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S@NiCo-LDH double-shelled
nanotube arrays with enhanced electrochemical
performance for hybrid supercapacitors†
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Yijun Zhong*a and Yong Hu *a

Hierarchical nanotube arrays with complex shell structures are attractive for applications in electrode

materials for effectively boosted electrochemical performance, but the construction of such delicate

architectures with excellent electrochemical performance is very challenging. Herein, double-shelled

nanotube arrays of hierarchical Cu2S@nickel–cobalt layered double hydroxide (Cu2S@NiCo-LDH DSNAs)

are synthesized on a Cu foam (CF) substrate with a sequential multi-step strategy, and an integrated

electrode is constructed with the nanostructured material. Benefiting from the unique hollow structure

and the sophisticated assembly of different nano-sized subunits, the as-prepared hierarchical

Cu2S@NiCo-LDH DSNA electrode exhibits excellent electrochemical performances with a high mass

loading of 5.0 mg cm�2, including a high specific capacity of 2.8 mA h cm�2 (20.4 F cm�2,

555.6 mA h g�1) at 4 mA cm�2 and remarkable rate capability with 87% capacity retention at 40 mA

cm�2. Furthermore, a quasi-solid-state hybrid supercapacitor (HSC) is assembled with the Cu2S@NiCo-

LDH DSNAs and metal–organic framework (MOF)-derived nanoporous carbon (NPC) as the electrodes,

exhibiting a high energy density of 1.67 mW h cm�2 at the power density of 4.25 mW cm�2.
1. Introduction

The three threatening issues of energy, environment, and water
have stimulated tremendous efforts to develop various types of
sustainable and advanced electrochemical energy conversion
and storage devices.1–3 Supercapacitors (SCs), characterized by
high power density, rapid charging/discharging, long cycle life
and high safety, are considered as promising candidates for
mobile electronics and regenerative braking systems.4,5

However, the relatively low energy density of SCs compared to
lithium-ion batteries drastically limits their future widespread
applications.6,7 To further enhance the energy density of SCs
without sacricing the power density, construction of hybrid
supercapacitors (HSCs) is a good choice.8,9

HSCs consisting of a battery-type electrode and a capacitor-
type electrode are now widely regarded as the tradeoff
between SCs and batteries.10,11 The battery-type electrode as the
pivotal component determines the electrochemical
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performance of HSCs.12 Among the various battery-type mate-
rials, transition metal hydroxides, especially Ni–Co hydroxides,
have attracted wide attention due to their low cost, high theo-
retical capacitance (�3000 F g�1) and rapid reversible redox
reaction.13–15 For example, Chen et al. reported that the Ni–Co
layered double hydroxide (NiCo-LDH) delivered a high specic
capacitance of 2682 F g�1 at 3 A g�1, but the capacity faded
rapidly to 1706 F g�1 with a retention rate of 64% when the
current density increased to 20 A g�1.16 The poor rate capability
is ascribed to the intrinsically poor conductivity and the
agglomeration of hydroxides during the fast charge and
discharge process.17–19 Usually, battery-type electrode materials
with high specic capacitance suffer from poor rate capability
especially under high mass loading.20 In this regard, combining
them with active materials with good conductivity is appealing
to improve the energy storage performance of Ni–Co hydrox-
ides. Copper-based materials usually have high electrical
conductivity, especially Cu2S,21 which exhibits relatively high
pseudocapacitance compared to other copper-based materials
(e.g. Cu(OH)2, CuO).22,23 Despite the reasonable design of elec-
trode compositions, an effective approach to solve this problem
relies on construction of intriguing architectures, which has
been believed to be a crucial prerequisite for achieving high-
efficiency electrode materials.24,25 In particular, hierarchical
hollow heterostructures with complex multi-shells show great
promise for designing advanced electrode materials as they
combined the advantages of different nano-sized building
J. Mater. Chem. A, 2020, 8, 22163–22174 | 22163
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blocks and the hollow structure.26 The nano-sized subunits can
largely shorten the ion transport pathways and improve the
electronic/ionic conductivity, thus enhancing the rate perfor-
mance effectively.27 Meanwhile, compared with the solid
counterparts, hollow structures with large surface area, rich
redox active sites for faradaic reactions, and reduced ion
transport distance as well as enough space to accommodate the
volume variation of electrode materials, have shown the
potential to boost the rate and cycling performance of HSCs and
lithium-ion batteries.28,29 Moreover, multi-shelled topologies in
the hollow structures have been recently demonstrated to show
superior energy storage performances to simple hollow struc-
tures owing to the increased weight fraction and the synergistic
interaction between the electrochemically active components.30

Besides, one-dimensional nanotubes are fascinating to disperse
two-dimensional nanosheet shells, ensuring a loose and robust
nanostructure to avoid the aggregation of electrochemically
active species during the repeating charge and discharge
processes.31 Hence, hierarchical multi-shelled hollow hetero-
structures combining the above structural merits are expected
to achieve excellent performance of electrode materials.
Although great achievements have been made, the controllable
fabrication of hierarchical multi-shelled hollow hetero-
structures with electrochemically active components toward
advanced energy storage devices remains a great challenge.

