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a b s t r a c t

Metal sulfide is considered as a potential anode for sodium-ion batteries (SIBs), due to the high theoret-
ical capacity, strong thermodynamic stability and low-cost. However, their cycle capacity and rate per-
formance are limited by the excessive expansion rate and low intrinsic conductivity. Herein,
heterogeneous hollow sphere NiS-Cu9S5/NC (labeled as (NiCu)S/NC) based on Oswald ripening mecha-
nism was prepared through a simple and feasible methodology. From a structural perspective, the hollow
structure provides an expansion buffer and raises the electrochemical active area. In terms of electron/ion
during the cycles, Na+ storage mechanism is optimized by NiS/Cu9S5 heterogeneous interface, which
increases the storage sites and shortens the migration path of Na+. The formation of built-in electric field
strengthens the electron/ion mobility. Based on the first principle calculations, it is further proved the
formation of heterogeneous interfaces and the direction of electron flow. As the anode for SIBs, the syn-
thesized (NiCu)S/NC delivers high reverse capacity (559.2 mA h g�1 at 0.5 A g�1), outstanding rate per-
formance (185.3 mA h g�1 at 15 A g�1), long-durable stability (342.6 mA h g�1 at 4 A g�1 after 1500
cycles, 150.0 mA h g�1 at 10 A g�1 after 20,000 cycles with 0.0025% average attenuation rate). The match-
ing cathode electrode Na3V2(PO4)3/C is assembled with (NiCu)S/NC for the full-battery that achieves high
energy density (253.7 W h kg�1) and reverse capacity (288.7 mA h g�1). The present work provides a dis-
tinctive strategy for constructing electrodes with excellent capacity and stability for SIBs.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

The problem of energy is the shackle that restricts the develop-
ment of human civilization and society [1,2]. The progress of
energy technology can not only promote the advancement of tech-
nology but also empower the economy [3,4]. Lithium-ion batteries
(LIBs) are widely used in our daily life as highly efficient energy
conversion devices [5]. However, the surge in prices of lithium
resources caused by resources shortages limits its further develop-
ment in the future [6–8]. Sodium-ion batteries (SIBs), which pos-
sess the same ‘‘rocking chair” charge/discharge mechanism as
LIBs, have been widely studied because of the low cost and wide
distribution of sodium resources [9-11]. In addition to the cost
advantage, SIBs also have unique advantages compared to LIBs,
such as high security and better high/low temperature perfor-
mance [12-14]. Nevertheless, Na+ with larger radius than Li+ can-
not make the energy density and volume density of SIBs reach
the level of LIBs, mainly caused by the inappropriate electrode
material [15]. Therefore, it is crucial to search for a suitable elec-
trode material for SIBs.

Transition metal sulfides can be alternative anodes for SIBs
because of multi-space structure, high theoretical capacity, and
various Na+ storage mechanisms [16,17]. The metal–S bond has a
lower bond energy than metal–O bond, which lowers the barrier
potential in the process of sodiation/desodiation [18]. NiS, as the
representative transition metal sulfide, has high theoretical
sodium storage capacity, strong thermodynamic stability, econom-
ical cost, and relatively easy experimental preparation method [19-
21]. However, the high expansion rate of converted-type NiS
makes it easy to be pulverized during the charge/discharge process
[22]. The problem of inherent low conductivity also restricts the
rate performance of NiS [23]. The structural deformation in the
converse reaction makes the actual sodium storage capacity of
NiS far less than its theoretical capacity [24,25]. The key to opti-
mize the electrochemical performance of NiS is to restrain its vol-
ume expansion and improve its conductivity.

Focusing on the above problems, the construction of hollow
bimetallic sulfide heterojunction is considered as an effective
approach to enhance the electrochemical performance of NiS. From
reserved.
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the structural perspective, the proper hollow structure alleviates
the volume expansion during the cycles and increases the contact
area with the electrolyte [26,27]. Fan et al. designed a multi-
shelled hollow sphere of NiS for the anode of SIBs, which attained
the capacity of 531.5 mA h g�1 at 0.05 A g�1 [28]. While from the
molecule perspective, the formation of built-in electric field
induced by heterogeneous parts accelerates the electron/ion trans-
port mobility [29]. Heterogeneous interfaces improve Na+ storage
mechanism by providing plenty of storage sites [30]. The interface
shortens the ion diffusion pathway and reduces the damage of
electrode structure. Heterogeneous bimetallic sulfide NiS/MoS2/C
was prepared by Xie et al. and reached the capacity of 516 mA h g�1

at 0.1 A g�1 [31]. He et al. synthesized NiS2/NiSe2 hetero-structure
that delivered high rate capacity of 353 mA h g�1 at 5.0 A g�1 [32].
There are few reports on the construction of heterogeneous hollow
structures to improve the electrochemical performance of SIB elec-
trodes. There are four important reasons for selecting NiS-Cu9S5
heterogeneous hollow structure: (1) NiS and Cu9S5 electrodes both
have the capacity to store sodium ions; (2) because they are sul-
fides, NiS-Cu9S5 hetero-structure is easy to prepare; (3) different
work functions of NiS and Cu9S5 are the basis for forming hetero-
junctions [33,34], and the specific values of work function are con-
firmed by the first principle calculations in our work; (4) the raw
materials for synthesizing NiS and Cu9S5 are low-cost,
environment-friendly, and rich-reserves.

