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High-performance yet thin hybrid supercapacitors (HSC) are urgently needed to meet the increasing
demands of wearable and portable electronic devices. Nevertheless, most of the current electrode
designs employed to enhance the electrode capacity and conductivity provide limited volumetric
capacity because they commonly rely on macroscopic, heavy support materials such as nickel foam or
carbon cloth. Hence, micro- and nanostructuring strategies towards tailored electrode architectures will
be vital for their utilization in practical applications. Herein, a three-dimensional (3D) self-supported
hierarchical electrode was obtained by directly growing NiCo layered double hydroxide (NiCo-LDH)
nanosheets on a Ni nanotube network (Ni-NTNW) via electrodeposition. The resulting electrode takes
advantage of the large interface and the high redox activity of the two-dimensional (2D) coating
nanosheets, whose properties are augmented by the highly porous network architecture of the one-
dimensional (1D) Ni-NTNW support, which enables fast mass transfer and acts as a "highway” for fast
electron transfer. The fabricated NiCo-LDH@Ni-NTNW architecture replicates the thickness of the
parent template (20 pm) employed for the electroless plating of the Ni-NTNW, resulting in an ultrathin
battery-type electrode with a superb volumetric capacity of 126.4 C cm™>, remarkable rate capability,
and outstanding cycling stability. Additionally, the assembled NiCo-LDH@Ni-NTNW//activated carbon
(AC) HSC can deliver a high volumetric capacitance of 76.7 F cm™ at a current density of 1 mA cm™2.

Meanwhile, it exhibits a high energy density of 14.7 mWh cm™ with a maximum power density of 4769
3
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As such, hybrid core-shell nanotube networks represent an up-and-coming design paradigm for high-

, surpassing most state-of-the-art supercapacitors that deliver high volumetric energy density.
DOI: 10.1039/d2ta00235¢

rsc.li/materials-a performance supercapacitor devices in portable devices.

discharge rates.**> However, the use of supercapacitors in prac-
tical applications is still hindered compared to that of lithium-

1 Introduction

The increasing growth in energy consumption during the last
few decades raised the demand for clean and renewable energy
sources which in turn has stimulated more efforts in developing
high-performance energy storage devices, particularly super-
capacitors.' Supercapacitors represent one of the most prom-
ising candidates for power devices due to their outstanding
power density, superior cycling stability, and fast charge-
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ion batteries due to their low energy density.*® The overall
performance of a supercapacitor mainly stems from the elec-
trode architecture and composition. Hence, ongoing efforts are
focused on realizing efficient electrode materials and designs
that combine outstanding power density and a long lifetime
with high energy density within a controlled small size.'**
Recent research has reported devices with high specific capac-
itances, but still, the challenge is to achieve high volumetric
capacitance which is a pivotal parameter, especially for the
application in wearable devices and smart electronics with
a limited space allocated for the energy source.'** The tradi-
tional way to enhance the volumetric capacitance is to increase
the mass loading of active material per cubic centimeter, which
however comes at the cost of an increased dead mass of the
electrode, because of missing electrical contact or deterioration
of contact during operation due to morphological changes or
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stresses breaking off parts of the material and collapse of the
three-dimensional (3D) architecture or a less porous electrode
layer due to more filling.'*** Hence, optimization of the elec-
trode architecture is very important to maximize the perfor-
mance in terms of volumetric capacitance and energy density
within the same electrode geometry and without increasing the
mass loading.

Supercapacitors are classified based on the energy storage
mechanism of the electrode material into three classes: double-
layer capacitors, pseudocapacitors, and battery-type capacitors.
Among them, the battery-type capacitors have recently attracted
considerable attention because of their high capacities and
short ion-diffusion paths.*® Battery-type electrode materials
include transition metal hydroxides, sulfides, phosphides,
selenides, and oxides which have been extensively investigated
as electrode materials for hybrid supercapacitors (HSC), deliv-
ering higher energy density than double-layer capacitors.”
The last few years witnessed a surge in employing metal layered
double hydroxides (LDH), particularly NiCo-LDH as a battery-
type electrode material with its layered structure, high redox
activity, and outstanding anion exchange, which enhance the
charge storage.*** Moreover, the synergy between Ni(OH), with
its high theoretical specific capacity and Co(OH), with its good
electrical conductivity plays an important role in enhancing the
energy storage performance.’>**

However, LDHs still struggle to realize their theoretical
capacity due to agglomeration issues.***® To overcome this
weakness, the construction of a rational architecture of the
electrode material is one of the most effective strategies.
Developing a 3D hierarchical structure in a core-shell form can
provide not only a great number of redox-active sites through
the enlarged surface area, but also ensure efficient transport
pathways for the electrolyte to enhance the ion transport rate.
Generally, one-dimensional (1D) core structures such as nano-
tubes, nanowires, and nanorods offer continuous and undis-
turbed conduction paths and represent efficient platforms for
electron transfer. In the form of interconnected 3D networks,
1D nanostructures offer increased robustness as a support
layer,” combining high electrical conductivity and enhanced
mechanical robustness with an open-porous platform offering
efficient paths for both mass and charge transfer, enhancing
the kinetics of the redox reactions occurring on the NiCo-LDH
surface.***® Meanwhile, two-dimensional (2D) nanosheets are
employed as a shell with a large surface area. Such a combina-
tion of different dimensionalities brings a supportive effect of
the two components, which in turn is reflected in the enhanced
energy storage. Moreover, the direct growth of the active mate-
rial (NiCo-LDH) over the interconnected Ni-network core can
hasten the charge transfer rate because of the high conductivity
of the Ni core and the strong connection between the active
material and the substrate which acts as a current collector
without using any binders or conductive agents.** Compared to
bulk materials, hierarchical nanostructures offer synergetic
effects from individual counterparts at the multi-level archi-
tecture.* Several free-standing NiCo-LDH-based electrodes have
been reported in different forms including nanowires, nano-
sheets, and microflowers and demonstrated high
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electrochemical performance because of the direct contact with
the current collector.****** Nevertheless, the dimensions of the
electrode are commonly defined by the dimensions of standard
substrates including felt, foams, cloths, and 3D-printed mate-
rials, which have a large thickness. Consequently, most of these
electrodes can achieve high gravimetric capacities but limited
volumetric capacity and energy density, which is crucial for
portable and wearable devices. While nanotube network struc-
tures share general features with conventional conductive
substrates (both constitute 3D highly porous interconnected
frameworks composed of conductive materials), structural
differences include the hollow nature of nanotubes and their
straight orientation. The most striking difference, though, is
their nanoscale. Accordingly, a suitable fabrication strategy is
pivotal for realizing a device that fulfills these requirements in
a cost-effective way. Tailoring a hierarchical structure at the
nanoscale accompanied by decoration with an electroactive
material can address different functionality aspects including
high diffusion rates through these nanoreactors.**>*

