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Engineering hierarchical hollow nickel sulfide spheres for high-performance
sodium storage

Abstract

Sodium-ion batteries (SIBs) are considered as promising alternatives to lithium-ion batteries (LIBs) for
energy storage due to the abundance of sodium, especially for grid distribution systems. The practical
implementation of SIBs, however, is severely hindered by their low energy density and poor cycling
stability due to the poor electrochemical performance of the existing electrodes. Here, to achieve high-
capacity and durable sodium storage with good rate capability, hierarchical hollow NiS spheres with
porous shells composed of nanoparticles are designed and synthesized by tuning the reaction
parameters. The formation mechanism of this unique structure is systematically investigated, which is
clearly revealed to be Ostwald ripening mechanism on the basis of the time-dependent morphology
evolution. The hierarchical hollow structure provides sufficient electrode/electrolyte contact, shortened
Na+ diffusion pathways, and high strain-tolerance capability. The hollow NiS spheres deliver high
reversible capacity (683.8 mAh g-1 at 0.1 A g-1), excellent rate capability (337.4 mAh g-1at5A g-1),
and good cycling stability (499.9 mAh g-1 with 73% retention after 50 cycles at 0.1 A g-1).
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Abstract: Sodium-ion batteries (SIBs) are considered as promising alternatives to lithium-ion
batteries (LIBs) for energy storage due to the abundance of sodium, especially for grid
distribution systems. The practical implementation of SIBs, however, is severely hindered by
their low energy density and poor cycling stability due to the poor electrochemical
performance of the existing electrodes. Herein, to achieve high-capacity and durable sodium
storage with good rate capability, hierarchical hollow NiS spheres with porous shells
composed of nanoparticles were designed and synthesized by tuning the reaction parameters.
The formation mechanism of this unique structure is systematically investigated, which is
clearly revealed to be Ostwald ripening mechanism on the basis of the time-dependent
morphology evolution. The hierarchical hollow structure provides sufficient
electrode/electrolyte contact, shortened Na* diffusion pathways, and high strain-tolerance
capability. The hollow NiS spheres deliver high reversible capacity (683.8 mAhgtat0.1 A g
1, excellent rate capability (337.4 mAh g* at 5 A g1), and good cycling stability (499.9 mAh
gt with 73% retention after 50 cycles at 0.1 A g%).

1. Introduction
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Sodium-ion batteries (SIBs) have attracted ever-increasing attention lately as a promising
alternative to lithium-ion batteries (LIBs) for energy storagel*®. Due to the abundance of
sodium resources, SIBs are more attractive for grid distribution systems. To date, the study of
cathode materials for SIBs, such as various layered oxides® %, polyanionic compounds!**-14,
and Prussian-blue-based materialsi*>7, is very progressivel*®l. Nevertheless, developing
durable and high-capacity anode materials is still a major issuel*®l. Even though tremendous
efforts have been devoted to developing anode materials for SIBs, including carbonaceous
materialst?*-2°, transition metal oxides?®-3%, intermetallic compounds®-34, etc., most of these
reported materials still exhibit low reversible capacities or poor cycle life. Notably, their
sodium storage performance is very inferior as compared with lithium storage, which might
be induced by the sluggish sodiation/desodiation reaction Kkinetics. Therefore, it is highly
desirable and greatly challenging to develop a robust anode material with high specific
capacity and good cycling stability for sodium storage.

Similar to transition metal oxides, most metal sulphides are capable of storing lithium
or sodium via the conversion reaction or a combined conversion-alloying reaction, and they
possess promisingly high theoretical capacities®>-*l. Basically, metal sulphides exhibit higher
electrical conductivity than metal oxides, and this unique property is critical for accelerating
reaction kinetics, especially for sodiation/desodiation reactions % 41 In terms of lithium
storage, much encouraging progress on metal sulphide anodes has been reported 12441,
Recently, several metal sulfides (SnS,%% #5471, MoS,1*8-%0 CoSx(x=1,2)[8 51581 and FeS,4)
have been experimentally investigated as anode materials for SIBs and have shown very
impressive sodium storage performances. It should also be mentioned, however, that metal
sulfides still suffer from huge volume changes caused by the conversion reaction during the
lithiation/delithiation or sodiation/desodiation reactionst®57. This would lead to electrode
cracking, pulverization, and disconnection from current collectors over the course of cycling,