In this work, the hollow sphere of heterojunction NiS-Cu9S5/NC,
labeled as (NiCu)S/NC, was prepared by one-step solvo-thermal
and subsequent annealing treatment. Hollow structure based on
the Oswald-ripening mechanism can alleviate the volume stress
in the process of sodiation/desodiation and increase the effective
active area. Heterogeneous interface of NiS/Cu9S5 provides active
sites for Na+ and accelerates the migration rate of electron/ion.
The formation of the built-in electric field accelerates carrier trans-
port and improves electrical activity and conductivity. In addition,
polyvinyl-pyrrolidone (PVP)-derived carbon is located on the
matrix of micro-sphere, which is beneficial to the structural integ-
rity of (NiCu)S/NC. Density functional theory (DFT) calculations
prove that the NiS-Cu9S5 heterojuction can increase the carrier
concentration by forming the built-in electric field. As the anode
for SIBs, (NiCu)S/NC delivers ultra-high discharge capacity
(581.5 mA h g�1) and charge capacity (549.3 mA h g�1) with
94.46% initial Coulombic efficiency. It can retain reversible capacity
of 342.6 mA h g�1 with 81.6% capacity retention at 4 A g�1 after
1500 cycles, much higher than NiS/NC (212.5 mA h g�1) and
Cu9S5/NC (200.2 mA h g�1). And (NiCu)S/NC exhibits the reverse
capacity of 185.3 mA h g�1 at the high current density of 15 A
g�1. After 20,000 cycles at 10 A g�1, the electrode still maintains
the capacity of 150 mA h g�1 with 0.0025% average attenuation
rate and it only takes 87 s to charge fully. It is worth mentioning
that (NiCu)S/NC-Na3V2(PO4)3/C full-battery shows a high energy
density of 253.7 W h kg�1 and reverse capacity of 288.7 mA h g�1.
In this work, a novel hollow hetero-structure (NiCu)S/NC anode we
prepared provides a new perspective to construct high capacity
and stable electrodes for SIBs.
2. Experimental

2.1. The synthesis of (NiCu)S/NC

Firstly, 0.4 g PVP (Mw = 58000) was added to the solvent of
ethanediol and stirred until dissolved. Then (3 � x) mmol NiSO4-
�6H2O and x mmol CuCl2�2H2O were triturated and mixed in an
agate mortar. The evenly mixed powder was added to the mixed
solvent. After stirring for 30 min, 3 mmol ground sublimed sulfur
(0.096 g) and 3 mmol thioureas (0.228 g) were added to the above
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solution. The precipitated solution was added to Teflon liner, which
was heated to 180 �C for 18 h. After cooling, the final product was
washed successively by deionized water and alcohol, then put in
an oven for 12 h. The sample was obtained after a carbonization
treatment under Ar flow at 600 �C for 3 h with a heating rate of 5 �-
C min�1. In addition, samples with 6 and 12 h solvo-thermal reac-
tion time were prepared to explore the growth process. When x is
0, 1.5, 2, 2.5, and 3, the products are labeled as NiS/NC, N-(NiCu)S/
NC, (NiCu)S/NC, C-(NiCu)S/NC, and Cu9S5/NC.

2.2. The synthesis of Na3V2(PO4)3/C

The Na3V2(PO4)3/C was prepared by using our previous method
[35].

2.3. Characterization of materials

X-ray diffraction (XRD, Brucker D8 advance, Cu Ka radiation)
was employed to identify material types and crystal orientations.
Valence states of elements of samples were tested by X-ray photo-
electron spectroscopy (XPS, Al Ka radiation, USA). Morphological
and structural characterizations were detected by scanning elec-
tron microscope (SEM) (Zeiss GeminiSEM 500) and transmission
electron microscope (TEM) (JEM-2010 HT and JEM-F200). Induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES, IRIS
Intrepid II XSP) was used to confirm the elemental content. The
carbon structure was explored by SEM with Raman attachment.
The thermogravimetric analysis (TGA, A NETZSCH STA 449C) with
a heating speed of 5 �C min�1 in air was utilized to analyze the con-
tent of carbon.

2.4. Electrochemical measurements

A series of 2032-type coin cells were prepared to explore the
electrochemical performances of as-prepared samples. Firstly,
active material (60%), carbon black (20%), polymerized styrene
butadiene rubber (SBR, 10%), and carboxymethyl cellulose (CMC,
10%) were mixed with deionized water to form a uniform slurry.
The slurry was spread on the copper foil as current collector (Al foil
was used as current collector only when cathode was Na3V2(PO4)3/
C). After drying in a vacuum oven for 12 h, the copper foil covered
with the slurry was tailored to 12 mm discs with an active material
load of 1–1.5 mg. Lastly, the electrodes, counter electrode, elec-
trolyte (120 lL 1 M sodium hexafluorophosphate (NaPF6) in
diglyme (DGM)), separator (Whatman GF/A), and fittings were
assembled into coin cells in a glove box. Specifically, the counter
electrodes in half and full batteries were metallic sodium and Na3-
V2(PO4)3/C, respectively. All as-prepare batteries stand for 8 h to be
saturated completely with the electrolyte. Land battery testing sys-
tem (LANHE-CT2001) was employed to measure the cyclic capac-
ity, rate performance, and quick charge ability. Cyclic
voltammogram (CV, 0.5 to 2.5 mV s�1) curves and electrochemical
impedance spectroscopy (EIS, 0.01 Hz to 100 kHz) plots were
tested by electrochemical workstation (CHI 760E, Shanghai Chen-
hua, China). The lower cut-off voltage was set at 0.2 V to exclude
the Na+ intercalation of carbon and the under-potential deposition
of metallic sodium.

