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In this study, we report on the fabrication of high performance planar-type flexible micro-supercapacitor

(MSC) arrays using Au electrodes coated with a functionalized multi-walled carbon nanotube (MWNT)

film and a layer of MWNT-COOH/MnOx nanoparticle (NP) composite on top. The MWNT thin film was

formed via layer-by-layer (LbL) assembly of MWNTs functionalized with amine groups and MWNTs with

carboxylic acid groups in water. The hydrothermally synthesized composite of MWNT-COOH/MnOx NPs

was coated on top of the MWNT film (LbL-MWNT). The addition of MWNT-COOH/MnOx NP composite

as a top layer enhanced the performance of the MSCs dramatically, resulting in a volumetric capacitance

of 50 F cm�3 at a scan rate of 10 mV s�1 and a coulombic efficiency of �100%. By contrast, a volumetric

capacitance of 3.6 F cm�3 was obtained when using only the LbL-MWNT film. After repetitive operation

up to �104 times, the capacitance remained at �88.3% of the original value. With a deliberate circuit

design consisting of serially connected MSC arrays, various light-emitting diodes operating at different

bias voltages could be lit. The MSC circuit fabricated on a polyethylene terephthalate (PET) film showed

stable electrochemical properties upon 1000 cycles of bending deformation.
1. Introduction

According to the increasing interest in portable and wearable
electronic devices, the need for exible and light energy-storage
equipment has gradually increased.1–4 Among various energy-
storage devices, electrochemical capacitors, also known as
supercapacitors or ultracapacitors, have been spotlighted as
next-generation energy-storage devices. Supercapacitors have a
high power density due to fast charging and discharging rates,
long cycle life, and excellent safety, compared to conventional
batteries.5–7

Depending on the electrodematerials and the charge-storage
mechanism, supercapacitors can be classied into two types:
electrochemical double layer capacitors (EDLCs) and
pseudocapacitors.

In EDLCs, an electrical double layer is formed at the inter-
face of the electrode and the electrolyte via ionic charge sepa-
ration of the electrolyte. In this case, carbon-based materials,
such as activated carbon, carbon nanotubes, graphene, carbon
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black, or carbon aerogel are generally used as electrode
materials.8–12

In pseudocapacitors, a fast redox reaction between the
electrode surface and the electrolyte generates the high capac-
itance and energy density. Here, the electrode materials used
include metal oxides or conducting polymers. Recently, metal
oxides such as RuO2, CuO, NiO, MnO2, and IrO2 were reported
to contribute to the capacity increase of supercapacitors.13–21

Even though the use of RuO2 or IrO2 resulted in high capacity,
superior electrical conductivity, and chemical stability, their
high price and toxicity limits their widespread application.14,22

In contrast, manganese oxides seem to be an alternative in
producing a high energy density in supercapacitors since they
are cheap, environmentally friendly, abundant in nature, and
have high theoretical specic capacities.23–27

If manganese oxide is used as an electrode material for
supercapacitors, it is important to increase the surface area and
electrical conductivity in order to achieve a high capacitance.
Therefore, the combination of carbon nanotubes having a large
surface area and excellent conductivity along with manganese
oxide may represent a solution for high-performance super-
capacitors.28–31 To date, many groups have proved some
improvement of the supercapacitor performance via the use of
carbon-based materials/metal–oxide composite electrodes. It is
also critical to prepare the electrode materials with uniform
Nanoscale, 2014, 6, 9655–9664 | 9655
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thickness to ensure reproducible performance of the
supercapacitors.

For the realization of portable nanoelectronic devices with
embedded energy-storage devices, such as supercapacitors, it is
necessary to integrate the supercapacitors into the circuit of the
working device.32 Therefore, it is advantageous to have a planar-
type supercapacitor that is easier to be fabricated on the same
device substrate via a lithography technique than convention-
ally produced, vertically stacked supercapacitors since planar
types do not need to have a separator between two electrodes. In
addition, the ion pathway becomes shorter due to the two-
dimensional transport of ions in the electrolyte, and the thick-
ness of the planar-type supercapacitor is smaller compared to
the stacked one.33 Furthermore, all-solid-state supercapacitors
which do not use a liquid electrolyte can be directly imple-
mented as embedded energy-storage devices of portable nano-
electronic systems.34

