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supercapacitors), with desirable

properties of high power density (10
times more power than batteries), fast
charging (with seconds), excellent cycling
stability, small size, and light weight, have
become some of the most promising candi-
dates for next-generation power devices." ™
With characteristics complementary to
those of rechargeable batteries and fuel
cells, supercapacitors have been used in
many applications, such as power back-up,
pacemakers, air bags, and electrical
vehicles.>~7 Currently, most commercial su-
percapacitors are made of high-surface-area
carbonaceous materials typically, with a
specific capacitance of ~4 F/g, a power
density of 3—4 kW/kg, and an energy den-
sity of 3—4 Wh/kg in both aqueous electro-
lyte and organic electrolyte, in which the
weight of the whole system is considered.?
However, these supercapacitors might not
provide sufficient energy/power densities
or efficiencies to fuel low-emission hybrid
cars and trucks.

Therefore, the challenge for current su-
percapacitor technology is to improve the
energy density without sacrificing the
power density and the cycle life. According
to the equation of E = /,CV2, obviously, the
energy density can be improved by maxi-
mizing the device capacitance (C) and/or
the cell voltage (V).° An efficient way to in-
crease the cell voltage is to use organic elec-
trolytes, since organic electrolytes usually
provide a wider voltage window with bet-
ter electrochemical stability than aqueous
electrolytes. For instance, tetraethylammo-
nium tetrafluoroborate (TEABF,) in aceto-

E lectrochemical capacitors (so-called
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ABSTRACT In the work described in this paper, we have successfully fabricated flexible asymmetric
supercapacitors (ASCs) based on transition-metal-oxide nanowire/single-walled carbon nanotube (SWNT) hybrid
thin-film electrodes. These hybrid nanostructured films, with advantages of mechanical flexibility, uniform layered
structures, and mesoporous surface morphology, were produced by using a filtration method. Here, manganese
dioxide nanowire/SWNT hybrid films worked as the positive electrode, and indium oxide nanowire/SWNT hybrid
films served as the negative electrode in a designed ASC. In our design, charges can be stored not only via
electrochemical double-layer capacitance from SWNT films but also through a reversible faradic process from
transition-metal-oxide nanowires. In addition, to obtain stable electrochemical behavior during
charging/discharging cycles in a 2 V potential window, the mass balance between two electrodes has been
optimized. Our optimized hybrid nanostructured ASCs exhibited a superior device performance with specific
capacitance of 184 F/g, energy density of 25.5 Wh/kg, and columbic efficiency of ~90%. In addition, our ASCs
exhibited a power density of 50.3 kW/kg, which is 10-fold higher than obtained in early reported ASC work. The
high-performance hybrid nanostructured ASCs can find applications in conformal electrics, portable electronics,
and electrical vehicles.

KEYWORDS: metal oxide nanowires - single-walled carbon nanotubes - carbon
nanotube films - supercapacitors - flexible energy storage devices

nitrile (AN) has been used as an electrolyte
in supercapacitors, which allows the super-
capacitors to be charged/discharged up to
2.0 or 2.3 V."° However, organic electrolytes
are usually more expensive and less con-
ductive than aqueous electrolytes (oyiprec:
peEc ~ 10 mS/cm; 01 mnays0, > 100 mS/cm),
which results in low specific capacitance
and high equivalent series resistance in
supercapacitors and precludes supercapaci-
tors reaching high power density. In addi-
tion, AN is not environmentally friendly and
can cause a toxic effect in human organs,
which does not meet the requirement of
“green electrolyte” for next-generation
power devices. In this regard, aqueous-
electrolyte-based supercapacitors are more
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attractive because they are highly safe, low-cost, and
environmentally friendly.

