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Finding earth-abundant and high-performance electrode materials for supercapacitors is a demanding
challenge in the energy storage field. Cuprous oxide (Cu,O) has attracted increasing attention due to its
theoretically high specific capacitance, however, the development of Cu,O-based electrodes with
superior capacitive performance is still challenging. We herein report a simple and effective ionic-liquid-
assisted sputtering approach to synthesizing the Cu,O nanoparticles/multi-walled carbon nanotubes
(Cu,O/MWCNTSs) nanocomposite for high-performance asymmetric supercapacitors. The Cu,O/
MWCNTs nanocomposite delivers a high specific capacitance of 357 F g%, good rate capability and
excellent capacitance retention of about 89% after 20 000 cycles at a current density of 10 A g~. The
high performance is attributed to the uniform dispersion of small-sized Cu,O nanoparticles on
conductive MWCNTSs, which offers plenty of redox active sites and thus improve the electron transfer
efficiency. Oxygen vacancies are further introduced into Cu,O by the NaBH, treatment, providing the
oxygen-deficient Cu,O/MWCNTSs (r-Cu,O/MWCNTSs) nanocomposite with significantly improved specific
capacitance (790 F g1) and cycling stability (~93% after 20 000 cycles). The assembled asymmetric
supercapacitor based on the r-Cu,O/MWCNTSs//activated carbon (AC) structure achieves a high energy
density of 64.2 W h kg™t at 825.3 W kg™, and long cycling life. This work may form a foundation for the
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development of both high capacity and high energy density supercapacitors by showcasing the great
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Introduction

Nowadays, with great demand for renewable energy systems,
supercapacitors have attracted immense attention as an impor-
tant class of energy storage devices."* Compared with batteries,
supercapacitors exhibit significantly high power density and long
cycling life, and are expected to have more practical applications
if their energy density can be further boosted to a higher level.**
This motivation has driven extensive research efforts to enhance
the energy density and overall performance of supercapacitors in
order to broaden their application spectrum.>® Rational design
and synthesis of high-performance and low-cost electrode
materials are one of the keys to realize the target. In general,
based on the charge storage mechanism, supercapacitors can be
classified into electric double-layer capacitors (EDLCs) and
pseudocapacitors. In contrast to EDLCs in which capacitance
originates from the electrode/electrolyte interface charge
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potential of earth-abundant Cu-based electrode materials.

accumulation effect, pseudocapacitors can offer much larger
specific capacitance due to the fast and reversible redox reactions
on the electrodes and thus show higher energy density.>'® Tran-
sition metal oxides often possess higher specific capacitance and
electrochemical cycling stability than most conductive polymers,
and are preferred as electrode materials for supercapacitors.****
Among various pseudocapacitive oxides, nanostructured Cu
oxides and hydroxides are promising ones owing to their high
specific capacitance, elemental abundance and friendliness to
environment.'*'**® Especially, cuprous oxide (Cu,O) stands out
because of its theoretical specific capacitance as large as about
2248 F g, predicting the potential application of Cu,O as
supercapacitor electrodes.” Moreover, Cu,O often exhibits better
cycling stability than CuO in alkaline electrolyte.*® For example,
Chen et al. synthesized the Cu,O microspheres with a specific
capacitance of 144 F g~ at a current density of 0.1 A g~ ",*' and
Wang et al. prepared the Cu,O/CuO/rGO nanocomposite with
a specific capacitance of 173.4 Fg~ ' at a current densityof 1A g ™"
and high cycling stability.*® Recently, Zhang et al. also reported
the nanocomposite of rose-rock-shaped Cu,O anchored gra-
phene composite by a solvothermal method with a favorable
electrochemical capacitance of 416 Fg ' at1 A g .2
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Despite the notable progress of Cu,O-based supercapacitor
electrodes, how to achieve Cu,O-based electrodes simulta-
neously with large specific capacitance, high cycling stability
and high energy density by a simple method still remains
challenging. The effective strategy lies in increasing the elec-
tronic conductivity, improving the active site availability for
pseudocapacitive reactions, and providing short electron
transport pathways for fast electrode kinetics.*'*** Hybridizing
one dimensional (1D) or two dimensional (2D) conductive
carbon materials with oxide nanoparticles is an effective
way.'>?****” In such nanocomposites, conductive carbon
nanosupports enable fast electron transport and facilitate the
kinetics of electrochemical reactions, while nano-sized metal
oxides can increase the effective surface area and shorten the
ion/electron diffusion paths, thus leading to high pseudocapa-
citive performance. Till now, most reported synthesis
approaches of Cu,O nanocomposites are wet-chemical
processes, which are often complex and require a high-
temperature  treatment process.'??>?*3°  During the
processes, the precise control of the Cu valence is challenging,
and it is inevitable that the employment of additive agents or
stabilizers may damage the carbon material surface or induce
some adverse functional groups. Therefore, attempts toward
simple synthesis of small-sized and bare Cu,O nanoparticles
decorated on carbon nanosupports with high electrochemical
performance are still needed.

