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T
he development of alternative energy
storage/conversion devices has at-
tracted great attention due to increas-

ing concern of environmental issues and the
depletion of fossil fuels.1-3 Pseudo-
capacitors,4,5 as an intermediate system be-
tween dielectric capacitors and batteries,
have attracted much interest owing to their
higher power densities than that of second-
ary batteries, and higher energy density as
compared to traditional electric double-layer
capacitors. The pseudocapacitors normally
combine the nonfaradic electrostatic charge
storage process6,7 with redox reactions8-11

to achieve high capacitances.
It is important for pseudocapacitors to

attain high specific surface area, high elec-
trical conductivity, and a fast cation diffusion
process to achieve high power densities and
energy densities. Ruthenium oxides and hy-
droxides have been previously demon-
strated to show very high pseudo-charge-
capacitance, for example, 1300 F g-1.12,13

However, the high cost limits their applica-
tions. Other transition metal oxides,14-23

such as NiO, Co3O4, MnO2, and VOx, were
later considered and well studied. Among
these metal oxides, CuO can be a promising
candidate due to its low cost, and it is
chemically stable and environmental-
friendly. Besides being useful as catalysts24

and biosensors,25,26 CuO nanostructures
have also been tested as Li ion battery
anodes and showed high Li-ion storage
capacities,27 which suggests that CuO can
offer high-charge storage capacity through a
redox reaction. However, to our best knowl-
edge, little work has been carried out on the
application of CuO as supercapacitor/pseu-
docapacitor electrodes because of their low

electrical conductivity and unstable cycling
performances.28,29 The poor capacitance re-
tention upon cycling is mainly due to the
destruction of the crystal structure of CuO
during the ion insertion-extraction process.
Controlled nanostructuring of the material
may help to solve this problem. It has been
demonstrated that improved cyclability can
be achieved for CuO as Li ion battery anodes
through synthesis of unique nanostructures,
for example, urchin-like CuO nanoparticles
showed much better cycling stability as
compared to cubic CuO nanoparticles.27

Herein, we report the synthesis of porous
CuO nanobelts that can be used to make
flexible electrodes with promising charge
storage performances. These porous CuO
nanobelts had a large surface area (128 m2

g-1) and were polycrystalline with extre-
mely small crystal grains (e.g., 3-5 nm). This
led to their high capacitances and stable
cycling performances when tested as
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ABSTRACT We report a simple wet-chemical process to prepare porous CuO nanobelts (NBs)

with high surface area and small crystal grains. These CuO NBs were mixed with carbon nanotubes in

an appropriate ratio to fabricate pseudocapacitor electrodes with stable cycling performances, which

showed a series of high energy densities at different power densities, for example, 130.2, 92, 44, 25,

and 20.8 W h kg-1 at power densities of 1.25, 6.25, 25, and 50 k Wh kg-1, respectively. CuO-on-

single-walled carbon nanotube (SWCNT) flexible hybrid electrodes were also fabricated using the

SWCNT films as current collectors. These flexible electrodes showed much higher specific capacitance

than that of electrodes made of pure SWCNTs and exhibited more stable cycling performance, for

example, effective specific capacitances of >62 F g-1 for the hybrid electrodes after 1000 cycles in 1

M LiPF6/EC:DEC at a current density of 5 A g-1 and specific capacitance of only 23.6 F g-1 for pure

SWCNT electrodes under the same testing condition.

KEYWORDS: CuO . porous nanobelts . pseudocapacitor electrodes . power density .
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pseudocapacitor electrodes in 1 M LiPF6/EC:DEC, for
example, 128 F g-1 after 1000 cycles at a current
density of 1 A g-1 in the potential range of 0-2.5 V
vs SCE. We further prepared CuO-on-single-walled
carbon nanotube (SWCNT) flexible electrodes using
SWCNT films as current collectors. The average specific
capacitances of the CuO-on-SWCNT electrodes, calcu-
lated on the basis of the total mass of the CuO
nanobelts and SWCNT current collectors, were much
higher than that of electrodes made of pure SWCNTs.
Effective specific capacitances of >62 F g-1 for the
CuO-on-SWCNT electrodes were obtained after 1000
cycles in 1 M LiPF6/EC:DEC at a current density of 5 A
g-1 in the potential range of 0-2.5 V vs SCE, while the
electrodes made of pure SWCNTs showed specific
capacitance of only 23.6 F g-1 under the same testing
condition.