eventually resulting in rapid capacity fading.
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To mitigate the rapid capacity fading induced by the large volume expansion, developing
hierarchical and hollow structures, with nanosized building blocks, a porous shell, and an
interior cavity has been demonstrated to be a very effective approachl*® %8-611_On the one hand,
the porous shells and hollow structures provide enough spaces to buffer the strain induced by
the volumetric expansion/shrinkage during repeated insertion/extraction of Li* or Na*. In
addition, the hollow spheres are loosely stacked, which can further accommodate volumetric
change, leading to much enhanced cycling stability. On the other hand, the hollow structures
with porous shells provide highly accessible surface areas for sufficient electrode/electrolyte
contact, and the nanoscale building blocks significantly shorten the Li*/Na" diffusion
pathways for enhanced reaction kinetics, which is very crucial for delivering high capacity
and excellent rate capability.

Among the various metal sulfides, nickel sulphide stands out as a popular electrode
material for LIBs due to its abundance, high electronic conductivity, and high theoretical
capacity’®> 63 NiS and NiS; are relatively easier to be prepared compared to other nickel
sulphide with different Ni/S ratio (such as NisSs and NisS;, etc.) 4. NiS, nanoparticles and g-
NiS nanorods with rhombohedral structure have been reported as anodes for SIBs, but both
showed inferior performances %1, Herein, hierarchical hollow a-NiS spheres with porous
shells constructed from nanoparticles were successfully developed as an anode for SIBs via a
facile refluxing method. The formation mechanism of the hierarchical hollow structures was
revealed to be the Ostwald ripening mechanism, according to the time-dependent morphology
evolution. The hierarchical hollow NiS spheres deliver high reversible capacity (683.8 mAh g
Lat 0.1 A gh), excellent rate capability (337.4 mAh gt at 5 A g1), and good cycling stability
(499.9 mAh g with 73% retention after 50 cycles at 0.1 A g2).

Results and discussion
The NiS morphology exhibits significant dependence on the reaction temperature, as

evidenced by field emission scanning electron microscopy (FESEM) and transmission
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electron microscopy (TEM) observations. FESEM (Figure 1a) and TEM images (Figure 1e)

show that the product obtained at 180 °C (designated as NS180) consists of a large quantity of
solid spheres with sizes in the range of 100-300 nm. The surfaces of the solid spheres become
rougher and are decorated with very small nanoparticles when the temperature is increased to
200 °C (NS200, Figure 1b and 1f). The nanoparticles might come from the reprecipitation of
the dissolved NiS’). An interesting structural evolution from solid spheres to porous spheres
is observed when the reaction is carried out at the higher temperature of 220 °C (NS220,
Figure 1c). From the enlarged FESEM image of a cracked sphere (inset of Figure 1c), the
yolk-shell structure is clearly observed, and both the solid core and porous shell are
constructed from nanoparticles. The TEM image (Figure 1g) exhibits an intensive contrast
between the black core and the bright surrounding area, further confirming the formation of
the yolk/shell structure. Meanwhile, it can be also seen that some perfect hollow spheres have
been formed. Most of the spheres present the hollow structure with a porous shell when the
reaction temperature is further increased to 240 °C (for sample NS240), as shown in Figure 1d
and 1h. It can be seen that the hierarchical hollow spheres have an average diameter of 220
nm. It should be mentioned that the sphere size shows no obvious dependence on the reaction
temperature. Apart from the morphology evolution, the crystallinity of the product also varies
obviously with the reaction temperature. The X-ray diffraction (XRD) pattern (Figure S1,
Supporting Information) shows that NS180 and NS200 are not crystallized. The halo rings in
their selected area electron diffraction (SAED) patterns (the insets of Figure 1e, f) confirm
their amorphous nature. The X-ray photoelectron spectroscopy (XPS) spectra of Ni and S
(Figure S2, Supporting Information) for NS180 comfirm the existence of Ni?* and S, which
suggesting the formation of NiS. The product is gradually crystallized with increasing
reaction temperature. Distinct diffraction peaks appear when the temperature is raised up to
220 and 240 °C; meanwhile, the SAED patterns of NS220 (inset of Figure 1g) and NS240

(inset of Figure 1h) show distinct diffraction rings, suggesting good crystallinity. The XRD
4
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diffraction peaks of NS220 and NS240 can be indexed to hexagonal NiS (JCPDS card No. 75-

0613). Similarly to NS220, the SAED pattern of NS240 can be indexed to the (100), (101),
(102), and (110) planes of hexagonal NiS from inside to outside (the inset of Figure 1h).
Clearly, the reaction temperature plays a vital role in NiS synthesis in terms of morphology
and crystallinity.