We have recently developed an alternative physical way to
prepare metal nanoparticles/carbon hybrids by directly sput-
tering metal onto room-temperature ionic liquid (RTIL).*"**
This process is a one-step and environmental-friendly approach
totally free of additive agent, stabilizer and by-product. In this
report, utilizing the RTIL-assisted method, Cu,O nanoparticles
anchored on multi-walled carbon nanotubes (abbreviated as
Cu,O/MWCNTs) with small size and high uniformity are ob-
tained by directly sputtering metal Cu into a typical RTIL, 1-
butyl-3-methylimidazoliumtetrafluoro borate ([BMIm][BF,]).
The prepared Cu,O/MWCNTSs nanocomposite possesses excel-
lent electrochemical properties including high specific capaci-
tance, high cycling stability and good rate capability.
Furthermore, oxygen vacancies are introduced into the Cu,O/
MWCNTs nanocomposite by the NaBH, treatment, which
further enhances the specific capacitance and rate capability of
the nanocomposite (abbreviated as r-Cu,O/MWCNTS). An
asymmetric supercapacitor using the r-Cu,O/MWCNTSs nano-
composite as positive electrode and active carbon (AC) as
negative electrode is assembled, which features a high energy
density of 64.2 W h kg™ " at a power density of 855.3 W kg%, as
well as high cycling stability with capacitance retention of 93%
after 20 000 cycling times. The results indicate the great
potential of the r-Cu,O/MWCNTSs nanocomposite as positive
electrodes for high-performance supercapacitors.

Experimental

Materials

[BMIm][BF,] (purity > 99%) was purchased from Shanghai
Cheng-Jie Chemical. Purified MWCNTs with -OH surface
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functional groups were purchased from Nanjing XFNANO
Materials Tech. NaBH,, KOH, Nafion solution and ethanol were
purchased from Sigma Aldrich. Deionized water (18 MQ cm)
was produced with a Milli-Q system. All chemicals were used as
received without further purification.

Nanocomposite preparation

The Cu,O/MWCNTs nanocomposite was prepared by the RTILs-
assisted sputtering process, as illustrated in Scheme 1. Firstly,
3 mg MWCNTs was fully dispersed into 1.5 mL [BMIm][BF,] by
ultrasonication for 10 min to obtain a black suspension. Then,
the suspension was placed in a clean stainless steel pot, and Cu
was sputtered into the suspension for 800 s with a desktop
sputtering system (Quorum Technologies). The working pres-
sure and deposition rate were kept at 0.01 mbar and 0.2 A s~ ?,
respectively. Thirdly, the sample after sputtering was stirred
and heated at 250 °C for 2 h and then cooled down to room
temperature naturally. Finally, the Cu,O/MWCNTs nano-
composite was separated from [BMIm][BF,] by high-speed
centrifugation, followed by multiple washing in acetone and
deionized water. The final product was a dry black powder and
employed as the supercapacitor electrode material.

Material characterization

The morphological characteristics of the Cu,O/MWCNTs
nanocomposite were characterized using high-resolution
transmission electron microscopy (HRTEM, FEI Tecnai G2)
and high-angle annular dark field scanning TEM (HAADF-
STEM). The crystalline structures of pristine MWCNTs and
the Cu,O/MWCNTs nanocomposite were measured by X-ray
diffraction (XRD, PANalytical Empyrean) with Cu Ko radia-
tion. The electronic structures of the nanocomposite were
studied by X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra DLD) and X-ray absorption spectroscopy (XAS) at the
Taiwan Light Source (TLS).

