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A series-wound asymmetric supercapacitor with inner-connection structure has a high
output voltage of 4.0 V and can derive two LEDs connected in series.
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Abstract: Asymmetric supercapacitors (ASCs) based on free-standing membranes
with high energy density and high output voltage are reported. MnO:
nanowires/carbon nanotubes (CNTs) composites and MoOs nanobelts/CNTs
composites are selected as the anode and the cathode materials of the devices,
respectively. The ASC has a high volumetric capacitance of 50.2 F cm™ at a scan rate
of 2 mV st and a high operation voltage window of 2.0 V. Especially, after a middle
layer with inner-connection structure was inserted between the anode and the cathode,
the output voltage of the whole device can achieve 4.0 V. The full cell of series ASCs
(SASC) with an inner-connection middle layer has a high energy density of 28.6
mWh cm= at a power density of 261.4 mW cm=, and exhibits excellent cycling
performance of 99.6% capacitance retention over 10000 cycles. This strategy
designing the hybridized structure for SASCs provides a promising route for

next-generation SCs with high energy density and high output voltage.
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1 Introduction

Electrochemical capacitors, also known as supercapacitors (SCs), are promising
energy devices that bridge the gap between batteries and conventional capacitors.™
Due to a number of features such as high power density, fast rates of charge-
discharge, long cycling life and improved safe operation,l>*] SCs have been widely
used in numerous areas such as memory backup systems, hybrid electric vehicles,
mobile electronic devices.[>"1 However, the relatively low energy density and output
voltage have restricted their potential application. Therefore, improving operation
voltage and energy density is crucial for SCs to meet the future demands in practice.
Commonly, maximizing the specific capacitance and the operation potential window
can significantly increase the energy density. As for high specific capacitance, intense
interests focus on electrode materials with high specific surface area and high
theoretical specific capacitance, such as CoO/polypyrrole manowires,’® MnO,/rGO
nanocomposite,® rGO/V,0s nanoparticles,’” and so on. These distinctive
nanostructures improved the chemical performance of the devices significantly. To
widen the operation voltage, traditionally, there are two kinds of solutions. One is to
use more suitable electrolyte that can endure higher working voltage, such as organic
electrolyte and quasi solid-state electrolyte.' 2 The other way is to design
asymmetric electrodes for SCs. ASCs can exhibit two different potential windows of
the electrodes in the same electrolyte.['*5] As a result, the potential window is
widened and the energy density of the ASC could be improved. In recent years, great

progress have been made in design of ASCs, such as organic-inorganic composite
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electrodes,™*®! metal oxide/metal hydroxide electrodes.l*”] As a consequence, these
devices exhibit higher operation voltages in the range of 1.0 ~ 2.0 V.

As electrode materials for SCs, transition metal oxides have higher theoretical specific
capacitance and better cycling stability compared to carbon materials and conducting
polymers, respectively.[*®] However, pure transition metal oxides always provide low
power density since they are hindered by their poor electrical conductivity.l*®! CNT, a
kind of one dimensional carbon material, has attracted worldwide interest by virtue of
its high conductivity, high specific area, superior mechanical property. Also, CNT is a
good candidate for electrode materials in energy storage,’*® but the low specific
capacitance restricts its direct application as electrodes for high energy SCs.2!]
Commonly, CNTs often integrate with other materials as electrodes and provide
channels for electrons transferring in the electrodes. Previously, Jin and co-workers
described ASCs with reduced graphene/MnO2/CNT composite paper as a positive
electrode and CNT/polyaniline (PANI) composite paper as a negative electrode in a
gel electrolyte.??2l Although the device exhibited an high energy density of 24.8 Wh
kg™, the relatively narrow operating window of 1.6 V and unsatisfied stability (~ 7%
decay after 800 cycles) hindered its further application. Xu and co-workers have
developed ASCs with CogSg nano-arrays on carbon cloth as the positive electrode and
Co304/RuO; nanosheet arrays on carbon cloth as the negative electrode.ls! An energy
density of 1.21 mWh cm™ at the power density of 13.29 W c¢cm™ with a voltage
window of 1.6 V in 3 M KOH aqueous solution has been achieved. The device

exhibited excellent stability of 99.0% capacitance retention after 2000 cycles.
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However, the elaborate procedures of fabricating and the high cost of RuO> lowered
the industrial applicability of the device. Thus, there are still huge challenges for
designing and optimizing ASCs with both high fabrication-efficiency and excellent
electrochemical performance.