An alternative approach to improve energy density
is to develop hybrid electrochemical capacitors (so-
called asymmetric supercapacitors, or ASCs),' ' which
can also provide a wider operating potential window
compared to symmetric supercapacitors. For an ASC,
the active material used in one electrode is usually dif-
ferent from that used in the other electrode in a cell sys-
tem. For instance, ruthenium oxide (RuO,) can be used
as the positive electrode,™ while activated carbon (AC)
can work as the negative electrode in an ASC."> More-
over, ASCs can make use of the different potential win-
dows of the two electrodes to increase the maximum
operation voltage of the aqueous electrolyte in the cell
system, which results in an improved specific capaci-
tance and energy density. In comparison to conven-
tional electrical double-layer capacitors (EDLCs), Qu et
al. reported the use of manganese dioxide as the posi-
tive electrode and AC as the negative electrode in an
ASC, with operation voltage of 1.8V, energy density of
28.4 Wh/kg, and power density of 150 W/kg in an aque-
ous electrolyte.'® Due to the improved energy density,
much attention has been paid to such transition-metal-
oxide/AC ASCs. Yuan et al. presented an ASC built on
two different transition-metal-oxide materials, and the
device exhibited energy density of 23 Wh/kg and im-
proved power density of 1.4 kW/kg at a high discharg-
ing current of 25 mA/cm2.'” However, none of the re-
ported devices could supply a power density
comparable to that of single-walled carbon nanotube
(SWNT) EDLCs (23 kW/kg) in an aqueous gel electro-
lyte.'® This can be attributed to the poor conductance
of the transition-metal-oxide-based electrodes, which
decreases the power density of the ASCs.

To address this issue, we have developed an easy
and efficient method to improve the conductivity of
transition-metal-oxide-based electrodes by integrating
transition-metal-oxide nanowires together with SWNTs
to form hybrid nanostructured films, which have been
applied as electrodes in flexible and transparent super-
capacitors.” In our early work, the incorporation of
transition-metal-oxide nanowires contributed
pseudocapacitance to SWNT thin-film EDLCs, thus im-
proving the device performance in terms of specific
capacitance and power density. In the work described
herein, using a similar concept, we prepared hybrid
nanostructured thin-film electrodes by using two differ-
ent transition-metal-oxide nanowires, including manga-
nese dioxide (MnO,) nanowires and indium oxide
(In,03) nanowires, together with SWNTs and fabricated
hybrid nanostructured ASCs. In this asymmetric cell sys-
tem, MnO, nanowire/SWNT hybrid films served as the
positive electrode, while In,03; nanowire/SWNT hybrid
films functioned as the negative electrode with a neu-
tral electrolyte. In order to obtain a stable 2 V operation
potential for the hybrid nanostructured ASCs, the mass
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balance between the two electrodes of the cell system
has been optimized. The optimized hybrid nanostruc-
tured ASCs operated stably up to 2 V with specific ca-
pacitance of 184 F/g, power density of 50.3 kW/kg, and
energy density of 25.5 Wh/kg. In comparison to the
early reported ASCs, our hybrid nanostructured ASCs
exhibit better power density, which can be attributed
to the integration of SWNTs. In addition, our design not
only takes full advantage of the electrical double-layer
capacitance from SWNTs and the pseudocapacitance
from transition-metal-oxide nanowires but also im-
proves the conductivity of transition-metal-oxide nano-
wire films, which leads to high energy density and high
power density of our ASCs. Furthermore, SWNT films
also worked as current-collecting electrodes, which fur-
ther reduced the total device weight by eliminating
the need for metal current-collecting electrodes used
in conventional supercapacitors.