Electrochemical measurements

For the electrode tests, the working electrodes were prepared as
follows: firstly, the active material (80 wt%) and carbon black
(10 wt%) were mixed to form a homogeneous powder. Then,
Nafion solution (10 wt%) and a few drops of ethanol were added
to get a slurry. After that, the slurry was coated onto a Ni foam
(1 cm x 1 cm). Finally, the electrodes were dried in air at 60 °C
for 12 h. The mass loading of the active material on Ni foam is

1 mgem >,

Scheme 1 Schematic illustration of preparation process of Cu,O/
MWCNTs nanocomposite by RTIL-assisted Cu sputtering.
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The electrochemical measurements were carried out with an
electrochemical workstation (CHI660D, Shanghai, China) in
a 6 M KOH aqueous electrolyte solution using a three-electrode
system, with a Pt wire and a saturated calomel electrode (SCE)
as the counter and reference electrodes, respectively. The cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD)
measurements were performed in the potential range from 0 to
0.4 V versus SCE. The electrochemical impedance spectroscopy
(EIS) test was carried out in the frequency range from 0.01 Hz to
100 kHz. The mass normalized specific capacitance (Cp,),
specific energy density (E,,) and power density (Py,) are calcu-
lated from the CV or GCD curves according to the following
equations:

B [i(r)dv
Cn = mvAU (1)
iAt
Cn = mAU )
_ Cu(AU)
™72 % 3600 (3)
En

where i is current, v is the voltage scan rate, At is the discharge
time, AU is the operating voltage window, and m is the mass of
active material.

The asymmetric supercapacitor was assembled using the r-
Cu,O/MWCNTs nanocomposite as positive electrode and
commercial activated carbon (AC) as negative electrode, and
performed in a two-electrode cell in 6 M KOH aqueous solution.
The electrochemical parameters of the asymmetric super-
capacitor are calculated based on the total mass of the coated
active material.

Results and discussions

Morphological and structural characterization

The TEM and HRTEM images of the Cu,O/MWCNTs nano-
composite are shown in Fig. 1. As seen in Fig. 1a and b, the 1D
structure of MWCNTSs is well kept after the decoration of Cu,O
nanoparticles, which have an average diameter of about 9 nm
and are uniformly dispersed on the MWCNTs surface. In the
nanocomposite, the heavy loading of Cu,O nanoparticles on
MWCNTs can prevent the MWCNTs from stacking after drying,
resulting in the abundant active surface area that is beneficial
for supercapacitors. The HRTEM image in Fig. 1c clearly shows
the lattice fringes with an interplanar spacing of 0.24 nm
matching with the (111) planes of Cu,O. Moreover, HAADF-
STEM is utilized to map the elemental spatial distribution in
the Cu,O/MWCNTs nanocomposite. Fig. 1d shows the mapping
images, which indicate the uniform distribution of nano-
particles on the MWCNT surface. The overlapping of the spatial
distribution for Cu and O suggests the presence of Cu,O.

The crystalline structure of the Cu,O nanoparticles is probed
by the XRD patterns as illustrated in Fig. 2a. All the diffraction
peaks can be assigned to MWCNTs and Cu,O. Except one peak
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Fig.1 (a)and (b) TEMimages of Cu,O/MWCNTs nanocomposite, inset
in (b) presents diameter distribution of the Cu,O nanoparticles. (c)
HRTEM image of a typical Cu,O nanoparticle on MWCNTs. (d) HAADF-
STEM images of Cu,O/MWCNTs nanocomposite.