In this work, we fabricated exible planar-type micro-
supercapacitor (MSC) arrays by adopting the multi-walled
carbon nanotube (MWNT) lm with a top layer of the MWNT-
COOH/MnOx nanoparticle (NP) composite and the MWNT/
MnOx composite lm, as an electrode material since MWNTs
have a higher electrical conductivity than single-walled carbon
nanotubes (SWNTs). In addition, we used the layer-by-layer
assembly (LbL) method for forming the MWNT/MnOx

composite lms since it is simple, cost-effective, and can be
applied for large-area deposition of various materials. In
particular, it is easy to control the thickness of the lm at the
nanometer scale.35,36 MWNT-COOH/MnOx nanocomposites
synthesized by the hydrothermal method were deposited on the
LbL-MWNT lm to form a supercapacitor electrode. Such
formed porous 3D network electrode structures in the super-
capacitors generated a high capacitance and energy density
through effective diffusion of the electrolyte and fast electronic
and ionic conduction.28

The performance of the supercapacitors strongly depends on
the whole structure of the electrodes and the electrolyte as well
as the electrode materials and its fabrication method. We made
an LbL assembled MWNT/MnOx supercapacitor, having a
planar-type patterned electrode with micro-channels for ionic
conduction via the photo-lithography technique and used the
gel-type electrolyte of PVA–H3PO4. Furthermore, by designing
planar-type MSC arrays, we controlled the total capacitance and
the output voltage of such fabricated micro-supercapacitors by
fabricating a circuit of micro-supercapacitor arrays. Through
this, we could light various m-LEDs with different operating
voltages. The stable performance of the fabricated MSC arrays if
subjected to mechanical deformation, namely bending, also
demonstrates the high application potential in future portable
devices.

2. Experimental procedures
Functionalization of negatively and positively charged
MWNTs

To functionalize MWNTs with negatively charged carboxyl
groups, 500 mg of MWNTs (Aldrich, >95% purity, length 5 mm,
9656 | Nanoscale, 2014, 6, 9655–9664
outer diameter 6–9 nm) were reuxed in a mixed solution of
sulfuric acid and nitric acid (with volume ratio of 3 : 1, Sigma-
Aldrich) at 70 �C for 3 h. Then, vacuum ltration and rinsing
with deionized water (DI-water) through a mixed cellulose ester
membrane lter (ADVANTEC MFS, Inc., pore size 0.2 mm,
diameter 47 mm) was carried out several times. Aer osmosis
ltration using a tube cellulose membrane (Sigma, avg. at
width 33 mm, avg. diam. 21 mm), negatively charged MWNTs
(MWNT-COO�) were nally obtained.

Positively charged MWNTs (MWNT-NH3
+) were obtained by

adding ethylenediamine (NH2(CH2)2NH2, Sigma-Aldrich) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Aldrich)
into an aqueous solution of MWNT-COOH while stirring at
room temperature for 5 h.
Synthesis of MWNT-COOH/MnOx nanocomposites

MWNT-COOH/MnOx nanocomposites were synthesized by the
hydrothermal method. MWNT-COOH dispersed in 30 mL of
absolute ethanol and 100 mg of manganese(II) acetate tetrahy-
drate (Mn(CH3COO)2$4H2O, Aldrich) were put in a Teon bottle
and subjected to high pressure by using a tightly locked auto-
clave. The autoclave wasmaintained at 150 �C for 3 h in an oven.
Aer cooling to room temperature within a day, the black
product was rinsed several times with DI-water using a mixed
cellulose ester membrane lter. Aer drying ltered composites
and peeling them off from the membrane lter, MWNT-COOH/
MnOx nanocomposites could be obtained.
Fabrication of patterned all-solid-state micro-supercapacitors

The fabricated planar-type all-solid-state MSC consists of a 3 � 3
array of MSCs which were patterned on a SiO2/Si wafer by
photolithography using a AZ5214 photo resist. A Ti/Au (5/50 nm)
lm deposited by electron-beam evaporation was patterned by
photolithography to be worked as a current collector, which
improves the electrical contact with the active materials. The
electrodes were fabricated by LbL of functionalized MWNTs.
Aer dipping a SiO2/Si substrate with Au patterns in a solution of
positively charged MWNTs (MWNT-NH3

