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Cycling performance is very important to device application. Herein, a facile and controllable approach is
proposed to synthesize high stability CuCo,O4 nanoneedle array on a conductive substrate. The
electrode presents excellent performances in a large specific capacitance up to 2.62 F cm™2 (1747 F gfl)
at 1 mV s7! and remarkable electrochemical stability, retaining 164% even over 70 000 cycles. In
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(57 W h kg™, and cycling stability (retention of 83.9% after 10 000 cycles). These outstanding
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1. Introduction

The environmental challenges and the energy crisis have
prompted tremendous efforts into the exploitation of energy
storage and conversion systems. Supercapacitors, as one of the
potential candidates, are characterized by high power density,
fast recharge ability, environmental compatibility and so on.*
The properties of supercapacitors, especially cycling perfor-
mances, are limited by electrode materials, which greatly
restrict their practical application.”* At present, the cycling
performance of most reported cathode materials can only reach
5000 cycles, such as C03;0,-NiC0,0, nanosheets (=91.11%,
5000 cycles),” 3D graphene/ZnO nanorods (=94.4%, 2300
cycles),® coral-like MnO, (=99.7%, 5000 cycles),” and Ni(OH),
nanosheets (=75%, 3000 cycles).® Therefore, fabricating long
cycle-life cathode materials greatly affects the practical appli-
cation of the device.

Transition metal oxides have attracted a lot of attention as
promising material for pseudocapacitors due to faradaic redox
reactions.” However, their low electrical conductivity and
structural deformation/dissolution inhibit their application in
practical high-rate SCs.’®'* Spinel copper cobaltite (CuCo0,0,),
a ternary transition metal oxide, has been utilized as cathode
material with considerably improved performance compared to
traditional binary metal oxides,”™* ascribed to the multiple
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great potential for the new-generation energy storage devices.

oxidation states of both Cu®*" and Co®" ions. The high theoret-
ical specific capacity, abundant resources, and non-poisonous
grant it a prospective electrode material for supercapacitor.*>*¢

Here, we present a binder-free and shape-controlled strategy
to fabricate CuCo,0, electrode materials on conductive
substrate (Ni foam). The optimized electrode with a nanoneedle
array morphology attained a high capacitance of 2.62 F cm ™2
(1747 F g ") at 1 mV s~ " and an exceptionally long cycling
performance (=164% after 70 000 cycles), superior to the re-
ported cathode materials. The high performance partly attri-
butes to the binder-free ordered nanoneedle array structures.
The ordered array provides a direct electron transport, facili-
tates the electrolyte penetration and reduces the interfacial
resistance. Meanwhile, the hierarchical porosity framework (Ni
foam) combined with the high mesoporous structure of nano-
needles can greatly increase the specific surface area, improve
ion diffusion, facilitate mass transport and alleviate structural
damage inside the electrode material."”*® Furthermore, the as-
assembled asymmetric supercapacitor employing the opti-
mized CuCo,0, (cathode) and activated carbon (anode), which
can work efficiently in a large operating voltage for 1.8 V and
exhibit maximum energy density for 57 W h kg~ with excellent
lifespan of retaining 83.9% over 10 000 cycles.

2. Experimental
2.1 Material synthesis

All chemicals were used with no other purification. The Ni foam
was first cleaned in HCI and ethanol by sonication for 15 min,
respectively, then repeatedly rinsed with deionized water, and
dried for use. For a typical synthesis of CuCo,0, nanoneedle
array, 12 mmol of CuCl,-6H,0, 24 mmol of CoCl,-6H,0 and
112 mmol of urea were mixed in 75 mL deionized water to form
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a transparent pink solution. The obtained homogeneous solu-
tion and the pre-cleaned Ni foam were sealed in a Teflon-lined
autoclave, subsequently heated to 120 °C and maintained for
10 h. After completion of the reaction, the obtained precursor
was taken out and washed using deionized water to remove the
redundant materials. Finally, the CuCo,0, nanoneedle array
was formed by annealing the as-synthesized precursor at 400 °C
for 2 h in air atmosphere. The active material mass loading is
estimated to 1.5 mg cm 2 for the typical sample, denoted as
CuCo0,0,-12.

