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Flexible asymmetric supercapacitors with excellent electrochemical performance and aesthetic property are
realized by using ultrathin two-dimensional (2D) MnO2 and graphene nanosheets as cathode and anode
materials, respectively. 2D MnO2 nanosheets (MSs) with a thickness of ca. 2 nm are synthesized with a soft
template method for the first time, which achieve a high specific capacitance of 774 F g21 even after 10000
cycles. Asymmetric supercapacitors based on ultrathin MSs and graphene exhibit a very high energy density
up to 97.2 Wh kg21 with no more than 3% capacitance loss after 10000 cycles in aqueous electrolyte. Most
interestingly, we show that the energy storage device can have an aesthetic property. For instance, a ‘‘Chinese
panda’’ supercapacitor is capable of lighting up a red light emitting diode. This work has another, quite
different aspect that a supercapacitor is no longer a cold industry product, but could have the meaning of art.

T

wo-dimensional (2D) nanosheets with one or several layers of atom or crystallites, such as graphene, have
been investigated extensively as a new class of nanoscale materials1–6. 2D shape with an ultrathin thickness
always shows relatively large surface areas and distinctive properties. It is well known that the process of the
charge storage involves the insertion/extraction of protons or ions in the first few nanometers on the surface of
electrode materials for pseudocapacitors and the adsorption/desorption of ions forming at the interface between
electrode and electrolyte for electrochemical double-layer capacitors (EDLC)7–9. Therefore, the design of asymmetric supercapacitor based on 2D nanosheet materials with an ultrathin thickness can definitely decrease the
diffusion length of ions, increase the contact area with electrolyte as well as improve active material utilization,
which leads to an enhanced electrochemical performance. Manganese dioxides have attracted considerable
interest utilized in asymmetric supercapacitors attributing to its low cost, abundance, and excellent electrochemical performance in aqueous electrolytes10–13. In addition, the graphene is widely investigated as the electrode
material in supercapacitor due to its 2D geometry1,14. However, it is never reported the single-dispersed 2D MnO2
nanosheets (MSs) or the asymmetric supercapacitors with ultrathin 2D nanosheet materials as both cathode and
anode materials.
With the boost of wearable and bendable consumer electronics that have an aesthetic appeal and unique
functionality, it requires that the energy storage devices show not only excellent electrochemical performance, but
also flexibility and shape versatility14–20. However, the state-of-the-art flexible supercapacitors generally use the
flexible electrodes in the form of carbon networks as main infrastructure to reserve the flexibility14,16,21–24. Without
the carbon networks pseudocapacitive materials can barely be used to fabricate the flexible electrodes, so as to
assemble the flexible supercapacitors. This causes severe limitation in choosing electrode materials. Moreover, it
is also a significant challenge to fabricate the flexible electrodes with a controllable shape or size by the current
techniques, which is emphatically required17. Furthermore future consumer electronics also need the power
sources with specific amazing functions, for example with transparent or aesthetic property25–27.
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Herein, for the first time, flexible asymmetric supercapacitors with
excellent electrochemical performance and aesthetic property were
fabricated by using two kinds of ultrathin 2D nanosheet materials
(MSs and graphene) through a novel strategy (Supplementary Fig.
S1). The MSs with a thickness of ca. 2 nm induce to a high capacitance of 774 F g21 and good rate performance. Flexible asymmetric
supercapacitors using the ultrathin 2D MSs and graphene in aqueous
Ca(NO3)2-SiO2 gel electrolyte realized excellent electrochemical performance (such as an energy density up to 97.2 Wh kg21 much
higher than traditional MnO2 based supercapacitor and no more
than 3% capacitance loss even after 10000 cycles). Most interestingly,
these supercapacitors can be designed to show desirably aesthetic
property, for example letters, words and patterns. It provides a versatile tool to design and fabricate the supercapacitor with a certain
shape through a simple process and almost all electrode materials are
available. For instance an asymmetric supercapacitor with a vivid
‘‘Chinese panda’’ pattern has a voltage of 2.0 V capable of lighting
up a red light emitting diode (LED). Our work has another, quite
different aspect that a battery or supercapacitor is no longer a cold
industry product, but could have the meaning of art.