+) for 10 min, it was
rinsed for 1 min to remove weakly adsorbed MWNTs. Then, the
same process was repeated using negatively charged MWNTs
(MWNT-COO�). Aer repeating this cycle 19 times, MWNT-NH3

+

was coated once again.
The MWNT-COOH/MnOx composites synthesized by the

hydrothermal reaction were dispersed in deionized water and
the substrate with the LbL-assembled MWNT lm was dipped
into this solution for 10 min, resulting in a multilayer of MWNT
lms and an additional nal layer of MWNT-COOH/MnOx.
Then, the residual lm except for the patterned area was
removed via the li-off process. The photograph of such a
planar-type MSC array is shown in the ESI Fig. S1.† The channel
length of the MSCs is patterned to be 150 mm via the photoli-
thography technique. Even though the small channel length
would result in higher capacitance, we tuned it to 150 mm
considering the technical difficulty in the li-off process.
This journal is © The Royal Society of Chemistry 2014
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Since the array consists of 9 MSCs, where each MSC has an
area of 1.73 mm2 including the channel length of 150 mm, the
total area of the MSC arrays is estimated to be 15.5 mm2.

For synthesizing polyvinyl alcohol (PVA, Aldrich, MW
89 000–96 000)–phosphoric acid (H3PO4, Sigma) gel electrolyte,
15.0 mL of H3PO4 was added to 150 mL of deionized water and
15.0 g of PVA was mixed under strong stirring at 150 �C. When
the electrolyte solution became transparent and changed to a
gel state, it was drop-cast onto the electrode surface. Aer the
PVA–H3PO4 gel electrolyte was solidied, the fabrication of the
planar-type all-solid-state MSC was completed.
Characterization

The chemical composition of MWNT-COOH/MnOx was
analyzed using X-ray photoelectron spectroscopy (XPS, ULVAC-
PHIX-Tool) and X-ray diffraction (XRD, Philips, X'Pert PW3040/
00) operated at 40 kV and 30 mA with Cu Ka radiation. In order
to check that the thickness of LbL assembled MWNT lms
depending on the number of uniformly controlled layers, UV-
visible spectroscopy was carried out (UV-vis spectrometer, Per-
kin-Elmer Lambda 35). Scanning electron microscopy (SEM,
Hitachi S-4800) and transmission electron microscopy (TEM,
FEI TECNAI) were performed to observe the morphology and
structure of the electrode materials. Photographic images were
obtained using a Samsung Galaxy Note II and a Canon Eos 7D.
The electrochemical properties were measured by means of
cyclic voltammetry (CV), galvanostatic charge–discharge, and
electrochemical impedance spectroscopy (EIS) using an elec-
trochemical analyzer (Ivium Technologies, Compact Stat). EIS
was investigated in the frequency range from 1MHz to 100 mHz
at a potential amplitude of 10 mV. The specications of m-LEDs
(ROHM comp. China) used to evaluate the charge–discharge
performance of the MSC arrays are 3.3 V, 20 mA (blue light),
2.2 V, 20 mA (green light), 2.0 V, 20 mA (yellow light), and 1.8 V,
20 mA (red light), respectively. The mechanical stability with
respect to bending of the exible MSCs was tested by using a
homemade bending stage.
3. Results and discussion

Scheme 1 shows the whole fabrication process of the planar-
type MSC arrays. The LbL-MWNT nanocomposite multilayer
lms (MWNT-NH3

+/MWNT-COO�)n were prepared by succes-
sive adsorption of MWNT-NH3

+ and MWNT-COO� on a gold-
patterned substrate via electrostatic attraction.37 Aer repeating
19 cycles, MWNT-NH3

+ was coated once again. Finally an
additional top layer of MWNT-COO�/MnOx nanocomposites
was adsorbed on the (MWNT-NH3

+/MWNT-COO�)n lm. For the
patterned LbL deposition of MWNT thin lms on Ti/Au metal
electrodes, the photolithography technique was used. The li-
off resist (LOR) and photo resist (PR) were deposited on an Au
patterned substrate via spin coating. And then UV was irradi-
ated to the LOR and PR coated substrates using a photo-mask so
that the UV-exposed LOR and PR areas could be removed by the
developer. We deposited functionalized MWNTs on that resul-
tant substrate via the LbL assembly technique. Finally, the
This journal is © The Royal Society of Chemistry 2014
substrate coated with MWNT lms was dipped into acetone and
developer so that the LOR and PR were lied off with residual
MWNT lms. Therefore, LbL assembled MWNT lms on the
substrate were removed except for the electrode region and the
active materials were not adsorbed on the channel. More
detailed processing steps can be found in the ESI† of our
previous work.38

The lower part of Scheme 1 is a cross-sectional view of a
planar-type MSC, which clearly shows the structure of all-solid-
state MSCs fabricated in such a way using the gel electrolyte.