In this study, we have designed a sequential alkaline corro-
sion, suldation, and electrodeposition approach to fabricate
hierarchical double-shelled nanotube arrays of hierarchical
Cu2S@nickel–cobalt layered double hydroxide (Cu2S@NiCo-
LDH DSNAs) on a Cu foam (CF) substrate, and an integrated
electrode is constructed with the nanostructured material.
Beneting from the unique hierarchical hollow nanostructure
and the sophisticated assembly of different active components,
the as-prepared Cu2S@NiCo-LDH DSNAs exhibit enhanced
electrochemical performance as a battery-type electrode even
with a high mass loading of 5.0 mg cm�2, with a high specic
capacity of 2.8 mA h cm�2 (555.6 mA h g�1, 20.4 F cm�2) at the
current density of 4 mA cm�2 and excellent rate capability with
87% capacity retention when the current density increases from
4 mA cm�2 to 40 mA cm�2. Furthermore, a HSC device is
assembled with Cu2S@NiCo-LDH DSNAs as the positive elec-
trode and metal–organic framework (MOF)-derived nanoporous
carbon (NPC) as the negative electrode, exhibiting a high energy
density of 1.67 mW h cm�2 at the power density of 4.25 mW
cm�2. This prominent electrochemical performance highlights
the great potential of Cu2S@NiCo-LDH DSNAs for practical
energy storage application.

2. Experimental section
Synthesis of Cu2S nanotube arrays (Cu2S NTAs)

In a typical synthesis, CF (1 � 2 cm2) was pretreated with 3 M
HCl solution, deionized (DI) water, and ethanol by ultra-
sonication to ensure a clean surface. Cu2S NTAs were synthe-
sized via a two-step approach. Firstly, precursor Cu(OH)2
nanorod arrays (Cu(OH)2 NRAs) were synthesized by an alkaline
corrosion method. Specically, the CF was immersed into an
22164 | J. Mater. Chem. A, 2020, 8, 22163–22174
alkaline oxidative etchant solution containing 2.00 g of NaOH,
0.43 g of (NH4)2S2O8 and 20mL of DI water at room temperature
for 20 min. Then the CF was taken out, washed with DI water
and ethanol, and dried at 60 �C to obtain light blue Cu(OH)2
NRAs. Secondly, the CF coated with Cu(OH)2 NRAs was trans-
ferred into a 50 mL Teon-lined stainless steel autoclave con-
taining 0.40 g of Na2S$9H2O and 40 mL of DI water. The Teon-
lined stainless steel autoclave was maintained at 100 �C for 6 h.
Aer that, the product was washed sequentially with DI water
and ethanol and dried at 60 �C for 12 h. To estimate the mass
loading of Cu2S NTAs on CF, the product was then treated with
HCl solution. The mass loading of Cu2S NTAs on CF was
calculated to be about 1.4 mg cm�2 by weighing the samples
before and aer HCl solution treatment.
Synthesis of Cu2S@NiCo-LDH DSNAs and NiCo-LDH
nanosheets (NiCo-LDH NSs)

Cu2S@NiCo-LDH DSNAs were prepared by a facile electrode-
position method with a three-electrode system. Specically, CF
with Cu2S NTAs was used as the working electrode with Pt foil
and a saturated calomel electrode as the counter and reference
electrodes, respectively. 1.02 g of Ni(NO3)2$6H2O, 0.44 g of
Co(NO3)2$6H2O and 0.07 g of sodium dodecylbenzenesulfonate
(SDBS) were dissolved in 50 mL of water to serve as the aqueous
electrolyte. The electrodeposition process was conducted at
a current density of �4 mA cm�2 for 2000 s. Subsequently,
Cu2S@NiCo-LDH DSNAs were obtained aer rinsing with DI
water. The mass loading of NiCo-LDH NSs was calculated to be
about 3.6 mg cm�2 by weighing the sample before and aer the
electrodeposition. The mass loading of Cu2S@NiCo-LDH
DSNAs on CF was about 5.0 mg cm�2. According to the mass
loading, the molar ratio of Cu2S to NiCo-LDH in Cu2S@NiCo-
LDH DSNAs is calculated to be 0.5. For comparison, Cu2-
S@NiCo-LDH-1 DSNAs and Cu2S@NiCo-LDH-3 DSNAs were
also prepared by using different electrodeposition times of
1000 s and 3000 s, respectively. NiCo-LDH NSs were also
prepared by the same method as that used for Cu2S@NiCo-LDH
DSNAs except that CF was used as the working electrode.
Synthesis of Cu(OH)2@NiCo-LDH

The Cu(OH)2@NiCo-LDH electrode was prepared by a similar
method to that used for the Cu2S@NiCo-LDH DSNA electrode
except that the Cu(OH)2 NRAs on the CF substrate were used as
the working electrode.
Synthesis of MOF-derived NPC

NPC was synthesized by the method of Yang and co-workers.32

Typically, 48 mM Zn(CH3COO)2$2H2O was added to a methanol
solution containing 0.4 mM polyvinyl pyrrolidone (K30) to
obtain solution A. Solution A and 2-methylimidazole methanol
solution (160 mM, 200 mL) were rapidly mixed, stirred for 1 h,
and then incubated for 24 h at room temperature to obtain the
MOF. Finally, MOF-derived NPC was synthesized by calcining
the MOF under an N2 atmosphere at 900 �C for 5 h.
This journal is © The Royal Society of Chemistry 2020
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Characterization

