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Three-dimensional NiCoS nanotubes@NiCo-LDH
nanosheets core—shell heterostructure for high-

rate capability alkaline zinc-based batteriesT
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Aqueous alkaline zinc-based batteries (AAZBs) are promising for large-scale applications due to their high
working voltage, safety, and low cost. However, the further development of AAZBs has been significantly
hindered by the low electronic conductivity and poor cycling stability of traditional nickel/cobalt-based

cathode materials. In this work, a binder-free electrode was successfully designed by electrodepositing

NiCo-LDH nanosheets on NiCoS nanotube arrays that were grown on nickel foam (NiCoS@NiCo-LDH).
The unique three-dimensional core—shell heterostructures not only enhance electrical conductivity but
also offer abundant active sites and rapid ion/electron transport channels, thereby improving its
electrochemical performance. The as-fabricated NiCoS@NiCo-LDH electrode delivers a capacity of
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312 mA h g7t (0.624 mA h cm™2) at 2 mA cm™2 and exhibits high rate capability with 90% capacity

retention at 10 mA cm™2. Additionally, the assembled NiCoS@NiCo-LDH//Zn battery exhibits a high
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1 Introduction

As the world rapidly depletes its traditional fossil fuel reserves,
the demand for green and sustainable energy sources is
increasingly growing.'”* Rechargeable batteries, serving as an
effective energy storage technology, are being extensively
researched and applied in large-scale energy storage.** Among
these, lithium-ion batteries dominate in a wide range of appli-
cations, such as portable electronics and electric vehicles, due
to their exceptionally high energy density and good cycle
durability.”® However, the scarcity of lithium resources leads to
high production costs, and the safety issues associated with
toxic and flammable organic electrolytes limit their further
development.'® Consequently, aqueous electrolytes are
considered a more promising alternative from economic and
safety perspectives.””™ Among various aqueous rechargeable
batteries, aqueous alkaline zinc-based batteries (AAZBs) show
promising potential for large-scale energy storage due to their
high operating voltage, safety, the high theoretical capacity of
the zinc anode (820 mA h g™'), an abundance of zinc resources,
and environmental friendliness.">™*®

Institute of Advanced Optoelectronic Materials and Technology, College of Big Data
and Information Engineering, Guizhou University, Guiyang 550025, China. E-mail:
yruan@gzu.edu.cn

available. See DOL:

+ Electronic  supplementary information

https://doi.org/10.1039/d4ra00521j

(EST)

© 2024 The Author(s). Published by the Royal Society of Chemistry

energy density of 435.3 W h kg™ at a power density of 4.1 kW kg™ and maintains 95.9% of its capacity
after 3000 cycles at a current density of 20 mA cm