RESULTS AND DISCUSSION

Characterizations of Indium Oxide Nanowires and Manganese
Oxide Nanowires. Figure 1a shows a typical scanning elec-
tron microscopy (SEM) image of as-grown MnO,
nanowires with typical length of ~2—3 pum and diam-
eter of ~20 nm on average. These nanowires have
smooth surfaces without any amorphous coating and
have extremely uniform diameters, which can be easily
observed in the low-magnification transmission elec-
tron microscopy (TEM) image (Figure 1b). In addition,
there is no noticeable dislocation or defect in MnO,
nanowires, and the corresponding high-resolution (HR)-
TEM image, shown in Figure 1c, exhibits a perfect
single-crystalline structure with a very good lattice
fringe, corresponded to a d-spacing of 0.31 nm in the
B-phase MnO, (3-Mn0,) crystal structure.® To further
evaluate the crystalline structure, Figure 1d shows the
result of X-ray diffraction (XRD) measurement. The XRD
pattern also confirmed the crystalline structure of as-
grown nanowires to be 3-MnO, nanowires, which have
tetragonal symmetry with P42/mnm space group and
lattice constants of a = 4.388 nm and ¢ = 2.865 nm
(JCPDS data, PDF-01-072-1984). Furthermore, there is
no extra peak observed in the XRD spectrum, which
confirms the highly crystalline nature of the MnO,
nanowires and is in agreement with the HR-TEM obser-
vations. Figure 1e displays the SEM image of chemical
vapor deposition (CVD) synthesized In,03 nanowires
which are 10—100 wm long with diameters of 50—100
nm on average. Similar to MnO, nanowires, both low-
magnification TEM (Figure 1f) and HR-TEM (Figure 1e)
suggest that each In,03 nanowire has a perfect single-
crystalline structure without any noticeable dislocations
or defects. The interspacing between planes is 0.505
nm, corresponding to the (200) plane in the body-
centered cubic (bcc) In,03 nanowire crystal structure,
with a lattice constant of a = 1.01 nm.2"?2 Although the
XRD pattern shown in Figure 1h exhibits two extra Au
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Figure 1. (a) SEM image of 3-MnO, nanowires with diameter of 20 nm and length of 2—3 pum on average. (b) TEM image of
B-MnO, nanowires. (c) High-resolution TEM of a B-MnO, nanowire. (d) A typical XRD spectrum of as-grown 3-MnO, nano-
wires. (e) SEM images of In,0; nanowires with diameter of 60 nm and length of 10—100 pm on average. (f) TEM image of
In,03 nanowires. (g) High-resolution TEM of an In,03 nanowire. (h) A typical XRD spectrum of as-grown In,O3 nanowires.

peaks due to the existence of Au catalysts, the XRD pat-
terns also indicate that these nanowires exhibit high
crystalline quality.?°

Fabrication and Characterizations of Hybrid Nanostructured
Films. To produce hybrid nanostructured films, the as-
grown transition-metal-oxide nanowires were soni-
cated in isopropyl alcohol (IPA) solutions and then dis-
persed on a SWNT film/anodic aluminum oxide (AAO)
membrane to form transition-metal-oxide nanowire/
SWNT hybrid films by a filtration method. As the sus-
pension went through the SWNT film/filtration mem-
brane, the nanowires were trapped on the SWNT films
and formed an intertwined mesh. The “hybrid nano-
structured thin films” were gently peeled off, while the
trapped nanowire/SWNT films dried. These hybrid
nanostructured films were characterized by mechani-
cal flexibility, uniform layered structures, and mesopo-
rous surface morphology. Figure 2a shows a schematic
diagram of an ASC built on two different hybrid nano-
structured films. As one can easily observe, the asym-
metric cell system is composed of a nitrocellulose film
as the separator, a MnO, nanowire/SWNT film as the
positive electrode, an In,0; nanowire/SWNT film as the
negative electrode, and aqueous solution as the elec-
trolyte. Figure 2b shows a typical MnO, nanowire/SWNT
hybrid film electrode. MnO, nanowires are uniformly
coated on SWNT films. To check the interface between
the SWNT networks and MnO, nanowire mesh, we in-
tentionally stretched a MnO, nanowire/SWNT hybrid
film electrode. Uniform SWNT networks underneath the
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MnO, nanowire films can be clearly observed in the in-
set of Figure 2b, and the MnO, nanowires are well-
distributed and form a homogeneous film on SWNT
films. Similar to the MnO, nanowire/SWNT hybrid films,
Figure 2c shows a well-dispersed In,0; nanowire mesh
on SWNT networks forming a layer-by-layer structure.
The inset displays the SWNT networks below the In,03
nanowire films. By using the filtration method, we pro-
duced conformal, binder-free, all-nanostructured-
materials hybrid nanostructured films with highly tun-
able surfaces, which allows aqueous electrolytes to fully
wet the nanowire mesh and the SWNTs. The well-
distributed oxide nanowire films maintained good con-
tact with SWNTs and provided a good electrical conduc-
tion pathway for charge transportation. In addition, we
note that uniformly dispersed transition-metal-oxide
nanowire films and a layer-by-layer structure are criti-
cal in this study, since charges can uniformly distribute
on each electrode and the cell voltage can split equally
on both electrodes.