For comparative study, the samples with different concen-
trations were also fabricated. Similar procedure was followed to
prepare different nanostructures by adjusting the reactant
concentration. It is noted that the molar ratio of CuCl,-6H,0,
CoCl,-6H,0 and urea remains unchanged. The samples can be
easily denoted as CuC0,0,4-3, CuC0,0,4-6, CuC0,0,-9, CuC0,0,-

2 (optimized sample), CuCo,0,-15, standing for 3 mmol,
6 mmol, 9 mmol, 12 mmol, 15 mmol of CuCl,-6H,0 used in the
hydrothermal processes. The active material mass loading is
estimated to 0.85 mg cm Z, 1.00 mg cm 2, 1.20 mg cm 2,
2.00 mg cm > for CuCo,04-3, CuCo0,046, CuC0,0,9 and
CuCo0,0,4-15, respectively.

2.2 Material characterizations

The morphological characteristics were observed using scan-
ning electron microscopy (SEM, PHILIPS XL30 TMP). The
microstructural characteristics were further obtained by trans-
mission electron microscopy (TEM, UHR JEM-2000 SETM/EDS).
The phase characteristics were identified by X'Pert Pro MPD
diffractometer (XRD, Cu Ko radiation, A = 0.15418 nm). The
oxidation states were determined by X-ray photoelectron spec-
troscopy (XPS, Escalab 250Xi, Thermo) measurements. Nitrogen
adsorption/desorption was carried on Autosorb-1-MP/LP
instrument. The weight was measured by a semi-micro
balance (ESJ200-4B) with a readability of 0.01 mg.

2.3 Electrochemical measurements

All electrochemical performances were characterized via Bio-
Logic VMP3 electrochemical workstation at ambient tempera-
ture. The three-electrode configuration contained reference
electrode (Ag/AgCl), counter electrode (platinum plate), the as-
synthesized samples (1 x 1 em®) and electrolyte (3 M KOH).
EIS measurements were performed in open circuit potential
between 0.01 Hz and 100 kHz.

Furthermore, the asymmetric supercapacitor assembled
with the optimized CuCo,0, nanoneedle array (cathode) and
active carbon (anode) were conducted in a two-electrode
configuration. To prepare AC electrode, first, the mixture with
80 wt% of AC powder, 10 wt% of polyvinylidene fluoride and
10 wt% of carbon black was added appropriate amount of NMP
solvent and stirred for 12 h. Then, the obtained homogeneous
slurry was drawn and dripped over the nickel foam with
a pipetting gun, followed by drying for 12 h at 80 °C and pressed
at 10 MPa. The mass loading of AC powder attached to the
nickel foam within a 1 cm x 1 c¢m area is 5.55 mg.

The areal capacitance (C,) was figured out by the eqn (1):
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C, = (J I(V)dV) / 2wVA (1)

where I(V) refers to the current at V, dV denotes differential
potential, v represents scan rate, V denotes the potential
window, and A is the electrode’s surface area.

The specific capacitance (C), energy densities (E) and the
power density (P) were figured out by the eqn (2)-(4):

C=(Ix A/mAV (2)
E=(CxAV*)7.2 3)
= (E x 3600)/At (4)

where I is the discharge current, At denotes discharge time, m
represents the loading mass, and AV denotes the applied
potential window.