RESULTS AND DISCUSSION

The synthesis of the porous CuO nanobelts started
from the mixing of Cu(NO3)2 and ammonia in distilled
water as described in the Methods section, which led to
the formation of blue precipitates. Transmission electron
microscopy (TEM) images of the blue precipitates (see
Supporting Information Figure S1a-b) revealed 1D belt
structures with lengths in the range of 2-10 μm. The
widthof thebeltswas100-150nm. TheX-ray diffraction
(XRD) pattern (see Supporting Information Figure S2)
revealed that the blue intermediate products were
orthorhombic Cu(OH)2 (JCPDS Card No. 80-0656, lattice
constant a = 0.2947, b = 1.059, and c = 0.5256 nm) with
no detectable impurity phase. Here, the peaks posi-
tioned at 23.8, 34.1, 39.8, and 53.4 degree corresponded
to (021), (002), (130), and (132) of Cu(OH)2, respectively.
The blue precipitates in distilled water were sealed in
autoclaves and heated at 60 �C for 4 h, which resulted in
the final brownish products. The TEM image (see
Figure 1a) showed that the brownish products were also
belt-shape with smaller widths and lengths, 5-10 nm
and 1-3 μm, respectively. The selected area electron
diffraction (SAED) pattern (see Figure 1c) showed that
these nanobelts obtained from the hydrothermal pro-
cess at 60 �C were monoclinic CuO (JCPDS Card No.

41-0254, lattice constant a = 0.4685, b = 0.3423, and c =
0.5132 nm). The high resolution TEM (HRTEM) image
(see Figure 1b and Supporting Information Figure S3)
indicated that these CuO nanobelts were polycrystalline
with crystal size in the range of 3-5 nm, and there were
nanopores of 2-5 nm in the CuO nanobelts. As some of
the CuO nanobelts were rolled up to provide the side
view of the nanobelts (see the HRTEM images in Sup-
porting Information Figure S4), the thickness of the
nanobelts could be estimated to be 2-5 nm. The
transition from Cu(OH)2 to CuO through this hydrother-
mal reaction was also revealed by the XRD patterns (see
Supporting Information Figure S2), which correspond to
samples reacted in the autoclaves for different duration.
It showed that therewere both Cu(OH)2 andCuOphases
in samples reacted for 2 and 3 h. For sample after 4 h
reaction, only diffractionpeaks fromCuOwereobserved,
which indicated that Cu(OH)2 had transformed to CuO.
Here, the peaks positioned 32.5, 35.4, 38.7, and 48.7 deg
corresponded to (110), (002), (111), and (020) of CuO,
respectively. TEM images (see Supporting Information
Figures S4a-f) of samples obtained with different reac-
tion times showed that the width of the nanobelts
decreased from 80 to 150 nm to 5-10 nm upon
increasing the reaction duration from 1 to 3 h. High
magnification TEM images revealed that pores of 3-5
nm were generated in these intermediate products
while accumulation of the pores led to fracture of the
nanobelts (see Supporting Information Figure S4e,f and
Figure S5) The proposed transition mechanism from
Cu(OH)2 to CuO was attributed to the dehydration and
recrystallization of Cu(OH)2 at elevated temperatures.30

The specific surface area of the CuO nanobelts was
investigated by BET techniques. The N2 gas adsorp-
tion-desorption isotherm of the CuO nanobelts (see
Supporting Information Figure S6a) reveals a hysteresis
loop that was characteristic of porous materials. The
specific area was determined to be 128 m2 g-1.
Although the pore size distribution plot (see Support-
ing Information insert in Figure S6a) could be obtained
on the basis of the analysis of the desorption branch
data, we were not able to draw a plausible conclusion
on the pore size distribution in these CuO samples as