(26 = 26°) arising from the (002) plane of MWCNTSs, there are
four diffraction peaks at 26 of 36.5°, 42.3°, 61.5° and 73.5° for
the Cu,O/MWCNTs composite, corresponding to the (111),
(200), (220) and (311) planes of crystalline Cu,O, respectively
(JCPDS no. 78-2076).>*** The unshifted MWCNTs (002) peak
indicates that the Cu,O decoration does not affect the MWCNTS
structure. Besides, Raman spectroscopy was also used to char-
acterize pristine MWCNTs and the Cu,O/MWCNTs nano-
composite, as shown in Fig. 2b. The characteristic D, G and 2D
peaks are observed in the Raman spectra, and there is no

a b T
@ M (b) D
G
2D
3 3
S &
= g b Cu,O/MWCNTs
b =
2 Cu,0/MWCNTs 2 G
O [} 2D
= =
MWCNTs MWONTS
20 30 40 50 60 70 80 1000 1500 2000 2500 3000
2Theta (degree) Raman Shift cm™")
(© @ — :
Cu2p,, Cu2p,, 5 Cu” Cu L-edge
Cu" g
- >
3 cu’ B cu
o \ cu’ = cu’ Cu
o
Z £
(7]
: 5
15 N
- ©
£
E
o
z

970 960 950 %40 930
Binding Energy (eV)

920 925 930 935 940 945 950 955
Photon Energy (eV)

Fig. 2 Spectroscopic characterization of Cu,O/MWCNTs nano-
composite. (a) XRD patterns and (b) Raman spectra of Cu,O/MWCNTSs
nanocomposite compared with pristine MWCNTs. (c) XPS Cu 2p
spectrum and (d) XAS Cu L-edge spectrum of Cu,O/MWCNTs
nanocomposite.
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obvious peak shift after the loading of Cu,O nanoparticles. The
G peak originates from the vibrational modes of the graphitic
structure, while the D peak is associated with structural
defects.? The intensity ratio of the D peak to the G one (Ip/Ig) is
1.35 for the Cu,O/MWCNTSs nanocomposite, similar to that for
pristine MWCNTs (1.44). It implies that the Cu,O decoration
does not induce additional defects in MWCNTSs.

Fig. 2c shows the XPS Cu 2p spectrum of the Cu,O/MWCNTSs
nanocomposite. The peaks at 932.4 and 952.2 eV, correspond-
ing to Cu 2ps,, and Cu 2p,,, of Cu" respectively, confirming the
existence of Cu,O in the nanocomposite.** On the other hand,
two broad peaks at 935.3 and 955.1 €V can be assigned to Cu
*” which suggest the
presence of amorphous CuO on the Cu,O nanoparticles
presumably due to the surface oxidation. Meanwhile, no
metallic Cu signal can be observed in the XPS spectrum. Further
information on the electronic structure of the Cu,O/MWCNTSs
nanocomposite is obtained from the XAS measurements.

Fig. 2d presents the XAS Cu L-edge spectrum of the nano-
composite, in which the Cu absorption edges around 930.5 and
933.5 eV are observed. The XAS data match with the reported L-
edges of CuO and Cu,0,* indicating the oxidized states of Cu in
good agreement with the XPS results.

2ps» and Cu 2p,, of Cu®" respectively,

Electrochemical performance

The electrochemical properties of the Cu,O/MWCNTs electrode
are firstly evaluated by CV characterization with a standard
three-electrode configuration. Fig. 3a shows the CV curves of the
Cu,O/MWCNTs electrode in a potential window of 0-0.4 V
versus SCE at different scan rates. The CV curve shapes are quite
different from the ideal rectangular shape dominated by the
electric double-layer capacitance, suggesting that the pseudo-
capacitance of Cu,O is dominant in the present case. A couple
of strong anodic and cathodic redox peaks are observed in the
CV curves, which can be attributed to the faradaic redox reac-
tions of the Cu*/Cu®" transition. The shape of CV curves does
not show significant change with the increase of scan rate,
indicating the excellent electric conductivity of Cu,O/MWCNTSs
composite. The conductivity of the Cu,O/MWCNTs electrode
was measured by a constant current four-electrode method,*
and the calculated conductivity of the electrode is 585 S cm ™",
confirming the high conductivity of the Cu,O/MWCNTsS elec-
trode. In addition, the current response increases when the
scan rate increases, accompanied by a shift of the redox peaks at
high scan rates. These features indicate the good rate perfor-
mance and further confirm the pseudocapacitive characteristics
of the Cu,O/MWCNTSs nanocomposite.