For the quantitative analysis of the multilayer structures, UV-
visible absorption spectra are shown in Fig. 1(a). When posi-
tively charged MWNTs and negatively charged MWNTs were
alternatively adsorbed on the quartz substrate, absorbance
maximum at�250 nm increased in proportion to the number of
layers (inset of Fig. 1(a)). It qualitatively shows that the amount
of adsorbed MWNT/layer is uniform. Based on these results,
thickness per layer can be quantitatively obtained by dividing
the total lm thickness by the total number of layers.39 In the
previous work,37 it was shown that the performance of the
supercapacitor was strongly dependent on the thickness of
the lm. In order to conrm that, we measured the capacitance
of MSCs with different thicknesses of LbL lms. Total capaci-
tance increased with the number of MWNT bilayers. However,
the volumetric capacitance remained almost the same for 10,
15, and 20 bilayer lms as shown in the ESI Fig. S2.† The slight
increase observed in the MSC with 20 bilayer lms is attributed
to the enhanced conductivity.

The SEM image taken from the thin-lm electrode consisting
of 20 LbL-MWNT/MnOx (a lm of 19 LbL-MWNTs and 1 layer of
MWNT-COO�/MnOx) is shown in Fig. 1(b) and the corre-
sponding cross-sectional image is also shown in the inset with
the scale bar corresponding to 200 nm. A uniformly formed LbL-
MWNT/MnOx lm is ascertained with a thickness of 300 nm
over a large area. The thicknesses of the 20 LbL lms of MWNT
and MWNT/MnOx were compared by taking cross-sectional
SEM images as shown in the ESI Fig. S3.† Since only the top-
most layer of MWNT/MnOx is deposited with a very small
amount of MnOx particles as observed in the TEM image of
Fig. 2(a), we prepared thicker lms of 20 LbL assembled layers
with positively charged solution of MWNT-NH3

+ under a lower
pH of 5.8 than that used for the preparation of the 300 nm thick
lm (Fig. 1(b)).37 As shown in the SEM images, both lms
showed a thickness of 500 nm without any noticeable differ-
ence. TEM measurements were performed to investigate the
distribution and morphology of the MnOx particles on the
MWNT-COOH/MnOx composites (Fig. 2(a)). As shown in the
TEM image, particles with a size of a few tens of a nm exist on
entangled MWNT-COOH. In order to analyze the chemical
composition of those nanostructures, energy dispersion spec-
troscopy (EDS) measurements were performed in two different
areas: the blue-squared area of functionalized MWNT (MWNT-
COOH) and the red-squared area of MnOx NPs on the MWNT-
COOH. As distinguished by the two EDS spectra of Fig. 2(b), Mn
peaks and an O peak of higher intensity are observed in the red-
squared area, in addition to the C and O peaks likewise
observed in the blue-squared area. These ndings conrm that
Nanoscale, 2014, 6, 9655–9664 | 9657
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Fig. 1 (a) UV-visible absorption spectra of LbL-assembled MWNT thin films. (b) SEM image of the LbL-MWNT/MnOx electrode. The inset is the
cross-sectional SEM image of the LbL-MWNT/MnOx electrode with a scale bar of 200 nm.