Results
We firstly use the soft template to synthesize the ultrathin MSs. A
binary system consisting of surfactant (sodium bis(2-ethylhexyl)sulfosuccinate, AOT) and water can form unique structure automatically. The hydrophobic long chain of surfactant (S) tends to
intertwine from each other to force hydrophilic heads toward the
water phase in a binary phase. The common phase of a binary phase
is the lamellar structure (referred as G phase) as shown in
Supplementary Fig. S2A. In such G phase, there are alternately
extended aqueous and organic lamellae. The thickness of these
lamellae is about several nanometers. The inorganic salts such as
KMnO4 can be dissolved mainly within the aqueous region, which
indicates a binary liquid lamellar structure consisting of surfactant
AOT and KMnO4 aqueous solution. Our previous work found that
KMnO4 can be reduced by the hydrophilic head of AOT28. Therefore,
a new self-reacting method can be proposed in this work to produce
MnO2 ultrathin lamellae. At first, the AOT and water are mixed to
form a binary lamellar structure. Then KMnO4 is dissolved within
the aqueous region (Ws). Finally MnO2 will be automatically synthesized and the growth of MnO2 will be restricted in the aqueous
region by extra AOT to form MSs.
As shown in Figure 1A, ultrathin sheet morphology is clearly
presented. The average width of the MSs is ca. 50 nm. The high
resolution transmission electron microscope (HRTEM) image in
Figure 1B shows that the thickness of MS is ca. 2 nm, which is
constructive of three or four thin flakes. Each flake has a fundamental
thickness of ca. 0.6 nm corresponding to the height of [MnO6] octahedron known as the basic structure unit of manganese dioxide.
Atomic force microscopy (AFM) study on the thickness of MS is
shown in Supplementary Fig. S2B. It also indicates that MSs with
ultrathin sheet morphology have an average thickness of ca. 2 nm,
which is consistent with results observed in the TEM images. Welldefined sheet morphology is also clearly presented in SEM images
(Fig. S2C) and a lower magnification TEM image of MnO2
nanosheets with a high magnification inserted are shown in Fig.
S2D, which indicates a narrow size distribution of the single-dispersed MnO2 nanosheets. X-ray diffraction (XRD) pattern of the
amorphous MSs with a few of broad peaks is shown in
Supplementary Fig. S3A. MSs are further characterized by Fourier
transformation infrared spectra (FTIR) and Raman spectroscopy
measurement (Supplementary Figs. S3B and S3C). In the FTIR curve,
the bands at frequency around 3370 cm21 and 1630 cm21 represent
stretching and bending vibrations of water molecules or hydroxyl
groups in the tunnel29. It is previously shown that the physisorbed
water and proton facilitate the charge transfer and the diffusion of
SCIENTIFIC REPORTS | 3 : 2598 | DOI: 10.1038/srep02598

Figure 1 | (A) TEM image of MSs, (B) HRTEM image of MSs. (C) SEM
image of GA, (D) TEM image of GA.