Herein, inspired by the natural world, we demonstrate a new
feasible strategy to fabricate a stand-alone hierarchical NiCo-
LDH®@Ni-NTNW heterostructure that imitates the structure of
the pipe cactus plant as a new generation of ultrathin electrodes
for HSCs that resolves the above issues (Scheme 1). Our
approach employs facile and tunable methods for electrode
fabrication, namely electroless plating for synthesizing the Ni-
NTNW core, and electrodeposition for decorating the nano-
structured electrode network with a shell of electroactive NiCo-
LDH nanosheets. The proposed strategy is based on scalable
and cost-effective techniques which can be adopted for devel-
oping different nanotube-based architectures. The as-prepared
battery-type NiCo-LDH@Ni-NTNW electrode was encompassed
with activated carbon (AC) in a HSC device with outstanding
performance. In turn, the assembled device demonstrated high
volumetric capacitance, high rate capability, and excellent
cycling stability. More importantly, it delivers an ultrahigh
volumetric energy density of 14.7 mWh cm™>. The introduced
fabrication approach holds important promise in realizing
a new generation of ultrathin electrodes with high volumetric
energy density for practical applications.

Scheme 1 Pipe cactus-inspired design philosophy of the NiCo-
LDH@Ni-NTNW self-supported electrode.

This journal is © The Royal Society of Chemistry 2022
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2 Experimental section
2.1 Materials

Polycarbonate membranes (Whatman, nominal thickness 20
pm) with a nominal pore diameter of 200 nm and a pore density
of 5 x 10® em 2. Nickel sulfate heptahydrate (NiSO,-7H,0,
purum p.a. cryst.,, Sigma-Aldrich), borane dimethylamine
complex ((CH;3),NH-BHj;, 97%, Sigma-Aldrich), potassium
chloride (KCl, =99.0%, Sigma), dichloromethane (CH,Cl,,
puriss. p.a., Sigma-Aldrich), potassium hydroxide (KOH, Sigma-
Aldrich), boric acid (H3BOj, 99.5%, Sigma), nickel nitrate
hexahydrate (Ni(NOs),6H,0, GR, Merck), cobalt nitrate hexa-
hydrate (Co(NOj3),-6H,0, 99+%, Acros Organics), palladium
chloride (PdCl,, 99.9% metal basis, Alfa Aesar), trifluoroacetic
acid (TFA) (CF;COOH, =99.9%, Carl Roth), trisodium citrate
dihydrate (HOC(COONa)(CH,COONa),-2H,0, puriss. p.a.,
Sigma-Aldrich), methanol (CH3;OH, 99.5%, AppliChem Pan-
reac), activated carbon (AC) YP-80f (Kuraray Europe GmbH,
Finland), polytetrafluorethylene (PTFE, 60 wt% dispersion in
H,0, Sigma-Aldrich), and carbon black (CB) (Imerys, C-
NERGY™ SUPER C65). All chemicals were used as received
without any further purification. Deionized H,O (Milli Q, >18
MQ cm) was used in all processes.

2.2 Fabrication of the self-supported Ni-NTNW electrode

The Ni-NTNW self-supported electrode was prepared via
template-assisted electroless plating (EP), followed by electro-
deposition.®®  Briefly, ion track-etched polycarbonate
membranes were exposed to three successive runs of sensiti-
zation and activation for 30 and 4 min, respectively. The
templates were first soaked in a sensitization bath (42 mM
SnCl, and 71.4 mM TFA in ethanol) and then transferred to an
activation bath (11.3 mM PdCl, and 33.9 mM KCl). In the Pd
solution, the templates turn brown, indicating the deposition of
Pd nanoparticles. After washing, the activated templates were
immersed in an EP bath which contains 100 mM NiSO,-7H,0,
100 mM trisodium citrate dihydrate, and 100 mM borane
dimethylamine for around 40 min until a shiny layer of Ni
appeared on the outer surface of the template. After the elec-
troless plating, the templates were thoroughly washed with
water.

In order to reinforce one side of the template with a sup-
porting layer of Ni, electrodeposition was employed using a Ni
electrolyte containing 0.5 M NiSO,-7H,0 and 0.5 M H;BO; and
applying a constant potential of —1 V vs. Ag|AgCl. Afterwards,
the thin Ni surface layer on the other side stemming from EP
was removed via swapping with aqua regia. Finally, the polymer
matrix was dissolved with dichloromethane to achieve full
exposure of the NTNW and obtain a self-supported Ni-NTNW
electrode.

2.3 Growth of NiCo-LDH nanosheets over Ni-NTNW
electrodes

A hierarchical NiCo-LDH®@Ni-NTNW electrode was prepared by
further electrodeposition of NiCo-LDH nanosheets onto the Ni-
NTNW parent electrode. Pulsed electrodeposition was

This journal is © The Royal Society of Chemistry 2022
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employed using a 1:1 molar mixture containing 0.05 M
Co(NO3),-6H,0 and 0.05 M Ni(NO;),-6H,0O as an electrolyte
and applying —1 V vs. Ag|AgCl for 120 s separated by pulses of
+1 V vs. Ag|AgCl for 0.5 s every 3 s. Finally, the samples were
thoroughly washed with water.

The mass of Ni-NTNW and NiCo-LDH nanosheets was esti-
mated by weighing the template after each step of the prepa-
ration procedure. The average mass loadings (estimated from
the different samples) of the Ni-NTNW and NiCo-LDH nano-
sheets were 1.87 and 0.42 mg cm ™2, respectively.

2.4 Fabrication of the NiCo-LDH@Ni-NTNW//AC HSC

The HSC was assembled in a two-electrode Swagelok®-cell. The
HSC was packed in a sealed assembly by face-to-face sand-
wiching the hierarchical NiCo-LDH@Ni-NTNW as a positive
electrode and self-standing AC sheet (90 wt% AC, 5 wt% CB,
5 wt% PTFE) as a negative electrode, separated by filter paper
(EDLC 20-30 TC from SWM company) soaked in 1 M KOH. The
mass of NiCo-LDH@Ni-NTNW (") and AC (m™) electrodes was
balanced based on the charge balance according to the
following equations:**

7 =q (1)
Cm™ AV = C m AV (2)

where C" and C~ represent the specific capacitance of NiCo-
LDH@NI-NTNW and the AC, respectively, and AV' and AV~
stand for the potential window of NiCo-LDH®@Ni-NTNW and AC
electrodes, respectively. The average total mass of the positive
(NiCo-LDH layer) and negative (AC sheet) electrodes was
calculated to be about 4.6 mg. The overall thickness of the NiCo-
LDH®@Ni-NTNW//AC HSC including the two electrodes and the
separator was calculated to be about 90 pm (20 pm NTNW + ~30
um filter paper + ~40 pm AC).