Field-emission scanning electron microscopy (FESEM) was
performed on a Hitachi S-4800 scanning electron micro-
analyzer with an accelerating voltage of 5 kV. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
were conducted on a JEM-2100F eld emission TEM at 200 kV.
Powder X-ray diffraction (XRD) measurements were performed
with a Philips PW3040/60 X-ray diffractometer using Cu-Ka
radiation. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out on an ESCALab MKII X-ray photoelec-
tron spectrometer with Al Ka X-ray radiation as the excitation
source. Raman spectroscopy was performed with a Renishaw
inVia-Reex (532 nm laser). N2 adsorption isotherms were
carried out at 77 K on an autosorb iQ automated gas sorption
analyzer and the as-prepared samples were degassed under
vacuum at 200 �C for 4 h before the analysis.
Electrochemical measurements

The electrochemical performances of the samples were inves-
tigated using a CHI 660E electrochemical workstation (Chen-
hua, Shanghai). The cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), electrochemical impedance spectros-
copy (EIS) measurements were carried out in both three-
electrode and two-electrode systems. In the three-electrode
conguration, the sample was used as the working electrode,
Pt foil as the counter electrode, Hg/HgO electrode as the refer-
ence electrode, and 6 M KOH solution as the electrolyte. In the
two-electrode conguration, Cu2S@NiCo-LDH DSNAs and NPC
were used as the cathode and anode, respectively, and polyvinyl
alcohol (PVA)–KOH gel was used as the electrolyte.
Assembly of quasi-solid-state HSCs

The quasi-solid-state HSCs were assembled by using Cu2-
S@NiCo-LDH DSNAs and NPC as the positive and negative
electrodes, respectively, and PVA–KOH as the gel electrolyte.
The negative electrode was prepared by coating a mixture of
NPC (80 wt%), carbon black (10 wt%) and polyvinylidene uo-
ride (10 wt%) and a small amount of N-methyl pyrrolidone onto
Ni foam and then drying in an oven at 80 �C for 12 h. For the gel
electrolyte preparation, 1.50 g of PVA was rst dissolved in
10 mL of DI water and stirred at 90 �C to obtain a transparent
solution. Then 5 mL of 0.30 g mL�1 KOH was added dropwise
into the solution and constantly stirred for 2 h to obtain the gel
electrolyte. The positive and negative electrodes were immersed
into the gel electrolyte for 5 min before assembly. For good
performance, the mass loadings of the two electrodes were
optimized based on the charge balancing equation (q+ ¼ q�).

Gravimetric performances are highly dependent on the
thickness and density of the electrode, and the weight of other
components, resulting in unreliable comparison of electrode
materials. Moreover, the areal/volumetric performance is more
important than the widely used gravimetric one for evaluating
the potential of supercapacitors. Therefore, we focused on the
areal performance of electrode materials and devices in this
work.
This journal is © The Royal Society of Chemistry 2020
Equations

The specic capacitance (C, F g�1), areal capacitance (Ca, F cm
�2),

specic capacity (Cs, mA h g�1) and areal capacity (Csa,-
mA h cm�2) of the electrodes were calculated from the galvano-
static discharge curves according to the following equations:

C ¼ IDt

mDV
(1)

Ca ¼ IDt

SDV
(2)

Cs ¼
2I

ð
Vdt

mDV
(3)

Csa ¼
2I

ð
Vdt

SDV
(4)

where I is the current (A), Dt is the discharge time (s), S is the
effective area of the electrode (cm2), m is the mass of the
active materials (g), DV is the potential window (V), and

Ð
Vdt is

the integral area under the discharge curve.
The mass loadings of the two electrodes were optimized

based on the charge balancing equation:

mþ
m�

¼ C�DV�
CþDVþ

(5)

where m is the mass of the active material (g), C is the specic
capacitance (F g�1), andDV is the potential (V) window range for
the positive and negative electrodes, respectively.

The areal energy density Ea (mW h cm�2) and areal power
density Pa (mW cm�2) of the ASCs were calculated according to
the following equations:

Ea ¼ CaDV
2

7:2
(6)

Pa ¼ 3600Ea

Dt
(7)

where Ca is the specic capacitance (F cm�2), DV is the potential
window (V), and Dt is the discharge time (s).
3. Results and discussion

The synthetic procedure of Cu2S@NiCo-LDH DSNAs is sche-
matically illustrated in Fig. 1. First, uniform Cu(OH)2 NRAs are
formed on the surface of CF through direct corrosion of CF in
an alkaline oxidative etchant aqueous solution containing
NaOH and (NH4)2S2O8, which can be described as follows:

Cu + 4NaOH + (NH4)2S2O8 /

Cu(OH)2 + 2Na2SO4 + 2NH3[ + 2H2O (8)

Subsequently, the Cu(OH)2 NRAs are transformed into evenly
distributed Cu2S NTAs aer direct suldation of Cu(OH)2 NRAs
with Na2S$9H2O. Finally, Cu2S@NiCo-LDH DSNAs are obtained
by electrodepositing NiCo-LDHNSs on the surface of Cu2S NTAs
J. Mater. Chem. A, 2020, 8, 22163–22174 | 22165
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Fig. 1 Synthetic procedure of the Cu2S@NiCo-LDH DSNAs.
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in a mixed aqueous solution of Ni(NO3)2$6H2O, Co(NO3)2$6H2O
and a spot of SDBS.