3. Results and discussion
3.1 Characterization analysis

As illustrated in Fig. 1, it is the synthesis process of CuCo0,0,
nanoneedle array. A simple hydrothermal procedure was first
performed to obtain Cu-Co nanoneedle array precursor
(Fig. 1b) vertically grown on conductive substrate (Ni foam), and
then an annealing treatment was carried out to form CuCo,0,
nanoneedle array (Fig. 1c). As shown in the optical image, the
color of Cu-Co precursor and CuCo,0, sample turned from
pink to black (inset in Fig. 2a). The SEM characterizations were
performed to analysis the morphologies for the samples.
Different morphologies were obtained by adjusting concen-
tration of the solvent. With the increase of the reactant concen-
tration, the samples change from nanosheetlike morphology
(Fig. S1at) to nanowire (Fig. S1b and ct), then to a typical uniform
and regular nanoneedle array structure (Fig. 2c), and then to
a mixed state of sheet and nanoneedle (Fig. S1d7). In CuCo0,0,-12
sample, high density and uniform nanoneedles were vertically
grown on Ni foam, ensuring a high utilization for the active
material. Fig. 2a, b and ¢ depict SEM images of Cu-Co precursor
and CuCo,0,-12, respectively. After annealing, the obtained
nanomaterials turn from a typical vertically needle-like
morphology to a porous nanoneedles array formed with nano-
particles. The detailed feature and the structures of CuCo,0,
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Fig.1 Schematic evolution process of CuCo,04 nanoneedle array on
Ni foam: (a) Ni foam and copper, cobalt sources, (b) Cu-Co precursor
array and (c) CuCo,04 nanoneedle array.
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Fig. 2 SEM images of Cu-Co precursor (a and b) and CuCo,04 nanoneedle array (c), respectively. TEM images (d—f) and corresponding SAED
pattern (g) of CuCo,0,4 nanoneedle array, respectively (inset in (a) is the optical image of Cu-Co precursor and CuCo,04 nanoneedle array,
insets in (e) are EDX elemental mappings of CuCo,O4 nanoneedle array).

were further revealed in TEM. The diameter of the CuCo,0O,
nanoneedle is around 50-80 nm and apparent pores are found on
the nanoneedle, as shown in Fig. 2d and e. EDX analysis (insets of
Fig. 2e) clearly reveals the existence of Cu, Co, O, along with Ni
elements, uniformly distributed throughout the nanoneedle.
Nanoneedle structure was made up of sizable amounts of dense
pores, which benefits to facilitate the ion and electron trans-
portation into active materials, improving the capacitive perfor-
mance. As displayed in Fig. 2f, the high-resolution TEM image
shows the well-defined interplanar d-spacings of 0.20 nm for
(400) plane and 0.40 nm for (200) plane, which indexed well to
the feature of CuCo,0,. Moreover, the discontinuous SAED
pattern (Fig. 2g) further confirms the CuCo,0, phase and
corroborate the polycrystalline nature of the material.

The composition and phase purity of CuCo,0,4-12 was
characterized by XRD (Fig. 3). To avoid the intense peaks of Ni-
foam, we performed the XRD analysis of some powder scrapped
off from the Ni foam. Diffraction peaks at 19.0, 31.3, 36.8, 38.6,
44.9, 55.8, 59.3, 65.4 and 77.6° could be well indexed to the
(111), (220), (311), (222), (40 0), (422), (511), (440), and (553)

This journal is © The Royal Society of Chemistry 2020

planes of cubic CuCo,0, (JCPDS no. 71-0816). In addition, the
absence of other impurity peaks was detected, which confirms
the high-purity of the prepared sample.
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Fig. 3 XRD pattern of CuCo,04 nanoneedle array scrapped off from
the Ni foam.
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Further information on the composition and oxidation state
of CuCo,0, nanoneedle array were analyzed by XPS spectrum.
The characteristic peaks of C, Ni, Cu, Co and O elements are
presented in the full survey spectrum (Fig. 4a). As shown in
Fig. 4b, the spectrum of Cu 2p illustrates two main peaks
located at 933.3 eV and 953.5 eV, which corresponds to Cu 2p;),
and Cu 2py),. In addition, two satellite of 941.6 and 961.8 eV
confirms Cu®* characteristic.'>*® The peaks of Co 2p spectrum
(Fig. 4c) observed at 779.7 eV (Co 2p3,) and 794.7 eV (Co 2p43),
along with a splitting of approximately 15 eV, are attributed to
the Co®" and Co®" states.?* The spectrum of the O 1s (Fig. 4d)
displays three different oxygen contributions located at 529.4,
531.0 and 532.2 eV, which are ascribed to typical metal-oxygen
(Cu-0 or Co-0) bonds,* the presence of defect sites,* and the
physically and chemically absorbed hydroxyl groups within the
surface of CuCo,0, nanoneedle,* respectively.