2.5 Material characterization

Scanning electron microscopy (SEM) was performed by using
a Philips XL30 FEG with acceleration voltages of 10-30 kV. X-ray
diffraction (XRD) measurements were conducted using a Seifert
PTS 3003 diffractometer equipped with a Cu anode in Bragg-
Brentano geometry, an X-ray mirror built-in on the primary side,
and a long Soller-slit and graphite monochromator on the
secondary side to separate the Cu Ka-line (40 kv/40 mA). Raman
spectra were obtained by using a Horiba LabRam HR 800
Raman spectrometer with an excitation light of ~514 nm.
Transmission electron microscopy (TEM) micrographs were
collected using an FEI CM20 (LaBg cathode, 200 kV acceleration
voltage) accompanied by an energy dispersive X-ray analysis
(EDX) unit.

2.6 Electrochemical experiments

The electrodeposition of the Ni supporting layer was performed
in a three-electrode setup containing a circular piece (12 mm
diameter) of the electroless plated polymer membranes as the
working electrode; Ag|AgCl as the reference electrode; and a Pt
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spiral wire as the counter electrode using a Keithley 2602 System
SourceMeter unit. The electrodeposition of NiCo-LDH nano-
sheets was achieved using the previously prepared Ni-NTNW as
the working electrode under the same conditions.

The electrochemical experiments were conducted using an
OctoStat5000 (Ivium Technologies) electrochemical worksta-
tion and Gamry Reference 600 potentiostat. For electrochemical
characterization of Ni-NTNW and NiCo-LDH®@Ni-NTNW elec-
trodes including cyclic voltammetry (CV), galvanostatic charge—
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurements, a typical three-electrode setup was
employed using a Pt spiral wire as a counter electrode, Hg|HgO
filled with 1 M KOH as a reference electrode (140 mV versus the
standard hydrogen electrode), and a circular self-supported
NTNW (11 mm diameter after insulating the backside), con-
nected to a Cu wire, as a working electrode. 1 M KOH was used
as an electrolyte throughout all measurements. CV was per-
formed in a potential window between 0 and 0.6 V (vs. Hg|HgO),
and GCD was performed between 0 and 0.5 V (vs. Hg|HgO). EIS
was conducted at the open circuit potential in the frequency
range between 0.01 Hz and 100 kHz combined with a 10 mV
disturbance signal.

The gravimetric, areal, and volumetric capacities of the
electrodes in the three-electrode cell were estimated from the
CV curves according to the following formulae*

_ 1
T 2xvxm

1
:2><u><dJIdV (3)

where g, (C g ') is the gravimetric capacity, ¢, (C cm ?) is the
areal capacity, gq (C cm™?) is the volumetric capacity, [IdV
represents the integrated area of the entire CV curve, m (g), A
(cm?), and d (cm?) are the mass, area, and volume of the active
material, respectively, and » (V s~ ") is the scan rate.

They were also calculated from the GCV curves according to
the following equation:**

I x At

Gqm JIdV or ¢, = JldV or ¢q

2xvxA

I x At
Or ¢, = 1 or gqq =

I x At
y @)

Gm

where I (A) represents the discharge current, and At (s) is the
discharge time.

The gravimetric, areal, and volumetric capacitances, energy
density, and power density of the active materials in the two-
electrode setup were calculated using the stepwise integration
of the following equation:*"**

I (1 I (1 I(1
Cm = ajvdl or C‘d = Z J?d[ or Cd = aj;d[ (5)

1 1
Em = M x3.6 Jth or E«d = m [ Vdt or Ed
I .
= 4% 3600 J v ©)
P E x 3600 @)

At
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where Cy, (F g~ ') is the gravimetric capacitance, C, (F cm™?) is
the areal capacitance, and C4q (F cm™?) is the volumetric
capacitance. Cq of the HSC device was estimated using the total
thickness of the HCS including the AC and the separator, not
only the thickness of the electrode. E,, (Wh kg™') is the gravi-
metric energy density, E, (Wh cm™?) is the areal energy density,
Eq (Wh cm™?) is the volumetric energy density, and P is the
power density (i.e., gravimetric, areal, or volumetric power
density).

3 Results and discussion

Our 3D-NTNW is characterized by interconnected dense arrays
of nanotubes replicating the initial density and intersections of
the nanochannels in the used ion track-etched polycarbonate
membranes. The process of Ni electroless plating demands
a large enough areal density of metal seeds uniformly distrib-
uted over the inner surface of the template pores to initiate the
autocatalytic Ni-plating process and obtain continuous and
homogeneous deposition on the inner template surfaces. The
seeding process includes sensitization and activation of the
templates, where Sn>" ions are electrostatically attached to the
polymer template surface from the sensitization bath and
employed to reduce the Pd*" ions from the activation bath
forming metallic Pd nanoparticles which are adsorbed on the
template surface and act as seeds for the later plating process.*
Electroless plating was employed as a simple technique to grow
a uniform layer of Ni nanoparticles inside the seeded pores and
over the outer surface. The plating process is accompanied by
hydrogen evolution which decreases gradually with the decrease
of the deposition rate until a shiny film of Ni completely covers
the template and blocks access to the inner surface of the pores
as indicated in the first step in Fig. 1.

A new approach has been developed via hierarchical func-
tionalization to achieve a flexible paradigm of free-standing
electrodes that can be adopted to decorate the NTNW with
different active materials for different applications. In order to
fabricate such a free-standing nanostructured electrode, the Ni-
NTNW was reinforced with a back layer of Ni to work as
a mechanically robust layer that carries the Ni-NTNW and can
be easily connected to a potentiostat using a copper wire.
Electrodeposition was employed to form a uniform layer of Ni
over one side of the electroless-plated membrane forming
a silver shiny layer of Ni supporting layer (step 2 in Fig. 1). Such
an approach offers a robust integrated design of the electrode
that enhances the conductivity and can be easily handled
without damage. Afterwards, the thin surface layer plated on the
other side during the electroless plating step was chemically
etched (step 3 in Fig. 1) to fully expose the Ni-NTNW and
facilitate the dissolution of the polymer matrix using dichloro-
methane, which in turn enhances the accessibility of the elec-
trolyte to the active sites of the Ni-NTNW. As a result, only the
central supported area remained intact while the surrounding
area of the NTNW was separated (step 4 in Fig. 1).

The Ni-NTNW was further decorated with NiCo-LDH nano-
sheets via pulsed electrodeposition to obtain a modified NiCo-
LDH@NIi-NTNW core-shell nanostructure (step 5 in Fig. 1).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic illustration presenting photographs of the self-
supported NiCo-LDH@Ni-NTNW electrode through the fabrication
process. After electroless plating of Ni (step 1), electrodeposition is
conducted (step 2) to get a thicker supporting layer of Ni on one side of
the template (the bright round area in the sample center). In step 3, the
other side of the sample is chemically etched to eliminate the elec-
troless deposited surface layer, followed by dissolution of the polymer
matrix to isolate the Ni-NTNW (step 4). The final NiCo-LDH@Ni-
NTNW electrode is obtained by electrodeposition of LDH (step 5).