Moreover, except for CV characterizations, the galvanostatic
charge-discharge (GCD) curves at different current densities
ranging from 1 to 50 A ¢~ in a potential range of 0~0.4 V (versus
SCE) are also characterized, as shown in Fig. 3b. Obviously, the
nonlinear GCD curves verify the deduction from the CV results,
i.e., the charge storage in the Cu,O/MWCNTSs nanocomposite is
dominated by the faradaic redox reactions of Cu*/Cu®* transi-
tion. As calculated from Fig. 3b based on eqn (2), the Cu,0O/
MWCNTs nanocomposite exhibits a large specific capacitance

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances
@ 10 o
c o~
40
< 8 oaf
2 20 @
2 g
g o < 02
& 20 £ o1
£ —200mvis —100mvis{ 5 O
O 40t — 50 mVis — 20 mVis| &
— 10 mvis — 5 mvis{ O
0 - 0.0 . .
0.0 0.1 02 03 04 0 50 100 150 200 250 300 350
(c) Potential (V vs. SCE) (d) Time (s)
400 1500 - .
—_ o
2 —0-MWCNTs /
= a0 —0- Cu,0/MWCNTs 1200 &
8 / P4
c g /
g o =4 <
2 = ¥
§ 200 Jd E &
/ o nd
@ Fe = o
] o N 2 o
£ 100 S /f
s L
g 1 2 3 4
2, , . o 7 (ohm)
0 10 20 30 40 50 [ 300 600 900 1200 1500
Current Density (A/g) Z' (ohm)
—~180[ "o,
o 99.9.9.,.
s 0-0-9.0.0-0-0.9-90-9.9-9-0.0-0 9-0-0-00-9-0-0
~ 150 1
8 0.4
0.4 0.4
§ 120F
% Sos gos 203
] = = =
a 9% <oz oz < 02
8 8 s s
5 60[Q 01 Sos Sos
S 00 ot 00 00 | .
© 30F 1 2 3 4 10000 10001 10002 10003 10004 10005 19995 19996 19997 19998 19999 20000
‘% Cycle Number Cycle Number Cycle Number
0 T T T
0 5000 10000 15000 20000

Charge/Discharge Cycle Number

Fig. 3 Electrochemical characterization of Cu,O/MWCNTs nano-
composite electrode in aqueous KOH electrolyte: (a) CV curves at
various scan rates ranging from 5 to 200 mV s~ (b) GCD curves at
various current densities ranging from 1 to 50 A g~ (c) Specific
capacitance versus scan rate of pristine MWCNTs and Cu,O/MWCNTSs
nanocomposite calculated from the GCD curves. (d) Imaginary
impedance Z” versus real impedance Z' in the frequency range from
0.01 Hz to 100 kHz, where inset shows a magnified section in the high
frequency range. (e) Cycling stability performance of Cu,O/MWCNTs
nanocomposite electrode, where insets show GCD curves recorded at
different cycling stages.