The formation process of Cu2S@NiCo-LDH DSNAs was rst
characterized by FESEM. As shown in Fig. 2a, uniform nanorods
with an average diameter of about 300 nm are vertically grown
on the CF substrate aer a direct alkaline corrosion process.
The corresponding XRD pattern conrms the successful
formation of the Cu(OH)2 (JCPDS no. 13-0420) precursor.33 A
magnied FESEM image further reveals that the Cu(OH)2 NRAs
possess a smooth surface with a high aspect ratio (Fig. 2b).34

Aer a suldation procedure, the Cu(OH)2 is completely con-
verted into the Cu2S phase (JCPDS no. 23-0961), as shown in
Fig. S1 (see ESI†). The resultant Cu2S NTAs maintain the
nanorod morphology of the Cu(OH)2 precursor, but the surface
becomes rough and a hollow interior is generated (Fig. 2c). A
close-up FESEM image (Fig. 2d) clearly demonstrates the hollow
tubular structure of Cu2S NTAs with abundant nanoneedles on
the surface. The evolution of hollow architectures can be
ascribed to the Kirkendall effect.35 Specically, during the sul-
dation process, the S2� slowly diffuses into Cu(OH)2 NRAs and
Fig. 2 FESEM images of the as-prepared (a and b) Cu(OH)2 NRAs, (c
and d) Cu2S NTAs, and (e and f) Cu2S@NiCo-LDH DSNAs.

22166 | J. Mater. Chem. A, 2020, 8, 22163–22174
gradually consumes the outwardly diffused copper ions to form
shell-like Cu2S.36 Owing to the different diffusion rates of ions,
the outward diffusion of Cu2+ dominates the inward diffusion of
S2� ions, thus leaving the hollow interior behind.37,38 Aer an
electrodeposition process, Cu2S@NiCo-LDH nanotube arrays
with an average diameter of about 500 nm are formed (Fig. 2e).
A closer observation demonstrates that these Cu2S@NiCo-LDH
DSNAs possess hierarchical structures with ultrathin and
uniform NiCo-LDH NSs compactly grown around the surface of
Cu2S NTAs (Fig. 2f). The NiCo-LDH NSs obtained by direct
electrodeposition onto the CF substrate show the obvious
aggregation of nanosheets (Fig. S2, see ESI†), suggesting that
Cu2S NTAs can effectively disperse NiCo-LDH NSs to prevent
their accumulation and provide more active sites for electro-
chemical reactions. The specic surface areas of Cu2S NTAs,
NiCo-LDH NSs, and Cu2S@NiCo-LDH DSNAs were obtained by
N2 adsorption–desorption measurements (Fig. S3, see ESI†).
The Cu2S@NiCo-LDH DSNAs exhibit a relatively high specic
surface area of 13.7 m2 g�1 with an average pore size of 21.7 nm,
while the specic surface areas of the NiCo-LDH NSs and Cu2S
NTAs are examined to be 4.3m2 g�1 and 7.6m2 g�1, respectively.
The larger specic surface area and more pores of Cu2S@NiCo-
LDH DSNAs can provide abundant active sites, and initiate
rapid electrochemical reactions with electrolyte ions, thus
effectively improving the electrochemical performance.

The hierarchical double-shelled hollow heterostructures of
the Cu2S@NiCo-LDH hybrid were further characterized by TEM
and HRTEM. The TEM images in Fig. 3a and b clearly show the
hollow tubular Cu2S@NiCo-LDH DSNAs with an average outer
diameter of around 450–500 nm and an inner diameter of
around 200 nm. A magnied TEM image further demonstrates
the hierarchical double-shelled structure of Cu2S@NiCo-LDH
DSNAs (Fig. 3c). The corresponding HRTEM image of the
outer shell with a fringe spacing of 0.26 nm corresponds well to
the (012) plane of the NiCo-LDH phase, while the interior shell
shows a lattice spacing of 0.32 nm, which is consistent with the
distance of the (421) plane of Cu2S (Fig. 3d).20 In addition, the
elemental mapping analysis further identies that Cu and S are
only uniformly distributed in the interior nanotubes, while Ni
and Co are evenly distributed throughout the outer shells of
Cu2S@NiCo-LDH DSNAs, proving the double-shelled structures
again (Fig. 3e–i). However, the characteristic peaks of the NiCo-
LDH phase cannot be observed in the XRD patterns of Cu2-
S@NiCo-LDH DSNAs and NiCo-LDH NSs (Fig. S1 and S4, see
ESI†), further reecting the low crystallinity.39 The Raman
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a–c) TEM, (d) HRTEM, and (e–i) the corresponding elemental mapping images of the Cu2S@NiCo-LDH DSNAs.
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spectra of the NiCo-LDH NSs and Cu2S@NiCo-LDH DSNAs both
show peaks centered at 529 cm�1 and 465 cm�1, which are
assigned to the stretchings of the M–O bond and O–M–O
bending (M ¼ Co or Ni) of NiCo-LDH, respectively (Fig. S5, see
ESI†).40,41 Additionally, the peak at 472 cm�1 is assigned to the
Cu2S signal.42 The energy-dispersive X-ray (EDX) spectrum
shows that the Cu2S@NiCo-LDH DSNAs contain Cu, Ni, Co, S
and O elements and the atomic ratio of Ni to Co is about 7 : 3
(Fig. S6, see ESI†). All these results demonstrate the successful
formation of Cu2S@NiCo-LDH DSNAs.