ions. Therefore, the as-synthesized amorphous MSs may lead to a
better electrochemical performance compared with the crystalline
form. The strong absorption observed at the lower wavenumber
ranging from 800 cm21 to 400 cm21 corresponds to the characteristic Mn-O stretching vibrations in manganese oxides. In the Raman
spectral window, the band of 580 cm21 is attributed to the vibration
of Mn-O in MnO229–31. Porosity of MSs is also studied by N2 adsorption/desorption analysis (Supplementary Fig. S3D). The surface area
is about 191.3 m2 g21 calculated with the Brunauer-Emmett-Teller
(BET) method, which is close to the theoretical value of 220 m2 g21
for a MnO2 sheet with 2 nm in thickness and 50 nm in diameter.
The formation of graphene with continuous architecture (GA) is
derived by some non-covalent bonding such as hydrogen bonding,
coordination, electrostatic interaction and P-P stacking interactions during the hydrothermal process32. SEM image in Figure 1C
reveals that the GA has an interconnected three-dimensional porous
network with pore sizes ranging from submicrometer to several
micrometers, which can substantially improve the accessible surface
area and ion transport performance in electrodes. The surface area of
GA calculated by BET method is as high as ca. 441.2 m2 g21 with
nitrogen absorption/desorption analysis (Supplementary Fig. S4A).
TEM image in Figure 1D exhibits GA is constituted by ultrathin
graphene nanosheets. The structure of graphite, graphite oxide
(GO) and GA is studied by XRD (Supplementary Fig. S4B), the curve
of GO shows a strong peak at 2h 5 12.2u, which corresponds to an
interlayer distance of 7.2 Å due to the presence of hydroxyl, epoxy,
and carboxyl groups. After hydrothermal reduction of GO for 24 h, a
broad peak emerges at 2h 5 24.2u indicating the poor ordering of
GA. The change of structure after reduction process is further studied
by Raman Spectrum (Supplementary Fig. S4C). Both GO and GA
display the existence of D and G bands located at 1352 and
1594 cm21. The intensity ratio (ID/IG) of D and G bands is 0.9 in
GO and increases to 1.1 in GA, which indicates some defects are
introduced in GA due to the hydrothermal reduction of GO33.
With screen printing method, the fabricated MnO2 flexible electrodes can be designed as various pictures, words or letters, and
patterns designed by us as shown in Figure 2A. Every fine screenprinted electrode presents a beautiful static picture. In addition, the
‘‘transparency’’ is controllable. For instance, in the square lattice
designs the transparency increases with the size of printing pot
2
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Figure 2 | (A) Photographs of the screen-printed electrodes of various designs; (B) Photographs of electrodes demonstrating good optical transparency
and mechanical flexibility. Shi Shan designed the patterns of electrodes and took the photograph.

decreases. The transparency (T) of electrode can be calculated by
equation (1).


ð1Þ
T~ 1{a k T0

: :

where a is opacity of active material film on printing stock ranging
from 0 to1, k is rate of coverage that can be calculated by using a
screen printing unit, T0 is the transparency of blank unprinted sample characterized by ultraviolet and visible spectrophotometer (UVvis). For example, toward the printed electrode with the amplified 0.5
3 0.5 (mm2) square lattice patterns in Figure 2A, T0 is 85%
(Supplementary Fig. S5), k is 1/9, and a is less than 1. Hence the
transparency of electrode is no less than 76%. By controlling the
degree of closeness of the printing dots the transparency of the electrode can be varied from 85% to zero (Supplementary Fig. S6). In
addition, through electrodes of certain transparency, we can see the
underlaid cartoon picture on a cup clearly as well as ‘‘Tsinghua
University’’ words. Besides, the printed electrode is highly bendable
and flexible as shown in Figure 2B. Note that the ‘‘transparency’’
discussed here means the see-through of the background visually
as shown in Figure 2B.
The electrochemical performance of the flexible MS and GA electrodes is investigated in a three-electrode system by using 2 molar per
liter (M) Ca(NO3)2 aqueous solution as electrolyte. The Ca(NO3)2
electrolyte is used because the capacitance of MnO2 in aqueous electrolyte is much higher by replacing univalent cation with bivalent
cation such as Ca21 ion34,35. The cyclic voltammetry (CV) plots of
flexible MS electrode with the scan rates ranging from 2 to 50 mV s21
in Figure 3A show nearly rectangle shape, indicating that the screenprinted MS electrode has a capacitive behavior at a wide range of scan
rate. The specific capacitance is 587.3 F g21 at a scan rate of 2 mV s21
and with about 76% of capacity retention rate at 50 mV s21
(Figure 3C). According to the discharge curves presented in
Figure 3B, the capacitance reaches to 774 F g21 at a current density
of 0.1 ampere per gram (A g21) (insert of Figure 3C). It’s much higher
than most pure MnO2 nanomaterials reported in previous literature
(Supplementary Table S1), although it is lower than those of
some other extremely excellent MnO2/metal or MnO2/carbon materials36–40. Our ultrathin MSs also show a prominent advantage in
capacitance even at fast charge rates. Because the charge storage
mechanism of MnO2 is involved in the insertion/extraction of
cations into/from the first few nanometers of electrode material,
sheet morphology with an ultrathin thickness (2 nm) induces a very
high capacitance because of high utilization of MSs, direct contact of
sheet surface to the electrolyte and fast ion diffusion. Besides, the
good contact between active materials and high conductive ITO film
also facilitates the transfer of electrons. The performances of GA
electrodes at a potential window of 21 , 0 V are presented in
Supplementary Fig. S8.
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In addition, the electrode is bended at 180u to further character its
flexibility as shown in the insert of Figure 3D. The CV measurements
have been performed on the MS electrode before (straight) and after
being bended at 180u. It can be seen that two CV plots are nearly
identical and the capacitance values are the same. It indicates that the
MS electrode exhibits a high flexibility. The long cycle life test is
performed on the flexible MS electrode at a scan rate of 100 mV
s21. The cycle life of the flexible MS electrode is shown in
Supplementary Fig. S7. The result shows that the screen-printed
MS electrode exhibits a good cycling performance with values
exceeding the initial capacitance even after 10000 cycles. The ideal
capacitive behavior, high specific capacitance, and good capacitance
retention of screen-printed MS electrodes demonstrate that 2D ultrathin MS is one of the ideal electrode materials for supercapacitor
application. The screen-printed electrode shows important
advantages of high flexibility, controlled transparency and fantastic
artistic design over the state-of-the-art electrodes of the flexible
supercapacitors.