The specific surface area and pore volume of active material
play a significant effect on electrochemical properties.***” Fig. 5
represents the BET profile of Cu-Co precursor and CuCo,0,
nanoneedle array scrapped off from the Ni foam. The curve of
the CuCo,0, nanoneedle array shows typical IV isotherm, which
indicates the unique properties of mesoporous materials.>® The
specific surface area of the CuCo,0, nanoneedle array accord-
ing to BET measurement is 35.18 m> g~ ', which is much larger
than Cu-Co precursor array (10.33 m?> g %), attributed to the
highly porous structure consistent with the SEM and TEM
results. In addition, the pore volume of CuCo,0, nanoneedle
array (0.174 ecm® g~ ') with average pore diameter of 20.3 nm is
much superior to Cu-Co precursor array (0.039 cm?® g~*). The
high surface area combined with the abundant mesoporous
structure increases active sites and provides fast mass trans-
port, contributing to excellent electrochemical properties.

3.2 Electrochemical performance

The electrochemical behaviors were first measured in a three-
electrode system to evaluate the as-synthesized samples.
Cyclic voltammetry (CV) tests within the potential rage between
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Fig. 4 XPS spectra of survey scan (a), Cu 2p (b), Co 2p (c), and O 1s (d)
for CuCo,04 nanoneedle array.
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Fig. 5 BET isotherm of Cu—Co precursor and CuCo,0,4 nanoneedle
array (inset is the BJH pore size distribution curves).

0 and 0.6 V were obtained. Fig. 6a shows the CV profiles for
CuCo0,0,-12 electrode at various sweep rates (CVs of other
electrodes are shown in Fig. S21). The obvious pseudocapacitive
behavior was demonstrated by the well-defined redox peaks,
attributed to the faradaic reaction associated with Co**/Co®*
and Cu®*/Cu’.? Moreover, the shape of the CV profiles is almost
invariable and symmetrical during different scan rates, indi-
cating the rapid transfer of electrons, high coulombic efficiency
and perfect reversibility of the electrode.*®*' The corresponding
reaction mechanism of CuCo,0, during redox reaction in KOH
electrolyte is commonly as follows:**

CuCo,04 + H,O + ¢~ < 2CoOOH + CuOH (5)
CoOOH + OH™ « Co0O, + HO + e~ (6)
CuOH + OH™ < Cu(OH), + e~ (7)

The galvanostatic charge-discharge (CD) curves were depic-
ted in Fig. 6b. All these curves show nearly symmetric shapes,
revealing good electrochemical reversibility. The obvious
plateau reveals a more significant battery-type redox behavior,
consistent with the CV curves result. Fig. 6c displays the CV
comparisons for all as-prepared electrodes attained from
different concentration at 20 mV s~ '. All curves exhibit the
similar pairs of redox peaks. The largest CV integrated area of
CuCo0,0,4-12 electrode obviously indicates highest capacitance
than others. To learn more about this, Fig. 6d displays the
detailed capacitance versus scan rate for electrode with different
reactant concentration. The results reveal that CuCo,0,-12
electrode delivers higher areal capacitance than others at all
scan rates. CuCo,0,4-12 electrode displays highest capacitance
0f 2.620 Fem ?at1mV s~ ' (CuCo0,0,4-3: 1.176 F cm ™ %; CuCo0,0,-
6: 1.252 F cm ™ %; CuC0,0,-9: 1.298 F cm™%; CuC0,0,-15: 1.667 F
cm~?), demonstrating outstanding charge storage. Meanwhile,
CuC0,0,-12 electrode maintains 0.81 F cm ™2 at 100 mV s !
(CuCo0,04-3: 0.430 F cm ™ ?%; CuC0,0,-6: 0.407 F cm™%; CuCo,0,4-
9: 0.412 F cm™%; CuCo,0,4-15: 0.537 F cm ™ 2), indicating good