The single-step electrodeposition of NiCo-LDH includes the
electrochemical reduction of nitrate ions and the consequent
production of hydroxyl ions which afterward react with the
existing Ni*" and Co”" ions in the electrolyte forming NiCo-LDH
nanoflakes over Ni-NTNW.** The as-prepared NiCo-LDH@Ni-
NTNW acts as a self-supported electrode where NiCo-LDH
nanosheets are grown over the interconnected Ni nanotube
array which keeps the whole structure attached to the back
supporting layer. Such a well-designed electrode architecture
comprises a 3D interconnected porous network that enables
high accessibility of the electrolyte and a highly conductive
metal core that accelerates the electron transfer acting as
a binder-free current collector. Meanwhile, the NiCo-LDH
nanosheets offer numerous electroactive sites.

The morphology of the nanostructured integrated electrode
was explored using SEM (Fig. 2). The top view of the pristine Ni-
NTNW (Fig. 2a and b) shows uniform nanotubes with a diam-
eter of around 200 nm reflecting the original diameter of the
nanopores in the used polycarbonate templates. The lateral
view of Ni-NTNW (Fig. 2c) confirms the conformal deposition
during the electroless Ni plating, resulting in intact and
homogeneous Ni nanotubes replicating the whole pores of the
parent templates. This nanotube array has a free-standing
interconnected structure (Fig. 2c) due to the frequent intersec-
tions between the tubes, forming a highly conductive 3D
metallic core which in turn acts as an efficient current collector.

This journal is © The Royal Society of Chemistry 2022
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As for the NiCo-LDH®@Ni-NTNW electrode displayed in
Fig. 2d and e, the NiCo-LDH nanosheets covering the Ni-NTNW
skeleton can be easily distinguished due to their wrinkled
structure. As result, a core-shell architecture is obtained in
which the NiCo-LDH nanosheets evenly cover the nanotube
support while still maintaining the features of the Ni-NTNW
backbone. This structural motif is characterized by a firm
connection of the nanosheets to the metal core and the
homogeneous covering across the whole surface of the Ni-
NTNW, providing good mechanical and electrical contact
(Fig. 2f). The employed deposition time represents a compro-
mise between a high amount of NiCo-LDH as redox-active
material to boost the energy density while keeping the porous
structure of the catalyst with its torturous pathways free from
clogging,® which facilitates the accessibility of the electrolyte to
the active sites on the tubes, resulting in a great contribution to
the reversible and fast faradaic reactions and an enhanced
capacity of the electrode.”* The successful incorporation of
NiCo-LDH was further confirmed by EDX measurements per-
formed on the large area lateral view of the as-prepared Ni-
NTNW and NiCo-LDH@Ni-NTNW as shown in Fig. 2¢ and f,
respectively. The EDX spectrum of Ni-NTNW shows only the
peaks of Ni which are assigned to Ni-Ka and Ni-KB at ~7.4 and
8.2 keV, respectively,”® while that of NiCo-LDH@Ni-NTNW
shows an additional characteristic peak for Co which is
assigned to Co-Ka at ~6.9 keV besides the Ni peaks, confirming
the presence of Ni as well as Co content. These findings are
consistent with the SEM observations and further confirm the
successful deposition of NiCo-LDH nanosheets on the Ni-
NTNW core structure. From the EDX spectrum of the NiCo-
LDH@NIi-NTNW, the atomic ratio of Ni : Co is 41 : 12, and the
mass ratio is 59 : 17. The atomic ratio of Ni is higher than that
of Co due to the great contribution of the Ni-NTNW as the
percentage of the NiCo-LDH represents around 18% of the NiCo
LDH®@NI-NTNW total mass.

The crystalline structure of Ni-NTNW and NiCo-LDH@Ni-
NTNW was investigated using XRD. As represented in Fig. 3a,
both electrode materials display intense and sharp diffraction
peaks at 44.4°, 51.9°, and 76.3° which well correspond to the
(111), (200), and (220) crystalline planes of face-centered cubic
Ni, respectively.®® These peaks can be assigned to the metallic
Ni-NTNW core. The broad diffraction peak in between 15 and
35° can be assigned to the used glass.** As we can see in the XRD
pattern of NiCo-LDH@Ni-NTNW, some new wide characteristic
peaks appear (distinguished with a black label) which match
well with the hydrotalcite-like NiCo-LDH phase (JCPDS 40-
0216), confirming that NiCo-LDH has been successfully grown
over the nanotube network.>*® The reflexes of this hydrotalcite-
like structure have weak intensities (compared to those of the
metallic Ni core) due to the weak crystallinity and ultrathin
structure of the NiCo-LDH nanosheets.*® Raman spectroscopy
was employed to assure the loading of NiCo-LDH and investi-
gate the chemical structure of NiCo-LDH@Ni-NTNW (Fig. 3b).
The spectrum shows two characteristic peaks at 461 and
527 cm ™, which can be assigned to the vibrational modes of
Ni-O and Co-O, confirming the findings from the XRD
measurement.’”*®
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Ni-NTNW

Fig. 2 SEM top view of Ni-NTNW (a and b) and NiCo-LDH@Ni-NTNW (d and e). SEM lateral view with EDX spectra of Ni-NTNW (c) and NiCo-
LDH@Ni-NTNW (f).

The hierarchical structure of the as-prepared electrode has network appears darker than the surrounding NiCo-LDH shell.
been explored by TEM accompanied by EDX. Fig. 3c shows the The Ni-NTNW is composed of fine nanoparticles which are re-
TEM micrograph of NiCo-LDH@Ni-NTNW, in which the core Ni  flected in the homogeneous and uniform structure of the tubes
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Fig. 3 (a) XRD patterns of Ni-NTNW and NiCo-LDH@Ni-NTNW, and the reference peaks of the JCPDS file No. 40-0216. (b) Raman spectrum of
NiCo-LDH@NIi-NTNW, (c) TEM lateral view of NiCo-LDH@Ni-NTNW with a dashed turquoise line representing the borders of the core Ni-NTNW
and dashed rose color representing the surrounding NiCo-LDH shell, and (d) EDX spectra at two different spots in the TEM micrograph rep-
resenting the center of the tube (position 1) and the center of NiCo-LDH coating nanosheets (position 2).
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without any gaps. The deposition of the NiCo-LDH nanosheets
with their flaky morphology can be observed covering the Ni-
NTNW from all sides. Elemental analysis was conducted for
the core and shell of the NiCo-LDH@Ni-NTNW composite
(distinguished by positions 1 and 2, in Fig. 3c, respectively) and
the corresponding spot EDX spectra are represented in Fig. 3d.
As can be seen, the spectrum collected at the surrounding shell
at position 2, which contains the NiCo-LDH nanosheets, reveals
a higher Co-to-Ni ratio compared to the center of the Ni-NTNW
(position 1), which is attributed to the contribution of the
additional Ni content from the walls of the core nanotubes
under the covering NiCo-LDH sheets. The EDX spectra confirm
the well-defined hierarchical structure of the NiCo-LDH@Ni-
NTNW electrode with homogeneous distribution of the LDH
on the core Ni tubes, which is consistent with the findings from
the SEM, XRD, and Raman measurements.