-2

To date, novel nickel-based cathode materials with various
morphological structures and compositions have been devel-
oped for aqueous alkaline zinc-based batteries, such as
Ni(OH),,**** NiO,* NiC0,0,4,* NiCo-DH,* NiSe, (ref. 25) and
Ni;S,.>® However, compared with the advantages of zinc anodes,
conventional nickel-based cathode materials have disadvan-
tages such as low electronic conductivity and poor cycling
stability. To solve the above problems, a large number of
strategies including doping, surface modification, the intro-
duction of defects, and structural design have been explored.
The doping of heteroatoms can regulate the electrical conduc-
tivity of electrode materials and promote the reaction kinetic
process to obtain excellent electrochemical properties.>””*® Li
et al. proposed a strategy of F doping into cobalt-nickel
hydroxides, which produced good micro-morphology and phase
structure features and enhanced the electronegativity of
hydroxides.> Compared with pristine NiCo-CH, the fluorine-
doped NiCo-CH (NiCo-CH-F) exhibits excellent multiplicity
performance (66% retention at 8 A g~ ') and cycling stability
(capacity retention after 10000 cycles over 90%). Secondly,
conductive coating on the surface of electrode materials can
improve surface reactivity and reaction kinetics. Zhou et al
prepared nickel-cobalt phosphate octahydrate electrodes by
a one-step hydrothermal process, whose capacity retention was
increased to 98.31% from the previous 58.59% after surface-
coating with carbon materials.*® Thirdly, defects can enhance
the interaction between the electrode material and ions in the
electrolyte, and accelerate the surface reactivity and reaction
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kinetics of the electrode material.** Yao et al. in situ introduced
oxygen-vacancy-enriched CoNiO, nanosheets on the surface of
vertical Ni nanotubes (Od-CNO@Ni NTs), where the introduc-
tion of oxygen vacancies enhanced the adsorption energy of
OH™ ions and the stability of the crystalline structure of the
battery in the cycles.** The assembled Od-CNO@Ni NTs//Zn
rechargeable battery exhibits an energy density of
547.5 W h kg™ " at a power density of 92.9 kW kg~ " and main-
tains 93.0% capacity after 5000 cycles. Fourthly, proper struc-
tural design enables cathode materials to increase the specific
surface area and expose more active sites, such as nanotubes,
nanosheets, and nanofibres. Fei et al. synthesized a sugar
gourd-like yolk-shell Ni-Mo-Co-S nanocage arrays on nickel
foam, exhibiting a high areal capacity of 1.96 mA h cm~> and
excellent cycling stability at a current density of 5 mA cm 2.3
Cui et al employed electrospinning to synthesize carbon
nanofibers functionalized with NiCo,S, nanoparticles
(CNF@NIiCo,S,).** The fabricated CNF@NiCo,S,//Zn batteries
demonstrated high capacities of 0.32 mAh cm > and 35.9 mA h
cm ? at a current density of 2 mA ecm 2. To further enhance
electrode capacity, hierarchical structures have been con-
structed to provide additional redox-active sites, enriching ion
diffusion and electron transport pathways. The formation of
composite structures combines the advantages of each
component, exhibiting unique synergistic effects that signifi-
cantly enhance the specific capacity and rate performance of
electrode materials.>® Shi et al. increased the capacity of
a layered Mo-NiS,@NiCo-LDH electrode from 207.9 mA h g *
(for Mo-NiS,) to 325.6 mA h g™ " (at 1 A g ') by decorating Mo-
NiS, flakes with NiCo layered double hydroxide (NiCo-LDH)
nanosheets.*

Herein, we introduce a novel cathode material for AAZBs:
a binder-free 3d NiCoS nanotubes@NiCo-LDH nanosheets
(NiCoS@NiCo-LDH) heterostructures on nickel foam. Typically,
it involved a two-step hydrothermal method for synthesizing
NiCoS nanotubes directly onto nickel foam, followed by
a constant potential electrodeposition process to grow ultrathin
NiCo-LDH nanosheets on these nanotubes uniformly. The as-
prepared three-dimensional core-shell heterostructure opti-
mizes electrical conductivity and offers many active sites
alongside rapid pathways for ion and electron transport. These
enhancements in structural and functional properties have led
to a notable improvement in electrochemical performance. Our
work explores the potential of the novel NiCoS@NiCo-LDH
cathode material in enhancing the performance and dura-
bility of AAZBs, paving the way for their broader application in
sustainable energy storage solutions.

2 Experimental sections
2.1 Synthesis of NiCoS nanotubes

Before the synthesis, the nickel foam was ultrasonically cleaned
for 15 min sequentially in 3 M hydrochloric acid, ethanol, and
deionized water. In the typical synthesis process, 4 mmol of
Co(NOj3),-6H,0, 2 mmol of NiCl,-6H,0, 1 mmol of cetyl-
trimethylammonium bromide (CTAB), and 15 mmol of urea
were dissolved in 60 mL of deionized water, stirred for 20 min to
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form a transparent pink solution. This solution was then
transferred to a 100 mL stainless steel autoclave lined with
polytetrafluoroethylene (PTFE), and the pre-cleaned nickel foam
was inserted. The reaction was maintained at 120 °C for 6 h.
Upon cooling to room temperature, the product was thoroughly
rinsed several times with deionized water and anhydrous
ethanol and then air-dried to obtain the Ni-Co precursor.
Subsequently, the nickel foam with the Ni-Co precursor was
placed in a solution containing 60 mL of 0.03 M sodium sulfide,
transferred to a 100 mL PTFE-lined stainless steel autoclave,
and reacted at 120 °C for 6 h. After cooling to room temperature,
the nickel foam was washed several times with deionized water
and ethanol and then dried in a vacuum oven at 60 °C for 6 h.
The mass of NiCoS on the nickel foam was approximately