2.5. Computational details

All the first-principles calculations were performed using the
projector augmented wave (PAW) method [36] as implemented
in the Vienna Ab initio Simulation Package (VASP) code [37]. Gen-
eralized gradient approximation (GGA) in the form of Perdew-
Burke-Ernzerhof (PBE) [36] was used as the exchange–correlation
functional. The vdw-DF3 functional [38] that was proven to be a
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good description of weak van der Waals interactions was also
taken into consideration to correct the interactions between inter-
faces. The energy cutoff for plane-wave expansion and the width of
smearing were set to 400 eV and 0.05 eV, respectively.

The interface supercell containing 208 atoms was composed of
NiS (1 0 0) and Cu9S5 (0 0 15) surfaces. The model for NiS, Cu9S5,
and NiS-Cu9S5 interface was fully optimized. The Monkhorst-Pack
scheme [39] k-point grid of (1�1�1) was used for relaxation and
a grid of (2�5�1)was used for self-consistent field calculations
until the change of total energy is less than 10�5 eV. A vacuum
layer of 20 Å in thickness was introduced in z direction to avoid
spurious interactions.
Fig. 1. Schematic illustration of the for

Fig. 2. Crystal and element valence detections. (a) XRD patterns of (NiCu)S/NC, NiS/NC, a
and (f) N 1s.
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3. Results and discussion

The synthesis of hollow sphere of heterojunction (NiCu)S/NC is
schematically shown in Fig. 1. After solvo-thermal treating for 6 h,
the structure of (NiCu)S is a random aggregation of nano-spheres.
As the reaction proceeds, the irregular aggregate transforms into a
sphere. When the reaction continued for 18 h, the (NiCu)S solid
sphere changed to hollow sphere. Lastly, the (NiCu)S/NC was
obtained after a carbonization treatment under Ar flow at 600 �C
for 3 h.

XRD patterns were employed to determine the material types
and crystal forms. As shown in Fig. 2(a), the synthesized materials
mation process of the (NiCu)S/NC.

nd Cu9S5/NC. XPS high-resolution spectrums of (b) Ni 2p, (c) Cu 2p, (d) S 2p, (e) C 1s,
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were pure NiS (PDF#77-1624) or Cu9S5 (PDF#47-1748) in the
absence of Ni2+ or Cu2+, respectively. The peaks of NiS and Cu9S5
can be observed without impurity peaks in the XRD pattern of
(NiCu)S/NC, which proves the successful preparation of heteroge-
neous compound of (NiCu)S/NC. The valence states of element
were detected by XPS. As seen from Fig. S1, characteristic peaks
of Ni, Cu, S, C, and N can be observed in full XPS spectrum. To verify
the formation of heterojunction, the Ni 2p spectra of (NiCu)S/NC
and NiS as well as the Cu 2p spectra of (NiCu)S/NC and Cu9S5 were
tested to confirm the electron flow direction. After building the
compound of (NiCu)S/NC, the electron bonding energy of Ni 2p
increases, indicating a decrease in the electron cloud density in
the part of NiS (Fig. 2b) [40,41]. The opposite happens to Cu 2p,
which shows an influx of electrons in Cu9S5 (Fig. 2c). Generally,
the formation of the built-in electric field induced by heterojunc-
tion causes the electrons in NiS to flow to Cu9S5. In terms of elec-
tronegativity, Ni–S has a weaker bond energy than Cu–S, and Cu-
atom has a stronger electron affinity than Ni-atom. High-
resolution spectra of S 2p are split into four peaks at 161.6,
162.6, 163.1, and 164.5 eV, originating from the chemical bonds
of Ni–S and Cu–S (Fig. 2d) [42]. In the C 1s core level spectra
(Fig. 2e), the appearance of the three peaks indicates the formation
of C–C/C= C, C–N/C=N, and C–O/C=O [43]. The carbon in the (NiCu)
S/NC matrix effectively improves the electrical conductivity and
reduces the volume expansion during the charge/discharge pro-
cess. N 1s core level spectrum can be resolved into three peaks at
398.2, 398.9, and 400.6 eV, deriving from the pyridinic, pyrrolic,
Fig. 3. Morphological and structural characterizations. (a–c) SEM images of (NiCu)S/NC u
of (NiCu)S/NC. (g) High-resolution TEM images and the regional Fourier transform of th
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and graphitic N [44,45]. N is located in carbon in the form of dop-
ing, which brings defects to carbon and further enhances the
conductivity.