To evaluate the electrochemical performance of the as-
prepared Ni-NTNW and NiCo-LDH®@Ni-NTNW composites as
efficient positive electrodes for HSC, different electrochemical
techniques including CV, GCD, and EIS have been employed as
represented in Fig. 4. A three-electrode cell was used to monitor
the behavior of the self-supported electrodes. As shown in
Fig. 4a, the prepared electrodes which are soldered to a Cu wire

View Article Online

Journal of Materials Chemistry A

are directly soaked in the electrolyte solution and can be easily
connected to the potentiostat without any need for binders or
supporting electrodes, which are commonly used to carry the
active material. CV curves of the Ni-NTNW and NiCo-LDH@Ni-
NTNW electrodes were recorded in the potential window
between 0 and 0.6 V (vs. Hg/HgO) at a scan rate of 10 mV s~ %,
indicating a typical battery-like behavior with pairs of distinct
redox peaks that originate from the faradaic reactions of OH™
ions with Ni(OH), in the case of the Ni-NTNW electrode and
with Ni(OH), and Co(OH), in the case of the NiCo-LDH®@Ni-
NTNW electrode (Fig. 4b). The displayed peak pair of Ni-
NTNW can be corresponded to the Ni**/Ni** conversion, while
NiCo-LDH@Ni-NTNW exhibits two oxidation peaks corre-
sponding to Co*'/Co®" and Co®'/Co™ conversions according to
the following equations:***

Ni(OH), + OH™ — NiO(OH) + H,0 + ¢~ (8)
Co(OH), + OH™ — CoO(OH) + H,0 + e~ (9)

CoO(OH) + OH™ — CoO, + H,O + ¢~ (10)
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(a) Schematic illustration of the three-electrode cell employed for electrochemical evaluation. (b) CV of Ni-NTNW and NiCo-LDH@Ni-

NTNW electrodes at 10 mV s~* (c) CV curves obtained at different scan rates between 2 and 100 mV s~* and (d) the corresponding oxidation and
reduction peak currents as a function of »/2 of the NiCo-LDH@Ni-NTNW electrode. (e) Volumetric and gravimetric capacities of Ni-NTNW and
NiCo-LDH@Ni-NTNW electrodes estimated from the CV curves at different scan rates. (f) GCD curves of Ni-NTNW and NiCo-LDH@Ni-NTNW

electrodes at 0.2 mA cm™2

. (g) Gravimetric and areal capacities and (h) volumetric capacities of Ni-NTNW and NiCo-LDH@Ni-NTNW electrodes

estimated from the GCD curves at different current densities. (i) Cycling stability of the NiCo-LDH@Ni-NTNW electrode at a current density of 20
mA cm™2 (inset: EIS plots of both electrodes and the corresponding equivalent circuit).
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It is apparent in Fig. 4b that the NiCo-LDH@Ni-NTNW
electrode demonstrates much larger peak current densities
and greater integrated area under the CV curves compared to
the Ni-NTNW electrode, indicating enhanced electrochemical
activity and higher storage capacity, albeit the surface of the Ni
backbone itself also contributes to the redox activity to a minor
extent. Comparison of the CV curves of both electrodes at
different scan rates, namely 20 and 50 mV s~ ', demonstrated
the same behavior as shown in Fig. S1,f confirming the
enhanced capacity offered by the NiCo-LDH®@Ni-NTNW elec-
trode. This can be attributed to the larger surface area intro-
duced upon decorating the core Ni nanotubes with the NiCo
hydroxide layer which in turn is reflected in the number of the
available active sites on the surface and the better exposure to
the electrolyte. Moreover, the reversibility of the NiCo-LDH@Ni-
NTNW electrode was enhanced due to the Co doping, which is
vital for improving the coulombic efficiency and utilization of
the electrode. CV curves of the NiCo-LDH@Ni-NTNW electrode
were recorded within the potential window of 0-0.6 V (vs. Hg/
HgO) at different scan rates between 2 and 100 mV s '
(Fig. 4c), and the redox peaks at different scan rates confirmed
the same battery-like behavior of the electrode with a clear
increase in the peak current and a shift in the positive and
negative directions for the anodic and cathodic peaks, respec-
tively, upon increasing the scan rate due to the internal resis-
tance of the electrode or polarization.> As can be seen in Fig. 4c,
the NiCo-LDH@Ni-NTNW electrode shows clear redox peaks at
different scan rates because of the rapid electron transfer
through the hierarchical structure which is confirmed by the
linear fitting of the peak current vs. the square root of the scan
rate (Fig. 4d). For comparison, the cyclic voltammograms were
recorded for the Ni-NTNW electrode at the same scan rates
(Fig. S2) and revealed the same battery-like behavior at all scan
rates with good electrochemical reversibility which is further
evidenced by the direct proportion between the peak currents
and the square root of the scan rate (Fig. S31). The volumetric
and gravimetric capacities of both electrodes (Fig. 4e) have been
estimated from the corresponding CV curves at different scan
rates. There is a slight change between the capacities estimated
from the CV curves and those calculated from GCD measure-
ments because the accumulated area under the CV curves
includes a small contribution from the oxygen evolution reac-
tion which results in higher capacities. The NiCo-LDH®@Ni-
NTNW electrode showed much higher volumetric and gravi-
metric capacities compared to the Ni-NTNW electrode at all
scan rates as seen in Fig. 4e. It is worth mentioning that the
main advantage of our electrode design is its ultrathin thick-
ness (20 pm) imitating the thickness of the parent template as
shown in the cross-sectional micrograph of the electrode
(Fig. S4t), which is clearly reflected in its exceptional volumetric
capacity. At 2 mV s ', the NiCo-LDH@Ni-NTNW electrode
revealed a capacity of 171 C em™* which is about 7 times as
much as the corresponding value of Ni-NTNW (23.7 C cm ™).
Moreover, at a high scan rate of 50 mV s *, the NiCo-LDH@Ni-
NTNW electrode still retains a high capacity of 97.4 C cm ™3
which represents around 56% of that at 2 mV s~ for the same
electrode. The demonstrated huge volumetric capacity opens
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the door for this ultrathin hierarchical design to be used in
different applications which have dimensional limitations such
as portable electronics and wearable devices. Moreover, the
thickness of the NTNW could be controlled to boost the
capacity. Larger thicknesses up to about 60 um can be realized
with ion track etching or through the preparation of bulky
nanowire aerogels.®®®* The NiCo-LDH@Ni-NTNW electrode
exhibited much higher gravimetric capacity (Fig. 4e) and areal
capacity (Fig. S51) in comparison with the Ni-NTNW electrode at
all scan rates. These findings prove that the capacitive proper-
ties are significantly improved via the synergistic effect of the
decoration with NiCo-LDH nanosheets.