1.76 mg cm >

2.2 Synthesis of NiCoS@NiCo-LDH

20 mM of Co(NO3),-6H,0 and 40 mM of Ni(NOj3),-6H,0 were
mixed to prepare the electrodeposition electrolyte. The nickel
foam with NiCoS nanotubes was used as the working electrode,
with platinum foil and Hg/HgO electrodes serving as the
counter and reference electrodes, respectively. Electrodeposi-
tion was carried out at a voltage of —0.9 V for 120 s, then rinsing
with deionized water and drying. The mass of NiCoS@NiCo-
LDH on the nickel foam was approximately 2.00 mg cm 2. A
similar method was employed to electrodeposit NiCo-LDH
nanosheets on a pure nickel foam substrate, resulting in

a loading mass of about 0.20 mg cm ™.

2.3 Material characterization

X-ray diffraction (XRD, PANalytical Empyrean) was employed to
determine the phase composition and crystallinity of the
samples. The microstructure of the materials was analyzed
using scanning electron microscopy (SEM, Hitachi SU8010).
Transmission electron microscopy (TEM, JEOL JEM-F200) was
utilized to observe the microscopic structure and lattice fringes
of the materials and to ascertain the elemental distribution
within the samples. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB Xi') was conducted to analyze the
valence states and chemical structure of elements on the
sample surfaces.

2.4 Electrochemical measurement

Electrochemical measurements, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS), were conducted using
an electrochemical workstation (CHI760E). Rate performance
and cycle life were measured using a NEWARE battery testing
system. In the three-electrode configuration, a 6 M KOH solu-
tion was used as the electrolyte. The nickel foam with the active
material served as the working electrode, with the Hg/HgO
electrode as the reference electrode and the platinum (Pt)
electrode as the counter electrode. A coin cell was assembled
using NiCoS@NiCo-LDH as the cathode and commercial zinc
foil as the anode, with an electrolyte of 6 M KOH containing
saturated ZnO. All electrochemical experiments were carried

© 2024 The Author(s). Published by the Royal Society of Chemistry
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out at room temperature. The specific capacity was calculated
using the following equations:

I x At
Cn = 1
. W

I x At
C, = 2
- @

where Cy, is the mass capacity (mA h g™%), C; is the areal
capacity (mA h cm™?), I is the discharge current (A), At is the
discharge time (h), m is the mass of the active material (g), and A
is the area of the electrode (cm2).

The energy density (E, W h kg ') and power density
(P, kW kg ') are calculated using the following equations:

E = Cy XAV 3)
3.6 xE

P= 4

A7 (4)

3 Results and discussion

As illustrated in Fig. 1, the binder-free NiCoS@NiCo-LDH
cathode was synthesized using a combination of hydro-
thermal and electrodeposition methods. Initially, a well-
arranged array of NiCo precursor nanorods was grown on
nickel foam via a simple hydrothermal process. In the second
step, uniformly NiCoS nanotubes were grown through hydro-
thermal sulfidation. Finally, NiCo-LDH nanosheets were
uniformly formed on the surface of the NiCoS nanotubes via
a constant potential electrodeposition technique, resulting in
a unique three-dimensional core-shell heterostructure.

The microstructure of the samples was examined using SEM.
As shown in Fig. S1a (see the ESIT), the pure nickel foam substrate
exhibits a smooth surface with a three-dimensional mesh-like
structure. Nickel-cobalt precursor nanorods were grown on the
nickel foam using a hydrothermal reaction. After a secondary
hydrothermal sulfidation process, the nickel-cobalt precursors
transformed into a dense and uniformly arranged array of NiCoS
nanotubes, as depicted in Fig. 2a. Fig. 2b and c illustrate the
successful growth of ultra-thin and uniform NiCo-LDH

NiCo-precursor

Ni foam

Hydrothermal

Vulcanization

Fig. 1 Schematic diagram of the synthesis of NiCoS@NiCo-LDH.
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nanosheets on the surface of NiCoS nanotubes through constant
potential electrodeposition. Similarly, pure NiCo-LDH nanosheets
were synthesized on nickel foam using a comparable method. As
shown in Fig. Sib,} the NiCo-LDH nanosheets vertically grew on
the nickel foam substrate, forming a network-like structure.