Further characterization of NS240 was conducted to prove the successful synthesis of
hierarchical hollow NiS spheres. Figure 2a shows a high resolution TEM (HRTEM) image of
a typical hollow NiS sphere. The electron signal intensity measurement on the cross-section
of the hollow sphere (Figure 2b) shows more counts thorough the inner part than the shell
layer, which indicates the vacant inner space. On the basis of the energy dispersive X-ray
spectroscopy (EDX) result (Figure 2c), only the Ni and S belonging to the as-prepared sample
are detected; meanwhile, the atomic ratio of Ni and S is determined to be 1:1.1, very close to
the theoretical value. The elemental mapping images of NS240 (Figure 2d and 2e) show that
both Ni and S are distributed homogenously throughout the inner cavity and concentrated in
the shell layer, which is more solid evidence for validating the hollow structure. As can be
seen from the HRTEM image of NS240 (Figure 2f), crystallized nanograins with different
crystallographic orientations can be observed. The lattice spacing of 2.54 A can be assigned to
the (101) crystal planes of hexagonal NiS. Figure 2g and 2h present high-resolution XPS
spectra of Ni and S for NS240. The peaks at 855.7 and 872.9 eV correspond to Ni 2pz2 and
2p1s2 of Ni%*, respectively, while the peak at 161.5 eV can be assigned to S 2pay..

To further investigate the formation mechanism of the hierarchical hollow NiS spheres,
time-dependent experiments were carried out at 220 °C. Nanoparticles with smooth surfaces
were collected after reaction for 1 min at 220 °C (Figure 3a). The TEM image (Figure 3e)
shows the solid nature of these particles, with diameters in the range of 200-250 nm. The
particles are amorphous, as revealed by both the SAED pattern (the inset of Figure 3e) and the

XRD analysis (Figure S2, Supporting Information). When the reaction time is extended to 10
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min, solid spheres with rough surfaces are formed, and the surfaces are decorated with very
small nanoparticles, which is similar to the case of NS200 (Figure 3b). Both the SAED (inset
of Figure 3f) and XRD patterns (Figure S2, Supporting Information) indicate that the as-
prepared solid spheres are amorphous, although the HRTEM image (Figure S3a, Supporting
information) shows some crystallized nanocrystals, with a clear lattice spacing of 1.73 A,
which is assigned to the (110) planes of hexagonal NiS. On further prolonging the reaction
time to 30 min, the products are transformed into yolk-shell spheres (Figure 3c). Moreover, in
addition to the thin shell and small solid core, a distinct void can be observed from the TEM
image (Figure 3g). These yolk-shell spheres are well-crystallized, as indicated by their XRD
pattern (Figure S2, Supporting information), as well as the clear diffraction ring in the SAED
pattern (inset of Figure 3g). As shown in the HRTEM image (Figure S3b, Supporting
information), the lattice fringe spacings of 2.01, 2.54 and 3.04 A correspond to the (102),
(101), and (100) crystal planes of NiS, respectively. As the reaction time increases to 4 h,
hierarchical hollow spheres with nanoparticles as building blocks are obtained (Figure 3d and
3h), which reveals the disappearance of the solid cores and conversion into perfect hollow
structures. Meanwhile, the crystallinity of the products is further increased, which can be
proved by the more intense diffraction peaks in the XRD pattern (Figure S2, Supporting
information). The (101) plane lattice spacing of 2.54 A can be resolved from the HRTEM
image (Figure S3c, Supporting information). Time-dependent experiments were also carried
out at 240 °C, and similar morphology evolution was observed. As revealed in Figure S4
(Supporting information), yolk-shell spheres are formed after reaction at 240 °C for only 5
min, and hollow spheres are formed after reaction for 2 h. Due to the accelerated reaction
kinetics at 240 °C, the formation of the yolk-shell and hollow structures is much more rapid.