GCD measurements for Ni-NTNW and NiCo-LDH@Ni-
NTNW electrodes were conducted between 0 and 0.5 V (vs.
Hg/HgO) at different current densities ranging from 0.2 to 50
mA em > (Fig. S6 and S7, respectively). The GCD curves of both
electrodes reveal nonlinear charge and discharge behaviors at
all current densities, implying that the dominant capacitive
behavior is of the battery type which is consistent with the
results from CV measurements and the literature-known prop-
erties of redox-active Ni LDHs.**** It is also clear in the GCD
curves of both electrodes that they have approximately similar
charge and discharge times which in turn indicates high
coulombic efficiency and thus that the charge-discharge
process is reversible.** GCD processes of Ni-NTNW and NiCo-
LDH@Ni-NTNW electrodes at a current density of 0.2 mA
cm 2 are represented in Fig. 4f, and as shown, the NiCo-
LDH@NI-NTNW electrode demonstrates a much longer
discharge time (1116 s) compared to the Ni-NTNW (147 s),
which reflects the higher capacity offered by this improved
electrode design. The same discharge behavior was observed at
a current density of 0.5 mA cm > (Fig. S81). The areal and
gravimetric specific capacities (Fig. 4g) were obtained from the
discharge part of the GCD curves of Ni-NTNW (Fig. S61) and
NiCo-LDH@Ni-NTNW (Fig. S77) electrodes at different current
densities. The gravimetric and areal capacities of NiCo-
LDH®@NI-NTNW at a current density of 0.2 mA cm > reached
601.1 C g~ (=1202.2 F ¢ ') and 0.25 C cm ™2, respectively,
compared to 17.3 C g~ ' and 0.032 C cm ™2 for Ni-NTNW at the
same current density. The calculated gravimetric and areal
capacities of Ni-NTNW are much lower and incomparable to
those of NiCo-LDH@Ni-NTNW at all current densities. More
importantly, the NiCo-LDH@Ni-NTNW electrode was able to
offer a superior volumetric capacity which can be attributed to
the thin-layered hierarchical structure (20 pm) enriched with
active sites and the enhanced charge transfer due to the
improved electrical conductivity arising from valence inter-
change or charge hopping between the Ni and Co cations.®® As
displayed in Fig. 4h, the NiCo-LDH@Ni-NTNW electrode ach-
ieved a high capacity of 66 C cm ™3 (=132 F cm™?) at a high
current density of 20 mA ecm™>, retaining 53% of its initial
capacity at 0.2 mA cm ™ (126.4 C cm™®, corresponding to 252.8
F cm™?), which implies high rate capability. It is important to
highlight that the main advantage of our 3D porous architecture
is that it offers a much higher interior surface area compared to
other substrates such as Ni foams or fibers. This principle is
evidenced by the value of volumetric capacity of our NiCo-

This journal is © The Royal Society of Chemistry 2022
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LDH@NIi-NTNW electrode which was 2.5-fold that of the NiCo
LDH/3D-Ni electrode (13.56 mAh ¢cm™3) at 0.5 mA, which is
based on thick Ni wires as a substrate, as recently reported in
ref. ®. The outstanding volumetric capacities of our NiCo-
LDH®@Ni-NTNW electrode are markedly superior and surpass
most of the recently reported NiCo-based battery-type elec-
trodes; moreover, it delivers higher/comparable gravimetric and
areal capacities as presented in Table S1.}

Consequently, it is concluded that these remarkable capac-
itive properties of the NiCo-LDH®@Ni-NTNW electrode are
linked to the unique hierarchical design of the electrode with its
3D nanostructured core-shell architecture. The -electrode
kinetics were investigated by EIS measurements for both elec-
trodes. As represented in the inset of Fig. 4i, the Nyquist plot of
the NiCo-LDH®@Ni-NTNW electrode reveals a semicircle with
a smaller diameter compared to Ni-NTNW in the high-
frequency region, suggesting a lower charge transfer resis-
tance during the electrochemical reaction due to the inclusion
of Co into the NiCo-LDH which leads to the formation of the
conductive CoOOOH during the discharging process, resulting in
the increase of electrode conductivity.®* Moreover, it shows
a slightly steeper line compared to Ni-NTNW in the low-
frequency region, indicating a fast ion diffusion process that
enhances the capacitive behavior of the electrode.®® The cycling
stability is one of the most important factors for evaluating the
overall performance of the electrode in the different applica-
tions. The as-prepared NiCo-LDH@Ni-NTNW electrode exhibi-
ted outstanding cycling stability. Over the course of 4000 cycles
at a current density of 20 mA cm 2, the capacity not only did not
decline but even slightly increased to 106%, while the
coulombic efficiency fluctuated around 98% (Fig. 4i). This
indicates that a small amount of active sites in the 3D porous
hierarchical structure are gained after starting the operation of
the device, which could be attributed to an electrochemical
restructuring of the LDH layer, or superficial oxidation of the Ni
nanotubes. This introduced interconnected porous structure
can effectively compensate for the volume expansion of elec-
trode materials.®® Cycling of the Ni-NTNW electrode showed
a sudden increase during the first cycles and then gradually
decreased (Fig. S9t), which may be attributed to the self-
activation of the electrode material that facilitates increased
diffusion of the electrolyte into the interior spaces of the Ni
network which in turn activates the pseudo-capacitive
process.®*®” Post-analysis of the electrode surfaces confirmed
the stability of the electrodes after cycling as demonstrated in
the SEM micrographs (Fig. S107). SEM showed that both the Ni-
NTNW and the decorating hydroxide layer remain intact after
running the cycling test, and the accompanied EDX spectra
confirmed the elemental composition of the electrodes
(Fig. S107). Based on the previously mentioned characteristics
and the enhanced performance of the NiCo-LDH@Ni-NTNW
electrode, namely high capacity, elevated redox activity, and
enhanced cycling stability, the self-supported hierarchical
structure is assumed to offer different merits during the elec-
trochemical process including (i) a novel highly porous inter-
connected structure with a high ion diffusion rate, (ii) efficient
metallic pathways through the Ni core that offer high

This journal is © The Royal Society of Chemistry 2022
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conductivity and fast charge transfer, and (iii) synergy estab-
lished upon insertion of the LDH shell, enriched with redox-
active sites; moreover the combination between Ni and Co can
increase the OH™ adsorption energy.” These distinguishing
characteristics of the NiCo-LDH@Ni-NTNW electrode enable it
to serve as an efficient candidate electrode in the HSC.