As shown in Fig. 2d, the NiCoS nanotubes have an approximate
diameter of 170 nm, and the ultra-thin NiCo-LDH nanosheets are
firmly grown on the walls of the NiCoS nanotubes. The high-
resolution TEM (HRTEM) image in Fig. 2e reveals that lattice
fringe spacings of 0.285 and 0.332 nm correspond to the (311) and
(220) planes of NiCo,S,, while spacings of 0.199 and 0.268 nm are
attributed to the (018) and (101) planes of NiCo-LDH, respectively.
These observations are in accordance with the diffraction rings
observed in the Selected Area Electron Diffraction (SAED) pattern
(Fig. 2f). Furthermore, elemental mapping images (Fig. 2g) show
a uniform distribution of Ni, Co, S, and O across the nanotubes,
further confirming the successful construction of the
NiCoS@NiCo-LDH core-shell heterostructure.

Fig. 3a presents the XRD patterns for NiCo-LDH, NiCoS, and
NiCoS@NiCo-LDH. The diffraction peaks at 31.5°, 38.3°, 50.5°,
and 55.3° correspond to the (311), (400), (511), and (440) planes
of cubic NiCo,S, (JCPDS no. 20-0782).”” Weak peaks located at
11.3° and 61.2° can be attributed to the (003) and (113) planes of
the hydrotalcite structure in Ni(OH),-0.75H,0 (JCPDS no. 38-
0715).*® Additionally, the diffraction peak at 21.5° corresponds
to the (101) plane of Ni;_,S, (JCPDS no. 14-0358),* while the
peaks at 15.4° and 29.8° are associated with the (111) and (311)
planes of CooSg (JCPDS no. 86-2273).* In Fig. 3b of Raman
spectra, the distinguishing peaks of NiCoS at 150, 309, and
352 cm™' are assigned to asymmetric bending of S-Nieqa—S
bonds, while the peak at 243 cm™"' is attributed to the Eg
bending mode of S-Ni.,—S bonds.** After electrodeposition of
NiCo-LDH nanosheets on the surface of NiCoS nanotubes, the
peak at 150 cm ™' for the NiCoS@NiCo-LDH vanished. It is
possible that the NiCo-LDH coating has led to partial shielding
of the S—Ni.rs—S bond vibrational modes.**

The composition and chemical states of the prepared
samples were further analyzed using XPS. As shown in Fig. 3c,
the survey spectrum of NiCoS@NiCo-LDH exhibits peaks cor-
responding to Ni, S, O, and Co elements, consistent with the
elemental mapping results (Fig. 2g). The Ni 2p spectrum, shown

NiCoS nanotube

Hydrothermal ¥
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Fig. 2
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(@) SEM image of NiCoS. SEM images at (b) low and (c) high magnifications, (d) TEM, (e) HRTEM, (f) SAED pattern, and (g) elemental
mappings of NiCoS@NiCo-LDH.
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Fig. 3
NiCoS@NiCo-LDH and NiCoS.

in Fig. 3d, indicates that the Ni 2p of NiCoS@NiCo-LDH can be
well-fitted with two pairs of spin-orbit doublets and two
shakeup satellite peaks (sat.). The two characteristic peaks at
857.5 and 875.2 eV are attributed to Ni**, while those at 855.5