To further investigate the surface compositions and elec-
tronic states of the Cu2S@NiCo-LDH DSNAs, XPS characteriza-
tion was conducted. The survey spectrum veries the presence
of Cu, Ni, Co, S and O elements in Cu2S@NiCo-LDH DSNAs
(Fig. 4a). The Cu 2p spectrum of Cu2S@NiCo-LDH DSNAs
reveals two main peaks located at 932.5 and 952.4 eV, which
correspond to the Cu 2p3/2 and Cu 2p1/2 orbitals of Cu+,
respectively (Fig. 4b). Moreover, the associated Auger line (Cu
LMM) at 569.6 eV (inset of Fig. 4b) indicates that Cu exists as
Cu+. In the high-resolution Ni 2p XPS spectrum (Fig. 4c), the two
spin–orbit doublets at 855.3/872.9 eV and 856.6/874.9 eV are
ascribed to Ni2+ and Ni3+, respectively, while the Co 2p core lines
split into Co 2p3/2 (779.8 and 782.0 eV) and Co 2p1/2 (795.5 and
796.8 eV) and two satellite peaks, suggesting the co-existence of
Co3+ and Co2+ (Fig. 4d). The S 2p peaks at 161.4 eV and 162.6 eV
are attributed to the S 2p3/2 and S 2p1/2 orbitals of S

2�, and the
peak at 167.5 eV is assigned to S–O which may be attributed to
the trace amounts of oxidized Cu2S (Fig. 4e).43 Besides, the O 1s
spectrum is deconvoluted into two peaks at 529.0 and 530.7 eV,
This journal is © The Royal Society of Chemistry 2020
which correspond to the metal–oxygen bonds (M–O) and
hydroxyl groups (–OH), respectively (Fig. 4f).44,45

The electrochemical performance of the as-prepared Cu2-
S@NiCo-LDH DSNAs, Cu2S NTAs, and NiCo-LDH NSs was then
investigated in 6 M KOH electrolyte solution with a three-
electrode conguration. Fig. 5a compares the CV curves of
Cu2S@NiCo-LDH DSNAs, Cu2S NTAs, and NiCo-LDH NSs at
a scan rate of 10 mV s�1 with a potential window of �0.2 to
0.7 V. The CV curves of the NiCo-LDH NSs exhibit a pair of redox
peaks, which are associated with the reversible faradaic reac-
tions of Ni(OH)2 and Co(OH)2:46–49

Co(OH)2 + OH� 4 CoOOH + H2O + e� (9)

CoOOH + OH� 4 CoO2 + H2O + e� (10)

Ni(OH)2 + OH� 4 NiOOH + H2O + e� (11)

The XPS measurement was further used to characterize the
change of valence states of Ni and Co during charge/discharge
to prove the above reaction processes (Fig. S7, see ESI†).
When charging to 0.4 V, the content of Co3+ and Ni3+ increases
compared with the original state, while the content of Co2+ and
Ni2+ decreases, indicating that there is a transformation from
Co2+ and Ni2+ to Co3+ and Ni3+ during charging. When dis-
charging to 0.12 V, the content of Co3+ and Ni3+ decreases
compared with the original state, while the content of Co2+ and
Ni2+ increases, demonstrating a transformation from Co3+ and
Ni3+ to Co2+ and Ni2+ during discharging.
J. Mater. Chem. A, 2020, 8, 22163–22174 | 22167
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Fig. 4 The XPS spectra of the as-prepared Cu2S@NiCo-LDH DSNAs. (a) Survey spectra and the high-resolution XPS of (b) Cu 2p (inset shows the
Auger Cu LMM lines), (c) Ni 2p, (d) Co 2p, (e) S 2p and (f) O 1s.
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The CV curve of Cu2S NTAs in Fig. 5a severely deviates from
a rectangular shape, implying a pseudocapacitive behavior. The
oxidation and reduction peaks can be attributed to the redox
reactions between Cu+ and Cu2+ according to the following
reaction:23,50

Cu2S + OH� / Cu2SOH + e� (12)

Obviously, due to the different polarization performances of
the three electrodes, there are differences in redox potentials.49

In addition, Cu2S@NiCo-LDH DSNAs exhibit the largest CV
areas and the highest peak current responses among the three
electrodes (Fig. S8, see ESI†), indicating a highest capacity. This
may be attributed to the synergistic effect of Cu2S and NiCo-
LDH as well as the double-shelled hollow structures. It can
22168 | J. Mater. Chem. A, 2020, 8, 22163–22174
also be demonstrated by the longer discharge time in the GCD
prole of Cu2S@NiCo-LDH DSNAs compared to those of Cu2S
NTAs and NiCo-LDH NSs (Fig. 5b). GCD curves of the samples at
various current densities are also displayed in Fig. S8 (see ESI†)
and the specic capacities of the electrodes are summarized in
Fig. 5c and S9 (see ESI†). The Cu2S@NiCo-LDH DSNAs deliver
the highest areal capacity of 2.8 mA h cm�2 (20.4 F cm�2),
corresponding to a gravimetric capacity of 555.6 mA h g�1 at
a current density of 4 mA cm�2 with a high mass loading of
5.0 mg cm�2, which is superior to those of NiCo-LDH NSs
(1.3 mA h cm�2, 365.4 mA h g�1) and Cu2S NTAs
(0.4 mA h cm�2, 237.0 mA h g�1). The specic capacity of Cu2-
S@NiCo-LDH DSNAs is also superior or comparable to those of
the recently reported transition metal hydroxide-based
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Electrochemical performance of the Cu2S@NiCo-LDH DSNAs, NiCo-LDHNSs and Cu2S NTAs. (a) CV curves at 10 mV s�1. (b) GCD curves
at 10 mA cm�2. (c) Specific capacities at different current densities. (d) EIS spectra. (e) Cycling stability and coulombic efficiency at a current
density of 20 mA cm�2.
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electrodes (Table S1, see ESI†). Moreover, excellent rate capa-
bility with 87% capacity retention is achieved when the current
is increased from 4 mA cm�2 to 40 mA cm�2, which is much
higher than those of NiCo-LDH NSs (54%) and Cu2S NTAs
(75%). Impressively, Cu2S@NiCo-LDH DSNAs maintain 71% of
the capacity when the current density is increased from 4 mA
cm�2 to 100 mA cm�2, verifying their prominent rate capability
(Fig. S9, see ESI†). The high specic capacitance and rate
capability of Cu2S@ NiCo-LDH DSNAs are due to the synergistic
effect between the highly conductive Cu2S NTA and highly
electrochemically active NiCo-LDH, as well as the unique hier-
archical double-shelled nanotube array structure. The hollow
Cu2S NTAs can not only promote the electron transfer, but also
This journal is © The Royal Society of Chemistry 2020
provide a larger specic surface area for uniform deposition of
NiCo-LDH active components. In addition, the hollow array
structure of Cu2S can provide a convenient diffusion path for
OH� in the electrolyte during charging and discharging. Thus,
Cu2S@NiCo-LDH DSNAs exhibit excellent rate performance.

