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Here we report the construction of a kind of electrode material with excellent capacitive performance
composed of Ni, Co and Al layered double hydroxide (NiCoAl-LDH) nanosheets branched on Cu;,10
nanorod arrays (Cuy10O@NiCoAl-LDH) on copper foam current collector, which is obtained via an easy in
situ chemical oxidation reaction in combination with hydrothermal method. The as-prepared
Cuy10@NiCoAl-LDH electrode presents observably enhanced electrochemical performance with an
outstanding specific capacitance (2932 Fg~! at 0.75 A g~ 1), and extraordinary cycling stability (94.27% of
the initial capacitance maintained after GCD test for 6000 cycles), which are much superior to those of
Cu(OH); and Cuy,10@NiCo-LDH electrodes. Additionally, the Cu;,,10@NiCoAl-LDH nanorod arrays, as a
positive electrode material, can also be utilized to assemble a hybrid supercapacitor (HSC) device with an
activated carbon (AC) electrode (negative electrode). The energy density of the assembled HSC device can
up to 61.83 Wh kg~! with a working voltage of 1.5 V, meanwhile the power density is 749.93 W kg~
Furthermore, a few Light Emitting Diode (LED) indicators with different shape combination can be lit up

by the assembled HSC devices, demonstrating the practicability of the HSC device.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid growth of energy consumption worldwide, more
and more researchers pay their attentions to develop high-
performance devices to storage energy [1—4]. Among various
energy-storage devices, supercapacitor is one of the most potential
one ascribing to a series of merits, such as fast charge and discharge
rate, superior power density, and long cycle lifespan [5—10].
However, there is a major challenge still remained, that is how to
further enhance the energy density without reducing the power
density and maintain the long lifetime [1,11]. As for super-
capacitors, one of the most effective strategies to enhance the
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energy density is developing hybrid supercapacitors (HSCs) that
consist of a battery-type (pseudocapacitance) electrode and a
capacitor-type (electrochemical double layer) one, which can
simultaneously enhance the specific capacitance and widen the
operation voltage window [12—16].

Currently, metallic layered double hydroxides (MLDHs), as a
new kind of pseudocapacitive materials, have been applied in the
field of catalysis, electrochemistry, separation and biotechnology
widely, leading to an increasing interest in both academic and in-
dustrial [17—19]. LDHs such as NiCo-LDH [10,20], CoMn-LDH
[21,22], CoAl-LDH [23], NiAl-LDH [24,25], and NiMn-LDH [26,27]
with many intrinsic features (high redox activity, adjustable
chemical composition, large surface area with exposed, atoms
intrinsic high stability and good anion exchange behavior) have
been intensely explored as promising electrode materials for
supercapacitors [28]. Nonetheless, the electrochemical properties
and the practical value of the supercapacitors fabricated with LDHs
are usually compromised by the intrinsic poor electron conduc-
tivity (107" to 10717 S em™') of LDHs [29]. Two strategies are
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usually utilized to enhance the conductivity of LDHs. One strategy is
generating composites or nanohybrids with enhanced conductivity
via integrating LDHs nanostructures with other highly conductive
materials [30]. Another effective strategy is synthesising trimetallic
LDHs by doping or incorporation of another metal, through which
the synergistic effect between the host metals and incorporated
metals might change the electronic structure of the primitive
bimetallic LDHs to the direction we desire [31].

Hence, combining the above two strategies, we report a simple
method for fabricating binder-free Cu,,10@NiCoAl-layered double
hydroxide (Cuy,10@NiCoAl-LDH) core-shell hybrid nanorod arrays
on copper foam, in which the Cu;, 10 nanorod arrays (NRAs) act as
the core and the NiCoAI-LDH nanosheets act as the shell layer. The
Cu foam with Cuy, 10 NRAs is a promising substrate because the 3D
porous copper foam and nanorod arrays could provide more
channels to allow the electrolyte ions access the active LDH mate-
rials of electrodes more easily, which can decrease the agglomer-
ation of NiCoAl-LDH nanosheets consequently [32,33]. The NiCoAl-
LDH with ultrathin nanosheet morphology was grew on the surface
of Cuz,10 NRAs directly, which can make the whole composites
maintain good electrical conductivity. In addition, the CoNiAl-LDH
nanosheets with high surface area can shorten the distance of ion
transport and increase the utilization rate of the active materials
[2]. The as-prepared Cu;,;0@NiCoAl-LDH NRAs electrode pre-
sented an area capacitance of 7771 mF cm 2 (2932 F g™ 1) at a
current density of 2 mA cm~2, outstanding rate capability (80.50%
from 2 mA cm ™2 to 20 mA cm2), and excellent cycling stability
(maintained 94.27% of the initial capacitance after consecutive GCD
test for 6000 cycles), which are significantly higher than those of
Cu(OH); and Cuy,10@NiCo-LDH electrodes.