of 357 Fg~'at 1 Ag™ ", better than previously reported Cu-based
electrode materials."**?%*?® As a comparison, the GCD curves
of pristine MWCNTSs are shown in Fig. S1a.t Fig. 3c shows the
dependence of specific capacitance as a function of the charge/
discharge current density for pristine MWCNTs and the Cu,O/
MWCNTs nanocomposite. Apparently, the specific capaci-
tances of pristine MWCNTSs are much smaller than those of the
nanocomposite, demonstrating the major contribution of Cu,O
on the large specific capacitance. The Cu,O/MWCNTSs nano-
composite remains excellent electrochemical performance at
high charge/discharge rates, e.g., the specific capacitance at
50 A g~ ' still has 36% of that at 1 A g~ '. It demonstrates the
good rate capability of the Cu,O/MWCNTSs nanocomposite. The
frequency response of the Cu,O/MWCNTs nanocomposite in
a frequency range from 0.01 Hz to 100 kHz with an amplitude of
5 mV at an open-circuit potential is also examined by the EIS
measurements, as depicted in Fig. 3d. The Nyquist plot shows
a nearly straight line especially in the low frequency range,
revealing an ideal capacitive behavior of the nanocomposite.*
Inset in Fig. 3d shows a magnified section of the Nyquist plot in
the high frequency range, from which the equivalent series
resistance (R;) of the nanocomposite is extracted to be only 0.43
Q. The low R, value shows excellent ionic responses in the high-
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frequency range and proves the high conductivity of nano-
composite, which contributes to the negligible voltage drop in
the GCD curves. Remarkably, the Cu,O/MWCNTs nano-
composite electrode exhibits excellent cycling stability at
10 A g ' in a KOH electrolyte solution (Fig. 3e). The specific
capacitance of the Cu,O/MWCNTs nanocomposite electrode
can retain about 89% of the initial value after 20 000 charge/
discharge cycles. Insets in Fig. 3e show the GCD data of the
first five cycles, and of the five cycles after 10 000 and 20 000
charge/discharge cycles, respectively. No significant change is
observed in these GCD curves, and thus the pseudocapacitive
performance is highly stable. The superior performance of the
Cu,O/MWCNTs nanocomposite including large specific capac-
itance, good reversibility, high cycling stability, etc. may be
ascribed to the synergistic effects between MWCNTs and the
Cu,0 nanoparticles: (1) MWCNTSs can not only provide a steady
loading of Cu,O nanoparticles with high dispersion, but also
avoid serious agglomeration and volume variation of the Cu,O
nanoparticles during the cycling process.** (2) The multiplexed
and highly conductive pathways provided by MWCNTSs ensure
the high electrical conductivity of the nanocomposite, and
accordingly improve the charge transport and transfer effi-
ciency. (3) The small-sized Cu,O nanoparticles stabilized on
MWCNTs offer a large number of redox active sites to facilitate
the redox reactions, which is the key to achieve the large specific
capacitance. Moreover, the small size of Cu,O nanoparticles can
shorten the charge transfer paths between Cu,0 and MWCNTSs
and thus promoting the electron transport efficiency, leading to
the excellent rate capability.>*>*

In order to further improve the specific capacitance of the
Cu,O/MWCNTs nanocomposite electrode, a reduction treat-
ment in NaBH, solution is carried out. Upon the reduction
treatment, oxygen vacancies can be introduced into the Cu,O
nanoparticles to form the r-Cu,O/MWCNTs nanocomposite,
evidenced by the O 1s XPS spectra of Cu,O/MWCNTs before and
after NaBH, treatment (Fig. S2). Notably, both O 1s curves are
asymmetric and can be decomposed into four components,
lattice oxygen species of Cu,O (~530.4 eV for 0>~ in Cu,0),
oxygen vacancies (~531.3 eV), hydroxyl groups or the surface-
adsorbed oxygen (~531.8 eV for -OH and O,) and the adsor-
bed molecular water (~532.5 eV for H,0).***¢ The ratio of
various oxygen species estimated from the relative area of the
fitted subpeaks is listed in Table S1.t It is clearly seen that the
oxygen vacancy content in r-Cu,O/MWCNTS (43.9%) is higher
than that in Cu,O/MWCNTS (20.7%), confirming the introduc-
tion of oxygen vacancies by NaBH, treatment. Fig. 4a shows the
CV curves of the r-Cu,0O/MWCNTs nanocomposite measured
under the same conditions for the Cu,0O-MWCNTS one, and the
calculated capacitance values are given in Fig. 4b. It is clear that
the specific capacitance of the nanocomposite is greatly
increased after the reduction treatment. As a comparison, the
specific capacitances at a scan rate of 5 mV s~ " are 790 F g,
400 F g " and 244 F g ' for the r-Cu,0O/MWCNTSs, Cu,O/
MWCNTSs nanocomposites and pristine MWCNTSs (Fig. S1b¥),
respectively. The performance improvement is attributed to the
generated oxygen vacancies in the r-Cu,O nanoparticles after
the reduction treatment, which can offer more active sites,