The electrical conductivity and reaction kinetics of the
samples were further explored by EIS. As displayed in Fig. 5d, all
the corresponding Nyquist plots consist of a semicircle in the
high frequency region and a straight line in the low frequency
region. In the high-frequency region, the intercept at the X-axis
represents the series resistance (Rs) including the intrinsic
resistance, electrolyte resistance and interfacial contact resis-
tance, while the diameter of the semicircle is associated with
J. Mater. Chem. A, 2020, 8, 22163–22174 | 22169
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the charge transfer resistance (Rct).51 The lower Rs (0.61 U) of
Cu2S@NiCo-LDH DSNAs than those of NiCo-LDH NSs (0.64 U)
and Cu2S NTAs (0.80 U) indicates a lower intrinsic resistance
(Table S2, see ESI†). Besides, the Cu2S@NiCo-LDH DSNA elec-
trode presents a smaller Rct of 0.01 U compared to those of
NiCo-LDH NSs (0.05 U) and Cu2S NTAs (0.02 U), demonstrating
a faster charge transfer kinetics.52 In addition, the straight lines
of Cu2S@NiCo-LDHDSNAs and Cu2S NTAs are steeper than that
of NiCo-LDH NSs in the low frequency region, which suggests
that the hollow structure can promote the diffusion of ions into
the electrode. All the above results are consistent with the CV
and GCD curves. In addition, long-term cycling stability is
a critical factor for energy storage materials. Repeated GCD
cycles at a current density of 20 mA cm�2 were thus conducted
to characterize the electrochemical stability of Cu2S@NiCo-LDH
DSNAs. As shown in Fig. 5e, Cu2S@NiCo-LDH DSNAs maintain
82% of its initial capacitance aer 3000 cycles, indicating robust
electrochemical stability. The coulombic efficiency of the Cu2-
S@NiCo-LDH DSNAs is nearly 100% over the 3000 cycles. The
capacitance gradually increased in the rst 100 cycles, which
may be due to the permeation/wetting of the electrolytes to the
electrode and the structural activation of the electrode mate-
rials.45 The structure and the compositions of as-prepared
Cu2S@NiCo-LDH DSNAs aer the cycling stability test were
also characterized by SEM, TEM, XPS and XRD. The SEM and
TEM images show that the morphology and structure of the
Cu2S@NiCo-LDH DSNAs are well maintained aer the cycling
tests (Fig. S10 and S11, see ESI†). Besides, the XPS spectra and
XRD pattern also have no obvious change aer the cycling test
(Fig. S12 and S13, see ESI†), conrming the good structural
stability of the Cu2S@NiCo-LDH DSNA electrode.

To prove the advantages of Cu2S NTAs in the Cu2S@NiCo-
LDH DSNA electrode, the electrochemical performance of the
Cu(OH)2 NRAs and Cu(OH)2@NiCo-LDH was also investigated
(Fig. S14 and S15, see ESI†). The CV curves of the Cu(OH)2 NRAs
and Cu2S NTAs (Fig. S14a, see ESI†) severely deviate from
a rectangular shape, implying a pseudocapacitive behavior.
Additionally, the Cu2S NTAs exhibit a larger CV area than the
Cu(OH)2 NRAs, suggesting that Cu2S NTA can provide a larger
pseudo capacitance aer the electrodeposition of NiCo-LDH,
which is consistent with the GCD results in Fig. S14b (see
ESI†). Rate capability of 87% and 75% is achieved for Cu2-
S@NiCo-LDH DSNAs and Cu2S NTAs when the current is
increased from 4 mA cm�2 to 40 mA cm�2, which is much
higher than those of Cu(OH)2 NRAs (69%) and Cu(OH)2@NiCo-
LDH (74%). Therefore, the Cu2S@NiCo-LDH DSNA electrode
exhibits a better electrochemical performance due to the hollow
structure and higher pseudocapacitance of Cu2S NTAs
(Fig. S14c, see ESI†). In addition, the electrochemical perfor-
mances of the as-prepared Cu2S@NiCo-LDH-1 DSNAs and
Cu2S@NiCo-LDH-3 DSNAs obtained by using different electro-
deposition times are shown in Fig. S16 and S17 (see ESI†). The
Cu2S@NiCo-LDH-3 DSNAs exhibit the highest capacity among
the samples at 4 mA cm�2, while the rate capability of Cu2-
S@NiCo-LDH-3 DSNAs decreases compared with that of Cu2-
S@NiCo-LDH DSNAs. This is because too many NiCo-LDH NSs
22170 | J. Mater. Chem. A, 2020, 8, 22163–22174
on the surface of Cu2S NTAs block the exposure of the active
sites and hinder the rapid electron and ion transfer.