This journal is © The Royal Society of Chemistry 2020
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(c) CV curves for electrodes of different concentrations at 20 mV s™%, (d) variations of capacitance with scan rate for electrodes of different

concentrations.

rate performance. In addition, the curve of capacitance shows
a decreasing trend, which is ascribe to the insufficient diffusion
of OH™ ions with increasing the scan rate.*® The better elec-
trochemical properties of CuCo0,0,4-12 electrode are attributed
to the mesoporous nanoneedle array architecture, which
provides a direct electron transport, facilitates the electrolyte
penetration and reduces the interfacial resistance.**** The
above evidence implies that proper reactant concentration leads
to better nanostructure and higher electrochemical
performance.

With the optimized nanoarchitecture (CuCo,0,4-12), the
most remarkable performance improvement is the long-term
cycling stability. As shown in Fig. 7a, 70 000 cycles were tested
at 50 mV s~ '. Impressively, the capacity retention of the
CuCo,0,4-12 electrode remains =164% after 70 000 cycles. The
capacitance gets increased at first and keep almost stable in
following cycles. The increasing tendency of cycling curve
attributed to the activation process and enhanced participated
electroactive surface area.***” This result is much superior to the
reported CuCo,O, electrodes, for instance, CuCo,0, nanowires

(=100.9%, 10 000 cycles),*® CuCo,0, flowers (=109%, 2000
cycles),* CuCo,0, nanosheets (=79.7%, 5000 cycles),*® onion-
like nanoporous CuCo,0, hollow spheres (=93.4%, 5000
cycles),** and CuCo,0, nanobelts (=127%, 1800 cycles)* in
alkaline electrolyte. The capacity retention (exceeds 100%)
could be explained in two aspects: the synergistic effects of Cu,
Co redox reactions and the hierarchical porous structures of
CuCo,0, materials. At first stage, the electrochemical reactions
mainly occurred on the surface of the CuCo,0, materials. With
the cycle increased, the internal active materials were gradually
activated, thereby increasing the active site. Meantime, the
mesoporous structure of nanoneedles buffers structural defor-
mation, helping maintain the structural stability.*® Moreover,
the nanoneedle array structure contribute abundant electro-
chemical active sites and shorten the diffusion length,
enhancing long-term cycling stability. To further understand
the fundamental behavior of cycling process, the electro-
chemical impedance spectroscopy (Fig. 7b) was measured. In
EIS spectrum, the x-axis intercept of the curve and the diameter
of semicircle stand for the series resistance and charge-transfer
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(a) Cycling performances, (b) EIS spectra before and after cycle testing, (c) SEM image after 70 000 cycles of the CuCo,04-12 electrode.
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resistance. It is observed that electrode after 70 000 cycles
exhibits smaller R and R, (after Ry: 0.44 Q, R.: 0.02 Q; before Rg:
0.58 Q, R.: 0.8 Q), indicating improved electrical conductivity.
In addition, the higher slope (after cycling) of the spike line
observed at low frequency reveals the more easily ion diffusion.
For comparison, Fig. 7c shows the SEM image after 70 000
cycles. It is observed that the porous nanoneedle morphology
can still be well preserved although regular array architecture
has changed. The good electrochemical performance especially
excellent stability over thousands of long cycles demonstrates
that the optimized electrode is promising for practical
applications.