Electrochemical Characterizations of Hybrid Nanostructured
Films. Electrochemical measurements were carried out
with a potentiostat/galvanostat (Princeton Applied Re-
search model 263) in T M Na,SO, electrolyte. Galvano-
static (GV) charging/discharging measurements were
used to determine the specific capacitance (Csp), power
density, and internal resistance (IR) of the devices in a
two-electrode configuration. Cyclic voltammetery (CV)
measurements were performed to evaluate the stabil-
ity and the electrochemical behavior of our hybrid
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Figure 2. (a) Schematic diagram of an ASC composed with a MnO, nanowire/SWNT hybrid film as a cathode electrode and
and In,0; nanowire/SWNT hybrid film as an anode electrode. (b) A scratched MnO, nanowire/SWNT hybrid film. Insets: (top)
SWNT films can be clearly observed underneath MnO, nanowire networks; (bottom) uniform MnO, nanowire network above
SWNT films. (c) An as-fabricated In,0; nanowire/SWNT hybrid film. Inset: SWNT films underneath In,O3; nanowires work as

current-collecting electrodes.

nanostructured films under different potential win-
dows from —0.6 to 0.8 V in a three-electrode configura-
tion. A hybrid nanostructured film, an Ag/AgCl (satu-
rated NaCl) assembly, and a platinum wire were used
as the working electrode, the reference electrode, and
the counter electrode, respectively. The electrochemical
performance was tested without removal of oxygen
from the solution.?® The potential range of MnO, and
In,03 hybrid nanostructured films extends from 0.0 to
0.8 Vand —0.6 to 0.2 V vs Ag/AgCl, respectively, while
In,O3 nanowires are more stable at more negative po-
tentials. The CV results of SWNT bulky papers, MnO,
nanowire/SWNT hybrid films, and In,O3; nanowire/
SWNT hybrid films in the aqueous electrolyte are pre-
sented in Figure 3. Figure 3a shows the results of CV
measurements of SWNT bulky papers with different
scan rates of 5 and 20 mV/s around potentials of 0.0
and 0.8 V. The rectangular shape of these curves re-

/iy - - -
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veals a good electrical double-layer capacitance behav-
ior of our SWNT bulky papers. The cyclic voltammo-
grams of MnO, nanowire/SWNT hybrid films with scan
rates of 5, 20, 50, and 100 mV/s can be found in Figure
3b, which shows a quasi-rectangular shape of these
curves. As is well known, MnO, is considered to be a
promising electrode material, exhibiting ideal capaci-
tive behavior in a mild aqueous electrolyte with a stable
potential range up to 1.2 V."* The charge-storage mech-
anism of MnO; is still controversial.?*2* For crystalline
MnO,, the mechanism might can be attributed to the
intercalation/extraction of protons (H;0™) or alkali cat-
ions (Na*) into/out of the oxide nanowires with con-
comitant reduction/oxidation of the Mn ions and can
be expressed as follows:?*

MnO, + M* 4+ e~ < MnOOM
(M* = Na" orH,0") (1)

www.acsnano.org
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Figure 3. Cyclic voltammetery in a three-electrode configuration with different nanostructured thin-film electrodes of (a) a

bare SWNT thin-film electrode, (b) a MnO, nanowire/SWNT hybrid film electrode, and (c) an In,03; nanowire/SWNT hybrid film
electrode in 1 M Na,SO, electrolyte with different scan rates ranging from 5 to 100 mV/s. (d) Comparative cyclic voltamme-
tery using MnO, nanowire/SWNT hybrid film and In,0; nanowire/SWNT hybrid film as active electrodes. The scan rate is 100

mV/s.