To deeply investigate the energy storage mechanisms and
reaction kinetics of Cu2S@NiCo-LDH DSNAs, CV curves at
various scan rates ranging from 2 mV s�1 to 20 mV s�1 were
recorded. All the CV curves in Fig. 6a exhibit a pair of redox
peaks, indicating the excellent reversibility of faradaic reac-
tions. The relationship between the peak current (i) and scan
rate (v) is further analyzed to explore the reaction kinetics:53,54

i ¼ avb (13)

where a and b are constants. The value of b provides vital
information about the charge storage kinetics, which is ob-
tained from the slope of the log(v)–log(i) plot. Generally, a b-
value of 1 implies a capacitive-controlled process, while a b-
value of 0.5 suggests a diffusion-controlled process.55 For the
Cu2S@NiCo-LDH DSNAs, the b-values of the cathodic and
anodic peaks are calculated to be 0.52 and 0.53, respectively,
indicating a typical diffusion-controlled battery-type behavior
(Fig. 6b). Moreover, the respective contributions of the capaci-
tive and diffusion-controlled processes are quantied according
to the following equation:56

i(V) ¼ k1v + k2v
1/2 (14)

where i(V) is the current, v is the scan rate and k1 and k2 are
constants. The CV curve in Fig. 6c shows that the capacitive
controlled processes contribute 54% of the entire capacity. With
the increase of scan rate, the contribution of the diffusion-
controlled process decreases signicantly, which is due to the
limited diffusion of ions into the bulk (Fig. 6d).45 The energy
storage mechanisms and reaction kinetics of Cu2S NTAs and
NiCo-LDH NSs were also investigated using the same method
(Fig. S18 and S19, see ESI†). The b-value of the Cu2S NTAs is
calculated to be 0.75, revealing that the pseudo-capacitive
contribution is the primary contribution of the capacity.57 For
the NiCo-LDH NSs, the b-values of the cathodic and anodic
peaks are calculated to be 0.50 and 0.51, respectively, indicating
a typical diffusion-controlled battery-type behavior. The CV
curves of the Cu2S NTAs and NiCo-LDH NSs in Fig. S18c and
S19c (see ESI†) show that the capacitive controlled process
contributes 49% and 64% of the total capacity, respectively.

Based on the above studies, the prominent energy storage
performance of the Cu2S@NiCo-LDH DSNAs can be ascribed to
the following aspects. Firstly, the integrated electrode with
Cu2S@NiCo-LDH DSNAs directly grown on a highly conductive
three-dimensional CF substrate avoids the “dead volume”
caused by conductive additives and binders. Secondly, the
hierarchical double-shelled hollow array structures with large
surface area can provide rich redox active sites, shorten the ion
transport distance, and ensure a loose and robust nano-
structure to avoid the aggregation of electrochemically active
species. Thirdly, the Cu2S NTAs not only enable efficient elec-
tron and ion transport, but also provide pseudocapacitive
contribution to the total capacity. Fourthly, the NiCo-LDH NS
shell with the mixed valence states of Ni2+/Ni3+ and Co2+/Co3+
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) The CV curves of the Cu2S@NiCo-LDH DSNA electrode at different scan rates. (b) The plot of log(i) versus log(v). (c) Separation of the
diffusion and capacitive-controlled currents of the Cu2S@NiCo-LDH DSNA electrode at a scan rate of 10 mV s�1. (d) Relative contribution of the
diffusion and capacitive-controlled charge storage at different scan rates.
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acts as the main active component to induce sufficient redox
active sites and thus enhance the electrochemical performance
of Cu2S@NiCo-LDH DSNAs.

To further evaluate the potential of Cu2S@NiCo-LDH DSNAs
for practical applications, a quasi-solid-state HSC device was
assembled by using Cu2S@NiCo-LDH DSNAs as the positive
electrode and MOF-derived NPC as the negative electrode. NPC
exhibits a diamond-shaped dodecahedron morphology with an
average particle size of around 1 mm (Fig. S20, see ESI†). Addi-
tionally, the structure, specic surface area and pore size
distribution of the as-prepared NPC are further characterized by
Raman, XRD and N2 adsorption/desoprtion measurements, as
displayed in Fig. S21 (see ESI†). From the Raman spectrum
(Fig. S21a, see ESI†), it can be seen that there are two protu-
berant peaks, the D-band and G-band induced by defects and
graphitic structure, respectively, and the ID/IG value is 1.03. The
XRD pattern of the as-prepared NPC shows two wide diffraction
peaks corresponding to the (002) and (101) crystal surfaces of
the graphite structure (Fig. S21b, see ESI†). The porosities and
specic surface area of NPC are analyzed using the N2 adsorp-
tion–desorption technique. As shown in Fig. S21c (see ESI†), the
NPC displays a higher specic surface area (991.7 m2 g�1). From
the pore size distributions (Fig. S21d, see ESI†), it can be seen
that micropores, mesopores and macropores coexist in the as-
prepared NPC sample. Based on the electrochemical perfor-
mance of Cu2S@NiCo-LDH DSNAs (Fig. 5c) and NPC (Fig. S22,
This journal is © The Royal Society of Chemistry 2020
see ESI†), the mass ratio of the positive and negative electrodes
is optimized to 0.25 and the voltage window is widened to 1.7 V
(Fig. 7a and S23, see ESI†). The CV curves of the HSC device
exhibit a quasi-rectangular shape even at a high scan rate of
30 mV s�1, revealing the overall capacitive behavior and desir-
able rate performance (Fig. 7b). These can be further demon-
strated by the linearity of the GCD curves (Fig. 7c). As suggested
by Gogotsi and Simon, the gravimetric performances are highly
dependent on the thickness and density of the electrode, and
the weight of other components, while the areal/volumetric
performances are more important than the widely used gravi-
metric ones for evaluating the potential of the SC devices.58–60