8002 | RSC Adv, 2024, 14, 7999-8006
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(a) XRD patterns. (b) Raman patterns. (c) XPS survey spectrum of NiCoS@NiCo-LDH. XPS spectra of (d) Ni 2p, (e) Co 2p, and (f) S 2p for

and 873.1 eV are attributed to Ni*".** The satellite peaks are
located at 879.7 and 861.5 eV. For NiCoS, the two peaks at 855.8
and 873.3 eV correspond to Ni*, while those at 857.9 and
875.3 eV correspond to Ni**. The characteristic peaks at 871.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 853.1 eV originate from metallic nickel in the foam.*®
Compared to NiCoS, the binding energy of Ni 2p;,, and Ni 2p,,
in NiCoS@NiCo-LDH shows an overall negative shift, indicating
an increased electron density around Ni atoms, suggesting
chemical bonding between NiCoS nanotubes and NiCo-LDH
nanosheets. In the Co 2p spectrum (Fig. 3e), the two peaks at
781.0 and 796.5 eV in NiCoS@NiCo-LDH are assigned to Co>".
In NiCoS, the peaks at 781.3 and 796.9 eV correspond to Co>",
while the characteristic peaks at 778.6 and 793.5 eV correspond
to Co®".** Compared to NiCoS, the Co*" 2p;, and 2p,,, peaks
almost disappear in NiCoS@NiCo-LDH, indicating a predomi-
nance of Co>” in NiCo-LDH. Furthermore, for the S 2p spectrum
(Fig. 3f), NiCoS@NiCo-LDH shows two peaks at 161.6 (S 2pa/»)
and 162.8 eV (S 2p4.), which are shifted positively by 0.1 eV
compared to the two peaks at 161.5 (S 2psz;) and 162.7 eV
(S 2p1s2) in NiCoS. Peaks at 168.0 and 168.4 eV correspond to
oxidized sulfur species due to surface oxidation.*®

The electrochemical performance of the fabricated elec-
trodes was investigated in a three-electrode system containing
6 M KOH electrolyte. Fig. 4a displays the CV curves of
NiCoS@NiCo-LDH, NiCoS, and NiCo-LDH, collected at a scan
rate of 5 mV s~ over a potential range of 0 to 0.55 V. Notably,

(a)
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the NiCoS@NiCo-LDH electrode exhibits the highest response
current and the largest CV scan area, indicating superior
electrochemical activity and charge storage capacity. The CV
curves of the NiCoS@NiCo-LDH electrode at scan rates from 1
to5 mV s " (Fig. 4b) show distinct symmetrical redox peaks with
an increasing current response as the scan rate increases. It
demonstrates the typical reversible faradaic redox behavior of
the NiCoS@NiCo-LDH electrode during the charge storage
process.