3.3 Fabrication of asymmetric supercapacitor

To further demonstrate the practical feasibility of the optimized
CuCo,04-12 electrode, an asymmetric supercapacitor
CuCo0,0,(+)//AC(_) was constructed with 3 M KOH. The CV
profiles of the AC and CuCo,0,-12 electrodes at 20 mV s~ are
displayed in Fig. 8a. Rectangular profile of AC anode reveals the
electric double-layer capacitive behavior which is different from
the electrochemical feature of CuCo,0, cathode. Fig. 8b
displays that the asymmetric supercapacitor can work efficiently
in a large operating voltage for 1.8 V, which is superior to many

View Article Online
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reported aqueous asymmetric supercapacitors (1.4-1.6 V). As
shown, the curves of device maintain a nearly rectangular-like
shape in various scan rates, indicating good reversible ability
and ideal capacitance behavior. The discharge curves (Fig. 8c)
show that the potential decay is linear at the beginning and
then slows down. The corresponding specific capacitances
versus current densities are presented in Fig. 8d. Notably, the
asymmetric supercapacitor can reach 146 F g~ (0.5 A g~ ') and
retain 42 F g~ " with increasing to 14.3 A g~ ', implying good rate
ability.

Ragone plots are important for device application. The
Ragone plots of CuCo,04(:)//AC(_) device based on CD curves
are shown in Fig. 8e. The asymmetric supercapacitor delivers
a maximum energy density of 57 W h kg™ " at 420 W kg™, which
outperforms those of aqueous asymmetric devices reported
recently, such as AC//CuC0,0,/CuO (18 W h kg™ "),** CuCo,-
0,@CuCo,04//AC (18 W h kg !),* CuCo,0,@Co(OH),//GA
(19.2 W h kg "),** AC//CuCo,0,@Ni(OH), (48 W h kg™"),¥
AC//C050,@Ni(OH), (40 W h kg™'),*® AC//NiCoP@C@Ni(OH),
(49.5 W h kg™),* NiC0,0,//AC (6.8 W h kg™*),*® and AC//MnO,
(30.6 W h kg~ *).5* Moreover, the device remains 16.8 Wh kg™ " at
12 142 W kg, revealing a well power ability. Additionally, the

cycling performance of the as-fabricated asymmetric
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supercapacitor was performed at 50 mV s~ *. After 10 000 cycles
(Fig. 8f), the capacitance shows 83.9% retention of initial
capacitance, implying excellent cycling performance, much
better than the reported asymmetric devices, for instance,
MnO,@carbon spheres//nitrogen-doped activated carbon
(=74.4%, 1000 cycles),”> C030,@Ni3S,//AC (=61.5%, 1000
cycles),”® CoMn-layered double hydroxides//Fe;0,@N-doped
carbon (=80%, 5000 cycles),* and ZnO nanoflakes//AC
(=75.6%, 8000 cycles).> The EIS testing of the device (inset in
Fig. 8f) was further performed to understand the electro-
chemical behavior. The x-axis intercept of the curve (R;) and the
diameter of semicircle (R.) are 4.7 Q and 0.55 Q, respectively,
which reveals a small intrinsic resistance of the electrochemical
system and rapid transport kinetics of electron. Furthermore,
the steep slope of the linear portion indicates an efficient ionic
diffusion. The above results endow great application potentials
of our device in electrochemical capacitor.

4. Conclusions

In summary, the mesoporous CuCo,0, nanoneedle array was
successfully fabricated via a facile and controllable hydro-
thermal technique, for which the structure and electrochemical
performance can be controlled by simply adjusting reactant
concentration. Meantime, the optimized CuCo0,0,4-12 electrode
exhibits a superb storage capacity of 2.62 F cm™? (1747 F g7 )
with remarkable cyclic stability (164% retention over 70 000
cycles). Moreover, the fabricated CuCo,0,//AC asymmetric
supercapacitor achieved an ultrahigh energy density of
57 W h kg™ and excellent cyclic stability retained 83.9% after
10 000 cycles. These outstanding performances indicate that
the optimized mesoporous CuCo,0, nanoneedle array elec-
trode holds great potential in energy storage applications.
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