Moreover, an HSC device assembled with the Cu;,{0@NiCoAl-
LDH and activated carbon (AC) as positive and negative electrodes
respectively, exhibited excellent electrochemical performances. In
detail, the Cuy,;10@NiCoAI-LDH//AC HSC exhibited a maximum
specific capacitance of 197.87 F g, a high energy density of
61.83 Wh kg~ ! at a power density of 749.93 W kg~ !. Furthermore,
some LED indicators with different shape combination can be
illuminated by HSC devices. Our work indicates that the
Cuy10O@NiCoAl-LDH nanohybrids will be one of the most prom-
ising electrode materials for the application in high capacitive
performance energy storage devices.

2. Experimental section
2.1. Materials

Aluminium nitrate nonahydrate (AI(NOs3)3-9H,0, AR), nickel
nitrate hexahydrate (Ni(NOs),-6H;0, AR), urea (CH4N,0, AR),
ammonium persulfate ((NH4)2S20s, AR), cobalt nitrate hexahydrate
(Co(NOs3);-6H20, AR), sodium hydroxide (NaOH, AR), poly-
vinylidene fluoride (PVDF), potassium hydroxide (KOH, AR) and
acetylene black were supplied by Sinopharm Chemical Reagent Co.,
Ltd. Hydrochloric acid (HCI, AR), acetone (AR) and ethanol (AR)
were provided by Tianjin Fuyu Fine Chemical Co., Ltd. Activated
carbon were supplied by Aladin GmbH Co., Ltd. The copper foam
and nickel foam were purchased from Shanghai Zhongwei New
Material Co., Ltd. The deionized (DI) water was produced by a Flom
ultrapure water system.

2.2. Preparation of Cu(OH), nanorod arrays precursor (Cu(OH),
NRAs) on copper foams

The copper foam (2.0 x 4.0 cm?) was ultrasonically cleaned with
HCI solution (37 wt%), acetone, ethanol and DI water in sequence
for about 40 min to make sure that the surface oxide layer can be

removed. Then the pretreated Cu foam was dried in a 60 °C vacuum
for about 6 h. The Cu(OH); NRAs were generated on the Cu foam
(2.0 x 4.0 cm?) by an in situ chemical oxidation with a solution
consisted of NaOH (10.0 mL, 2.5 M) and (NHg4),S;0g (10.0 mL,
0.125 M) for 10 min. After reaction, the Cu foam was swilled with
ethanol and DI water for several times and then dried at 60 °C oven
for about 6 h to get the Cu(OH), NRAs. The calculated mass load of
Cu(OH), on the Cu foam is about 1.30 mg cm ™2

2.3. Preparation of the Cuy,10@NiCoAl-LDH NRAs

The Cu(OH), NRAs precursor (1.0 x 2.0 cm?) was put into a
50 mL Telfon-lined stainless steel autoclave at 100 °C for 8 h, which
have been previously charged with 20.0 mL freshly prepared
aqueous solution consisted of urea (0.12 M), AI(NOs),-6H,0
(4 mM), Ni(NO3)2~6H20 (12 mM) and CO(NO3)2'6H20 (4 mM)
During the hydrothermal reaction, Cu(OH),; NRAs were dehydrated
into Cuy 10 NRAs, and the NiCoAI-LDH nanosheets were generated
on the surface of the Cu, 10 NRAs to form the core/shell structure.
After the hydrothermal reaction, the Cu(OH), NRAs precursor was
swilled with absolute ethanol and DI water for several times and
dried in a vacuum drying oven at 60 °C for 6 h to obtain hierarchical
3D branched Cuy.,10@NiCoAl-LDH core/shell nanorod arrays on Cu
foam. The calculated mass load of Cu;,{O@NiCoAl-LDH NRAs
branched on the Cu foam is about 2.65 mg cm™2.

2.4. Synthesis of the Cuy10@NiCo-LDH NRAs

The Cu,,.10@NiCo-LDH NRAs were prepared by the same
method as the preparation of Cuy;1O@NiCoAl-LDH NRAs above,
except that the 20.0 mL reaction solution was consisted of 0.14 M
urea, 12 mM Ni(NO3);-6H,0 and 12 mM Co(NOs),-6H;0. The
calculated mass load of Cuy,10@NiCo-LDH NRAs branched on the

Cu foam is about 2.45 mg cm 2.