Scheme 1 Schematic illustration of the fabrication process of a planar-type MSC array. The bottom figure shows a cross-sectional diagram of a
planar-type MSC. Here, the interconnections between the MSCs are presented as simple straight lines but actual shapes are curved ones given in
the ESI Fig. S1.†
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the NPs are composed of manganese oxide. The Cu peak orig-
inates from the used TEM grid. In order to determine the
specic oxidation state of manganese, XPS measurements were
performed. The oxidation state of manganese can be deter-
mined more reliably by observing the splitting of the Mn 3s
9658 | Nanoscale, 2014, 6, 9655–9664
peak (Fig. 2(c)). Such a splitting of the Mn 3s peak occurs due to
the interaction between the 3s orbital and the other elec-
trons.40,41 The splitting interval is 6.0 eV, implying that the
chemical formula of MnOx is either MnO or Mn3O4.41,42 Mean-
while, as shown in the inset of Fig. 2(c), the Mn 2p spectrum has
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) TEM image of MWNT-COOH/MnOx nanocomposites synthesized by the hydrothermal method. The red and blue squares indicate
MnOx nanoparticles and MWNT-COOH, respectively. (b) EDS spectra taken from the red (top) and the blue (bottom) squared area of the TEM
image, respectively. (c) Enlarged XPS spectra of the Mn 3s region of the MWNT-COOH/MnOx nanocomposites and Mn 2p (inset) peaks. (d) XRD
spectrum taken from MWNT-COOH/MnOx nanocomposites.
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two sharp peaks at binding energies of 641.9 eV and 653.4 eV,
corresponding to Mn 2p3/2 and Mn 2p1/2, respectively. This
splitting interval is 11.5 eV, which is similar to the value
previously reported for Mn3O4.41,42 Based on the values of the
Mn 3s and Mn 2p peak splitting, we tentatively consider most of
the MnOx compounds synthesized in this work to be Mn3O4.
The X-ray diffraction (XRD) spectrum taken from the MWNT-
COOH/MnOx powder shows the diffraction peaks typically
observed in Mn3O4 in Fig. 2(d). The presence of Mn3O4 was
determined by characteristic diffraction peaks. In the XRD
pattern, the diffraction peaks at 18.1, 28.9, 31.0, 32.4, 36.2, and
38.0� are well-assigned to the (101), (112), (200), (103), (211) and
(004) plane, respectively and demonstrate that hausmannite
Mn3O4 has a tetragonal structure.27 From those peaks, lattice
constants are estimated to be a ¼ b ¼ 5.765 and c ¼ 9.442 Å,
indicating the standard values of bulk Mn3O4 (JCPDS card, le
no. 24-0734). Additional peaks shown in the XRD pattern signify
the existence of MWNTs. Also, synthesized manganese oxide is
considered to have an excellent crystalline quality because there
is no obvious impurity peak.

Therefore, we consider that the MnOx particles synthesized
in this work are Mn3O4.

ESI Fig. S4† shows a survey spectrum of the MWNT-COOH/
MnOx nanocomposites taken over the binding-energy range
from 0 to 1000 eV in which the C, Mn, and O peaks are observed.

In Fig. 3, cyclic voltammetry (CV), galvanostatic charge–
discharge, and electrochemical impedance spectroscopy (EIS)
measurements are presented for a comparison of LbL-MWNT
MSC and LbL-MWNT/MnOx MSC. The CV curves were taken at a
scan rate of 500 mV s�1 using the PVA–H3PO4 gel electrolyte
This journal is © The Royal Society of Chemistry 2014
(Fig. 3(a)). The volumetric capacitance (CU) of an MSC can be
obtained by the following equations.

C ¼
2

ðVf

Vi

ðI$VÞdV
S$

�
Vf � Vi

� (1)

CU ¼ C

U
(2)

C is the total capacitance,
ðVf
Vi

ðI$VÞdV is the CV curve area,

(Vf � Vi) is the potential window, and U is the volume of the
active materials and the current collector. Considering the array
of 3 � 3 MSCs, the total volume is estimated to be 5.50 � 10�6

cm3, where the thickness of the electrode, 355 nm, including
the Ti/Au lm and the LbL-MWNT/MnOx lm is used and the
active area of 0.155 cm2 includes the electrodes and the
channel. Since the total capacitance C is proportional to the CV
curve area, it is clearly shown that the capacitance of LbL-
MWNT/MnOx MSC is larger than that of LbL-MWNT MSC. The
much higher capacitance of LbL-MWNT/MnOx MSC is attrib-
uted to the pseudo capacitive property of MnOx NPs resulting
from the redox reaction that additionally contributes to the
electrical double-layer capacitance of LbL-MWNT MSC,
although the 3D porous structures created by the LbL assembly
method also contribute to the higher capacitance by enabling
an effective diffusion of the electrolyte. As a result, the ultrathin-
lm electrode based on LbL-MWNT/MnOx nanocomposites
signicantly improves the volumetric capacitance. Even though
Nanoscale, 2014, 6, 9655–9664 | 9659
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Fig. 3 Electrochemical properties of LbL-MWNTs (blue) and LbL-MWNT/MnOx (red) MSCs. (a) CV curves at a scan rate of 500 mV s�1. (b)
Galvanostatic charge–discharge curves at a current of 1.0 mA. (c) Nyquist plots. The inset shows the high-frequency region in more detail. (d) The
imaginary part of the capacitance (C0 0) as a function of frequency.
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the redox peaks due to MnOx particles were expected to be
observed at low scan rates, there appeared no clear peaks
related to the redox reaction in the CV curves. Such behavior
was explained in several studies by others as follows: the elec-
trode materials based on MnOx can be stabilized by using the
PVA–H3PO4 gel electrolyte33 or the synthesized composite elec-
trode itself is stable enough to exhibit capacitive behaviors.43