Fig. 4c compares the galvanostatic charge-discharge (GCD)
curves of NiCoS@NiCo-LDH, NiCoS, and NiCo-LDH electrodes
at a current density of 2 mA cm 2. The NiCoS@NiCo-LDH
electrode demonstrates a notably high areal capacity of
0.624 mA h cm™?, substantially surpassing that of the NiCoS
electrode (0.378 mA h cm™?) and the NiCo-LDH electrode
(0.03 mA h cm ™). The superior performance is attributed to the
synergistic effect exhibited by the core-shell heterostructure of
NiCoS@NiCo-LDH, enhancing the electrode's specific capacity.
In addition, the comparison of the GCD curves of NiCoS@NiCo-
LDH, NiCoS, and NiCo-LDH electrodes at a current density of
1A g "is shown in Fig. S2.} Fig. 4d illustrates the GCD curves of
the NiCoS@NiCo-LDH electrode at various current densities (2-
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Fig.4 (a)CVat5mV st and (c) GCD curves at 2 mA cm ! of the NiCoS@NiCo-LDH, NiCoS, and NiCo-LDH. (b) CV and (d) GCD curves of the
NiCoS@NiCo-LDH. (e) Specific capacity of the NiCoS@NiCo-LDH, NiCoS, and NiCo-LDH. (f) Comparison of the capacity of the NiCoS@NiCo-
LDH with other reported cathodes for alkaline Zn batteries. (g) Nyquist plots of the NiCoS@NiCo-LDH, NiCoS, and NiCo-LDH. (h) The corre-
sponding b values and (i) surface-controlled and diffusion-controlled contributions of the NiCoS@NiCo-LDH.
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25 mA cm %), with all curves revealing distinct voltage plateaus.
The areal capacities of the NiCoS@NiCo-LDH electrode at
current densities of 2, 3, 5, 7, 10, 15, 20, and 25 mA cm™ 2 are
respectively 0.624, 0.598, 0.576, 0.56, 0.533, 0.499, 0.467, and
0.44 mA h cm 2. Additionally, the CV and GCD curves of the
NiCoS and NiCo-LDH electrodes are shown in Fig. S3.T Fig. 4e
compares the rate performance of NiCoS@NiCo-LDH, NiCoS,
and NiCo-LDH electrodes, where NiCoS@NiCo-LDH exhibits
the best rate capability, further underscoring the significant
role of the core-shell heterostructure in enhancing specific
capacity. As depicted in Fig. 4f, the NiCoS@NiCo-LDH electrode
achieves a remarkable specific capacity of 312 mA h g at
a current density of 2 mA cm™?, significantly exceeding many
previously reported nickel-based cathode materials such as Ni-
NiO/CC (184 mA h g at 0.625 A g '), CNF@NiCo0,S,
(218 mAh g " at 1.26 A g~ 1),** Ni3S,/Oy-Ni(OH), (222 mAh g ™"
at 1 A g ),*® NiCo-MOF (225 mA h g ' at 1 A g '),* Ni,P
(231mAhg 'at1Ag "), NiSe, (243.7mAhg "at1.4Ag ")>
Niy,Ps (272.8 mAhg 'at1Ag™"),* NiCo-90 (303.6 mAhg " at2
mA cm™?).>* Furthermore, the EIS reveals the impedance
behavior of the electrodes during the electrochemical process.
The diameter of the semicircle in the high-frequency region
correlates with the charge transfer resistance (R), reflecting the
magnitude of resistance to charge transfer during the electrode
reactions.® As shown in Fig. 4g, in the high-frequency region,
NiCoS@NiCo-LDH exhibits the lowest charge transfer resis-
tance (1.83 Q), significantly lower than that of NiCoS (6.78 Q)
and NiCo-LDH (11.54 Q), indicating superior charge transfer
capability of the NiCoS@NiCo-LDH electrode. Additionally, the
sloping line in the low-frequency region relates to the Warburg
diffusion impedance, associated with ion transport within the
electrode.?® The steeper slope in the low-frequency region for
NiCoS@NiCo-LDH compared to NiCoS and NiCo-LDH

2

View Article Online

Paper

electrodes suggests a more efficient ion transfer capability in
the core-shell heterostructure of NiCoS@NiCo-LDH.

The electrode reaction kinetics in the electrochemical
process can be elucidated using the following equation:

i=a’ (5)
Here when the value of b is 0.5 or 1, the electrode reaction is
predominantly diffusion-controlled or surface capacitance-
controlled, respectively. As shown in Fig. 4h, the b values for
the oxidation and reduction peaks of the NiCoS@NiCo-LDH
electrode are 0.85 and 0.87, respectively. It suggests that the
electrochemical redox processes of the NiCoS@NiCo-LDH
electrode involve both surface-controlled and diffusion-
controlled processes, with a predominance of surface control.
Moreover, the contributions of surface-controlled (k;v) and
diffusion-controlled (k,v*'?) processes can be further quantified
through the equation:

i(V) = kv + kov'? (6)
where (V) is the current at a specific potential (V).** The calcu-
lated results, as depicted in Fig. 4i, show the contributions of
surface-control processes to the NiCoS@NiCo-LDH electrode
are 82.7%, 82.9%, 85.0%, 87.9%, and 91.9% at scan rates of 1, 2,
3, 4, and 5 mV s~ ', respectively. It indicates that the electro-
chemical reactions of the NiCoS@NiCo-LDH electrode are
mainly governed by surface-control capacitance, which is
a critical factor in its outstanding rate performance.