The quasi-rectangular shapes are close to the behavior
of EDLCs, even though the Faradaic process dominates
the electrochemical behavior of MnO, nanowire net-
works in an aqueous electrolyte.'® In addition, the SWNT
films underneath the MnO, nanowire networks also
contributed electrical double-layer capacitance, which
might influence the CV shapes of MnO, nanowire/
SWNT hybrid films.

Figure 3c displays the cyclic voltammograms of
In,03 nanowire/SWNT hybrid films with scan rates of 5,
20, 50, and 100 mV/s. Similar to the MnO, nanowire/
SWNT hybrid films, the In,03; nanowire/SWNT films ex-
hibit a quasi-rectangular shape with Faradaic process
contributed by the In,03 nanowires.” In comparison to
Figure 3a, as one can easily see, the cyclic voltammo-
grams of the two hybrid nanostructured films are quite
different due to the Faradaic process contributed by
the transition-metal-oxide nanowires. The specific
capacitance of those active materials can be obtained
via the following equation:?%%”

CFlg) = é(#) @)

where v is the scan rate, i is the corresponding current
of the applied voltage, and m is the weight of the active
materials. With this equation, the specific capacitance
of SWNT bulky paper is calculated to be about 80 F/g,
that of MnO, nanowire/SWNT hybrid film is 253 F/g, and
that of In,0; nanowire/SWNT hybrid film is 201 F/g.

By expressing the total cell voltage as the sum of the
potential range of MnO, nanowire/SWNT hybrid film
and In,03 nanowire/SWNT hybrid film, we are able to
estimate that the hybrid nanostructured ASCs can be
operated up to 1.4 V. Figure 3d shows the cyclic volta-
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mmograms obtained in a three-electrode cell from
MnO, nanowire/SWNT hybrid film electrode and In,0;
nanowire/SWNT hybrid film electrode in 1 M Na,SO,
electrolyte. It is easy to observe that the MnO, nano-
wire/SWNT hybrid film has a stable electrochemical
behavior in positive polarization and the In,O; nano-
wire/SWNT hybrid film has a stable electrochemical be-
havior in negative polarization. Hence, in order to ob-
tain a capacitor operating in a 1.4 V voltage window, it
is necessary to control the experimental conditions for
the MnO, nanowire/SWNT hybrid film to work in the
potential window range from 0.2 to 0.8 V and for the
In,05 nanowire/SWNT hybrid film to work in the poten-
tial window range from —0.6 to 0.2 V, which will en-
sure a safe performance of both electrodes during long
cycling. In this way, we can avoid the decomposition
of aqueous electrolyte at 1V that occurs in a symmet-
ric cell system. In addition, more negative potential (for
reduction) and positive potential (for oxidation) can be
achieved, since both the hydrogen and oxygen evolu-
tion reactions are presumably kinetically limited on
these transition-metal-oxide nanowires and SWNTs. As
a result, the operation window of MnO, nanowires can
extend from —0.1 to 1.2 V and that of In,03 nanowires
from —1.0to0 0.2 V vs Ag/AgClin 1 M Na,SO, electrolyte.
Moreover, unlike a symmetric supercapacitor, in
which the applied voltage can split equally between
the two electrodes due to using the same material and
having the same mass in each electrode, in ASCs, the
voltage split depends on the capacitance of the active
material in each electrode. The capacitance is usually re-
lated to the mass and the specific capacitance of the
active material.'® Thus, in order to split voltage equally,
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we have to optimize the mass balance between the
two electrodes in our cell system following the relation-
ship g+ = g-, where g, means the charges stored at
the positive electrode and g means the charges stored
at the negative electrode." The stored charge can be
expressed by the following equation:™

q = C,mAE (3)

where AE is the potential range of the charging/dis-
charging process and m is the mass of each electrode.
Since the mass loading of SWNTs in each electrode is
the same, the optimal mass ratio between the elec-
trodes should be myno,/Min,0, = 0.74 in the hybrid
nanostructured asymmetric cell system.