2.5. Characterization

The morphologies of all samples were investigated by a scan-
ning electron microscope (SEM, ZEISS Supra 55) at an accelerating
potential of 10 kV and a transmission electron microscope (TEM,
JEOL JEM-2010) with an accelerating voltage of 200 kV. The energy
dispersive X-ray spectrometry (EDS) elemental mapping and
spectrum analyses of the products were performed on a JEM-2010.
X-ray diffraction (XRD, D/max-kA diffractometer) was applied to
characterized the crystallographic structures of the samples. Spe-
cific surface areas were measured by a nitrogen adsorption-
desorption system (B] builder Kubo x1000) using the Brunauer-
Emmet-Tell (BET) method. The compositions of the products were
studied by X-ray photoelectron spectroscopy (XPS) on a PHI 5000C
ESCA System.

2.6. Fabrication and electrochemical measurements of electrodes

All of the electrochemical tests were performed at room tem-
perature with an electrochemical workstation (CHI 760E)
(Shanghai Chenhua Instrument Factory, China). Cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD) and electrical imped-
ance spectroscopy (EIS) measurements of the as-prepared positive
electrode materials were performed by a three-electrode cell
configuration in a 6.0 M KOH electrolyte. The tested samples
(1.0 x 1.0 cm?) was served as the working electrode directly, the
platinum foil was served as the counter electrode, and the mercuric
oxide electrode was served as the reference electrode. The active
carbon electrode (negative electrode) was prepared by following
procedure: First, the right amount of activated carbon (AC),
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acetylene black (conductive agent) and polyvinylidene fluoride
(PVDF, binder) were weighed according to the mass ratio of 8:1:1,
and mixed with ethanol to produce a slurry. Then the above slurry
was painted onto the surface of nickel foam substrate
(1.0 x 1.0 cm?) uniformly and dried at 60 °C vacuum oven for 8 h to
obtain the AC electrode in the end. The area capacitance (Ca) and
specific capacitance (Cs) can be obtained based on equations (1)
and (2) according to the GCD curves [32].

14t

A= AT (1)
14t

S=mau 2)

where I (A) is the discharge current, AU (V) is the potential window,
At (s) is the discharge time, Ca (F-cm™2) is the area capacitance, s
(cm?) is the area of active materials, Cs (F-g~!) is the specific
capacitance, and m (g) is the mass of active materials.

2.7. Fabrication and electrochemical measurements of hybrid
supercapacitor (HSC)

As for two-electrode tests, the Cuy,10@NiCoAI-LDH electrode
(1.0 x 1.0 cm?) was the positive electrode and the AC electrode was
the negative one with a potassium hydroxide (KOH) aqueous so-
lution at a concentration of 6 M as electrolyte. The best electro-
chemical performance can achieve only when the charge balance
between the two electrodes follow the relationship (g+ = g-,
q = mCAU). The ideal mass ratio of Cuy,10@NiCoAl-LDH and AC
electrodes in an HSC (m™/m™) can be obtained by equation (3) [34].

mt/m- =C AU~ /Ct4U* (3)

where C* (F g1) and C~ (F g71) are the specific capacitance of
Cuy10@NiCoAI-LDH and AC electrodes, respectively. AU™ (V) and
AU~ (V) are the potential range of one scanning segment of
Cuy10@NiCoAl-LDH and AC electrodes, respectively. Furthermore,
the energy density (E, Wh kg™') and power density (P, W kg~!) of
the HSC device can be obtained according to equation (4) and
equation (5) as below [35]:

E:%CSA U? (4)

P—E/4t (5)

where the C; of the HSC device can be obtained by equation (2), but
the m (g) is the gross mass of active materials for the two
electrodes.