20186 | RSC Adv., 2018, 8, 20182-20189

View Article Online

Paper
(@) so (b)
__ 60 1 % 800F -@-MWCNTs
S 4 ._T_ —9— Cu,0O/MWCNTs
3, Q 600 ~@—r-Cu,O/MWCNTs
> 2 <3 r
Q g 400f
z ©
§ 40 1o
S -0 /—200mVis —100mVis | £ 200 \\ﬂ—o
— 50 mV/s — 20 mV/s o
-80 —10mVis — 5 mVis { S o
0.0 0.1 0.2 0.3 0s @ [ 50 100 150 200
Potential (V vs. SCE) Scan Rate (mV/s)
C T T T T T T r
© 04f ] (d)zooo F
—_ o
m 1
303 1500 - °/ d
@ o. . /s S
[ € 4 S
< < 0/ g 6 2
202 1 S 1000 /= Pd
= = A J
S N 9 = 1
k= [ N
o1 5001 ¢ 2
o
o 2 4 6 8 10
0.0 ofé ) . Z (ohm) E
0 50 100 150 200 250 300 0 500 1000 1500 2000
Time (s) Z' (ohm)
(e) 180l
— ?-0-
o 99044,
T 9000900000000 o9 990009000
~ 150
8
0.4 0.4 0.4/
& 1201
%‘ S o3 gc gu.a
S = = =
S 90-%0‘2 o2 S 02
o £ 2 3
o 60} 01 o1 01
L
© 00t; ! ! | 0.0 00| H
® 30 T s 10000 70001 10002 10003 10004 10005 19995 16996 19997 19998 19999 20000
(% Cycle Number Cycle Number Cycle Number
) T T T T T
0 5000 10000 15000 20000

Charge/Discharge Cycle Number

Fig. 4 Electrochemical characterization of r-Cu,O/MWCNTSs elec-
trode in agueous KOH electrolyte: (a) CV curves at various scan rates
ranging from 5 to 200 mV s~ L. (b) Specific capacitance versus scan rate
of pristine MWCNTs, Cu,O/MWCNTs and r-Cu,O/MWCNTs nano-
composites calculated from the CV curves. (c) GCD curves at various
current densities ranging from 2 to 50 A g~*. (d) Imaginary impedance
Z" versus real impedance Z' in a frequency range from 0.01 Hz to 100
kHz, where inset shows a magnified section at low impedance. (e)
Cycling stability performance of r-Cu,O/MWCNTs nanocomposite
electrode, where insets show GCD curves recorded at different cycling
stages.

higher local conductivity and thus faster charge transfer.”
Fig. 4c depicts the GCD curves of the r-Cu,O/MWCNTs nano-
composite electrode at different current densities, and the
corresponding Nyquist plots are shown in Fig. 4d. After the
reduction treatment, the r-Cu,O/MWCNTs nanocomposite
electrode exhibits much longer discharge time and thus much
higher specific capacity value. Moreover, R of the r-Cu,O/
MWCNTs nanocomposite is decreased to be 0.38 Q compared
with that of the Cu,O/MWCNTs one (0.43 Q), providing more
efficient pathways for charge transport in the electrode. The
cycling stability of the r-Cu,O/MWCNTSs nanocomposite is also
investigated, as shown in Fig. 4e. After 20 000 charge/discharge
cycles at a high current density of 10 A g7, the specific capac-
itance (309 F g~ ') of the r-Cu,0O/MWCNTs nanocomposite
retains about 93% of the initial value (334 F g~ '), demonstrating
its high cycling stability and promise for applications in energy
storage devices. It is worthy noting that the cycling stability is
improved after the NaBH, reduction treatment, which is
consistent with the cases of other oxides such as Bi,O3, M0O3,
etc'47,48

By adopting the r-Cu,O/MWCNTSs nanocomposite and AC as

positive and negative electrodes, respectively, a high-

This journal is © The Royal Society of Chemistry 2018
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performance asymmetric supercapacitor is constructed and
performed in aqueous solution of 6 M KOH. As shown in Fig. 5a,
the r-Cu,O/MWCNTSs nanocomposite electrode shows a stable
potential window of 0-0.4 V, while the AC electrode exhibits
stable operation in the range from —1.0 to 0 V, and thus this
electrode configuration could extend the operation voltage
window to 1.4 V. Fig. 5b depicts the CV curves of the asymmetric
supercapacitor with a large operation window of 1.4 V at various
scan rates. The pseudocapacitance shape of the CV curves does
not change with increasing the scan rate, and the redox peaks
are still present at high scan rate of 200 mV s, indicating the
high rate capability and good reversibility of the asymmetric
supercapacitor. Based on the total masses of active materials of
the two electrodes, the calculated capacitances of the device
were calculated as can be seen in Fig. S3.1 The capacitance of
the asymmetric supercapacitor device reaches 235.8 F g~ ' at
5mVs 'and 94.3 Fg 'at 100 mV s~ ', indicating the high rate
performances of the device. The GCD curves of the asymmetric
supercapacitor at different current densities ranging from 0.5 to
20 A g " are also measured and shown in Fig. 5c, and their
nonlinear profile is consistent with the CV curves and indicates
the dominant contribution of pseudocapacitance. The R value
of the device is derived to be 0.55 Q from the EIS results
(Fig. S47), which is quite small for asymmetric pseudocapaci-
tors. In addition, the electrochemical stability of the asym-
metric supercapacitor is evaluated by the repeated GCD cycling
tests at a current density of 10 A g ', as shown in Fig. 5d. The
device can maintain over 93% of the initial capacitance value
even after 20 000 charge/discharge cycles at 10 A g™, and it
should benefit from the excellent electrochemical stability of
the r-Cu,O/MWCNTs electrode, as confirmed above.