In order to ensure high-energy storage of the as-prepared
NiCo-LDH@Ni-NTNW electrodes in practical applications,
a HSC of NiCo-LDH@Ni-NTNW//AC was assembled in a two-
electrode system as sketched in Fig. 5a, in which the NiCo-
LDH®@Ni-NTNW electrode is employed as the positive elec-
trode (battery-type electrode) and AC as the negative electrode
(capacitive electrode). Employing the conventional carbona-
ceous materials with their high surface area in HSCs helps in
maintaining satisfactory power density.*”*® The mass loadings
of the two electrodes were adjusted based on the charge balance
according to eqn (2) to boost the energy density of the device.*
The CV curves of the AC electrode were obtained at different
scan rates between 2 and 100 mV s~ (Fig. S111) and revealed
the typical rectangular shape of the capacitive electrodes. CV
curves of NiCo-LDH@Ni-NTNW and AC electrodes were recor-
ded at a scan rate of 10 mV s~ ' to determine the optimum
operating voltage window of the HSC. As represented in Fig. 5b,
the AC electrode demonstrated typical performance of double-
layer materials in the potential window between —1 and 0 V
(vs. Hg/HgO), while the NiCo-LDH@Ni-NTNW electrode showed
typical capacitance of the battery-like materials with redox
activity in the potential window between 0 and 0.6 V (vs. Hg/
HgO), delivering a theoretical working voltage around 1.6 V.
Fig. 5c¢ demonstrates the CV curves of the hybrid NiCo-
LDH@Ni-NTNW//AC device at a scan rate of 10 mV s~ ' within
different voltage windows ranging between 1.2 and 1.8 V. The
assembled supercapacitor maintained the same behavior in the
CV curves, as the voltage window increased from 1.2 to 1.6 V,
without any evidence of oxygen evolution. Further increasing
the maximum voltage limit to 1.8 V resulted in oxygen evolution
accompanied by a sharp increase in the current density, con-
firming that the most suitable voltage window for sustained
operation of the device without any fluctuations is 0-1.6 V. It
can be seen that the areas under the CV curves increase as the
voltage window increases, indicating higher capacities.

As shown in Fig. 5d, a mixed behavior of pseudocapacitance
and electrical double-layer capacitance is observed in the CV
curves of the assembled HSC in the voltage window of 0-1.6 V at
different scan rates from 5 to 100 mV s ', compared to the
typical battery-type behavior demonstrated by the CV curves of
the NiCo-LDH@Ni-NTNW electrode in the three-electrode
system (Fig. 4c), confirming the association of two charge
storage mechanisms. The CV curves retained similar shapes
with an increased redox peak current and area upon increasing
the scan rate, demonstrating fast electron transport and good
reversibility." The kinetics of the NiCo-LDH@Ni-NTNW//AC
hybrid device was evaluated by analyzing the CV curves at
different scan rates. The total measured current (i) can be
derivatized using the power law into two components: (1) the
current resulting from the diffusion-controlled battery-type
process (igifr), and (2) the current resulting from the surface
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(a) Schematic illustration of the assembled NiCo-LDH@Ni-NTNW//AC HSC. (b) CV curves of the AC and NiCo-LDH@Ni-NTNW electrodes

at 10 mV s~1 (c) and (d) CV curves of the HSC in different voltage ranges and at different scan rates, respectively. (e) GCD curves of the HSC at
different current densities. (f) Calculated volumetric and gravimetric capacitances of the HSC at different current densities. (g) EIS plot and the
corresponding equivalent circuit of the device. (h) Cycling stability of the HSC (inset: image of the assembled device after 20 s of discharging).
Ragone plots of (i) volumetric, (j) gravimetric, and (k) areal energy and power densities of the assembled HSC device.

capacitance-dominated process (ic.p), according to the
following equations:”

i=a’ (11)

i=loga+blogv (12)

where a and b are empirical constants. The ideal behavior either
of a diffusion-controlled process or a capacitive-controlled
process results in b values of 0.5 and 1.0, respectively.””® The
inset of Fig. S127 displays the plots of log I vs. log v of the anodic
peaks of the CV curves in Fig. 5d at different voltages covering
the whole CV curve. The calculated b values varied between 0.7
and 1.0 at all voltages ranging from 0.2 to 1.6 V (except at
a voltage of 0.8 V) as shown in Fig. $12,T confirming combined
pseudocapacitive double-layer

diffusion-controlled and

12482 | J. Mater. Chem. A, 2022, 10, 12473-12488

capacitive processes. These mixed charge storage mechanisms
play an important role in establishing a device with high
capacity, in which the battery-type material offers multiple
electrons through the redox reactions, while the double-layer
capacitive material assures fast charging through the ionic
adsorption.”

To investigate the capacitance and evaluate the rate capa-
bility of the assembled HSC device, GCD measurements were
conducted at different current densities between 1 and 50 mA
cm™ 2 (Fig. 5€). The GCD curves in the voltage window of 0-1.6 V
revealed symmetric charge and discharge behavior with nearly
the same times indicating high coulombic efficiency and
reversibility. It is also noticed that the curves followed a non-
linear charging and discharging pattern confirming the
combined energy storage mechanisms (pseudocapacitive and
double-layer capacitive) of both NiCo-LDH@Ni-NTNW and AC