The all solid-state HSC device was fabricated by applying the
Cuy10@NiCoAI-LDH electrode and AC electrode as positive and
negative electrode, respectively. The electrolyte is PVA/KOH gel,
which was prepared by the following detailed procedure: A
mixture consisted of 3.0 g PVA and 20.0 mL DI water was heated at
90 °C for about 1 h under vigorous stirring to make the PVA dissolve
completely. When the solution temperature drops to 60 °C, 10.0 mL
of 1.0 M KOH aqueous solution was dripped into the solution while
vigorous stirring and keep stirring for half an hour. Cool the solu-
tion to room temperature to remove the bubbles to get the trans-
parent PVA/KOH gel electrolyte. The surface of Cuy;1O@NiCoAl-
LDH (2.0 x 2.0 cm?) and AC electrodes were covered with above gel
electrolyte to assembled together to obtain an HSC device. Finally,
the assembled Cu,,1O@NiCoAl-LDH//AC HSC device was dried at a
40 °C vacuum oven for about 12 h to remove the moisture to obtain

an all solid-state HSC device.
3. Results and discussion

The preparation process of the Cuy,10O@NiCo-LDH and
Cuy,10@NiCoAl-LDH materials is schematically illustrated in Fig. 1.
As our previous work reported, the Cu(OH); NRAs could be grown
vertically on Cu foam by an easy in situ chemical oxidation reaction
[33]. After a one-step hydrothermal treatment in different reaction
solution, the Cu(OH); NRAs were dehydrated into Cuy 10 NRAs and
a layer of NiCo-LDH nanothorns or NiCoAl-LDH nanosheets were
generated on the surface of the nanorods concurrently. In the
process of hydrothermal synthesis, the NHs3 released from the urea
will increase the concentration of OH™, which will react with Ni**,
Co®* and AI** in the solution to form nanosized LDH particles on
the surface of Cup 10 NRAs backbone. These Cu;,;0@NiCo-LDH
and Cu;,10@NiCoAl-LDH NRAs directly grown on Cu foam sub-
strate to form a binder-free structure electrode to enhance the
conductivity dramatically as a result of the reduced contact resis-
tance between the substrate and the active materials.

Fig. 2a—f shows the SEM images at different magnifications of
the as-obtained Cu(OH),, Cuy;10@NiCo-LDH and Cuy,10@NiCoAl-
LDH NRAs supported on the 3D copper foam. As indicated in Fig. 2a
and d, the surface of the Cu(OH); NRAs is smooth and the average
dimeter of nanorods is about 200 nm. Fig. 2b and e show that
countless NiCo-LDH nanothorns are generated on the surface of
Cuy,10 nanorods evenly after the hydrothermal treatment. While
the morphology of the NiCoAl-LDH grown on the surface of Cuy,10
nanorods is nanosheet upon the addition of AI**. According to the
SEM images of the Cu;, {0@NiCoAIl-LDH (Fig. 2¢ and f), it is obvious
to observe that the NiCo-LDH nanothorns can transform into
NiCoAIl-LDH nanosheets by incorporating the metal Al element into
NiCo-LDH.

TEM, HRTEM and EDS elemental mapping analyses of the
samples were also carried out to analyze their detailed structure.
Fig. 3a—c show the different morphologies of Cu(OH),,
Cuy,10@NiCo-LDH and Cu;,10@NiCoAl-LDH, which are in accord
with the SEM images. From the HRTEM image of Cuy.10@NiCoAl-
LDH in Fig. 3d, it is obviously seen that the diameter of the Cuy, {0
nanorod is smaller than that of pristine Cu(OH),; nanorod, but the
structure of nanorod keeps well. An interplanar spacing of 0.26 nm
corresponding to the characteristic (012) plane of NiCoAl-LDH
nanosheets is also found with the Cu,,{0O@NiCoAl-LDH, further
confirming the formation of the crystallized LDH phase, as shown
in Fig. 3e [28]. Moreover, the EDS spectrum shown in Fig. 3f man-
ifests that the Cu,,{O@NiCoAl-LDH is composed of Cu, Co, Ni, Al
and O elements, and the corresponding ratios of these elements are
shown in the inset of Fig. 3f. From the EDS elemental mapping
images shown in Fig. 3g, it can be seen that Cu is mainly distributed
in the backbone region, while Co, Ni, Al and O are evenly
throughout the trunk and branch regions, suggesting that the
Cuy.10 nanorod have been successfully covered with the NiCoAl-
LDH nanosheets.

The XRD patterns of Cuy,10O@NiCoAl-LDH and Cuy,{0@NiCo-
LDH are exhibited in Fig. 4a. Meanwhile, the XRD pattern of pre-
cursor Cu(OH), is presented in Fig. S1. Three strong diffraction
peaks at 26 of 43.3°, 50.4° and 74.1° can be observed in all the three
patterns, which are corresponding to the (111), (200) and (220)
facets respectively of metallic Cu (JCPDS no. 04—0836). As shown in
Fig. S1a and Fig. 4a, the diffraction peaks at 26 of 16.6°, 23.8°, 33.8°,
35.7°, 39.8° and 53.2° are resulted from Cu(OH), (JCPDS no.
13—0420), while the peaks at 26 of 29.5°, 36.4°, 42.3°, 61.3° and
77.3° are corresponding to Cu;, 10 (JCPDS no. 05—0667), indicating
that the Cu(OH); was transformed to Cuy,10 successfully. Two
patterns all show diffraction peaks at 26 of 11.7°, 23.2°, 34.8° and
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Cu,, ,0@NiCo-LDH

Cu,.,0@NiCoAl-LDH

Fig. 1. Schematic illustration for the preparation of the Cu,,;0@NiCo-LDH and Cu,,;0@NiCoAl-LDH materials.