Asymmetric Hybrid Nanostructured Supercapacitors. Figure
4a shows the cyclic voltammograms at different cell
voltages for a hybrid nanostructured ASC with optimal
mass ratio between two electrodes in 1 M Na,SO, elec-
trolyte. In the designed cell, the weight of MnO, nano-
wires is 0.46 mg and that of In,0; nanowires is 0.62 mg.
With a scan rate of 20 mV/s, the hybrid nanostructured
supercapacitor shows an ideal capacitive behavior with
quasi-rectangular CV curves, even at a potential win-
dow up to0 2.0 Vin 1 M Na,SO, electrolyte. The cell main-
tained an ideal capacitive behavior even at the high
scan rate of 100 mV/s, which exhibits the desirable fast-
charging/discharging property for power devices, as
shown in Figure 4b. Figure 4c displays 10 cycles of gal-
vanostatic charging/discharging curves for an ASC with
a constant current of 2 mA/cm? in the potential range
between 0.01 and 2.01 V. The symmetry of the charg-
ing and discharging characteristics shows good capaci-
tive behavior. The specific capacitance has been evalu-
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ated from the charging/discharging curves according
to the following equation:'

Y R R T N
Cop = (—dV/dt (m+ + m,) @

where [ is the applied discharging current, m, and m_
are the masses of the positive and negative electrodes,
respectively, and the dV/dt is the slope of the of dis-
charge curve after IR drop. The power density and en-
ergy density can be calculated using the following
equations:"

_ v

P= 2rm ®)
£=tcv = lmc v 6
=2 T MG ©

where V is the applied voltage, R is the equivalent se-
ries resistance (ESR), M is the total mass of the hybrid
nanostructured film electrodes, and C is the total ca-
pacitance of the hybrid nanostructured ASC (Cy, = 4C/
M).28 The calculated specific capacitance of the hybrid
nanostructured ASC is about 184 F/g, while the power
density and energy density were improved to 50.3
kW/kg and 25.5 Wh/kg, respectively. We also carried
out the GV measurements for SWNT symmetric super-
capacitors; the results are given in the Supporting Infor-
mation. The specific capacitance was merely 80 F/g,
with power density of 11.4 kW/kg and energy density
of 4 Wh/kg. We further investigated the device perfor-
mance of hybrid nanostructured ASCs and SWNT sym-
metric supercapacitors by using different charging/dis-
charging currents. Figure 4d shows the specific
capacitance of a SWNT symmetric supercapacitor and
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Figure 4. Cyclic voltammograms of an optimized hybrid nanostructured ASC in 1 M Na,SO, electrolyte with a scan rate of
20 mV/s (a) and with different scan rates of 5, 10, 20, 50, 75, and 100 mV/s (b). (c) Galvanostatic charging/discharging curves
measured with a current density of 2 mA/cm? for an optimized hybrid nanostructured ASC in 1 M Na,SO, electrolyte. (d) A
comparison of the specific capacitance of a hybrid nanostructured ASC and a SWNT symmetric supercapacitor with differ-

ent discharging currents of 1, 2, 5, 10, and 20 mA/cm?.
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Figure 5. (a) Galvanostatic charging/discharging curves (I = 2 mA/cm?) of an optimized asymmetric nanostructured super-
capacitor in 1 M Na,SO, electrolyte. Cyclic voltammograms were obtained on an optimized asymmetric nanostructured su-
percapacitor in 1 M Na,SO, electrolyte with a scan rate of 20 mV/s. (b) Coulombic efficiency and specific capacitance of a hy-
brid nanostructured ASC in 1 M Na,SO, electrolyte vs different cell voltage. (c) Photo image of a green LED connected with
the hybrid nanostructured ASC before/after discharging (inset). (d) A Rogone plot showing that the hybrid nanostructured
ASCs outperform the SWNT symmetric supercapacitors and early ASC data reported in the literature.