Figure 1. (a) TEM and (b) HRTEM images of as-prepared CuO nanobelts with diameter of 5-10 nm and lengths up to several
micrometers; (c) SAEDpattern of the CuOnanobelt shown in panel b. The enlarged imageof panel b is provided in Supporting
Information Figure S3.
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other factors might also be reflected in the physisorp-
tion isotherms, for example, the interbelt space might
also be counted.
To evaluate the charge storage capacity of these

porous CuO nanobelts, several electrodes on Cu foils
weremade, such as CuOnanobeltsmixedwith SWCNTs
(9:1 weight ratio, named as CuO/CNTs electrode), pure
CuO nanobelts (named as CuO electrode), and CuO
nanobelts mixed with carbon black and the PVDF
binder (9:1:1 weight ratio, named as CuO/CB electrode).
The SEM images (see Supporting Information Figure S7)
of all three types of electrodes indicated that CuO
nanobelts were uniformly distributed on the Cu foils.
For CuO/CB electrodes, the CuO nanobelts (see
Figure Supporting Information S7a,b) and carbon black
were uniformly mixed (see Supporting Information
Figure S7c,d). However, for CuO/CNTs electrodes, we
could not clearly distinguish the difference between
the CuO nanobelts and SWCNTs in the SEM image (see
Supporting Information Figure S7e,f). The specific sur-
face area and pore size distribution of CuO/CNT and
CuO/CB electrodes was also evaluated by BETmeasure-
ments. The results were very similar to that of pure CuO
nanobelts (see Supporting Information Figure S6b,c).
These electrodes were then subjected to cyclic voltam-
mograms (CV) and chronopotentiometric measure-
ments in 1.0 M LiPF6/EC:DEC in the potential range of
0-2.5 V vs SCE. The CV curves of pure CuO electrodes at
different scan rates (see Figure 2a) show clear pairs of
cathodic and anodic peaks, which correspond to the

redox process between Cu2þ and Cu0.31,32 The addition
of conductive phases such SWCNTs or carbon black
caused the cathodic and anodic peaks to become less
obvious (see Figure 2b and 2c). The specific capaci-
tances, Cs, of the CuO nanobelts-based electrodes were
calculated from the galvanostatic discharge curves (see
Figure 2a) using the following equation:33

Cs ¼ i

-
ΔV

Δt
m

¼ i

- slope� m

where i is the current applied, ΔV/Δt is the slope of the
discharge curve after the iR drop, and m is the mass of
the sample on one electrode. The CuO electrode de-
picted a high Cs value of 130 F g

-1 at a current density of
1 Ag-1, whichwas attributed to its high surface area and
small crystal grain size. The CuO/CNT electrode depicted
an even higher Cs value of 150 F g-1 at 1 A g-1, which
was possibly due to the SWCNTs that served as highly
conductive scaffolds to allow the effective charge trans-
fer and cation diffusion between the electrodes and
electrolyte. The CuO/CB electrode showed a slightly
lower capacitance of 127 F g-1 at 1 A g-1. Here, it is
worth pointing out that themass of the PVDF binderwas
included in the total mass of the CuO/CB electrodes
during the calculationof the specific capacitances,which
led to a lower specific capacitance. Here, the higher
specific capacitance obtained in the CuO/CNTs electro-
des indicated that the combination of the non-Faradic
and Faradic charge storage processes could effec-
tively increase the effective specific capacitance of the

Figure 2. Cycling voltammogram curves of different electrodes: (a) pure CuO electrode, (b) CuO nanobelts mixed with
SWCNTs (9:1weight ratio) electrode, and (c) CuOnanobeltsmixedwith carbonblack (CB) and the PVDFbinder electrode in 1.0
M LiPF6/EC:DEC with different scan rates.
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pseudocapacitor electrodes, which was similar
to the bind-free Li-ion battery made from SWCNTs and
Fe3O4.