Fig. 2. SEM images of (a, d) Cu(OH),, (b, e) Cu,,;0@NiCo-LDH and (c, f) Cu,,10@NiCoAl-LDH obtained at different magnifications.

39.5°, which correspond to (003), (006), (012) and (015) crystal
faces of LDH hydrotalcite structure reported in previous literature,
respectively [1,28,36—39].

XPS results of the Cu;,,10@NiCoAI-LDH are shown in Fig. 4c—f
and Fig. S2, which can be utilized to study the valence state of the
elements. The complete spectrum presented in Fig. S2a manifests
the existence of Cu, Al, Ni, Co and O elements, which is identify with
the EDS results. From the high resolution spectrum for Ni 2p dis-
played in Fig. 4c, it can be observed that the peaks at 856.3 and
873.4 eV are ascribed to the characteristic 2p3j and 2p1 peaks for
Ni%*, and the peaks at 857.9 and 875.8 eV can be assigned to the
featured 2p3; and 2p 2 peaks of Ni>*, respectively [11,31]. In the Co

2p spectrum (Fig. 3d), the peaks at 783.8 and 800.1 eV should
correspond to Co 2p3p; and Co 2pqp, which are the characteristic
peaks of Co?* in Co(OH),. The peaks at 781.8 and 797.7 eV corre-
spond to the Co 2p3; and Co 2pq; of Co’*, separately [31,40]. As
exhibited in Fig. 4e, the binding energies of Cu 2p3; (934.8 eV) and
Cu 2p12 (954.9 eV) can be ascribed to the paramagnetic chemical
state of Cu®* [41], while the two peaks at 952.1 and 932.2 eV should
correspond to the Cu 2py; and Cu 2ps); peaks of Cu™, respectively,
demonstrating the existence of Cuy,1O in the prepared
Cuy10@NiCoAIl-LDH material [42]. The Al 2p spectrum in Fig. 4f
could be separated into two peaks centered at 68.5 and 74.1 eV,
corresponding to the featured 2psj; and 2pq; peaks of AB* [43].
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Fig. 3. TEM images of (a) Cu(OH); (b) Cu,,10@NiCo-LDH, and (c, d) Cu,,{0@NiCoAl-LDH. (e) HRTEM, (f) EDS spectrum, and (g) EDS elemental mapping images of Cu, ,;0@NiCoAl-

LDH.

The O 1s spectrum (Fig. S2b) can be separated into three peaks,
which should result from the oxygen existing in the form of H»0,
M — OH and M — O (M represents metal element) [44,45]. All of
above results indicate that the NiCoAl-LDH nanosheets are suc-
cessfully generated on the surface of the Cu, 10 nanorods to form a
core-shell hierarchical architecture.

The electrochemical properties of Cu(OH),, Cu;,10@NiCo-LDH
and Cu;,10@NiCoAl-LDH electrodes were characterized in a three-
electrode cell under a voltage range of 0—0.5 V. Fig. 5a shows the CV
curve comparison diagram of the three electrodes at the same scan
rate (50 mV s~!). Apparently, Compared with Cu(OH), and
Cuz.10@NiCo-LDH electrodes, the CV integrated area of the
Cu;,,1O@NiCoAl-LDH electrode is the largest, indicating that the
electrochemical activity is greatly enhanced as a result of the syn-
ergistic effect of multi metals and the high specific surface area
resulting from the unique core/shell structure. Fig. 5b is a com-
parison of GCD curves of as-prepared three electrodes at current
density of 2 mA cm™2 Obviously, the discharge time of the
Cuy,10@NiCoAI-LDH electrode is much longer than that of the
other two electrodes, which means that the specific capacitance of
the Cuy,10@NiCoAI-LDH electrode is the highest. In detail, the area
capacitances at a current density of 2 mA cm™2 of Cu(OH),,
Cu;,10@NiCo-LDH and Cu;,{O@NiCoAl-LDH electrodes are 338,
4376 and 7771 mF cm~2 (2932 F g~ 1), respectively. In addition, we

compare the specific capacitance and cycling properties of the as-
prepared Cuy,1O@NiCoAl-LDH electrode with the recently re-
ported LDH materials and displayed the results in Table S1. This
indicates that the Cuy,10@NiCoAl-LDH owns outstanding capaci-
tive properties and can be a good material choice for preparing
supercapacitor electrodes.