To explore (NiCu)S/NC from the perspective of nanoscale, SEM
and TEM were employed to investigate the morphology and struc-
ture of (NiCu)S/NC. As shown in Fig. 3(a) and Fig. S2, the structure
of (NiCu)S/NC is a hollow micro-sphere with a diameter of 2 lm,
which is composed of the nano-spheres with a diameter of 100–
200 nm. By observing the SEM images of NiS/NC and Cu9S5/NC,
NiS/NC is an individual sphere (100–200 nm) and does not aggre-
gate into a large sphere (Fig. S3). While Cu9S5/NC is a self-
assembled nano-flower structure. The nano-sphere structure of
(NiCu)S/NC may inherit the structure of NiS/NC. Assembly charac-
teristic from nano-sphere to micro-sphere may be derived from the
structure of Cu9S5/NC. Micro-sphere of (NiCu)S/NC has many voids
on the surface, which increases the electrolyte contact area and
enhances the sodium storage (Fig. 3b). The hollow structure of
(NiCu)S/NC alleviates the volume expansion during the cycling
process and increases the effective electrochemical reaction area
(Fig. 3c). The reason for the formation of the hollow structure is
shown in Fig. 4. TEM images and linear scan element distribution
further confirm the hollow structure and secondary component
of (NiCu)S/NC (Fig. 3d). Selected area electron diffraction (SAED)
is exhibited in Fig. 3(e), which includes the polycrystalline rings
of NiS (corresponding to crystal face of (1 1 0), (1 0 2), and (1 0
0)) and Cu9S5/NC (corresponding to crystal face of (0 0 15) and (0
1 14)). ICP-AES and energy dispersive spectrometer (EDS) were
nder different magnifications. (d, h) TEM, (e) SAED, and (f) element content images
e lattice fringes of (NiCu)S/NC. (i) EDS mapping of single particles of (NiCu)S/NC.



Fig. 4. Process of growth for hollow sphere. (a) Diagram of the formation of the hollow structure. TEM images and size distributions of (b, e) 6 h, (c, f) 12 h, and (d, g) 18 h
solvo-thermal reaction of (NiCu)S.

H. Chen, P. Lv, P. Tian et al. Journal of Energy Chemistry 82 (2023) 248–258
used to determine the elemental content. EDS and ICP results are
shown in Table S1, proving that atomic ratio of Ni to Cu in the
(NiCu)S/NC is approximately 1:1. The ICP test, which is more sen-
sitive to non-metallic elements (S), was chosen to prove the chem-
ical formula. The atomic ratio results of ICP are basically consistent
with the crystal structure in XRD, and the chemical formula is (NiS-
1.04Cu9S5)/NC (Fig. 3f and Table S1). The content of N-doped car-
bon (NC) can be deduced by the TGA curves in Fig. S4. The weight
loss in TGA curve is divided into two states. The weight loss
between 0 and 300 �C can be attributed to the loss of water.
According to the literature [46,47], the products of NiS, Cu9S5,
and carbon at 800 �C are NiO, CuO, and CO2, respectively. On the
basis on the chemical formula of (NiS-1.04Cu9S5)/NC, the content
of NC can be calculated as 4.56 wt%. To confirm the existence of
heterojunction, high-resolution TEM was carried out to distinguish
the grain types in different regions (Fig. 3g). Three different lattice
spacing regions correspond to different material crystal surfaces.
The lattice spacings of 0.297 and 0.198 nm are from the (1 0 0)
and (1 0 2) planes of NiS. And the lattice spacing of 0.321 nm comes
from the (0 0 15) plane of Cu9S5. An obvious crystal boundary
between NiS and Cu9S5 indicates that heterogeneous structure of
NiS-Cu9S5 is successfully constructed. A heterogeneous interface
provides more active sites for electron/ion and shortens carrier
migration path. Fig. 3(h) shows the warp of N-doped carbon
around the outside of the nano-sphere, which is beneficial to stabi-
lize the structure of (NiCu)S/NC during the cycles. The signals of Ni,
Cu, S, C, and N can be detected in EDS mapping, suggesting that the
elements are uniformly distributed without aggregation (Fig. 3i).
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To explore the formation process of hollow sphere of (NiCu)S,
the TEM images and size distributions of different solvo-thermal
times without the annealing process are employed to identify the
structure of the different stages. When treated for 6 h, the structure
of (NiCu)S is a random aggregation of nano-spheres (Fig. 4b and
Fig. S5). Differing from the dispersive morphology of NiS, the
aggregation may be caused by the self-assembly property of
Cu9S5. As the reaction proceeds, the irregular aggregate transforms
into a sphere (Fig. 4c and Fig. S5). Due to the high viscosity of ethy-
lene glycol solvent, the same pressure is maintained in all parts of
the solvent. Compared with sheet, rod-like, and other structures,
spherical structure has the minimum surface area to maintain
the smallest surface energy under the same volume. When the
reaction lasted for 18 h, the (NiCu)S solid sphere changed to hollow
sphere (Fig. 4d). According to the Oswald ripening process, the
energy inside the sphere is higher than outside [26,48]. With the
nano-sphere growing, the difference between the inner and the
outer energy becomes larger. The higher energy causes the inner
particles to dissolve and the external particles to grow, resulting
in the formation of hollow structures. The analysis of the particle
size of different stages is displayed in Fig. 4(e–g). The nano-
spheres, which form micro-sphere of (NiCu)S, continuously grow
from 70 (6 h) to 130 nm (18 h). This result demonstrates the con-
tinued growth of small particles and supports the Oswald ripening
process. The corresponding schematic diagram of the growth pro-
cess is shown in Fig. 4(a).