Remarkably, the Cu2S@NiCo-LDH DSNAs//NPC HSC delivers
a highest specic capacity of 2.0 mA h cm�2 (4.2 F cm�2) at
a current density of 5 mA cm�2 and retains 77% of the initial
capacity with the increase of current density from 5 mA cm�2 to
50 mA cm�2 (Fig. 7d). Fig. 7e shows the excellent cycling
stability of the HSC with 21% capacitance loss aer 3000 cycles.
And the Cu2S@NiCo-LDH DSNAs//NPC HSC exhibits an excel-
lent coulombic efficiency of nearly 100% aer 3000 cycles. The
outstanding electrochemical performance of the HSC can be
interpreted by the fast reaction kinetics of the device (Fig. S24,
see ESI†). Energy and power densities are another two impor-
tant criteria for practical applications of energy storage devices.
As shown in Fig. 7f, the Cu2S@NiCo-LDH DSNAs//NPC HSC
exhibits an excellent energy density of 1.67 mW h cm�2 at
J. Mater. Chem. A, 2020, 8, 22163–22174 | 22171
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Fig. 7 Electrochemical performance of the Cu2S@NiCo-LDHDSNAs//NPC HSC. (a) CV curves at a scan rate of 20mV s�1 with different potential
windows. (b) CV curves at different scan rates from 5mV s�1 to 50mV s�1. (c) GCD curves at different current densities from 5mA cm�2 to 50mA
cm�2. (d) Specific capacities at different current densities. (e) Ragone plot compared with those of other HSCs. (f) Cycling stability and coulombic
efficiency at a current density of 10 mA cm�2.
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a power density of 4.25 mW cm�2, and even maintains 1.28
mW h cm�2 at 42.50 mW cm�2. These values are superior to
those of the state-of-the-art transition metal hydroxide-based
HSCs, such as CoMoO4@Co(OH)2/CT//porous activated carbon
(0.17 mW h cm�2, 1.50 mW cm�2),61 NC LDH NSs@Ag@CC//AC
(0.08 mW h cm�2, 0.79 mW cm�2),62 NiCo2O4@Co0.33Ni0.67(-
OH)2//CMK-3 (0.32 mW h cm�2, 4.00 mW cm�2),55

ZNCO@Ni(OH)2//VN@C (0.20 mW h cm�2, 2.40 mW cm�2),63

NC LDH NFAs@NSs/Ni//AC@CF (0.40 mW h cm�2, 2.40 mW
cm�2),64 Ni(OH)2–Cu//rGO (0.95 mW h cm�2, 2.01 mW cm�2),18

NiCo2S4//C (0.12 mW h cm�2, 0.80 mW cm�2),65 and Cu3-
N@CoFe-LDH//AC (0.42 mW h cm�2, 1.70 mW cm�2) (Table S3,
see ESI†).34 The excellent electrochemical performance of the
22172 | J. Mater. Chem. A, 2020, 8, 22163–22174
Cu2S@NiCo-LDH DSNAs//NPC HSC device proves its potential
in practical energy storage applications and two Cu2S@NiCo-
LDH DSNAs//NPC devices connected in series can easily make
a small fan work (inset of Fig. 7e).
4. Conclusions

In summary, a facile multi-step strategy has been designed to
fabricate hierarchical Cu2S@NiCo-LDH DSNAs, and it involves
a sequential alkaline corrosion, suldation, and electrodeposi-
tion process. Starting from CF, Cu(OH)2 NRAs are obtained by
the alkaline corrosion method, which are further converted into
Cu2S NTAs by a suldation process. Cu2S@NiCo-LDH DSNAs
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0ta08006c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
2 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
3/

20
/2

02
1 

2:
06

:4
2 

A
M

. 
View Article Online
are nally formed by electrodepositing NiCo-LDH NSs on the
surface of Cu2S NTAs. The hierarchical assembly of active
species with different nano-sized subunits provides Cu2-
S@NiCo-LDH DSNAs with large surface area, efficient electron
and ion transport and adequate active sites. Beneting from
these structural merits and the synergistic effect of the active
components, the integrated electrode of Cu2S@NiCo-LDH
DSNAs exhibits superior electrochemical performance
compared to those of Cu2S NTAs and NiCo-LDH NSs. A highest
specic capacity of 2.8 mA h cm�2 (555.6 mA h g�1) at 4 mA
cm�2 and excellent rate capability with 87% capacity retention
at 40 mA cm�2 are achieved with a high mass loading of 5.0 mg
cm�2. Moreover, the HSC device constructed with the Cu2-
S@NiCo-LDH DSNAs and NPC electrodes delivers a high energy
density of 1.67 mW h cm�2 at a power density of 4.25 mW cm�2.
This work is expected to provide inspiration for the design of
high-performance electrode materials for energy storage
devices.
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