A battery of systematic electrochemical testing (CV, GCD, EIS
and cycling performance) were performed to further study the
electrochemical performance of the Cuy 10@NiCoAl-LDH electrode
ulteriorly. As exhibited in Fig. 5c, the shape of CV curves maintains
well with the increasing scan rate from 5 to 50 mV s~ !, indicating
that the unique core-shell architecture of Cup,10@NiCoAl-LDH
electrode is benefit to rapid redox reactions or high cycling rates.
The redox reactions that occur in the process of CV test can be
explained as below [46]:

Co(OH), + OH™ & CoOOH + H,0 + e~ (6)
CoOOH + OH™ & Co0y + Hy0 + e~ (7)
Ni(OH), + OH~ & NiOOH + H,0 + e~ (8)

For comparison, the CV curves of the Cu(OH), and
Cuy,10@NiCo-LDH electrodes at different scan rates (5—50 mV s~ 1)
are also measured. As presented in Fig. S3a and d, the peak current
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and Cu(OH),. High-resolution XPS spectra for (c) Ni 2p, (d) Co 2p, (e) Cu 2p and (f) Al 2p of Cu,,;0@NiCoAl-LDH.

and integrated area of CV curves for these samples are all smaller
than that of the Cuy,10@NiCoAI-LDH electrode.

All GCD curves of Cuy,1O@NiCoAl-LDH electrode (Fig. 5d)
display symmetric charge-discharge characteristics and the
discharge times decreases with the increase of current density,
indicating that the Cu,,O@NiCoAl-LDH electrode has outstanding
reversibility in the charge-discharge process. For comparison, GCD
curves of Cu(OH); and Cu;,{O@NiCo-LDH electrodes obtained from
various current densities are presented in Fig. S3b and e and the
relationship between specific capacitance of these electrode ma-
terials and current density are presented in Fig. 5e. As the current

density increases from 2 to 20 mA cm 2, the capacitance value of
the Cuy,10@NiCoAI-LDH electrode remains 80.50% of the initial
value, demonstrating a remarkable rate capability, which is much
greater than that of Cu(OH); (46.15%) and Cuy,10@NiCo-LDH
(77.01%) electrodes. Such improvements of capacitive performance
should be likely due to the increase in surface area, as confirmed by
BET results (Fig. 4b). The surface area of Cu(OH);, Cuy,10@NiCo-
LDH and Cuy,;0@NiCoAl-LDH is 31.63 m?/g, 105.03 m?/g and
201.28 m?/g, respectively.

The electrochemical conductivities of Cu(OH);, Cu,,10@NiCo-
LDH and Cu;,1O@NiCoAl-LDH electrodes were further studied by
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Fig. 5. (a) CV curves of Cu(OH),, Cu,,10@NiCo-LDH and Cu,.;0@NiCoAl-LDH electrodes at a scan rate of 50 mV s~ . (b) GCD curves of (i) Cu(OH),, (i) Cu,.,;0@NiCo-LDH and (iii)
Cuy,10@NiCoAl-LDH electrodes at a current density of 2 mA cm™2. (c) CV curves of the Cu,.;0@NiCoAI-LDH electrode at various scan rates. (d) GCD curves of the Cuy.,;0@NiCoAl-
LDH electrode at different current densities. (e) Capacitance retention of Cu(OH),, Cu,.10@NiCo-LDH and Cu,,10@NiCoAl-LDH electrodes at different current densities. (f) Nyquist
plots and fitting curves of Cu(OH),, Cu,,10@NiCo-LDH and Cu,.10@NiCoAl-LDH electrodes. The insets show the plots in high-frequency range.