Discussion
With screen-printed MS and GA electrodes, symmetric MS/MS
supercapacitors and asymmetric MS/GA supercapacitors were
assembled by using a Ca(NO3)2-SiO2 composite gel electrolyte.
The aqueous Ca(NO3)2-SiO2 composite gel electrolyte with high
transparency and safety was synthesized by a sol-gel method (See
methods in Supplementary information). The assembly of the symmetric or asymmetric supercapacitor is very simple. Two flexible
electrodes are sandwiched with electrolyte. If MS and GA electrodes
are used as cathode and anode, it is asymmetric MS/GA supercapacitor, while if two electrodes are both MS electrodes, it is symmetric
MS/MS supercapacitor. The structures of the asymmetric and symmetric supercapacitor are shown in the insert of Figure 4F. It has to be
noted that if you want to assemble the supercapacitor with the certain
artwork of the flexible electrode, the pattern of the two flexible electrodes has to be symmetrical. Otherwise a misleading pattern is
obtained. For example, as shown in Figure 4A MS/GA supercapacitor with a cute panda pattern designed by us is assembled by one MS
electrode and one GA electrode with symmetrical panda pictures.
After charging this ‘‘panda’’ supercapacitor up to the voltage of 2 V,
it can light up a red LED (the operating voltage is 1.8 , 2.0 V,
Supplementary Movie S1). Similarly a dot-design MS/GA supercapacitor is assembled by electrodes with symmetrical dot patterns as
shown in Figure 4B. The dot-design supercapacitor is of high transparency (see-through) about 67% calculated by equation (1). Where
T0 is 72% characterized by UV-vis from a supercapacitor assembled
by Ca(NO3)2-SiO2 electrolyte sandwiched with ITO-PET, where k is
about 0.071 (Supplementary Fig. S9). Through the dot-design supercapacitor we can see the hindered ball cactus clearly as shown in
3
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Figure 3 | Evaluation of the performance of screen-printed MS electrode. (A) CV curves of MS electrode at different scan rates. (B) Galvanostatic
charge-discharge curves of MS electrode measured with different current densities. (C) Plots of specific capacitance versus scan rate, insert is capacitance
versus discharging current density. (D) CV curves of straight and bended MS electrode.