a hybrid nanostructured ASC as a function of the differ-  tributed to the splitting of water, since oxide nano-
ent discharging current density. The decrease in the wires did not completely cover the SWNT films. More
specific capacitance of both supercapacitors can be at-  layers of oxide nanowires may help the surface cover-
tributed to the decrease of the utilization efficiency of ~ age and eliminate the water-splitting phenomenon.

active materials with increasing discharging current. To show the practical applications of hybrid nano-
The hybrid nanostructured ASCs showed specific ca- structured ASCs, we connected one hybrid nanostruc-
pacitance of 90 F/g, even at a discharging current of 20 tured ASC with a green light-emitting diode (LED) (driv-
mA/cm?. ing voltage, 1.5 V) and successfully lighted it, which
Figure 5a shows the galvanostatic charging/dis- can be observed in the inset of Figure 5c. To highlight
charging curves of one hybrid nanostructured ASC the superior device performance of hybrid nanostruc-
with different maximum cell voltages. The specific dis-  tured ASCs, Figure 5d shows the Ragone plots of SWNT
charge capacitance was improved with increasing cell  symmetric supercapacitors and hybrid nanostructured

voltage, and the charging/discharging behavior was ca-  ASCs. All the data were calculated on the basis of the to-
pacitive with symmetric charge—discharge curves up tal mass of active materials of two electrodes. It can be

to 1.5 V. However, with increasing cell voltage, nonca-  seen that the hybrid nanostructured ASCs exhibit much
pacitive behavior with nonsymmetric higher energy density and power density than the
charge—discharge curve was found. Therefore, to de- SWNT symmetric supercapacitors. In addition, in com-
termine the optimal cell voltage, the Coulombic effi- parison to previously reported asymmetric
ciency should be evaluated, according to the following configurations,'*1617.2%30 oyr hybrid nanostructured
equation:" ASCs display comparable energy density and higher
aq power density, which can be attributed to the integra-
n=— x 100% (7)  tion of transition-metal-oxide nanowires and SWNTs to
¢ form a binder-free, hybrid nanostructured thin-film
where g4 and g. are the total amounts of discharge electrodes, which thus improves the conductivity of
and charge of the capacitor obtained from the galvano-  electrodes and power density of asymmetric cells.
static experiments, exhibited in Figure 5a. Figure 5b In summary, we have developed a simple and effi-
represents the Coulombic efficiency and the average cient way to obtain flexible, mesoporous, and uniform
specific discharge capacitance of both electrodes as a hybrid nanostructured thin-film electrodes for superca-
function of the cell voltage in five hybrid nanostruc- pacitor study. Our hybrid nanostructured asymmetric

tured ASCs. Whereas the capacitance increases with the  supercapacitors exhibited superior device performance
cell voltage, the Coulombic efficiency decreases signifi-  over SWNT symmetric supercapacitors in terms of op-
cantly when the voltage is above 1.8 V. This might be at-  eration voltage, specific capacitance, energy density,

WWW.acsnano.org VOL. 4 = NO.8 » 4403-4411 = 2010 ACIN\JANI)

4409



and power density. The superior performance can be at-
tributed to (1) the enhanced charge storage contrib-
uted by electrical double-layer capacitance from SWNT
films and pseudocapacitance from transition-metal-
oxide nanowires, (2) good conductivity as a result of us-
ing SWNTs as conductivity agent in our design, and (3)
the optimized mass balance, which allowed us to oper-
ate the devices in a 2 V potential window with stable
electrochemical behavior. In addition, the total weight