However, we cannot clearly give an explanation on our result at
this moment.

Fig. 3(b) shows galvanostatic charge–discharge curves
measured in the stable voltage range from 0.0 to 0.8 V by
applying a constant current of 1.0 mA. The voltage vs. time
prole of each curve tends to be linear and the charging and
discharging proles seem to be symmetric without any signi-
cant voltage drop. The discharging time of the LbL-MWNT/
MnOx MSC is about four times longer than that of the LbL-
MWNT MSC, which also supports the experimentally observed
result that LbL-MWNT/MnOx MSC has a higher capacitance
than LbL-MWNT MSC.

For further conrming the improved performance of LbL-
MWNT/MnOx MSC, EIS measurements were performed in the
frequency range from 1 MHz to 100 mHz. As evident from the
corresponding Nyquist plots shown in Fig. 3(c), at high
frequency, MSCs act like a resistor while they show capacitive
behavior toward lower frequency.44 The measured resistance is
the sum of various contributions, such as the electronic resis-
tance of the active material, the contact resistance between the
current collector and the active material, the internal resistance
of the metal oxide, and the electrolyte resistance of the porous
structure of the electrode.45 During operation of the super-
capacitor, the resistance can be signicantly increased,
9660 | Nanoscale, 2014, 6, 9655–9664
depending on frequency. For example, the Nyquist plot is
almost parallel to the imaginary part (�Z00-axis) and such a
vertical line indicates that the real part (Z0-axis) almost does not
change with frequency.44 Therefore, these results clearly
demonstrate a stable performance of both fabricated MSCs.
From the enlarged Nyquist plots shown in the inset, the
equivalent-series resistance (ESR) values of LbL-MWNTs and
LbL-MWNT/MnOx MSCs are estimated to be 73 U and 102 U,
respectively. The slightly higher ESR value of LbL-MWNT/MnOx

MSC is probably due to the internal resistance of manganese
oxide.46

To more clearly understand the device performance of the
two different MSCs, the imaginary part of the capacitance C00(u)
was evaluated as a function of frequency u, as shown in
Fig. 3(d). u is calculated by the equation u ¼ f2p. C00(u) corre-
sponds to energy losses by irreversible processes and is dened
as follows:

C 00ðuÞ ¼ Z0ðuÞ
ujZðuÞj2 (3)

The response frequency f0, corresponding to the maximum
point of the energy curve, was estimated to be 79.4 Hz and
2.51 Hz for LbL-MWNT and LbL-MWNT/MnOx MSCs, respec-
tively. Therefore, the relaxation-time constant s0 is calculated to
be 12.6 ms and 398 ms for LbL-MWNTs and LbL-MWNT/MnOx

MSCs, respectively, by using the relationship of s0 ¼ 1/f0. The
relaxation time is the minimum time required to discharge the
stored energy of a supercapacitor. Thus, a small value of s0
indicates that supercapacitors have ability for instantaneous
This journal is © The Royal Society of Chemistry 2014
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high power.44,47 The present values are much smaller than
previously reported ones.48–50