Here, we report the design of ASCs and SASCs based on free-standing membrane
electrodes to meet the demands in practice. Our strategy is to increase potential
window possibly, while maintaining high capacitance of the device. Different metal
oxides and CNT composites were designed for the positive and negative electrodes,
which fully exploited their high theoretical capacitance and high conductivity. To
enlarge operating potential window of the devices, we have synthesized MnO:
nanowires and MoOs nanobelts as the metal oxides for positive and negative
electrodes. These two metal oxides have the largest work function drop (4.4 eV of
MnO; and 6.9 eV of MoOs, respectively)? that results the widest potential window
of the devices. Considering that the energy density is proportional to the capacitance
and to the square of the operation voltage, most commercial SCs choose organic
electrolytes because of the higher operating voltages, which provide a higher energy
density.”! LiPF¢/organic solvent is a kind of widely used electrolyte in energy storage
devices,[?> 281 which can operate steadily at a higher operate voltage in excess of 4.0
V. Thus, an organic electrolyte of LiPF¢/Ethylene carbonate (EC)/Dimethyl
carbonate (DMC) is used in our devices trying to achieve high performance.
Benefiting from the rational design of the electrode active materials and the

electrolyte, the as-fabricated ASC exhibits a large operating voltage window of 0 ~
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Scheme 1. Schematic of: (a) the fabrication process and hybrid structure of the SASC based on

Potential distribution

free-standing films; (b) the structure of the SASC full cell and the potential distribution in it.

2.0 V and a high volumetric capacitance of 50.2 F cm™ at a scan rate of 2 mV s in
LiPFe/EC/DMC electrolyte, respectively, which is much higher than the previous
reports.[?®! Furthermore, we designed the SASC with a hybrid structure that a middle
layer was inserted between the positive (MnO2/CNTs) and negative (MoO3z/CNTS)
electrodes. The as-fabricated SASC has a voltage window of 0 ~ 4.0 V, high energy
density of 28.6 mWh cm™ at a power density of 261.4 mW cm, and good long-term

stability of less than 1% capacitance decay after 10000 cycles.

2 Results and Discussion

2.1 Characterizations of Positive Electrode Materials

The fabrication process of ASC and SASC is described in Scheme 1(more details of
the experiment are showed in Supporting Information). Free-standing membranes are
prepared by simple vacuum filtration technique. When the films were dried

completely, they were cut to suitable area, then sealed in a coin cell with an organic
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Figure 1. Characterization of MnO2/CNTSs electrodes: (a) A SEM image of MnO; nanowires; (b, c)
The top view and the side view of MnO2/CNTs films; (d) A TEM image of MnO, nanowires; (e)

High resolution TEM image and the inset SAED pattern of MnO, nanowires showing the

incomplete monocrystalline nature of MnO, nanowires; (f) XRD pattern of MnO. nanowires.

electrolyte of LiPFs/EC/DMC. The morphology of MnO. nanowires was revealed by
SEM and TEM images (Figure 1a, d). MnO2 nanowires entangled each other with the
length of several micrometers and diameters of 8 ~ 25 nm. The force of friction at the
surface of MnO. nanowires is the major factor that maintains the structure of
free-standing films. Figure 1b is a SEM image of MnO2/CNTs composite with a mass
ratio of 7:3 (This mass ratio is decided by the electrode optimization processes before
fabricating SCs, and the relative data is shown in Figure S4.), revealed that there is
few conglobations of CNTs, which ensures the conductive channels uniformly
distributed throughout the whole film. The relationship between the mass density and
the thickness of the MnO2/CNTs film is revealed in Figure 1c. The thickness of a