Na-(NiCu)S/NC, Na-NiS/NC, and Na-Cu9S5/NC half-batteries
were produced to explore their electrochemical properties. Fig. 5



Fig. 5. Sodium storage capacities for half-battery. (a) Cyclic performance of (NiCu)S/NC at small current density (0.5 A g�1). (b) Capacity comparison of (NiCu)S/NC, NiS/NC,
and Cu9S5/NC at 4 A g�1. (c) Rate performances at different current densities from 0.2 to 15 A g�1 and (d) Nyquist plots of (NiCu)S/NC, NiS/NC, and Cu9S5/NC (d1: fitting linear
of Z0-x�1/2). (e) Comparison of rate performances of the reported compounds with (NiCu)S/NC. (f) Long-term durability cyclic performance and (g) relationship between
voltage, current and time of (NiCu)S/NC at big current density (10 A g�1).
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(a) displays the cyclic performance of (NiCu)S/NC under small cur-
rent density (0.5 A g�1), which delivers high initial discharge
capacity (581.5 mA h g�1) and charge capacity (549.3 mA h g�1)
with 94.46% initial Coulombic efficiency (ICE). After establishing
the solid electrolyte interface (SEI) in the first cycle, Coulombic effi-
ciency (CE) quickly increases to 100%, suggesting that subsequent
reactions are highly reversible. After 100 cycles at 0.5 A g�1,
(NiCu)S/NC electrode remains reversible capacity (stable capacity
after cycles) of 483.1 mA h g�1, and a slight attenuation in capacity
is attributed to side effects. Fig. 5(b) exhibits the different electro-
chemical performances of (NiCu)S/NC, NiS/NC, and Cu9S5/NC.
(NiCu)S/NC maintains reversible capacity of 342.6 mA h g�1 with
81.6% capacity retention at 4 A g�1 after 1500 cycles, much higher
than NiS/NC (212.5 mA h g�1) and Cu9S5/NC (200.2 mA h g�1).
Through the half-batteries test, (NiCu)S/NC has both the advan-
tages of high capacity of NiS/NC and high stability of Cu9S5/NC,
which is induced by the heterogeneous hollow structure. Specifi-
cally, the heterogeneous interfaces provide plenty of point defects,
dislocations, and crystal boundaries, which can enhance the stor-
age capacity of Na+. For NiS/NC or Cu9S5/NC, Na+ can only store
in a bulk phase. While for (NiCu)S/NC, there is extra abundant
Na+ storage sites at heterogeneous interfaces. These Na+ ions
stored in heterogeneous interfaces are more easily diffused in the
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electrochemical reaction, and they reduce the structural damage
during the cycles. The hollow spherical structure increases the con-
tact area with the electrolyte and alleviates the spherical shell rup-
ture caused by volume expansion. After 1500 cycles at 4 A g�1,
morphology and structure of (NiCu)S/NC remain basically intact
(Fig. S6a and b), suggesting its excellent cyclic performance. The
particles of NiS/NC are broken and aggregated (Fig. S6c). Galvano-
static charge-discharge curves of different cycles were employed to
analyze the reason for capacity fading of (NiCu)S/NC and NiS/NC
(Fig. S7). The capacity attenuation of (NiCu)S/NC and NiS/NC is
due to the same voltage platform shortening, corresponding to
the irreversible Na+ extraction/insertion in the bulk of NiS. (NiCu)
S/NC with a heterogeneous hollow structure has a variety of
sodium storage sites, which enhances its cycle stability.

Rate performances at various current densities (from 0.2 to 15 A
g�1) of (NiCu)S/NC, NiS/NC, and Cu9S5/NC are displayed in Fig. 5(c).
When the current densities are set to 0.2, 0.5, 1, 2, 5, 10, and 15 A
g�1, (NiCu)S/NC shows the average capacities of 529.3, 514.3,
495.6, 470.1, 467.3, 322.6, and 185.3 mA h g�1, respectively. By
contrast, the average capacities of NiS/NC only achieve 431.2,
458.1, 468.5, 439.4, 342.9, 160.6, and 95.1 mA h g�1, and Cu9S5/
NC is 296.3, 263.7, 263.8, 253.8, 243.9, 220.9, and 165.4 mA h g�1.
To prove the stability of the rate capacity of (NiCu)S/NC, a multi-