To evaluate its operational performance/efficiency charac-
teristics of the ASC device in practical applications, the power
and energy density at different current densities are calculated
according to eqn (3) and (4). Fig. 6 shows the Ragone plot to

30
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Fig. 5 Electrochemical characterization of a r-Cu,O/MWCNTs//AC
asymmetric supercapacitor: (a) CV curves of r-Cu,O/MWCNTs
nanocomposite and AC electrodes at a scan rate of 50 mV s~%. (b) CV
curves of the device at various scan rates ranging from 5 to 200 mV
571 (c) GCD curves of the device at various current densities ranging
from 0.5 to 20 A g 1. (d) Cycling stability performance of the device.
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Fig. 6 Ragone plots of present r-Cu,O/MWCNTs//AC asymmetric
supercapacitor and reported oxide-based asymmetric supercapacitors
for comparison.

compare the energy density versus power density performance
of the present asymmetric supercapacitor with the reported
state-of-the-art pseudocapacitive asymmetric supercapacitors.
The present device possesses a high energy density of
64.2 W h kg~ " with high power density of 825.3 W kg™ .
Furthermore, the maximal power density can reach 10.04 kW
kg~ with energy density as high as 19.5 W h kg™', demon-
strating the outstanding rate capability of the present device.
Therefore, the performance of the asymmetric supercapacitor
herein is superior to many previously reported oxide-based
asymmetric supercapacitors such as CuO//AC,* Cu,O@Cu//
AC,” MnCo,0,@Ni(OH),//AC,* MnO,/graphene//VOS@C,*
CuO@MnO,//AG,** where VOS and AG refer to the sulfur-doped
VO, and activated graphene, respectively. The present device
could be further improved by enlarging its operation voltage
window, e.g., using ionic liquid electrolytes or further opti-
mizing the electrochemical performance of both positive and
negative electrodes.

Conclusions

In conclusion, the oxygen-deficient r-Cu,O/MWCNTs nano-
composite for high-performance asymmetric supercapacitors is
designed and successfully synthesized by a simple RTIL-
assisted sputtering approach and a subsequent reduction
treatment. The synthesizing process is one-pot, environmental-
friendly, and free of additive agent, stabilizer and byproduct.
The as-prepared Cu,O/MWCNTs nanocomposite delivers high
specific capacitance of 357 F g~ ', good rate capability and
capacitance retention of 89% after 20 000 cycles at 10 Ag~". The
high performance results from the uniform dispersion of small-
sized Cu,O nanoparticles on conductive MWCNTs, which
provides plenty of redox active sites and facilitates charge
transfer and electrolyte diffusion. After the reduction treatment
in NaBH, solution, oxygen vacancies are introduced into Cu,O
and induce richer active sites and faster charge transfer,

RSC Adv., 2018, 8, 20182-20189 | 20187
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resulting in the oxygen-deficient r-Cu,O/MWCNTs nano-
composite with greatly improved specific capacitance (790 F
g™") and cycling stability (93% after 20 000 cycles). Further-
more, the r-Cu,O/MWCNTs//AC asymmetric supercapacitor is
fabricated, which shows high energy density of 64.2 W h kg™ " at
825.3 W kg™ " and long cycling life. The present RTIL-assisted
synthesis strategy is simple and effective, and can be extended
to synthesize other oxide-based supercapacitor electrode
materials.
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