MnO2/CNTs film with a total mass density of 8 mg cm™ is about 71.4 um. More
6
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Figure 2. Electrochemical performances of the SC of MnO2/CNTSs electrodes: (a) CV curves of
the SCs based on pure MnO; nanowires, CNTs, and MnO2/CNTSs electrodes, respectively; (b) CV
curves of the MnO2/CNTs SC at different scan rate; (c) Volumetric capacitances of the MnOy/
CNTs SC at different scan rates; (d) GCD curves of the MnO2/CNTs SC at different current

densities.

details of the structure of MnO, nanowires are revealed in Figure le. There are a
certain amount of nanopores on the surface of MnO2 nanowires. These nanopores
increase the interface between nanowires and the electrolyte, which provide larger
effective area for redox reaction. Furthermore, the MnO> nanowire has an incomplete
monocrystalline structure revealed by Figure 1e and the inset selected area electron
diffraction (SAED) pattern. The bright ring in the SAED pattern indicates that the
nanowire contains some polycrystalline component, which may be caused by the
relatively low growth temperature. The X-ray diffraction (XRD) pattern (Figure 1f)
further confirmed that crystal type of the nanowire belongs to tetragonal a-MnO-

phase (JCPDS 44-0141).127]
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Taking into account the application in practice, two free-standing MnO2/CNTs films
of the same area were sealed in a coin cell with LiPFs/EC/DMC electrolyte. The
electrochemical behaviour of MnO2/CNTSs films was evaluated by performing cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) characterization with
two-electrode configuration. The CV curves of SCs based MnO; nanowires, CNTs
and MnO: nanowires/CNTs are compared in Figure 2a. According to Y. Gogotsi and P.
Simon’s perspective,?® the volumetric capacitance (or areal capacitance) of our
devices are calculated because it is much closer to application. The SC fabricated by
pure MnO; nanowires has the smallest volumetric capacitance (based on the total
volume of the free-standing membranes fabricated by MnO2 nanowires) of 107 mF
cm at a scan rate of 5 mV s*. The poor capacitance is mainly caused by the poor
conductivity of MnO, (10°~10° S/cm, Ref.1). The electrons, produced by the redox
of MnO, can’t be transferred to the collector in time, which leads to a large amount
of deactivated mass in the electrodes. In addition, high internal resistance of the pure
MnO; electrodes results in heavy ohmic polarization, which further decreases the
capacitive performance of the device. The CV curve of the SC with CNTs film
electrodes presents an ideal rectangle shape that revealed the nature of
electrochemical double layer capacitor. The SCs fabricated by the MnO2/CNTs films
have much higher volumetric capacitance (based on the total volume of the
MnO2/CNTs electrodes) of 41.5 F cm™ at a scan rate of 5 mV s, which is 388 times
and 34 times of pure MnO2 SCs and CNTs SCs, respectively. Compared to the

previous literatures, the capacitance is substantially higher than graphene cellulose



Nanoscale

26 (degree)

Figure 3. Characterization of MoO3/CNTs electrodes: (a) A SEM image of MoOj3 nanobelts; (b, c)
The top view and the side view of MoOs/CNTs films; (d) A TEM image of MoOs nanobelts; (e)
High resolution TEM image and the inset SAED pattern of MoOz nanobelts showing the

monocrystalline nature of MoOs nanobelts; (f) XRD pattern of MoO3 nanobelts.

paper based SCs,?®1 TiN based SCs,% and some metal oxide based ASCs.!*62%l The
electrochemical performances of MnO./CNTs SCs have been distinctly enhanced,
which attributed to the conductive network from the uniform distribution of CNTs in
the electrodes. CV curves of MnO2/CNTs SCs at different scan rates in the potential
window of 0 ~ 1.0 V are showed in Figure 2b. The curves have good symmetrical
shapes even at a high scan rate of 100 mV s, indicating that the charge-discharge
process in the electrodes is reversible steadily. The trend of volumetric capacitance
versus different scan rates is revealed in Figure 2c. The volumetric capacitance of the
MnO2/CNTs ASC decreased from 47.4 F cm™ to 22.0 F cm™ as the scan rate from 2
mV st to 100 mV s. The rate of decay is 53.6% when the charge-discharge rate has

been accelerated 50 times, which is much lower than those reported previously.['% 16
9
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39 Figure 2d shows the GCD curves of the MnO2/CNTs SC at different current
densities, in which good linear potential-time profiles are achieved, demonstrating a
good capacitance performance of the device. The Coulombic efficiency of the ACS is
98.3% and 85.5% at the current density of 5 mA cm? and 1 mA cm?, respectively.
The lower Coulombic efficiency at smaller current density may be caused by the
accumulative effect of leakage current during the lower power process.