Fig. 6. Electrochemical kinetics mechanisms. CV profiles at different scan rates (from 0.5 to 2.5 mV s�1) of (a) (NiCu)S/NC, (b) NiS/NC, and (c) Cu9S5/NC. The corresponding b-
values of the redox peaks of (d) (NiCu)S/NC, (e) NiS/NC, and (f) Cu9S5/NC. Contribution ratio of pseudo-capacitance of (g) (NiCu)S/NC, (h) NiS/NC, and (i) Cu9S5/NC.
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stage current recovery process is adopted. When the current den-
sities recover to 10, 2, 0.2, and 0.5 A g�1, the reversible capacities
of (NiCu)S/NC reach 286, 492, 502 and 497.3 mA h g�1 with
88.7%, 104.7%, 94.8% and 96.7% capacity recovery, respectively.
By coupling different components, a NiS-Cu9S5 heterogeneous
structure with stable rate performance has been constructed. Due
to the different work functions, a built-in electric field has been
formed between the interface of NiS and Cu9S5, which accelerates
the electron/ion transport rate and stabilizes the electrode struc-
ture. The Nyquist plots of (NiCu)S/NC, NiS/NC, and Cu9S5/NC are
shown in Fig. 5(d). The EIS curve consists of a semicircle in the
high-frequency and a straight line in the low-frequency, corre-
sponding to the carrier transfer resistance at the interface (Rct)
and the Na+ diffusion resistance in the electrode, respectively
[26,49]. After equivalent circuit fitting, the Rct value of (NiCu)S/
NC is 19.6 X, much lower than that of NiS/NC (47.5 X) and
Cu9S5/NC (234.6 X). The diffusion rate of Na+ inside the electrode
can be determined by the following equations [50].

Z0 ¼ Rþ rx�1=2ðx ¼ 2pf Þ ð1Þ

DNaþ ¼ 1
2
R2T2A�2n�4F�4C�2

Nar
�2 ð2Þ

R, T, A, n, F and C are constant in Eqs. (1) and (2). r (Warburg
factor) can be calculated from the relationship of Z’ and x�1=2.
There is a negative correlation between of DNaþ and r. As displayed
in the illustration (d1) of Fig. 5(d), the r values of (NiCu)S/NC, NiS/
254
NC, and Cu9S5/NC are 265.6, 327.7, and 793.0X respectively, deliv-
ering that (NiCu)S/NC electrode has the fastest Na+ diffusion rate.
The enhancement of electronic and ionic conductance can support
the built-in electric field theory, which improves the rate capability
of (NiCu)S/NC. The comparison of the rate capacities between
(NiCu)S/NC and other hetero-structural materials is displayed in
Fig. 5(e) [25,32,43,51-57].

To verify the long cycles capacity retention and fast charging
ability, 20,000 cycles at 10 A g�1 high current density were carried
out for (NiCu)S/NC anode. As a result, (NiCu)S/NC electrode exhi-
bits a residual capacity of 150 mA h g�1 with a 0.0025% average
attenuation rate and only takes 87 s to charge fully. In conclusion,
a heterogeneous interface provides active sites for Na+ and acceler-
ates the movement rate of electron/ion; the hollow structure
increases the contact area and alleviates the volume expansion.
Therefore, (NiCu)S/NC electrode shows ultra-high capacity, out-
standing rate performance, and excellent cycle stability as the
anode for SIBs.

In order to analyze the storage mechanism of Na+ from a deeper
perspective, we analyzed the reasons for its excellent rate perfor-
mance through pseudo-capacitance analysis. Fig. 6(a–c) shows
the CV profiles of (NiCu)S/NC, NiS/NC, and Cu9S5/NC at different
scan rates from 0.5 to 2.5 mV s�1. The CV curves of (NiCu)S/NC
keep a similar shape, indicating the high reversibility of electro-
chemical reaction. Due to the polarization, the redox peaks slightly
shift with the increase in scan rate. Na+ storage mechanism can be
qualitative analyzed according to the formula [58,59].
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logðiÞ ¼ b logðvÞ þ logðaÞ ð3Þ
Where i and v are adjustable parameters and the values of b

are calculated by the logarithmic relationship between i and v .
When the b-value tends to be 1, the Na+ storage mechanism is
ascribed to the pseudo-capacitance. Alternatively, when the b-
value is more inclined to 0.5, the storage mechanism of Na+ is
controlled by bulk diffusion. By fitting two pairs of redox peaks
in the CV curves of (NiCu)S/NC, b-values of Peak 1–4 are 0.88,
0.78, 0.60, and 0.81, suggesting that both diffusion controlled
and capacitive Na+ storage mechanisms coexist in (NiCu)S/NC
electrode (Fig. 6d). The fitting results of NiS/NC and Cu9S5/NC
(Fig. 6e and f) also lead to the same conclusions. The following
formula is used to quantify the ratio of pseudo-capacitance and
bulk diffusion [24,60].

iðvÞ ¼ k1v þ k2v1=2 ð4Þ
Where k1v and k2v1=2 are on behalf of the pseudo-capacitance

and bulk diffusion process, respectively. The specific proportions of
(NiCu)S/NC, NiS/NC, and Cu9S5/NC are shown in Fig. 6(g–i), respec-
tively. When the scan rate rises from 0.5 to 2.5 mV s�1, the pseudo-
capacitance contribution ratio of (NiCu)S/NC increases from 90.7%
to 95.2%. By contrast, NiS/NC and Cu9S5/NC can only reach 82.3%
and 88.7% at 0.5 mV s�1. The better pseudo-capacitance diffusion
ratio means more surface/near-surface sodium storage reaction,
resulting in the stronger cyclic and rate performance. There are
Fig. 7. Electrochemical Na+ storage process. (a) Charge-discharge curves and (b) capacit
curves of (NiCu)S/NC, NiS/NC, and Cu9S5/NC at 1 mV s�1. (d) Ex-situ XRD patterns of th
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three reasons for the formation of the high capacitance contribu-
tion: (1) hollow structure reduces ion/electron migration distance;
(2) the formation of the built-in electric field accelerates the charge
transfer; (3) the N-doped carbon in the (NiCu)S/NC matrix effec-
tively improves the electrical conductivity.