34

The cyclability of these CuO nanobelts based elec-
trodes were tested by continuous charge/discharge
measurements over 1000 cycles (see Figure 3) at a
current density of 1 A g-1 within a voltage range of
0-2.5 V. A slight increase in the capacitances was
observed during the first 50 cycles for the CuO/CNTs
and CuO/CB electrodes, which was attributed to the
activation process35 allowing the trapped cations in
the CuO crystal lattice to gradually diffuse out. Such
increase in the capacitance during cycling test was not
detectable for the pure CuO electrodes. This is possibly
due to the decrease in capacitance as the electrodes
degrade during the cycling charge/discharge pro-
cesses, which obscured the activation effect. The
CuO/CNTs electrodes exhibited the best cycling stabi-
lity among the three types of electrodes tested, for
example, there was only 10% drop of the specific
capacitance after 1000 charge/discharge processes as
compared to 41% for pure CuO electrodes and 18% for
CuO/CB electrodes. The specific capacitance of the
CuO/CNTs electrode retained at 128 F g-1 after 1000
charge/discharge cycles as compared to 101 F g-1 and
73 F g-1 for CuO/CB and pure CuO electrodes, respec-
tively. The SEM image of the CuO/CNTs electrode after
1000 charge/discharge cycles (see Supporting Infor-
mation Figure S8a,b) revealed that the sample still
remained as open networks with large surface area
formed by the entangled 1D nanostructures. No ob-
vious deformation of the 1D nanostructures was ob-
served, which was consistent with their stable cycling
performance upon charge/discharge.
The charge and ion transfer characteristics of all

three types of electrodes were further investigated
by electrochemical impedance spectroscopy (EIS).
The Nyquist diagrams for the three types of electrodes
are presented in Supporting Information, Figure S9.
The Nyquist diagrams for the three electrodes con-
sisted of approximate semicircles at high frequencies
and lines at low frequencies. The semicircle is related to

the Faradaic reactions and its diameter represents the
interfacial charge-transfer resistance (usually termed
as Faradaic resistance). The slope of the lines at low
frequency is related to the diffusion resistance of the
electrolyte in the electrode pores. The Nyquist dia-
grams of the CuO/CNTs electrode before and after
1000 charge-discharge cycles showed semicircles
with smaller diameters than those of the CuO/CB and
pure CuO electrodes, which indicates that the ion
transfer was more effective in the CuO/CNTs electro-
des. The high frequency intercept of the semicircle
with the real axis gives the bulk resistance of the
solution and the active material. The addition of CNT
and CB in CuO results in the decrease in bulk resistance
and hence improve the electrochemical performance
of the pseudocapacitor. Meanwhile, the slopes of the
straight lines at low frequency for the CuO/CNTs
electrode before and after 1000 charge-discharge
cycles were larger than that of the CuO/CB and pure
CuO electrodes. These showed that the reaction and
diffusion resistances for the CuO/CNTs electrodes were
smaller than that of the CuO/CB and pure CuO electro-
des, which was consistent with the better pseudoca-
pacitor performance of the CuO/CNTs electrode.
The galvanostatic charge/discharge curves of the

CuO/CNTs electrode were also tested under different
current densities (see Figure 4). These results were
used to estimate the energy densities of the CuO/CNTs
electrode at different power densities, which were
important parameters to evaluate the electrochemical
performance of the electrochemical cells. The energy
densities and corresponding power densities were
calculated from the following equations,36,37 and the
results are listed in Table 1:

P ¼ V2

4RM

E ¼ 1
2
CV2 ¼ 1

8
MCSPV

2

where V is the applied voltage, R is the equivalent series
resistance (ESR),M is the totalmass of the electrodes, and
C is the total capacitance of electrode (C = CspM/4).38