METHODS

Preparation of Carbon Nanotube Films. The fabrication of hybrid
nanostructured asymmetric supercapacitors began with the
preparation of functionalized carbon nanotube (CNT) solutions.
The details can be found in our early work3' In brief, arc-
discharge carbon nanotubes (P3 nanotubes from Carbon Solu-
tions Inc.) were mixed with T wt % aqueous sodium dodecyl sul-
fate (SDS) in distilled water to make a highly dense SWNT sus-
pension with a typical concentration of 0.1 mg/mL. The addition
of SDS surfactants further improves the solubility of SWNTs by
sidewall functionalization. This SWNT solution was then ultra-
sonically agitated using a probe sonicator for ~20 min, followed
by centrifugation to separate out undissolved SWNT bundles
and impurities. To make a uniform SWNT thin-film electrode, the
as-prepared SWNT suspension was filtered through a porous alu-
mina filtration membrane (pore size, 200 nm; Whatman). As the
solvent went through the membrane, SWNTs were trapped on
the membrane surface and formed a homogeneous entangled
network. After the filtration, a significant amount of distilled wa-
ter was applied to remove the remaining SDS surfactant. Dur-
ing the trapping, the SWNT film became dry; the “bulky paper”
thus formed was gently peeled off from the filtration membrane,
which can be observed in Figure S-1 in the Supporting Informa-
tion. The mass of as-fabricated SWNT bulky papers and hybrid
nanostructured films was determined by a microbalance after fil-
trations. Typical mass loading of a 2-in.-diameter SWNT bulky pa-
per was about ~8 mg, with a film thickness of 2.2 um and sheet
resistance of 13—16 (}/square, which is comparable to that of
early reported SWNT networks.323 The electrode size used in this
work was about 0.5 cm?,

Synthesis of Metal Oxide Nanowires. MnO, nanowires were synthe-
sized by using a so-called hydrothermal method reported else-
where.3* In brief, Mn(CH;COO), - 4H,0 and Na,S,05 (99.999%,
Sigma Aldrich) were dissolved in 100 mL of distilled water with
a molar ratio of 1:1 at room temperature and stirred by using a
magnetic stirrer to form a clear and homogeneous solution. The
mixed solution was then transferred to a 130 mL Teflon-lined
stainless steel autoclave and heated at 120 °C for 12 h in an elec-
trical oven for hydrothermal reactions. After the reaction, the
products were washed with deionized water and ethanol to re-
move the sulfate ions and other remainders by filtration. The
products were then dried in a vacuum oven at 100 °C for 12 h.

In,0; nanowires were synthesized by using a thermal CVD
method. A 5 nm gold film was deposited on Si/SiO, substrates
as catalysts using an e-beam evaporator, followed by annealing
at 700 °C for 30 min. The substrates were then placed into a
quartz tube at the downstream position of a furnace, while sto-
ichiometric In,03; powders (99.99%, Alfa-Aesar) mixed with
graphite powders were utilized as precursor and also placed at
the center of a furnace. During the growth, the quartz tube was
maintained at a pressure of 1 atm and a temperature of 900 °C,
with a constant flow of 120 sccm. The typical reaction time was
about 50 min. The as-grown nanowires were characterized by us-
ing field-emission scanning electron microscopy (FESEM, Philips
S-2000), high-resolution transmission electron microscopy (HR-
TEM, JEOL 100-CX), and X-ray diffractometer (XRD).
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of our devices is further reduced because they do not
require metal current-collecting electrodes and binders.
The optimized ASCs in aqueous electrolyte have
shown improved device performance in specific ca-
pacitance of 184 F/g, power density of 50.3 kW/kg,
and energy density of 25.5 Wh/kg. The high-
performance asymmetric supercapacitors can be ap-
plied in conformal electronics, portable electronics,
and electrical vehicles.
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