Fig. 4 summarizes the electrochemical properties of LbL-
MWNT/MnOx MSCs. CV curves at various scan rates (10 mV s�1,
20 mV s�1, 50 mV s�1, 100 mV s�1, 150 mV s�1, 200 mV s�1, 300
mV s�1, and 500 mV s�1) are shown in Fig. 4(a). The CV curves
are almost rectangular and maintained their shape even at high
scan rates. The maximum volumetric capacitance is estimated
to be 50 F cm�3 at a scan rate of 10 mV s�1. The specic volu-
metric capacitance of LbL-MWNT/MnOx MSCs depending on
the scan rate is presented in the ESI Fig. S5.† The discharging
current and the scan rate show a linear relationship up to a scan
rate of 5 V s�1, which certainly indicates the high power of the
fabricated LbL-MWNT/MnOx MSC.48,50–52 In this work, loading
of MnOx nanoparticles would be a key factor for the perfor-
mance of specic capacitance. In order to understand the effect
of loading of MnOx nanoparticles on the performance of the
supercapacitor arrays, we synthesized the nanocomposites of
MWNT-COOH/MnOx with 5 different mass ratios of MWNT-
COOH and Mn(CH3COO)2$4H2O at 150 �C for 3 h; mass ratios
are 2 : 1, 1 : 3, 1 : 5, 1 : 7, and 1 : 10. We fabricated the 5 MSCs
with different MnOx loadings andmeasured their CV curves at a
scan rate of 500 mV s�1. As shown in the ESI Fig. S6,† the
specic capacitance had a strong dependence on themass ratio.
Compared to the mass ratio of 1 : 5, which is the maximum
value of C/C0 in this work, the specic capacitance was much
lower for the mass ratio of 2 : 1 and a little bit lower for that of
1 : 3, 1 : 7 and 1 : 10. With the small content of MnOx, an
insufficient redox reaction should have occurred at the interface
between the electrolyte and the electrodematerials, while excess
Fig. 4 Electrochemical properties of LbL-MWNT/MnOx MSCs. (a) CV cu
nostatic charge–discharge curves at different currents from 0.5 to 10 mA.
shows the shape of the charge–discharge curves near 10 000 cycles.
devices.

This journal is © The Royal Society of Chemistry 2014
loading of MnOx could increase the internal resistance to
reduce the capacitance. In conclusion, we consider that there
should exist the optimum mass loading of MnOx for the best
performance. In recent studies, it was also demonstrated that
the device performance changed with mass loading of pseudo
capacitive materials in the similar way.53,54

Since the distribution of MnOx NPs does not seem to be
uniform over the whole lm area, we checked the reproduc-
ibility of the device performance by taking 5 different MSC
devices and the variation of the capacitance is marked as error
bars in the ESI Fig. S7.† The standard deviation of MSC capac-
itance is about �6.7, which is almost independent of the scan
rate.

Fig. 4(b) shows the galvanostatic charge–discharge curves of
LbL-MWNT/MnOx MSCs. The voltage vs. time prole is linear,
irrespective of the current varying in the range from 0.5 to 10 mA
and the curves maintain their symmetric, triangular shape.
Charging and discharging time are approximately the same
suggesting the coulombic efficiency to be �100%. In addition,
no sudden voltage drop was observed, signifying that the
LbL-MWNT/MnOx MSC worked stably.

In the case of pseudocapacitors, repeated redox reactions
can result in a degradation of the metal oxides. Therefore, a
long cycle life is an important factor to evaluate the perfor-
mance of supercapacitors. Aer repeating charge–discharge
cycles for 10 000 times at a current of 5.0 mA, the capacity
retention is measured to be about 88.2%. Furthermore, the
charge and discharge curves aer almost 10 000 cycles did not
show a change in their symmetric, triangular shape, as
demonstrated in the inset of Fig. 4(c).
rves at different scan rates varying from 10 to 500 mV s�1. (b) Galva-
(c) The capacity retention as a function of the cycling number: the inset
(d) Ragone plots providing a comparison with other energy-storage

Nanoscale, 2014, 6, 9655–9664 | 9661

http://dx.doi.org/10.1039/c4nr02035a


Fig. 5 (a) Photograph of 4 LbL-MWNT/MnOx MSC arrays connected in series on a PET substrate. The inset shows the circuit diagram. The scale
bar corresponds to 1 cm. (b) CV curves of 4 MSC arrays in series, in parallel, and 2 in series and 2 in parallel. The inset shows LEDs operated by the
MSC circuits at various output voltages. (c) CV curves of flexible an MSC circuit with different bending radii. (d) Capacity retention as a function of
the bending cycle number. The inset shows photographs of the flat and bent MSC circuits.
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Ragone plots of LbL-MWNT/MnOx MSCs and other energy-
storage devices are presented in Fig. 4(d). The volumetric energy
density E and power density P are calculated by the following
equations.