Based on the above temperature-dependent and time-dependent morphology evolution, we
can deduce that the formation of the hierarchical hollow NiS spheres follows the Ostwald

ripening mechanism (Figure 4). In the beginning, the Ni ions adsorb onto the surfaces of
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nanosized 1,3,4-thiadiazole-2,5-dithiol (DMCT) micelles in triethylene glycol via the
coordination of functional groups, such as -SH, on the micelle surface, which leads to the
formation of NiS nanocrystallites. Then, these nanocrystallites randomly aggregate into solid
spheres, driven by the minimization of total interfacial energy, although the solid NiS spheres
are still poorly crystallized due to the rapid nucleation and growth. After that, surface
crystallites begin to grow at the expense of the others nearby due to the higher interfacial
energy and easier solubility of the inner nanocystallites. As a result, an interior space is
generated underneath, leading to the formation of the yolk-shell structure. Finally, the
hierarchical hollow structure is generated with complete depletion of the yolk inside, which
shows improved crystallinity and is constructed from numerous nanoparticles.

As a proof-of-concept demonstration, the sodium storage performance of NS240 was
evaluated in half cells. Figure 5a shows representative cyclic voltammograms (CVs) of the
initial four cycles at a scan rate of 0.1 mV s™ between 0.01 and 3.0 V (vs. Na/Na®). In the first
cycle, the cathodic scan shows one broad and intense reduction peak ranging from 0.4 to 1.5
V, which could be attributed to the formation of the solid electrolyte interphase (SEI) film and
a sequence of reduction reactions of the active material. Ex-situ HRTEM of the NiS anode at
different sodiation/desodiation states was conducted to explore the sodium storage mechanism.
As shown in Figure S5a (Supporting information), lattice fringes with interplanar distances of
~2.85 A and 3.30 A, corresponding to (101) crystal planes of NisS; and (200) crystal planes
of NaxS, appear when the cell is discharged to 1.0 V, indicating the formation of NizS,. As the
cell is discharged to 0.01 V, the lattice spacing of ~3.30 A and ~2.29 A (Figure S5b and c,
Supporting information) corresponds to (200) and (202) planes of NaxS, respectively. The
lattice spacing of ~1.77 A and ~2.03 A can be assigned to (200) and (111) planes of Ni,
accordingly. A two-step reduction is proposed in Equations (1) and (2), which is in

accordance with previous reports on the conversion reaction of NiS as anode material for

LI BS[GZ, 63, 68, 69]_
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3NiS + 2 Na* + 2 — Ni3S>+ NaxS (1)

NisS; + 4 Na" + 4e* 5 3Ni + 2 NaxS 2)
When the cell is fully charged to 3.0 V, lattice spacing of 2.85 A, which can be assigned to the
(10 1) crystal planes of NisSy, is observed (Figure S5d, Supporting information).
Correspondingly, the strong oxidation peak at ~1.6 V in the anodic scans should result from
the extraction of sodium ions from Na>S and the reconstitution of NisSz. The reduction peak
splits into two separate peaks and shifts to higher potential (~ 0.7 V and ~ 1.2 V) in the
subsequent cycles, indicating the two-step sodiation reactions of NisS, (Equation (2)). After
the second cycle, the CV profiles are well preserved, indicating good reversibility of the
sodiation/desodiation reactions after the first activation cycle.

Galvanostatic charge/discharge curves of NS240, with a cut-off voltage of 0.01-3.0 V at
a current density of 0.1 A g2, are displayed in Figure 5b. The first cycle delivers a discharge
(sodiation) capacity of 1049.3 mAh g*, and 54.7% of the inserted Na can be reversibly
desodiated, giving a charge capacity of 574.5 mAh g. The irreversible capacity in the first
cycle is in great part due to the formation of the SEI layer on the electrode surface and
electrolyte decompositionl™. In the first discharge curve, there are three long slopes between
0.4 and 1.5 V, indicating the presence of multiple-step sodiation reactions in the initial NiS
electrode. The following discharge curves have two notable slopes at ~ 0.5 and ~ 1.0 V,
corresponding to the two-step transformation of NisS> to Ni. During all the charge processes,
the desodiation reaction is represented by a plateau at around 1.7 V. The voltage hysteresis of
around 0.7 V from the 2" charge-discharge process is a typical characteristic for conversion-
type reaction%. All of these voltage profiles are in good agreement with the CV results in
Figure 5a. Furthermore, it should be noted that the voltage profiles of both sodiation and
desodiation processes are reproducible from cycles 1 to 10, indicating the stable structure of
the hierarchical hollow NiS spheres and their excellent electrochemical reversibility during