2.2 Characterizations of Negative Electrode Materials

Compared to abundant studies on positive electrodes materials with great progress,
researches focus on negative electrode materials of transition metal oxides are
sluggish due to high cost or the unsatisfactory capacitive performance.! Similar to
the positive material of MnO, MoOs is a layer-structured material of low cost, which
facilitates the injection of ions into the free spaces for exceptional electrochemical
properties.’?* 32 Thus, MoOs nanobelts were synthesized by a simple hydrothermal
method to match the positive electrode material of MnO.. The morphology of MoO3
nanobelts was revealed by SEM and TEM images (Figure 3a, d). The length, width
and thickness of MoOz nanobelts are several micrometers, 90 ~ 500 nm and about 65
nm (Figure Sla, b), respectively. Figure 3b is a SEM image of MoOs/CNTs composite
with a mass ratio of 7:3, showing that MoOs nanobelts are encompassed by CNTSs.
The thickness of a MoO3/CNTSs film with a total mass density of 8 mg cm is about
63.2 um (Figure 3c). The rough surface of MoOs nanobelts showed in the high
resolution TEM image (Figure 3e), is helpful to enlarge the specific surface area. A
monocrystalline structure was revealed by the SAED (the inset in Figure 3e). The

10
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Figure 4. Electrochemical performances of the SC of MoO3/CNTSs electrodes: (a) CV curves of
the SCs based on pure MoO3 nanowires, and MoO3s/CNTs electrodes, respectively; (b) CV curves
of the MoO3/CNTs SC at different scan rate; (c) Volumetric capacitances of the MoOs/ CNTs SC

at different scan rates; (d) GCD curves of the MoOs/CNTs SC at different current densities.

XRD pattern (Figure 3f) further confirmed that the prepared MoOz nanobelt has the
orthorhombic structure (JCPDS 03-065-2421).1

The electrochemical tests of the MoOs/CNTs free-standing films were performed in a
two-electrode cell using LiPFs/EC/DMC electrolyte. As illustrated in Figure 4a,
MoO3/CNTs composite exhibits better electrochemical performance than pure MoO3
with an operation potential window of -1.0 to 0 V. SCs based MoO3s/CNTs composite
with 30% CNTs have a high volumetric capacitance (based on the total volume of the
MoOs/CNTs electrodes) of 39.8 F cm™ at 5 mV s, which is much higher than the
SCs based on pure MoOs (25 mF cm™ at 5 mV s?), CNTs (1.2 F cm™®), and the
previous works.['5 22 2% 30 The dramatic improvement of the electrochemical

performance of MoO3/CNTs SCs is attributed to the better conductivity of the
11
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composite than pure MoOs nanobelts(~10* S cm™).34 The space between MoOs;
nanobelts and CNTs is favourable for ions diffusion and electrons can be transferred
immediately by the conductive network of CNTs. In addition, CNTs offer better inner
connectivity between MoOs nanobelts and furthermore participate in electrochemical
double layer capacitance. Figure 4b shows CV curves at different scan rate. When the
scan rate is accelerated from 2 mV s to 100 mV s, the symmetry of the curves just
has a slight fluctuation (Figure 4a and b), implicated good rate capability of the
devices. The relationship of volumetric capacitance versus scan rate is showed in
Figure 4c. The volumetric capacitance of the MoOs/CNTs ASC decreased from 45.8 F
cm2to 21.1 F cm™ as the scan rate from 2 mV s to 100 mV s™. The decay rate is
54.0% when the charge-discharge rate has been accelerated 50 times, which is
acceptable compared with those previous works.*% 1639 Figure 4d shows the GCD
curves of the MoOs/CNTs SC at different current densities. The near triangle shapes
of the GCD curves are revealed, which indicated a good capacitance performance of
the device. Integrating with the previous analysis of the positive electrodes, we find
that the negative electrode based on MoOs/CNTs free-standing film matches the
positive electrode from MnO2/CNTs film well except to adjust the mass ratio of them.
2.3 Electrochemical Behaviour of ASCs and SASCs

Based on the investigation of the electrochemical performance of MnO2/CNTs and
MoO3/CNTs composite materials, the best volumetric ratio of the anode and the
cathode free-standing membranes is about 1 : 0.96 (equals mass ratio of 0.86 : 1). The
more details of the middle layer used in the SASC are showed in Figure S3a and b.