To further evaluate the potential of the NiCoS@NiCo-LDH
electrode as a cathode in alkaline batteries, a NiCoS@NiCo-
LDH//Zn battery was assembled using a 6 M KOH electrolyte
containing saturated ZnO, with NiCoS@NiCo-LDH and zinc foil
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serving as the cathode and anode, respectively. The CV curves of
the NiCoS@NiCo-LDH//Zn battery at scan rates of 1-5 mV s~ " are
shown in Fig. 5a. The CV curves, within the working voltage
range of 1.2-2.0 V, exhibit distinct oxidation and reduction peaks
at different scan rates, indicating good reversibility of the battery.
Fig. 5b presents the galvanostatic charge-discharge (GCD) curves
of the NiCoS@NiCo-LDH//Zn battery at various current densities,
displaying a discharge voltage plateau at around 1.65 V. As
shown in Fig. 5c, the NiCoS@NiCo-LDH//Zn battery demon-
strates excellent rate capability and coulombic efficiency. It
delivers a reversible areal capacity of 0.54 mA h cm™? at 5 mA
cm 2 and maintains 0.16 mA h cm™2 even at 25 mA cm™ 2. After
30 cycles, it can recover to a reversible capacity of 0.51 mA h cm ™2
at 5 mA cm . The outstanding areal-specific capacity is superior
to many reported aqueous zinc-based batteries (Table S17).
Moreover, the NiCoS@NiCo-LDH//Zn exhibits improved cycling
stability. As illustrated in Fig. 5d, after 3000 cycles at 20 mA cm 2,
it retains 95.9% of its initial capacity, which is notable compared
to most previously studied aqueous zinc-based batteries (Table
S2t). Notably, the battery shows a continuous increase in
capacity during the first three hundred cycles, which could be
attributed to an activation process.

Additionally, Ragone plots comparing the NiCoS@NiCo-
LDH//Zn battery with other aqueous zinc-based batteries are
presented in Fig. 5e. Thanks to its high capacity and high
operating voltage, the fabricated NiCoS@NiCo-LDH//Zn battery
achieves a maximum energy density of 435.3 W h kg~ ' and
a power density of 20.3 kW kg™', surpassing many other
aqueous zinc-based batteries (Table S3t), such as NizS,/Oy-
Ni(OH),//Zn (384.6 W h kg™" at 1.73 kW kg '),*® Niy,Ps//Zn
(2879 W h kg' at 51 kw kg '),"® NCS@NCH//Zn
(1942 W h kg ' at 072 kW kg '), Ni/NiO-BCF//Zn
(313.4 W h kg ' at 0.66 kW kg '),** Ni(OH),/CNFs//Zn
(325 W h kg' at 123 kW kg ')** R-C0;0,//Zn
(295.5 W h ke™' at 0.84 kW kg '),* NiCo,0,//Zn
(2483 W h kg™ at 22 kW kg '), Ni;S,@PANI//Zn
(308 W h keg' at 69 kw kg ) Ni-NiO/CC//Zn
(441.7 W h kg™ at 1.1 kW kg™ "),¥ NiO//ZnO (355.7 W h kg "
at 0.46 kW kg™ "),°® C0;0,@NiO//Zn (215.5 W h kg™ " at 3.45 kW
kg™ ") Furthermore, Fig. 5f demonstrates that the
NiCoS@NiCo-LDH//Zn battery can power 40 red LEDs, show-
casing its significant application potential.

4 Conclusion

In summary, we developed a binder-free cathode material
comprising NiCoS nanotube@NiCo-LDH nanosheet hetero-
structures fabricated on nickel foam for efficient AAZBs. The
unique three-dimensional core-shell heterostructure exhibits
a synergistic effect that enhances conductivity and provides
a wealth of active sites and rapid ion/electron transport chan-
nels, significantly improving the electrochemical performance.
The NiCoS@NiCo-LDH electrode delivers a capacity of
312 mA h g (0.624 mA h cm™?) at a current density of 2 mA
cm™2.  Furthermore, the fabricated NiCoS@NiCo-LDH//Zn
battery achieves a high energy density of 435.3 W h kg™ ' and
maintains 95.9% of its capacity after 3000 cycles at a current

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density of 20 mA cm 2. This work advances the understanding
of heterostructured cathode materials and paves the way for
developing next-generation high-performance alkaline zinc
batteries.
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