cycling.
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Figure 5c¢ shows the cycling performance of NS240 at a current density of 100 mA g*.
The NS240 (hollow spheres) shows dramatically enhanced cycling performance as compared
with NS200 (solid particles). NS240 still delivers the remarkable reversible capacity of 499.9
mAh g after 50 cycles, which corresponds to 73% of the initial reversible discharge capacity
(683.8 mAh g). Even when cycled at a higher current density of 500 mA g, a reversible
capacity of 283 mAh g is still sustained after 50 cycles (Figure S6, Supporting information).
Severe and continuous capacity decay is observed for the NS200 electrode, however, and the
charge capacity deteriorates to 258.1 mAh g, with only 40.2% retention during the 50" cycle.
The coulombic efficiency of both electrodes increase over cycling and rise up to ca. 95%
(Figure S7, Supporting information), which can be ascribed to the gradual passivation of the
electrodel’™. Furthermore, NS200 electrode undergoes much more severe voltage hysteresis
induced by the more sluggish conversion-reaction kinetcis during cycling, as revealed from
the charge/discharge curves (Figure S8, Supporting information). As can be seen from the ex-
situ SEM images of electrodes after cycling test (Figure S9, Supporting information), the
electrode structure integrity of NS240 electrode is kept very well without any obvious cracks
after 20 cycles. In contrast, significant cracks can be observed after the first cycle and get
serious over cycling for NS200. As discussed previously, the unique hollow structure is
beneficial for accommodating volume change during sodiation/desodiation reactions and
should definitely play a key role in the improved cycling stability of NS240. It is notable that
the promising cycling performance of NS240 is acquired without any functional coating by
carbon or other materials that can effectively tolerate the massive volume changes and
alleviate the stress during the conversion reaction. Therefore, we can anticipate that further
improvement of the cycling performance could be achieved by employing carbon coating or
some other surface/microstructure modification strategies.
Figure 5d shows the rate performance of the NS240 and NS200 electrodes. The NS240

electrode delivers reversible charge capacity of 511.5, 501.5, 485.2, 459.6, and 426.3 mAh ¢
9
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L at current densities of 0.2, 0.3, 0.5, 1, and 2 A g7, respectively. Even when the current
density is increased to 3 and 5 A g, the capacity shows high retention of 393.0 and 337.4
mAh g1, respectively. When the current density is reset to 0.1 A g?, a relatively high charge
capacity of 406.9 mAh g can still be achieved, which also confirms the good stability of
NS240. The discharge/charge profiles are well kept at high rates (Figure S10, Supporting
information). Notably, the overpotential of the cell does not increase too much with increasing
current density, confirming the good rate performance of the cell. NS240 shows superior
cycling stability and rate capability over other reported nickel sulphides (Table S1). It has to
be mentioned that the performance of NS240 is even better than those nickel sulphides
modified with reduced graphene oxide. In stark contrast, the capacity of the NS200 electrode
drops promptly from 428.8 to 98.5 mAh g when the current density increases from 0.1 to 5
A g, indicating the poor rate performance of the solid NiS spheres. The good rate
performance of NS240 can be attributed to the hollow structure with its porous shell. In
addition to accommodating volume change, the interior cavity serves as a reservoir of
electrolyte and provides more contact area between the electrode and electrolyte. The porous
shell composed of nanoparticles significantly helps to enhance electrolyte penetration, ion
diffusion, and charge transfer, eventually resulting in fast sodiation/desodiation reaction
kinetics.
3. Conclusions

In summary, we have successfully developed a facile refluxing method for synthesizing
porous NiS spheres with a unique hierarchical hollow structure. A possible Ostwald ripening
mechanism is proposed to explain the structural evolution from solid particles to yolk-shell
hollow spheres and then finally to perfect hollow spheres. The electrochemical behaviour of
the hierarchical hollow NiS spheres for sodium storage was evaluated. Excellent cycling
stability (499.9 mAh g with 73% retention after 50 cycles at 0.1 A g) and rate capability

(337.4 mAh gt at 5 A g) were achieved, based on the hierarchical hollow structure, which
10
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ensures high Na ion accessibility and strong structural integrity. In addition to sodium storage,
such hierarchical hollow NiS spheres are anticipated to have potential applications in other
energy storage and conversion fields (e.g. LIBs, supercapacitors, and catalysis).