EIS test, and the Nyquist plots and fitting curves of these three
electrodes are displayed in Fig. 5f. The slope of the straight line in
low-frequency areas represents the diffusion resistance (Ry) of
ions, which describes the diffusion process of the ions in the redox
reaction kinetics [47]. From Fig. 5f, it can be clearly seen that the Ry,
of the Cuy,10@NiCoAI-LDH electrode is significantly smaller than
that of Cu(OH), and Cu,.10O@NiCo-LDH electrodes. In the high
frequency region, the diameter of the semicircle indicates the
charge transfer resistance (Rc) of the electrode, while the intercept
of the x-axis represents the equivalent series resistance (Rg) of the
electrode, which includes the total resistance of the active material,
the current collector and the electrolyte [48,49]. According to the
inset of Fig. 5f, a smallest intercept of the x-axis of Cuy,1O@NiCoAl-
LDH electrode among all electrode materials studied can be
observed, demonstrating that the Cuy,10@NiCoAI-LDH electrode
has the lowest R;. Specifically, the Rs of Cu(OH),, Cuy,10@NiCo-LDH
and Cuy 10@NiCoAI-LDH electrodes are 0.87 Q, 0.67 Q and 0.58 Q,
respectively, which can be obtained by the fitting curves of these
three electrodes. Similarly, the diameter of the semicircle for the
Cuy10@NiCoAI-LDH electrode in low-frequency areas is the
smallest, suggesting the lowest R.t. According to the results above,
it can be concluded that the Cu;,10@NiCoAl-LDH with good elec-
tronic conductivity and charge-transfer capability could be a po-
tential electrode material for supercapacitors.

The cycling performance and coulombic efficiency of
Cu,,1O@NiCoAl-LDH electrode was studied by a three-electrode
cell at a high current density of 20 mA cm™2 for 6000 consecutive
GCD cycles, and the results are exhibited in Fig. 6a. The
Cu;,10O@NiCoAl-LDH electrode shows high area capacitance and
can maintain well during the initial cycles, but the capacitance
decreases slowly with the increasing cycles and still retains about
94.27% of its original capacitance after 6000 successive GCD cycles,
indicating the good stability. Meanwhile, the coulombic efficiency

can also retain 98.73%. In addition, the SEM image and XRD pattern
of the Cu,,10@NiCoAl-LDH electrode after cycling test are shown
in Fig. S4 to evaluate the stability of the electrode material. From
Fig. S4a, we can see that the framework of Cu,,O@NiCoAl-LDH
nanorods maintained well, but the NiCoAl-LDH nanosheets
deformed slightly, indicating the good structural stability and
remarkable cycling stability of the electrode material. The XRD
pattern of the Cuy,10@NiCoAl-LDH electrode after the cyclic test
was basically consistent with that before the test, indicating the
good stability of the electrode material.

The desirable advantages of the Cu;.10@NiCoAI-LDH electrode
can be illustrated as follows on the basis of the schematic diagram
shown in Fig. 6b. First, Cu foam is a promising substrate as a result
of its three dimensional open-porous structure, excellent conduc-
tivity, high specific surface area and low cost [50]. Second, the
Cuy 10 NRAs transformed from the Cu(OH), NRAs growing directly
on the surface of Cu foam maintains a good structure of the
nanorod arrays, which can serve as a skeleton for the generation of
NiCoAI-LDH nanosheets to maintain good mechanical connection
and electronic transmission with the current collector [33]. Third,
the ultra-thin NiCoAl-LDH nanosheets generated on the surface of
the Cuy,10 nanorod arrays directly to develop a core/shell struc-
ture, which can effectively avoid agglomeration to increase the
specific surface area [50]. Meanwhile, the grain boundary connec-
tivity of ultra-thin NiCoAI-LDH nanosheet structures is usually
remarkable, which can make the contact between nanosheets and
electrolyte more close, thus accelerate the transfer of interface
charge and improve the electrochemical reactions [51,52]. Finally,
Ni and Co elements provide the psedocapacitance through the
Faradaic reactions, while Al element can can make the LDH struc-
ture more stable, thus improving the cyclic stability of the electrode
[11]. The synergistic action among the three metal elements could
improve the electrical conductivity and reduce the charge transfer
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resistance, leading to enhanced electrochemical performance of the
Cu;,10@NiCoAIl-LDH electrode [53].