12



Nanoscale

~754(a) MEBO- (b) ?120_ (c)
§ 60— 100 mVis— 10mVis 2 G 90{—— 100 mVis —— 10 mVis
2 45)50mVis —5mVviS =504 v ——50mVls —— 5mVis
E . |——20mVis —2mViS 8 S 801 20mvis —2mvis
~ 30 €40 Yv >
£ e v v £ 30
2 15 230 Vg o
5 0 g 2 "7
£.15 _gzn @ 304}
S -30 'cT'EJ10- 3 -60-
45 : , , —A2 1 g0l : : : :
060 05 10 15 20 © 0 20 40 60 80 100 0 1 2 3 4
Potential (V) Scan rate (mV/s) Potential (V)
(d) 2 | 1(e) g a " —
A1 4 A % nwcmz § 1E2] Thiswork £ 5, R 1001 009000300000000000000
1A \ 28 mAlem” | = ~u E -. = _
< I/ \ ——14maem’ (3 Ref. 37, 2% S 80{ Frosf —ocie 1
€3 ]I !| y \ 7 mA/em’ §1E01 140 U * L5 E 70 —MerM
= [ / 2 ] B15 ° { T3
£, i ',{,_/ 3.5 mAjem’ B 1Rel % Ret. 38 3 ROMN ngity e g %0 g0
©° { I| A G1E2{ % Ref. 36 18 40 25 _
= iy o\ \ - (4 = 5l
{ \ 1 5 £-
Ly /4 \ QE,’ S Rel3 8 204 B
1\ 2 1E-5 Ref. 29 o 00 05 10 15 20 25 30 35 40
0 |\ w : O 0 Patential (V)

0 2000 4000 6000 8000 10000
Cycle number

1E4 1E2 1E0 1E2 1E4 1E6
Power density (W:’cma}

0 200 400 600 800
Time (s)

Figure 5. (a) CV curves of the ASC based on MnO2/CNT and MoOs/CNT composite electrodes;
(b) Volumetric capacitances of the ASC at different scan rates; (c) CV curves of the SASC at
different scan rates; (d) GCD curves of the SASC at different current densities; (e) Ragone plots of

our SASC and some other devices; (f) Cycling performance of the optimized SASC.

Thus, optimized ASC and SASC full cells were fabricated using LiPFe/EC/DMC

electrolyte. Their electrochemical behaviour was evaluated by performing
electrochemical measurements. Fig 5a is the CV curves of the optimized ASC at the
different scan rates from 2 to 100 mV s*, and its operation potential window are as
high as 0 ~ 2.0 V. The highest volumetric capacitance of the ASC is 50.2 F cm?
(based on the total volume of the MnO2/CNT and MoO3z/CNT electrodes) at a scan
rate of 2 mV s, and maintains 66.5 % of the capacitance when the scan rate has been
accelerated to 100 mV s™. Benefiting from the electrochemical stability of the organic
electrolyte and no hydrogen/oxygen evolution reactions, the potential window of the

SASC is widened from 0 to 4.0 V. A comparison of the CV curves of ASC and SASC

full cells within different potential windows is shown in Figure S5a. Figure 5¢ shows
13

Page 14 of 19



Page 15 of 19

Nanoscale

CV curves of the SASC at different scan rates. The highest volumetric capacitance
(based on the total volume of the anode, the cathode and the middle layer) of the full
cell is 38.1 F cm™ at 2 mV s™. To further investigate the performance of the SASC,
we measured GCD curves at various current densities (Figure 5d). Figure 5e shows
Ragone plot for energy density (E) and power density (P) of the SASC full cell, which
is calculated from Figure 5d. It is notable that the highest E and P of this SASC are
much higher than the previous reports.[?® 35-3% The SASC with a cell voltage of 4.0 V
can exhibit an energy density of 28.6 mWh cm at a power density of 0.26 W cm, or
16.7 mWh cm at 4.18 W cm3, respectively. The enhancement of energy density here
is attributed to the enlarged operation potential window and the high energy density of
both electrodes. The electrochemical performance is improved by combination with
high energy density of metal oxide and good conductivity of CNTSs.