Figure 3. (a) Galvanostatic charge/discharge curves measured with a current density of 1 A g-1 for different electrodes; (b)
cycling performance for different electrodes at a current density of 1 A g-1 in 1.0 M LiPF6/EC:DEC.
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The specific capacitances of the CuO/NTs electrode
obtained from the galvanostatic curves were 150, 106,
51, and 24 F g-1 at current densities of 1, 5, 20, and 40 A
g-1, respectively. These values corresponded to a
series of energy densities of 130.2, 92.0, 44.0, and
20.8 W h kg-1 at different power densities of 1.25,

6.25, 25, and 50 kW kg-1, respectively. Such high energy
densities and power densities are better than that of
supercapacitor electrodes recently reported;39-41 for
example, the energy density of 3D periodic hierarchical
porous graphitic carbon is 5.3 W h kg-1 at a power
density of 25 kW kg-1, and the energy density of SnO2/
MnO2 composites is 35.4 W h kg-1 at a power density
of 25 kW kg-1. These results suggested that the porous
CuO nanobelts could be considered as promising
electrode materials for pesudocapacitor applications.
We further fabricated flexible electrodes by deposit-

ing themixture of CuO nanobelts and SWCNTs (weight
ratio 9:1) as network films onto pure SWCNT films
without the addition of any binders (see Figure 5a).
The thickness of the CuO/CNTs network films was
about 100 μm and the thickness of the SWCNT films
was about 50 μm.Here, the pure SWCNT films act as the
current collector because of their low internal resis-
tance. The SWCNT films should also contribute to the
total capacitance of the electrodes through electric
double layer charge storage. The flexible electrodes
were quite robust upon repeated bending (see
Figure 5b). The SEM image of the electrode showed
that uniformly mixed 1D nanostructures formed the
network films (see Figure 5c). We tested the galvano-
static charge/discharge curves (see Figure 5d) of the
CuO-on-SWCNT flexible electrode (CuO/CNTs on
SWCNT current collector) at 5 A g-1 in 1.0 M LiPF6/
EC:DEC within the potential range of 0-2.5 V vs SCE.
The calculated effective specific capacitance of the
whole flexible electrode (including the mass of the

TABLE 1. Specific Capacitance, PowerDensity, AndEnergy

Density of CuO/CNT Electrodes at Dif ferent Current

Densities

current density (A g-1) 40 20 5 1
specific capacitance (F g-1) 24 51 106 150
power density (kW kg-1) 50 25 6 1.25
energy density (kW kg-1) 20.8 44 92 130.2

Figure 4. Galvanostatic charge/discharge curves measured
with different current density for CuO nanobeltsmixedwith
SWCNTs (9:1 weight ratio) electrode.

Figure 5. (a,b) Optical image of CuO nanobelts-based two-layered SWCNTs@CuO nanobelts mixed with SWCNTs (9:1 weight
ratio) electrode; (c) the edge of SWCNTs@CuO nanobelts mixed with SWCNTs electrode; (d) Galvanostatic charge/discharge
curves measured with a current density of 5 A g-1 for different electrodes. (e) Cycling performance for SWCNTs@CuO
nanobelts mixed with SWCNTs electrode at a current density of 5 A g-1 in 1.0 M LiPF6/EC:DEC.
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SWCNT current collector) was 75.7 F g-1. For compar-
ison, the specific capacitance of the pure SWCNT
electrodes was also obtained from their galvanostatic
curves (see Figure 5d) measured under the same
condition. The specific capacitance of the pure SWCNT
electrodes was only 23.6 F g-1 in 1.0 M LiPF6/EC:DEC,
which is similar to previously reported value.42 The
cyclability of these CuO-on-SWCNT flexible electrodes
was also investigated by continuous charge/discharge
measurements over 1000 cycles (see Figure 5e) at a
current density of 5 A g-1 within the voltagewindowof
0 to 2.5 V. The specific capacitance only dropped a little
to 62.4 F g-1 after 1000 cycles, which indicates their
stable cycling performances.