E ¼ CU$ðDVÞ2
7200

(4)

P ¼ E$3600

Dt
(5)

CU is the volumetric capacitance obtained by eqn (2), DV is
the operating voltage range, and Dt is discharging time. LbL-
MWNT/MnOx MSC exhibits a maximum volumetric energy
density of 4.45 mW h cm�3 and a maximum volumetric power
density of 12.3 W cm�3. These values are higher than those
obtained in other all-solid-state supercapacitors using manga-
nese oxide or gel electrolyte.23,26,31,48,55–57 This result also
conrms the excellent performance of our LbL-MWNT/MnOx

MSCs.
It took �8.2 h for the LbL-MWNT/MnOx MSC to self-

discharge from 0.8 to 0.4 V, as shown in the ESI Fig. S8† and it
was observed that the capacitance of the fabricated MSC was
decreased when it was kept under ambient-air conditions even
without continuous charge–discharge cycles as shown in the ESI
Fig. S9.† The observed aging is probably due to the degradation
of the PVA–H3PO4 gel electrolyte exposed to ambient air.
Evaporation of solvent seems to reduce the ionic conductivity of
the electrolyte, affecting the adsorption/desorption of ions
between the active material and the electrolyte and disturbing
9662 | Nanoscale, 2014, 6, 9655–9664
the ionic charge transfer. Therefore, systematic investigations
on the aging of MSCs are currently being performed.

Next, we fabricated a exible LbL-MWNT/MnOx MSC circuit
on a 75 mm thick PET lm. A exible MSC circuit is composed of
four MSC arrays and connected in series or in parallel to
increase the output voltage or total capacitance, where each
MSC array consists of 3 � 3 MSCs as shown in Scheme 1.

Fig. 5(a) shows a exible MSC circuit with 4 MSC arrays
connected in series and the corresponding circuit diagram is
given in the inset. Fig. 5(b) shows CV curves of 4 MSC arrays
connected in series, in parallel, or 2 in series and 2 in parallel.
By adjusting the operating voltage and capacity according to the
circuit design, the energy of the MSC circuit can be controlled
effectively. Four serially connected MSC arrays have an output
voltage of 3.2 V, which is four times higher than that of a single
MSC array with a voltage of 0.8 V. However, the total capacitance
is reduced to a quarter of a single MSC array. In the case of
4 MSC arrays connected in parallel, the voltage is identical to a
single MSC array but the total capacitance is increased four
times. Aer fully charging 4 LbL-MWNT/MnOx MSC arrays
connected in series, we could turn on various LEDs operating at
different voltages, as demonstrated in the inset of Fig. 5(b).

In order to evaluate the mechanical stability of the fabricated
MSC circuit on a PET lm with respect to bending, CV curves
were measured at various bending radii for both convex and
concave bending (Fig. 5(c)). Regardless of the bending radius or
the direction of bending, the total area as well as the rectangular
shape of the CV curves remained the same at a scan rate of
500 mV s�1. Photographic images of the exible MSC circuit on
This journal is © The Royal Society of Chemistry 2014
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a PET lm under various bending conditions are shown in the
ESI Fig. S10.† Even aer 1000 bending cycles, the capacitance
kept its original value, certifying the mechanical stability of the
fabricated MSC arrays (Fig. 5(d)).

4. Conclusions

By using LbL-MWNT/MnOx nanocomposite electrodes in the
fabrication of all-solid-state MSCs, we obtained dramatically
enhanced performance compared to LbL-MWNT MSCs, char-
acterized by a volumetric capacitance of 50 F cm�3 at a scan
rate of 10 mV s�1, a high volumetric energy density of 4.45 mW
h cm�3, and a power density of 12.3 W cm�3. Aer 10 000
operation cycles, the capacitance remained at about 88.3% of
the original value. By the deliberate circuit design of MSC
arrays, the output voltage and the capacitance of the MSC arrays
could be controlled, applicable to the operation of various LEDs
requiring different voltages. Furthermore, we could fabricate a
mechanically stable and exible MSC circuit on a PET lm. This
work demonstrates the potential for application of exible all-
solid-state planar-type MSCs in future portable nanoelectronics.
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