4. Experimental Section

Synthesis of hierarchical hollow NiS spheres: In a typical synthesis, 0.8 mM NiCl; (Alfa) and
0.8 mM 1,3,4-thiadiazole-2,5-dithiol (DMCT) (Sigma-Aldrich, 98%) were added into 20 mL
triethylene glycol (Sigma) in a three-neck flask to form a suspension. High purity argon gas
was then introduced to purge the suspension for 20 min under magnetic stirring. After that,
the suspension was quickly heated to 180, 200, 220, or 240 °C under stirring and held at that
temperature for a 2 h dwell time. During heating, NiCl, and DMCT were completely
dissolved, forming a transparent yellow solution. Subsequently, a black product was gradually
formed with time. The products were finally collected by centrifugation, washed with ethanol
for 5 times, and dried at 80 °C overnight in a vacuum oven. The products synthesized at 180,
200, 220 and 240 °C are denoted as NS180, NS200, NS220 and NS240, respectively. To
further explore the formation mechanism of the hierarchical hollow NiS submicron spheres,
we studied the morphology evolution by varying the reaction time (1 min, 10 min, 30 min,
and 2 h) at 220 °C.

Characterization: The morphology of the as-prepared products was observed by a JEOL
JSM-7500FA field-emission scanning electron microscope (FESEM) and a JEOL 2010
transmission electron microscope (TEM). The phase and surface chemical state were
determined by X-ray diffraction (XRD, MMA GBC, Australia) and X-ray photoelectron
spectroscopy (XPS, Phoibos 100 Analyser, SPECS, Germany; Al K, X-rays), respectively.
Scanning TEM (STEM) images were acquired on a probe-corrected JEOL ARMZ200F
operated at 200 kV equipped with a cold field emission gun, a high resolution pole-piece, and
a Centurio energy dispersive spectroscopy (EDS) detector. Images and EDS maps were

acquired at a probe current of 90 pA.
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Electrochemical Measurements: As a proof-of-concept demonstration, the sodium storage
performances of NS200 and NS240 were evaluated. The NiS powders were thoroughly mixed
with carbon nanotubes (CNTs) and poly(vinyl difluoride) (PVDF) in a weight ratio of 7:2:1 in
N-methylpyrrolidone solvent to form a homogeneous slurry. The cell working electrodes were
prepared by painting the slurry on copper foil, followed by vacuum drying at 80 °C overnight.
The mass loading of the electrode is around 0.6 mg cm™. The coin-type half-cells were
assembled in an Ar-filled glove box with both H.O and Oz levels less than 1 ppm. Metallic Na
was employed as the counter/reference electrode, and Whatman GF/D microfiber filter paper
was used as the separator. 1 M NaClO4 dissolved in propylene carbonate (PC) with 5%
fluoroethylene carbonate (FEC) additive was chosen as the electrolyte. Galvanostatic
charge/discharge testing was conducted in the voltage range of 0.01-3.0 V (vs. Na/Na*) using
a NEWARE multichannel battery test system.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. SEM images of NiS synthesized at different temperatures: a) 180 °C; b) 200 °C; c)
220 °C; d) 240 °C. The insets in panels a-d are the corresponding high-magnification SEM
images. TEM images of NiS synthesized at different temperatures: €) 180 °C; f) 200 °C; g)

220 °C; h) 240 °C. The insets in panels e-h are the corresponding SAED patterns.

16



WILEY-VCH

Q
o

(o]
(]

Ni2p,,

3 3 3

s 8 &

"

< g E’ raw

g ;g 8 | —fitted peak 1

— = i ——fitted peak 2

background
0 50 100 150 200 250 300 1 2 3 4 5 6 7 8 9 10 880 875 870 865 860 855 850
Size (nm) Energy (keV) Binding Energy (eV)

h

raw
fitted peak s2
background Psz

Intensity (a.u.)