CONCLUSIONS

We have used a simple chemical method to
synthesize porous CuO nanobelts with large specific

surface area and small grain size. These porous
CuO nanobelts were further tested as pseudocapa-
citor electrode materials, which were found to
exhibit superior performance in terms of specific
capacitance, cyclability, energy density, and power
density. We further fabricated flexible CuO-
on-SWCNT electrodes using pure SWCNT films as
current collectors. These CuO-on-SWCNT flexible
electrodes also showed stable cycling perfor-
mances upon repeated charging/discharging pro-
cess and had much higher specific capacitances
than that of pure SWCNT electrodes under the same
testing condition. These results indicated that such
porous CuO nanobelts could be considered as pro-
mising electrode materials for pseudocapacitor ap-
plications, especially for developing completely
flexible pseudocapacitor using solid polymer
electrolytes.

METHODS
Chemicals. Cu(NO3)3 3 6H2O, ethanol, and NH3 3H2O were pur-

chased from Sigma Chemical Corp and 1.0 M LiPF6 in 1:1 w/w
ethylene carbonate/diethyl carbonate (LiPF6/EC:DEC) was pur-
chased from Ferro Corporation. All chemicals were used as
received without any further purification. Millipore water was
used in all experiments.

Synthesis of CuO Nanobelts. In a typical synthesis process, 0.5 g
of Cu(NO3)2 was dissolved into 100 mL of distilled water. Then,
20 mL of ammonia (0.3 M) solution was added to the Cu(NO3)2
solution under constant stirring. After stirring for 15 min, blue
Cu(OH)2 precipitates formed, which were then sealed in an
autoclave and heated at 60 �C for 4 h. Finally, the brownish
products were cleaned by repeated washing with ethanol/
distilled water and centrifuging.

Characterization. X-ray powder diffraction (XRD) patternswere
recorded on a Shimadzu XRD-6000 X-raydiffractometer at a scan
rate of 0.05 deg/s using Cu KR radiation. The size and morphol-
ogy of the samples were characterized using a field-emission
SEM (JEOL JSM6335) operating at 10 kV. TEM and SAED mea-
surements were carried out in a JEOL 2010 system operating at
200 kV. Nitrogen adsorption/desorption isotherms were mea-
sured on a Micromeritics TriStar 3000 porosimeter (mesoporous
characterization) and Micromeritics ASAP 2020 (microporous
characterization) at 77 K. All samples were outgassed at 60 �C
for 6 h under vacuum before measurement. The specific surface
areas were calculated using the Brunauer-Emmet-Teller (BET)
methods. Pore size distribution (PSD) plots were obtained by
Barrett-Joyner-Halenda (BJH) method using desorption
branch and cylindrical pore model. Micropore size distribution
(MPSD) plots were obtained by Horvath and Kawazoe (HK)
method using cylindrical pore model.

Electrochemical Tests. The CuO nanobelts were mixed with
SWNTs with a weight ratio of 9:1 in ethanol solution without
adding any binder. The solution was sprayed onto Cu foils
dried at 40 �C for 2 h under vacuum to form pseudocapacitor
electrodes (named as CuO/CNTs electrode). Pure CuO nano-
belts were also sprayed onto Cu foils by a similar process to
fabricate CuO electrodes. The as-prepared three electrodes
have similar configuration. The thickness of each electrode is
about 100 μm, the size of each electrode is 1 cm �1 cm, and
the weight of each electrode is about 2 mg. The density of the
electrodes was estimated to be 0.2 g cm-3. We also used
conventional process to make electrodes by mixing CuO
nanobelts with carbon black and the PVDF binder (9:1:1 weight
ratio), which was named as CuO/CB electrode. Flexible

electrodes were also fabricated by depositing CuO/CNT net-
work films (100 μm thick) onto SWCNT films (50 μm thick). In a
typical method, SWCNTs in ethanol solution was added to a
Teflon box. And then the CuO nanobelts and SWCNTs (9:1
weight ratio) in ethanol solution were added to the box when
the SWCNT solution dried. The electrochemical performance
of the electrodes was evaluated on a CHI 660Bworkstation and
Solartron analytical equipment (model 1470E) for CV, EIS, and
chronopotentiometry (CP) tests by using a three-electrode cell
with Pt foil as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode.
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