In order to illustrate the practical value of the Cu,,{0@NiCoAl-
LDH electrode, an HSC (Cuy.10@NiCoAl-LDH//AC) was fabricated
using Cuy,10@NiCoAl-LDH NRAs as the positive electrode, the AC
coated Ni foam as the negative one and 6 M KOH as electrolyte.
Electrochemical tests were also performed for the negative elec-
trode (AC), the results of which are presented in Fig. S5, including
CV, GCD, and rate capacity curves. The comparative CV curves of
Cuy.10@NiCoAl-LDH and AC electrodes at a scan rate of 50 mV s~!
are shown in Fig. 7a, in which the voltage windows of the AC and
Cuy,10O@NiCoAl-LDH electrodes are —1.0 - 0 V and 0-0.5 V,
respectively. Therefore, the obtained Cu;,10@NiCoAIl-LDH//AC HSC
can work in a broad voltage windows of 0—1.5 V. As seen in Fig. 7b,
the CV curves of the Cuy,;10@NiCoAIl-LDH//AC HSC obtained at
100 mV s~ ! in different potential windows indicating that the po-
tential window of the Cuy,10@NiCoAl-LDH//AC HSC can be
extended to 1.5 V and the shape of CV curves do not change obvi-
ously with the increasing working voltage window. Fig. 7c exhibits
the GCD curves of the Cuy,1O@NiCoAl-LDH//AC HSC under
different voltage windows, which are measured under the current
density of 1 A g~ Obviously, all the GCD curves are basically
symmetric and the shape does not deform significantly as the
voltage window expands, reflecting the ideal capacitive character-
istics. The CV curves of the Cuy,1O@NiCoAl-LDH//AC HSC at
different scan rates in a voltage range of 0—1.5 V are shown in
Fig. 7d. Deserved to be mentioned, the shape of the CV curves kept
well with the increasing sweep rate from 20 to 100 mV s,
demonstrating the excellent rate capability of the Cu,1O@NiCoAl-

LDH//AC HSC. The shape of the GCD curves of the Cuy,1O@NiCoAl-
LDH//AC HSC at different current densities are non-linear and
nearly symmetrical, suggesting a battery-type capacitor behavior
and high columbic efficiency (Fig. 7e). Moreover, the capacitance
retention of the HSC at different current densities was exhibited in
Fig. 7f. It can be seen that when the current density is 1 A g, the
specific capacitance can be as high as 197.87 F g, while when the
current density is increased to 5 A g, the specific capacitance can
still retain 73.74%.

To evaluate the entire HSC device, the energy and power density
were investigated and the Ragone plots of the Cuy.10@NiCoAl-
LDH//AC HSC were shown in Fig. 7g. The HSC exhibits an excellent
energy density of 61.83 Wh kg~! at a power density of
749.93 W kg~ The HSC still retains a high energy density of
45.59 Wh kg~! even at a higher power density of 3749.67 W kg™,
which are superior to most of those previously reported on LDH-
based HSCs as shown in Fig. 7g [1,31,39,50,54—60]. The cycling
behavior and columbic efficiency of the Cu,,10@NiCoAl-LDH HSC
were measured at 5 A g~ ! for 6000 cycles. Fig. 7h showing that the
HSC retained 87.98% of its initial specific capacitance and 89.80% of
its initial coulombic efficiency, indicating the remarkable cyclic
stability and electrochemical reversibility.

In addition, a few LED indicators assembled with different shape
combinations were lit up to demonstrate the practical utility of the
HSC device. As shown in Fig. 8a, a blue LED indicator can be illu-
minated by three all-solid state HSCs connected in series for about
10 min. Fig. 8b—d show that when ten LED indicators with blue,
yellow and red colors are connected in parallel into different shape
combinations of “Q”, “D” and “heart”, they can be illuminated by
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three all-solid state HSCs connected in series for about 3.5, 4.5, and
3 min, respectively.

4. Conclusion

The Cuy,10@NiCoAl-LDH core-shell nanorod arrays have been
designed and fabricated on copper foams successfully. The well-
aligned Cu;, 10 nanorod arrays are transformed from the Cu(OH);
nanorod arrays growing directly on the Cu foams, retaining a good
three-dimensional skeleton structure that is conducive to the
growth of NiCoAl-LDH nanosheets, electron transfer and ion
diffusion. The specific capacitance (2932 F g~' at 0.75 A g~!) and
cyclic stability (94.27% of the initial capacitance maintained after
GCD test for 6000 cycles) of the Cuy,10@NiCoAl-LDH electrode
obtained by electrochemical test are much better than those of
Cu(OH); and Cuy,10@NiCo-LDH electrodes. In addition, the HSC
device assembled by Cuy,10@NiCoAIl-LDH positive electrode and
AC negative electrode can reach the high energy density of
61.83 Wh kg~ ! at the power density of 749.93 W kg~ !. Furthermore,
when LED indicators are connected into different shape combina-
tions they can be illuminated by the assembled HSC devices,
demonstrating the practical value of the HSC device. Our work in-
dicates that structural design and composition optimization can
improve the capacitance performance of electrode materials
effectively.
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