168 166 164 162 160 158 156
Binding Energy (eV)

Figure 2. a) High magnification TEM image of NS240; b) electron signal counts from the
cross-section of the hollow NiS sphere marked in (a); c¢) EDX spectrum of NS240;
Corresponding EDX elemental mappings of hollow sphere in (a): d) Ni and e) S; f) HRTEM

image of NS240; XPS spectra of g) Ni and h) S for NS240.
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Figure 3. SEM images of NiS prepared at 220 °C with different reaction times: a) 1 min, b)
10 min, c¢) 30 min; d) 4 h. The insets in panels a-d are the corresponding high-magnification
SEM images. TEM images of NiS prepared at 220 °C with different reaction times: ) 1 min,

) 10 min, g) 30 min; h) 4 h. The insets in panels e-h are the corresponding SAED patterns.
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Figure 4. Schematic illustration of the formation mechanism of the hierarchical hollow NiS
spheres (with the yellow spheres representing NiS nanoparticles and the purple sphere

representing the NiS solid core).
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Figure 5. a) CV curves of NS240 electrodes in the voltage window of 0.001-3.0 V at a scan
rate of 0.5 mV s%; b) galvanostatic charge/discharge profiles for the 1%, 2™ and 10" cycles of
NS240 electrodes in the voltage window of 0.01-3.0 V at 100 mA g*; ¢) cycling performance
of NS240 and NS200 electrodes in the voltage window of 0.01-3.0 V at 100 mA g}; d) rate
capability of NS240 and NS200 electrodes at different current rates in the voltage window of

0.01-3.0 V.
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Hierarchical hollow nickel sulfide spheres with porous shells composed of nanoparticles
are designed and synthesized, which are shown to be formed by the Ostwald ripening
mechanism. As an anode material for SIBs, the NiS spheres deliver high specific capacity,
superior cycling stability and rate capability, based on their unique hollow structure, which
ensures high Na ion accessibility and strong structural integrity.

Keyword: NiS, hollow structure, anode, sodium-ion batteries
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Supporting Information

Engineering Hierarchical Hollow Nickel Sulfide Spheres for High-Performance Sodium
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Figure S1 XRD patterns of NiS prepared at different temperatures.
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Figure S2 XPS spectra of a) Ni and b) S for NS180.
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Figure S2 XRD patterns of NiS prepared at 220 °C with different reaction times.
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Figure S3 HRTEM images of NiS prepared at 200 °C for 10 min (a), 30 min (b), and 4 h
().
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Figure S4 SEM images of NiS prepared at 240 °C for 5 min (a), 30 min (b) and 2 h (c).
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Figure S5 Ex-situ HRTEM images of NS240 electrodes during the first charge-discharge
process: (a) 1%t discharge to 1.0 V, (b,c) 1st discharge to 0.01 V, and (d) 1%t charge to 3.0V.
The insets in panel ¢ are corresponding inverse FFT images of selected areas.
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Figure S6 Cycling performance of NS240 electrode in the voltage window of 0.005-3.0 V
at 500 mA g1.
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Figure S7 Corresponding coulombic efficiency of all cycles of NS240 and NS200 electrodes
in Figure 5c.
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Figure S8 Comparison of charge-discharge curves of NS200 and NS240.
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Figure S9 Ex-situ SEM of NiS electrodes after cycling test: NS240 electrodes after 1st cycle
(@), 5th cycle (b) and 20th cycle (c); NS200 electrodes after 1st cycle (d), 5th cycle (e) and
20th cycle (f).
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Figure S10 Corresponding charge-discharge curves of initial cycle at different rates in Figure.
5d.
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Table S1 Comparison of NS240 electrode with preciously published other nickel sulphides

(e.g. B-NiS, NiS2 and Ni3S») as SIB anodes, in terms of discharge capacity and rate capability.

Cycling capacity/ current density

Rate Capability/ current density

(mAh g/ mA g1)
Electrodes (mAh g/ mA g1

1st 50th
NS240 (This work) 1049.3/100 499.9/100 393.0 /3000 337.4/5000
S-Nisleel 513/50 N/A ~180/200 ~150/400
B-NiS/ 20rGOl¢e! 701/50 N/A 181/200 ~180/400
NiS,[%°] ~600/80.7 ~150/80.7 13/807 9/1614
NiS,/G8] ~780/80.7 ~400/80.7 221/807 168/1614
NisS,/rGOl™2 626/300 ~449/300 442/1000 411/2000
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