1000
cycles. The good electrochemical stability indicates that a highly
reversible redox reaction occurred at the surface and in the
interlayer gaps of the d-MnO2 electrode.
Conclusions

In summary, d-MnO2 nanoakes were synthesized via the
reduction of KMnO4 by C2H6O in an aqueous solution. The so-
obtained d-MnO2 nanoakes exhibited a lamellar structure and
wrinkled morphology. In the rst stage of nanoake formation,
nuclei with a size of �4 nm, corresponding to �7 lamellar
layers, crystallized as K0.25MnO2.06$0.51H2O in the face-
centered (C) monoclinic crystal system. Then, the nuclei self-
assembled into nanoakes with a thickness of �4 nm and
lateral dimensions in the range of 150–200 nm. Defects formed
during the self-assembly, which led to the observed wrinkled
morphology. However, the obtained nanoakes exhibited
excellent electrochemical properties. In 0.5 M K2SO4 aqueous
solution, the specic capacitance of the d-MnO2 electrode
RSC Adv., 2017, 7, 55734–55740 | 55739
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reached 310 F g�1 at a scanning rate of 1 mV s�1, and 86.5% of
the initial specic capacitance remained aer 1000 cycles at
100 mV s�1.
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