Long cycle life is an important requirement for SCs in practice. The cycle life
measurement during 10000 cycles for the SASC was carried out by repeating the CV
test between 0 and 4.0 V at a scan rate of 100 mV s (Figure 5f). The capacitance of
the SASC full cell increases at the initial 3000 cycles, which is probably attributed to
the improvement in the activation of the active materials and the infiltration of the
electrode surface by the organic electrolyte. The capacitance retention is 99.6% when
the SASC cell stands 10000 cycles, which is much better than the pseudocapacitors
using aqueous electrolytes,!?> 4% 41 and some other quasi solid-state SCs with gel
electrolytes (showed in Figure S7). The stable cycling performance of the device is
mainly due to the well matching of the electrodes and the good stability of middle

14



Nanoscale

Figure 6. Photos of the free-standing films: (a) a MnO2 nanowires/CNTs composite film; (b) the
middle layer with inner-connection structure; (c) a MoOs nanobelts/fCNTs composite film. (d)
Photos of two series LEDs and a SASC full cell; two series LEDs and a calculator drove by a fully

charged SASC cell; enlarged calculator display screen; respectively.

layer with inner-connection structure, further demonstrated the proper design of the
SASC. The electrochemical impedance spectroscopy (EIS) analysis has been
introduced when the SASC has 0 cycle and 10000 cycles, respectively (Figure S5b,
and Figure S8). The Nyquist plots for 0 cycle and after 10000 cycles almost overlap,
indicating perfect stability of the electrode materials in the organic electrolyte and the
good reversibility of the redox, which is consistent with the results of cycle life test.
In addition, the inner-connected structure used in the SASC has some more
fascinating features compared the conventional approach. The relative data is shown
in Figure S6. The volumetric capacitance of a SASC is about 30% higher than that of
two ASCs connected in series (Figure S6a, b). The lower resistance (Rs, Rct, Figure

S6c¢) of the SASC is beneficial to the transmission of the charges and ions, which
15
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ensures more efficient exploitation for the energy.

For application of the as-fabricated SASC, some digital photos are presented in Figure
6. The free-standing membranes of positive electrode, middle layer with
inner-connection structure, and the negative electrode are exhibited in Figure 6a, 6b
and 6c, respectively. Two examples for the devices of their application in practice are
given, as showed in Figure 6d. When an ASC cell has been charged fully, it can easily
drive a calculator (the nominal voltage is 1.5 V). As for a SASC cell, two series LEDs
(the nominal voltage of each one is 1.8 V) are lightened after full charging. The high
output voltage character of the SASC provides more convenience to meet the high
voltage demands than that of conventional series SCs (three series SCs to power one

LED).[29’ 42]

3 Conclusion

In summary, we have successfully developed an SASC based on free-standing
membranes. MnO2/CNTs and MoOs/CNTs composite films are obtained for the
positive and negative electrode, respectively. We demonstrated that coupling the
MnO2/CNTs and MoOs/CNTs composite can produce ASCs with high energy and
high output voltage. The design of SASC by inserting a middle layer with
inner-connection structure between the positive and negative electrode is adopted,
which provides a large operation voltage window of the device. The SASC shows
high volumetric capacitance, high energy density, and good long-term stability at a
potential window of 4.0 V in LiPFs/EC/DMC electrolyte. The SASC with hybridized

structure presented here aims at simplifying the fabricating process, lowering the cost
16
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and using environmental friendly materials for applications in practice. The simple
fabricating process and the cell configuration of the SASC provide a promising
research direction for the next generation, low-cost SCs with high energy density and

high output voltage demands.
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