This journal is © The Royal Society of Chemistry 2022
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electrodes, which is usually demonstrated by the hybrid devices
and in good consistency with the findings from CV analyses.
Based on the GCD tests, the volumetric, gravimetric, and
areal capacitances of the as-assembled HSC were calculated,
ranging from 34.9-76.7 F ecm ™ (volumetric) upon increasing
the current density from 1 to 50 mA cm ™2, which correspond to
gravimetric capacitances (calculated based on the total mass of
the two electrodes) of 64.9-142.6 F g~ " as represented in Fig. 5f.
It has to be pointed out that the volumetric capacitance was
calculated based on the total volume of the HSC including the
two electrodes and the separator. Such high volumetric capac-
itance (76.7 F cm ™ at 1 mA cm ™ ?) significantly surpasses those
offered by most of the asymmetric and hybrid devices with high
volumetric capacitances including Co(OH),@CW//CW,”> CoySg//
C050,@Ru0,,”® NiCoP/TisC, MXene//AC,”* MnO,/TCC//TCC”
and others as reported in Table S2.7 Moreover, the device was
able to retain high capacitances of 70% and 45.5% even at
higher current densities of 20 and 50 mA cm™?, respectively,
confirming the excellent rate capability of the HSC device. The
areal capacitance of the device is also reported in Fig. S137 and
showed the same behavior with 0.7 F cm™2 at 1 mA cm™ > which
dropped to 0.48 F cm™ > at 20 mA cm™ 2. The excellent perfor-
mance of the NiCo-LDH®@Ni-NTNW//AC HSC can be evidenced
by the EIS measurement as represented by the Nyquist plot and
the corresponding equivalent circuit in Fig. 5g. The device
demonstrated low series resistance (R;) and charge transfer
resistance (R..) of 1.8 and 6.8 Q, respectively, indicating good
charge transfer kinetics of the assembled device.”®”” The long-
term coulombic efficiency and cycling stability are other vital
parameters, which determine the suitability of the device for
use in practical applications. Hence, the assembled HSC was
cycled up to 20 000 cycles at a current density of 20 mA ¢cm >
(Fig. 6h). The device retained around 120% of its initial capac-
itance. As shown in Fig. 5h, at the beginning of the process, the
capacitance increases by around 20% of its initial capacitance,
and then it stabilizes during the last 5000 cycles, which may be
attributed to the activation of the NiCo-LDH@Ni-NTNW and AC
electrodes and the wettability of the interior active sites of NiCo-
LDH®@Ni-NTNW in the alkaline aqueous media, which in turn
get involved in the charging and discharging processes as
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reported in the previous studies, confirming the superb cycling
stability.”®”® Previous studies showed the same trend of
increased capacitance upon cycling. For example, NiCo-LDH/
graphene/Ni foam revealed 116% retention after 5000 cycles
in a three-electrode setup,” NiCo-LDH//graphene revealed
110% retention,® and NiCo-LDH//CNT retained 104% of its
initial capacitance.” However, better stability may be accom-
plished by prior activation of the device until it reaches a steady
state as the capacity increase is mainly focused at the beginning
of cycling. Table S3f summarizes the recently reported
advanced asymmetric and hybrid supercapacitors with excellent
cycling stability. In addition, the coulombic efficiency main-
tained a high value of around 98% throughout the cycling
process, demonstrating the good reversibility of the device. The
long-term cycling stability of the HSC device profits from the
huge surface area and hierarchical structure of the electrode,
which in turn facilitates the diffusion of OH™ ions and provides
enough space for buffering the expansions during the charge
and discharge processes.”

The energy and power densities of the NiCo-LDH@Ni-
NTNW//AC HSC were calculated from the measured values of
capacitances according to eqn (6) and (7), respectively. The
Ragone plots of the device (Fig. 5i-k) present the volumetric,
gravimetric, and areal energy densities as a function of the
volumetric, gravimetric, and areal power densities, respectively.
With a current density of 1 mA em™?, the HSC delivers a high
energy density of 27.5 Wh kg~* (0.13 mWh cm™2) at a power
density of 214.7 W kg~ ' (1.03 mW cm™?). Upon increasing the
power density to 8867.5 W kg~ ' (42.9 mW cm™?), the energy
density dropped to 9.1 Wh kg™ "' (0.04 mWh ¢cm™?) at a higher
current density of 50 mA cm™?, indicating the good overall
properties of the device. More significantly, our device with its
ultrathin structure was able to achieve a remarkable volumetric
energy density. It exhibits a volumetric energy density of 14.7
mWh cm™? at a power density of 115.4 mW cm > with a current
density of 1 mA cm . Furthermore, with a higher current
density of 50 mA ecm™?, it retains an energy density of 4.9 mWh
em ™ at a higher power density of 4769.3 mW cm . The
accomplished superior volumetric energy density (14.7 mWh
cm?) outperforms the emerging symmetric, asymmetric, and
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hybrid devices, with outstanding volumetric energy density,
encompassing GF/NiC0,S,//CF (12.3 mWh cm?),*> MnO,/TCC//
TCC (9.4 mWh cm %), WC@AZ@NiCo0,S,//WC@Ag (3.93 mWh
cm %), C0gSg//C0;0,@RUO, (1.44 mWh cm ?),® symmetric
NiCo-LDH@Ni-coated textile (1.25 mWh cm™*),%2 NiCoP/Ti;C,
MXene//AC (2.2 mWh cm™?),”* Co(OH),@CW//CW (14.1 mWh
em ?),”2 CuCo,0,//AC (0.81 mWh cm3),** symmetric meso-
porous network-like NiC0,0, (0.69 mWh cm™?),3 and Ni(OH),//
Mn;0, (0.35 mWh cm ™ *),* as represented in Table S21 and
Fig. 6a.

A comprehensive comparison of the overall performance of
our outstanding NiCo-LDH@Ni-NTNW//AC device with the
recently reported state-of-the-art symmetric, asymmetric, and
hybrid supercapacitors (mentioned above) in terms of volu-
metric, areal, and gravimetric capacitances, energy density, and
capacitance retention is presented in the radar plots in Fig. 6b
and Table S2.f It is obvious that the overall performance of the
demonstrated HSC is superior in comparison with the other
devices. Such remarkable performance is ascribed not only to
the unique Ni network-based hierarchical structure which
boosts the rapid electron transport at high current density
through the highly conductive metallic core, but also the NiCo-
LDH nanosheets decorating the core Ni network with its
longitudinal pathways that accelerate the ion diffusion and
enhance the accessibility of the electrolyte into the interior parts
of the electrode and offer a larger number of active sites through
its massive surface area.

4 Conclusions

In summary, a prolific approach has been developed to design
a self-supported hierarchical structure as an electrode with
superior volumetric energy storage capacity. Inspired by the
pipe cactus shape, a free-standing NiCo-LDH@Ni-NTNW elec-
trode has been fabricated using facile and cost-effective tech-
niques, namely electroless plating and electrodeposition. The
prepared 3D core-shell structure combines the advantages of
the Ni network core such as high conductivity and a fast elec-
tron transfer rate with the synergy offered by the NiCo-LDH
nanosheets in terms of increased redox-active sites and an
active surface area. Moreover, the distinguished design of such
a hierarchical paradigm provides a highly porous inter-
connected structure that accelerates the ion diffusion rate.
Meanwhile, our NiCo-LDH@Ni-NTNW electrode delivers
a superior volumetric capacity of 126.4 C cm > maintaining
a good rate capability of 53% at a high current of 20 mA cm™>
and 106% capacity retention after 4000 cycles. More impor-
tantly, the ultrathin design of the electrode enabled the
assembling of a promising HSC device (NiCo-LDH@Ni-NTNW//
AC) for practical applications with outstanding performance in
terms of volumetric capacitance, energy density, and capaci-
tance retention. The device demonstrated a volumetric capaci-
tance of 76.7 F cm ® and a volumetric energy density of 14.7
mWh cm™?, proving itself as a remarkable device among the
best symmetric, asymmetric, and hybrid supercapacitors that
demonstrate high volumetric energy density. Such a superb and
well-designed electrode corroborates the advantages of the 3D
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hierarchical structure and offers a tunable route for the devel-
opment of versatile electrode architectures through integrating
different active materials, targeting high energy storage.
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