Figure 4B. Most interestingly, the assembled supercapacitor also
possesses preferred transparency and exquisite designs that acts
not only as an energy storage device, but also as a wonderful artwork.
These screen-printed supercapacitors have been measured by the
electrochemical tests. The CV measurement has performed on the
MS/GA supercapacitor before and after being bended 180u at a scan
rate of 20 mV s21 in Figure 4C. It can be seen that CV curves of
supercapacitor before and after being bended show almost the same.
This result clearly shows the good flexibility of the MS/GA supercapacitor. In addition, it can be seen that CV curve exhibits a nearly
rectangular shape indicating the good capacitive behavior of asymmetric MS/GA supercapacitor in the potential range from 0 to 2 V.
The discharge plots (Supplementary Fig. S10) also reveal the good
capacitive behavior of the MS/GA supercapacitor at different current
densities. It has a specific capacitance of up to 175 F g21 at a current
density of 0.1 A g21, and the capacitance remains 58 F g21 even at a
high current density of 5 A g21 (Figure 4D). The Ragone plots of MS/
GA supercapacitor and other MnO2-based asymmetric supercapacitors are shown in Figure 4E. It exhibits our 2D ultrathin nanosheets
based asymmetric supercapacitor shows a much higher energy density up to 97.2 Wh kg21 than those of other MnO2-based aqueous
asymmetric supercapacitors33,41–46. Compared with current flexible
supercapacitors based on MnO2/carbon (graphene, CNTs, active
carbon) composites, our flexible supercapcitor based on ultrathin
MSs and GA also shows relatively high energy density16,18.
We have also performed the electrochemical tests on the symmetric MS/MS supercapacitor. This MS/MS supercapacitor is also
optical see-through and flexible. However, the operating voltage of
the symmetric MS/MS supercapacitor is only half of the operating
SCIENTIFIC REPORTS | 3 : 2598 | DOI: 10.1038/srep02598

voltage of the asymmetric MS/GA supercapacitor. The capacitance
and Ragone plots of the symmetric MS/MS supercapacitor are presented in Figures 4D and 4E, which indicates that the design
of asymmetric structure highly enhances the energy density of
supercapacitor.
Long cycle life tests have been performed on the symmetric MS/
MS and asymmetric MS/GA supercapacitors (Figure 4F). These
supercapacitors based ultrathin 2D nanosheets both show excellent
cycle performance. After cycling 10000 times, the asymmetric MS/
GA supercapacitor experiences less than 3% reduction in capacitance, while symmetric MS/MS supercapacitor remains more than
the initial value. The increase of capacitance in the first 5000 cycles
may be attributed to the active process of the electrode47. Similar
results were frequently reported in literature48–52. In addition, it is
worth to note that the MS/MS and MS/GA supercapacitors are all
composed of low cost, abundant and eco-friendly ultrathin 2D nanomaterials. Furthermore, we have performed the safety measurements
of the symmetric MS/MS and asymmetric MS/GA supercapacitor by
cutting them into two halves at the full charge. No flash or smoke is
emerged, which shows a high safety. It further confirms that screenprinted supercapacitor based ultrathin 2D nanosheets owns great
promising in supercapacitor meeting present demand trends owing
to the high flexibility, high-performance, shape versatility, and even
transparency.
In summary, flexible asymmetric supercapacitors with excellent
electrochemical performance and aesthetic property are fabricated
based on ultrathin 2D nanosheets through a novel strategy. Ultrathin
MSs with thickness of ca. 2 nm show a high capacitance of 774 F g21
with a long cycle stability and good rate performance. Asymmetric
4
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Figure 4 | Evaluation of the performance of screen-printed supercapacitors. (A) Photograph of the ‘‘panda’’ asymmetric MS/GA supercapacitor
lighting up a red light emitting diode. (B) Photograph of supercapacitor with a dot pattern in front of a potted plant demonstrating excellent optical
transparency. (C) CV curves of straight and bended supercapacitor at 20 mV s21. (D) Plots of capacitance versus current density for the asymmetric MS/
GA and symmetric MS/MS supercapacitor. (E) Ragone plots of MS/GA and MS/MS supercapacitor compared with other MnO2 based asymmetric
supercapacitors in literature (based on the total mass of active materials). (F) Cycle performance and schematic illustration of screen-printed MS/GA and
MS/MS supercapacitor. The patterns of supercapacitors are designed by Shi Shan and pictures are also taken by Shi Shan.