Voltage platforms, CV curves, and XRD patterns of different
states were conducted to confirm the reaction equations at differ-
ent stages. The charge-discharge curves of (NiCu)S/NC, NiS/NC, and
Cu9S5/NC are exhibited in Fig. 7(a), delivering the capacity of 395.7,
326.6, and 221.2 mA h g�1 at 4 A g�1 after 400 cycles. The charge-
discharge platforms of NiS/NC and Cu9S5/NC are both presented in
the compound of (NiCu)S/NC. The variation of voltage platforms
(Fig. 7b) is obtained from the differential processing data of
capacity-voltage in Fig. 7(a). Among these platforms, platform 2
in Cu9S5/NC and platform 3 in NiS/NC were merged into platform
1 in (NiCu)S/NC, and similar conditions were observed for peaks
4–6, 7–9, and 12–14. Platform 11 increases the capacity growth
rate of (NiCu)S/NC. Fig. 7(c) shows the CV curves of (NiCu)S/NC,
NiS/NC, and Cu9S5/NC at 1 mV s�1. Due to the influence of polariza-
tion and the built-in electric field, the peak position is slightly
shifted. These results manifest that NiS and Cu9S5 have good com-
patibility in the electrochemical reaction, which means that the
Na+ storage process of (NiCu)S/NC can be deduced through the
Na+ storage process of NiS/NC and Cu9S5/NC in CV curves. Through
literature review [61-63], the peak at 1.95 V represents the interca-
lation reaction of Cu9S5 to NaxCu9S5. While the reduction peak at
y increase rates (dCapacity/dV) of (NiCu)S/NC, NiS/NC, and Cu9S5/NC at 4 A g�1. (c) CV
e (NiCu)S/NC at different charge/discharge states.
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0.78 V corresponds to the converse reaction of NaxCu9S5 to Cu and
Na2S. The oxidation peaks at 1.63 and 2.16 V are produced by the
reverse reaction of Cu and Na2S. For the electrochemical process of
NiS, reduction peaks of 1.36 and 0.88 V originate from the interca-
lation (NiS ? NayNiS) and converse reaction (NayNiS ? Ni + Na2S),
respectively [64,65]. Therefore, the strong peak at 1.83 V in the CV
curve of (NiCu)S/NC corresponds to the intercalation reaction (Cu9-
S5 ? NaxCu9S5, NiS ? NayNiS), and another reduction peak at
0.91 V is attributed to the reverse reaction (NaxCu9S5 ? Cu + Na2
S, NayNiS ? Ni + Na2S). The formation of the peak at 1.77 V is
due to the oxidations of Cu and Ni (Cu + Na2S? NaxCu9S5, Ni + Na2-
S ? NiS). The last peak at 2.11 V is caused by the de-intercalation
of Na+ (NaxCu9S5 + Na2S ? Cu9S5). The ex-situ XRD result also sup-
ports the reaction equations at different stages. When deep dis-
charging to 0.91 V, the peaks of NiS and Cu9S5 disappear with
the appearance of Ni and Cu. The diffraction peaks of NaxNiS and
NayCu9S5 reappear at a charge state of 1.77 and 2.11 V. These
results illustrate that NiS and Cu9S5 in (NiCu)S/NC play the role
of mutual reinforcement, leading to the improvement of the cyclic
and rate capacity of the compound electrode.

Na3V2(PO4)3/C (NVP/C) cathode was prepared to match the
(NiCu)S/NC anode aiming to further prove potential application
value of (NiCu)S/NC. NVP/C exhibits ultra-high reverse capacity
of 105.7 mA h g�1 after 150 cycles at 1 A g�1 (Fig. 8a). As shown
in Fig. 8(b), a pair redox peaks (3.22/3.52 V) can be observed in
the CV profile of NVP/C, originating from the chemical reaction of
V3+/V4+. The matched NVP/C cathode and (NiCu)S/NC anode are
assembled into a full-battery (both anode and cathode materials
are pre-cycled to form the stable SEI). The charge-discharge curve
and cyclic performance of the full-battery are displayed in Fig. 8(c
and d). The full-battery delivers a high capacity of 288.7 mA h g�1

after 50 cycles with a 93.7% retention rate. Similar to previous
works by other researchers [66,67], the charging and discharging
curves of (NiCu)S/NC-Na3V2(PO4)3/C full-battery are very similar
to those of NVP, which endows the full-battery with a high dis-
charge voltage. Different from the NVP half-battery, the full-
Fig. 8. Electrochemical properties for cathode and full-battery. (a) Cyclic performance of N
(c) Galvanostatic charge-discharge curves, (d) cyclic, and (e) rate performance of (NiCu)S/
pots) between (NiCu)S/NC-Na3V2(PO4)3/C and other full-battery.

256
battery has a slight voltage drop as the cycle increases. As shown
in Fig. 8(e), (NiCu)S/NC delivers average capacities of 303.2,
296.3, 291.8, 280.4, and 270.7 mA h g�1, when the current densities
are 0.5, 0.8, 1.0, 1.2, and 1.5 A g�1, respectively. And the reverse
capacity recovers to 289.8 mA h g�1 with 99.3% capacity retention
ratio, when the current density regains to 1.0 A g�1. Such high
capacity and excellent rate capability of (NiCu)S/NC-Na3V2(PO4)3/
C full-battery are attributed to excellent electrochemical perfor-
mance and compatibility of the anode and cathode equally. The
energy-power density (Ragone pots) is calculated according to
the average discharge voltage, specific capacity, mass of active
materials (the cathode/anode mass ratio is between 3.5 and 4),
and discharge time data in Fig. 8(e). Ragone plots of (NiCu)S/NC-
Na3V2(PO4)3/C and other full-battery in the reported literatures
are exhibited in Fig. 8(f) [26,68,69]. (NiCu)S/NC-Na3V2(PO4)3/C
full-battery exhibits ultra-high energy density of 253.7 W h kg�1

at a power density of 422.8 W kg�1 (active material mass is the
sum of the anode and cathode). Even at a power density of
1293.6 W kg�1, the full-battery still delivers energy density of
215.7 W h kg�1.

To identify the essence of the enhanced electrochemical perfor-
mance and obtain a better understanding of the effect of NiS-Cu9S5
heterojuction, several DFT calculations were performed to calcu-
late the electronic properties of the heterojuction. The NiS crystal
is well known as a good p-type semiconductor with a band gap
of approximately 1.3 eV [34]. As for the Cu9S5 crystal, it has been
proven to possess excellent electrical conductivity, high mobility
of copper ions, and high work function [33]. Thus it is a good can-
didate to be the electrode of SIBs. The comparison of the total den-
sity of states (TDOS) of NiS, Cu9S5, and NiS-Cu9S5 is displayed in
Fig. 9(a and b). It is found that the new electronic state appears,
leading to the vanishing of the band gap for the NiS-Cu9S5 hetero-
juction. This phenomenon delivers the increase in carrier concen-
tration, which results in accelerated electron transfer and
improved conductivity. In the meanwhile, we calculated the elec-
trostatic potential of the heterojunction, as illustrated in Fig. 9(c).
a3V2(PO4)3/C at 1 A g�1. (b) CV curves of (NiCu)S/NC and Na3V2(PO4)3/C at 1 mV s�1.
NC-Na3V2(PO4)3/C full-battery. (f) The comparison of energy-power density (Ragone



Fig. 9. TDOS of (a) NiS, Cu9S5, and (b) NiS-Cu9S5. (c) Calculated electrostatic potential of heterojuction (the NiS (1 0 0) and Cu9S5 (0 0 15) surface are depicted by blue and
green lines, respectively). (d) 3D real space differential charge distribution of the interface of NiS-Cu9S5. Cyan and yellow denote charge reduction and accumulation,
respectively.
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The work function of NiS (1 0 0) surface is 4.0 eV, which is much
lower than that of Cu9S5 (0 0 15) surface. Therefore, when the
NiS-Cu9S5 heterojunction is successfully formed, electrons will
flow from the NiS surface with a higher Fermi level to the Cu9S5
surface with a lower Fermi level, resulting in the formation of
built-in electric fields. These can also be proven by the three-
dimensional (3D) differential charge distribution, as plotted in
Fig. 9(d). The electrons accumulated in the interface and wrapped
around the Cu atoms. The charges flow from Ni to the hetero-
junction and Cu atoms, which verify the formation of built-in elec-
tric field and the highly promoted electrochemical properties. In
summary, compared to the Cu9S5 and NiS crystal, NiS-Cu9S5
heterojuction will increase the carrier concentration by forming
the built-in electric field, thereby accelerating the charge transfer
and enhancing the electrochemical performance.
4. Conclusions

In summary, hollow hetero-sphere of (NiCu)S/NC was synthe-
sized successively through one-step solvo-thermal and carboniza-
tion treatment. As an anode for SIBs, (NiCu)S/NC delivers high
reverse capacity (559.2 mA h g�1 at 0.5 A g�1 for the second cycle),
excellent rate capability (185.3 mA h g�1 at the high current den-
sity of 15 A g�1), and long-durable stability (342.6 mA h g�1 at 4 A
g�1 after 1500 cycles, 150.0 mA h g�1 at 10 A g�1 after 20,000
cycles). Furthermore, (NiCu)S/NC-Na3V2(PO4)3/C full-battery
shows high energy density (253.7 W h kg�1) and reverse capacity
(288.7 mA h g�1). Compared with the electrochemical performance
of NiS/NC and Cu9S5/NC, the significant improvement of sodium
storage capacity of (NiCu)S/NC originates from the formation of
heterogeneous interfaces and increase of effective active area.
Additionally, the enhancement of rate capacity is beneficial to
the increase in electrical conductivity, originating from the forma-
tion of built-in electric field and high-proportioned pseudo-
capacitance. The design of hollow structure and optimization of
the sodium storage mechanisms reinforce the structural stability
of (NiCu)S/NC during the cycling process. DFT calculations prove
that NiS-Cu9S5 heterojuction will increase the carrier concentration
by forming the built-in electric field. Consequently, the unique hol-
low sphere of heterojunction (NiCu)S/NC can be a promising candi-
date as the advanced anode for SIBs.
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