screen-printed supercapacitors based on ultrathin 2D MSs and graphene realize good flexibility and excellent electrochemical performance, for example, a higher energy density (97.2 Wh kg21) than
traditional MnO2 based supercapacitors. Interestingly, a desirably
visual and/or aesthetic property (i.e. letter, word, pattern or picture)
of the supercapacitor can be realized and almost all electrode materials are available through this new strategy. This work has another and
quite different aspect that the battery or supercapacitor is no longer a
cold industry product, but could have the meaning of art. For
example a ‘‘Chinese panda’’ supercapacitor is capable of lighting a
LED light. We believed that it may open a new era of the flexible
energy storage devices in future to meet the specific demand of the
consumer electronics.

Methods
Preparation of ultrathin amorphous MSs. MSs were prepared by using a soft
template method. Firstly, a 0.1 M sodium bis(2-ethylhexyl)sulfosuccinate aqueous
solution was prepared by dissolving AOT in water and a 0.1 M KMnO4 aqueous
solution was prepared by adding potassium permanganate (AR, 99%) in deionized
water. Next 0.25 L of 0.1 M KMnO4 solution was added in 0.5 L AOT/isooctane
solution, followed by stirring 5 h to obtain a dark brown precipitate. Then MS
powders were prepared by washing the precipitates with ethanol and distilled water
several times, and drying at 80uC for 12 h.
Preparation of 3D porous graphene continuous architecture (GA). Graphite oxide
(GO) powders were initially prepared by a modified Hummers method. 160 mg GO
powders was added in 80 mL deionized water followed by ultrasonication for 2 h to
obtain a homogeneous graphene oxide aqueous dispersion. Then it was sealed in a
100 mL Teflon-lined autoclave and maintained at 180uC for 24 h. The autoclave was
naturally cooled to room temperature and a cylindrical graphene body is selfassembled. Finally, a vacuum freeze-drying procedure was used to remove water from
graphene body obtaining GA.
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Characterization. Morphologies were characterized by high-resolution
transmission electron microscopy (TEM, Jeol JEM2100F), atomic force
microscopy (AFM, Shimadzu, SPM9600 in tapping mode), and field emission
scanning electron microscopy (SEM, Hitachi, S-4800). The structure of samples
were studied by X-ray diffraction (XRD, BrukerDS RINT2000V/PC, with Cu-Ka
radiation), Fourier transformation infrared spectroscopy (FTIR, VERTEX 70
spectrometer), and Raman spectroscopy (LabRAM HR, with an excitation
wavelength of 633 nm). Nitrogen adsorption and desorption isotherms for the
porosities were measured on Micromeritics ASAP 2020 surface area analyzer.
Surface area was calculated by the Brunauer-Ennett-Teller (BET) method.
Electrochemical tests were performed with an Im6e (Zahner) electrochemical
station. All electrodes are tested by using a typical three-electrode assembly, in
which a piece of platinum gauze and saturated calomel electrode were assembled
as the counter and reference electrode. A mild 2 M Ca(NO3)2 aqueous solution
was used as electrolyte. The capacitance values calculated from CV plots and
charge-discharge curves are by following:
C~

Q
m|DU

ð2Þ

C~

I|Dt
m|DU

ð3Þ

where m is the mass of active materials excluding binder and conductive additive,
DU is the potential window, Q is charge, I is the applied current, and Dt is
discharging time.
The energy density (E) and power density (P) of supercapacitor devices are calculated from charge-discharge curves according to following equations:
E 1
I
P~ ~ | |DU
t 2 m

ð4Þ

1
E~ |C|(DU)2
2

ð5Þ

Here I is the applied current, m is the total mass of active materials, DU is the voltage
of the supercapacitor, and C is the specific capacitance of the supercapacitor.
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